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ABSTRACT

When the average compressive strength of molded cylinder specimens do not meet the minimum
required strength for a batch of concrete, the strength of cores are used to assess the in-place
compressive strength of the structural member for acceptance and payment. The overall
objective of the work contained in this report is to develop an ALDOT procedure to evaluate core
strength results obtained under various conditions. Since there are many factors that influence
the apparent strength of cores, strength correction factors must be applied to core strengths in
order to convert them to a standard which can be compared with specified 28-day design
strength. The following major factors that affect the relationship between the in-place strength
and the strength of molded cylinders were assessed in this project: concrete age, concrete
strength level, coarse aggregate type, degree of microcracking, and difference in strength gain
due to using different cementitious materials in the concrete mixture. Eight full-scale slabs were
cast from which cores were recovered and tested in compression at ages of 28, 42, 91, and 365
days. Testing was conducted near the edges of the slab as well as in the interior of the slab to
determine if restraint had an impact on microcracking.

It was found that the amount of restraint (or degree of microcracking) influenced the
strength of the core and pullout test specimens, but not the molded cylinders. The expression of
ACI 209.2R (2008) is recommended to account for the effect of concrete age on the strength gain
of cores. The test data indicated that the core strength is on average 87 percent of the moist-
cured cylinder strength. Therefore, in accordance with the approach of ACI 318, it is
recommended that the in-place concrete be deemed structurally adequate if the average of three
cores equals or exceeds 85 % of the specified design strength so long as no single core has a
strength below 75 % of the specified design strength. If more than three cores are tested, then
the procedure of Bartlett and Lawler (2011) should be implemented to determine the acceptable

minimum strength of the lowest single core.



TABLE OF CONTENTS

LIST OF TABLES ... .o e oo s ee e e e s esnee e vii
LIST OF FIGURES ...ttt ettt naeas iX

CHAPTER 1: INTRODUCTION

P 5= T3 e | (010 o T PRSP 1
1.2 ProjeCt ODJECHVES ......eeiiiiiiee et 3
1.3 Research APProach .........c..ooi i 3
1.4 Organization Of REPOI.........ooo i 4

CHAPTER 2: LITERATURE REVIEW

b2 B 1o o To 18 o3 T o SRR 5
2.2 Factors Affecting In-Place Strength .............ooooiiiiii e 5
2.2 1 CONCIELE AQE .ottt e e e e e e e e e e e e e e s et e e e e e e e s e annaees 5
2.2.2 Supplementary Cementing Materials............ccccviiiiiiiiiiiiei e 7
2.2 2.0 FIY ASN ettt st e r e et e enaeenaeeens 7
2.2.2.2 818G CEMENT ... .eeiiiiiiiii e e 8
2.2.3 Moisture ConditioNiNg ........ocuueeiiiiiiiee e 8
2.2.4 Coarse Aggregate Size€ and TYPE.......ccuieeiiiiiie et 10
2.2.5 Temperature CoNditioNS ..........cocouiiiiiiii i 11
2.3 Strength TESt MethOdS.........ooiiiiiiiie e 11
b B I\ o1 o F=To I @3V T aTo [=T ¢ R PR 11
2.3.1.1 Strength Acceptance of Molded Cylinders...........oocccvivieieee i 11
2.3.1.2Vari@bility ....oeoeeie e 12
D T O (= T PSR 12
2.3.2.1 Summary of AASHTO T 24: Standard Method of Test for
Obtaining and Testing Drilled Cores and Sawed Beams............cc............. 12
2.3.2.2 Factors Affecting Apparent Strength of Cores.........ccccevviiiiiiiiiie e 13
2.3.2.2.1 Length-to-Diameter Ratio ...........oooiiiiiiiiiiiiiie e 15
2.3.2.2.2 COre DIameter.......ccueiiiiiiiiiieiiee s 15
2.3.2.2.3 COre DAmage........uueeiieeeeiieiiieieee ettt 17
2.3.2.2.4 Casting DIr€CLON........coiuiiii i 17
2.3.2.2.5 Presence of Embedded Steel Reinforcement in Core........................ 18
2.3.2.3 Variability of Core TestiNg........ccueeiiiiiiiiiiiiiee e 19
2.3.2.4 Impact of Number of Cores Retrieved ...........cocooeeiiiiiiiiiieeees 19
2.3.3 Cast-IN-Place CYIINUAEIS ........c.uoiiiiiiiie it 21



2.3.3.1 Summary of ASTM C873 ...t 21

2.3.3.2 Variability of Cast-in-Place Cylinders...........cccooeiiiiiiiiiiiiiiieiiee e 22

2.3.4 PUllOUL TESHNG .. 22
2.3.4.1 Summary of ASTM CO00.......coeiiieiieeiiee et e s 23
2.3.4.2 Failure MeChaniSIM........c.ooouiiiiiiiiiii et 24
2.3.4.3 Variability of Pullout TESHING ......ceoviiiiiiiiiiiiiie e 24

2.4 Summary of State DOT Payment Reduction Methods ............cccccoviiiiiiiiiiec e 26
2.4.1 Alabama Department of Transportation............cccccccoeeciiieiiic e 26
2.4.2 Tennessee Department of Transportation..............ccccoveeeeiiiiiiiciiieeee e 27
2.4.3 Florida Department of Transportation............ccccoiiiiiiii e 29
2.4.4 Texas Department of Transportation ............cccccveiiieriiiiiei e 29
2.4.5 Comparison of State DOT Payment Reduction Methods...........cccccceiiiiininnne. 30
2.5 SUIMIMEAIY ...ttt e et e et e e s bt e e e s bte e e e s anbe e e e e anbeeeeeanbaeeeeaneeeens 31

CHAPTER 3: EXPERIMENTAL PLAN

3.1 Introduction and Problem Definition.............oocii i 32
3.2 Development of Experimental Plan.............ccccoviiiiieiiiiiiieeece e 33
3.3 St Preparation .........coccuiiiiiiie et e e e e e e e aaaas 41
3.4 iIBUttON Temperature SENSOIS ..........uuiiiieii i e ee e e e e e e e e ennraaee s 41
KSR 7 1 1] T PSPPSR 42
3.6 Finishing and Curing Methods ...........ccoiiiiiiiii e 43
3.7 MOIded CYIINAEIS .....eeeiiiiiie ettt e et e e ee e e aaes 44
3.8 Pullout Calibration CUDES ..........ccoiiiiiiiiiiie et e e snaeeeeeenes 45
K I o - USRS 46
3.10 Cast-IN-Place CYlINAEIS .........ccccuiiiiiiiee e e s 47
3. 1T PUHOUL INSEIS ... e e 49
B T D - (V=1 (Y - | S 50
3.12.1 Coarse Aggregate and Fine Aggregate .........ccceeveiiiieiiiiiiee e 51
3.12.2 Cement and Supplementary Cementing Materials.............cccccoviieiiniiniien, 52
31221 TYPE I COMENT ..ot 52
3.12.2.2 ClassS C FIY ASN .ottt e 52
3.12.2.3 Class F FIY ASh ..ottt 52
3.12.2.4 Slag CEMENT ......eiiiiiiiiie ittt e e e et e e s e e e nneaeeesnnnaeee s 52

CHAPTER 4: PRESENTATION OF RESULTS
L g (oo [ o3 o] o KOS PRV PO PRPPPRPTP 53
4.2 Temperature Data..........ooo i 53



4.3 Effect Of CylINAEr SIZE.......oueiiiiiiiieceee e 54

4.4 Verification of Pullout Table Provided by Germann Instruments............ccccccoiieee 55

4.5 Effect of AQQregate TYPE ....cooo i i 57
4.5.1 Effect of Aggregate Type on Strength of 6x12 in. Cylinders versus 4x8

iN. Molded CYlINAErS........cooiiiiii e 57

4.5.2 Effect of Aggregate Type on In-Place Testing........ccccceveieviiiicie e 58

4.6 Effect of RESIraINt ......eoiiiiiiiic e 59

4.7 Effect of Supplementary Cementing Materials and Strength Gain Over Time............ 63

4.8 Comparison of Core to Molded Cylinder Strengths ... 70

CHAPTER 5: DEVELOPMENT OF IMPLEMENTATION GUIDELINES FOR CORE TESTING

ES 0t I [ 01 (o o U T2 1T o U 75
5.2 Current ALDOT Coring and Evaluation Practice ............ccccciiiiiiiiii e 75
5.3 Evaluation of Variables Affecting Core Strength............ccocoeiviiiiiiiiie e 75
5.3.1 Core Length-to-Diameter Ratio...........cc.ceviiiiiiiiiiiie e 76
5.3.2 C0re DIamMe el ... .t 76
5.3.3 Coring Direction Relative to Casting Direction............ccccccevviiviiniie e, 77
5.3.4 AQQregate SiZe ......cccuviiiiiii e 77
5.3.5 Moisture ConditionNiNg .........cccuviiiiieee e e e 77
5.3.8 DAMAGE. ... eeeiiiiitiiee et e e e e aneas 77
5.3.7 AGGregate TYPE ....eeeiiiiieii e e 78
5.3.8 Effect of Restraint ...... ... 79
5.3.9 CONCIEIE AQE ... ittt e e naaeas 79
5.3.10 Presence of Steel Reinforcement...........ooccviiiiiiii i 80
5.3.11 Relationship between Core and Cylinder Strength............ccccooeeeieiiiiiiinennn. 80
5.4 Recommended Procedure for Correcting Core Strength ...........ccccoeeveiiiiiiiiiiinnnenn. 81

CHAPTER 6: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8.1 SUIMIMAIY ..ttt e et e e bt e e e e bt e e e e e ab e e e e e aab e e e e e anbaeeeenes 84
6.2 CONCIUSIONS.... .ttt e e st e e e sb e e e e e sbee e e e snreeeeaans 84
6.3 RECOMMENAALIONS .....ooiiiiiiiii i e s e e e e 85
REFERENGCGES.............oo ittt ettt et e e sa et et e e et e ete e saeesmeeemeeebeesaeesaeeaneeeneeens 87
APPENDIX A: Pullout Calibration Table from Germann Instruments ............ccccoeiiiiiiiiiiinneee 91
APPENDIX B: Collected Strength Data............ccueviiiiiiie e 109

vi



Table 2-1
Table 2-2
Table 2-3
Table 2-3
Table 2-4

Table 2-5
Table 2-6
Table 2-7
Table 2-8
Table 2-9
Table 2-10
Table 2-11
Table 2-12

Table 2-13
Table 3-1
Table 3-2
Table 3-3
Table 3-4
Table 3-5
Table 4-1
Table 4-2
Table 4-3

Table 4-4

Table 4-5

Table 4-6

Table 4-7

Table 4-8

Table 4-9

Table 4-10

LIST OF TABLES

Constants for ACI 209 Age Correction EQuUation.............ocoeiiiiiiiiiiec e 7
Required Rod Diameter for the Consolidation of Cyliders ...........cocceeviiiiieiiiiienns 12
Coefficients of Variation for Molded Cylinders ............cccooiiiiiiiiiiiin e 14
Core Strength Correction FAcCtOrs ...........ooccuuiiiiiiiie e 14

Recommended Correction Factors for Different L/D Ratios For Concrete

Strengths Less Than 6000 PSi.........ueeeiieiiiiiiiiiiiiiee e e e e ennreeee s 15
Suggested Strength Correction Factors for Different Core Diameters...................... 16
Strength Correction Factors for Steel Reinforcement Present in Core Sample........ 18
Probable Range of Core Strengths Due to Single-Operator Error..........cccccooeeee 19
Coefficient of Variation Due to In-Place Strength Variation Within a Structure......... 21
Acceptable Pull-Out Test Range Based on Number of Tests.........cccccccvieiiiiiiinneen. 24
Summary of Within-Test Coefficient of Variation of Pullout Test ............ccccceveineeee.. 25
Tennessee Department of Transportation Classes of Concrete...........ccc.cccouunn. 28

Speficied Acceptable Average Strength Concrete Specimens for Given

Class of Concrete based on Age of SpPecimen.........cccccveviiiiiiiiciiee e 28
Price Adjustment for Tennessee Department of Transportation..............ccccceeeeene. 28
Abbreviations for Different Aggregate TYPES .....ccvvveeiiiciiiiiiiiee e 39
Abbreviations for Different Supplementary Cementing Materials ................ccccec... 39
SSD Batch Weights for High-Strength Slabs ..., 39
SSD Batch Weights for Normal-Strength Slabs ..., 39
Coarse and Fine Aggregate Properties.........cccocuuiiiiiiiie i 51
Temperature Data for All Casts...........coviiiiiiiiiiiiiie e 54
Summary of P-values from ANOVA Analysis for In-Place Testing ...........ccccvveeeenn. 58
Summary of In-Place Strength to Molded Cylinder Strength Ratios by Coarse
Aggregate Type for Normal-Strength Concrete...........ccccovviiiiiiiini e, 59
P-values for Strength Level t-test ... 60
P-values for t-tests Determining the Effect of Restraint .............cccoooiiiis 60
Constants for ACI 209 Age Correction EQUation.............occeeiiiiiieiiiieieec e, 63
Summary of P-Values from ANOVA Analysis of Strength Gain for Different

103 1V SR 64

P-Values of Paired t-tests Conducted on Portland Cement Specimens

Versus Specimens Containing Supplementary Cementing Materials....................... 65
Summary of the Unbiased Estimate of the Standard Deviation for Strength

Gain in Normal-Strength Concrete .........c..vvvviiiii i 66
Adjusted a and 8 Values for Different Testing Methods..........c.cccoovviiiiiiiiieei i 67

vii



Table 4-11

Table 4-12
Table 4-13
Table 5-1
Table 5-2
Table 5-3
Table 5-4
Table A-1
Table A-2
Table B-1
Table B-2
Table B-3
Table B-4
Table B-5
Table B-6
Table B-7
Table B-8
Table B-9
Table B-10
Table B-11
Table B-12
Table B-13
Table B-14
Table B-15
Table B-16
Table B-17
Table B-18
Table B-19
Table B-20
Table B-21
Table B-22
Table B-23
Table B-24
Table B-25
Table B-26
Table B-27

Comparison of Adjusted and Unadjusted ACI 209 Values of the Unbiased

Estimate of the Standard Deviation..............ooeiiiiiiii e 68
Summary of P-Values Comparing Normal- vs. High-Strength Cores ...................... 71
P-values from Core versus Molded Cylinder t-test...........cccccoviiiiiii e 72
Core Diameter Correction FaCOr ..........cooiiiiiiiiii e 77
Casting Direction Strength Correction Factor............ccccceeviiiiiiiiiie e, 78
Teritical Values for Given Number of Cores in a Sample (ASTM E178 2008) ............. 82
Values of k based on the Number of Cores Extracted ..........c.coccoeiiiiiiiiiicneenen. 83
Pullout Table from Germann Instruments for 6/4/2013-6/4/2014............ccccee....... 92-99
Pullout Table from Germann Instruments for 6/5/2014-6/5/2015..................... 101-108
Molded Cylinder Strengths from Cast RG4000CA ........ccooeeiiiiiiiiiiieeee e 109
Molded Cylinder Strengths from Cast LS4000CT ........covveeiiiiiiiiiiiieee e 110
Molded Cylinder Strengths from Cast RG4000CT ........ccccieiiiiiieiiiniie e, 111
Molded Cylinder Strengths from Cast RG4000SC..........ccccoeiiiiiiiiiieieiieee e, 112
Molded Cylinder Strengths from Cast GR4000CT .........cccocveiiiiireeeiiee e 113
Molded Cylinder Strengths from Cast RG4000FA .........cccooveiiiiie e 114
Molded Cylinder Strengths from Cast RG8000CT ...........ccoovviiiiieiieeeeeiiirieeeee e 115
Molded Cylinder Strengths from Cast LS8000CT .........cceeveiviiiiiiiieieee e 116
Cast-In-Place Cylinder Strengths from Cast RG4000SC...........ccccoviveeeeeieceninnnnnn. 116
Cast-In-Place Cylinder Strengths from Cast GR4000CT .........ccccceveeeiiiccinieeeneeenn 117
Cast-In-Place Cylinder Strengths from Cast RG4000FA .........ccccoiieiiiiiiiiieeeeeen 117
Cast-In-Place Cylinder Strengths from Cast RG8000CT ..........ccccovieiiiiiiiiieeneeennn. 118
Cast-In-Place Cylinder Strengths from Cast LS8000CT .........cccccceeeiiiveeeiciiereeeenen. 118
Core Strengths from Cast RG4000CA .........ooooiiiieiiiee e 119
Core Strengths from Cast LS4000CT ........ovviiiiiiiiiiiieieeee e 119
Core Strengths from Cast RG4000CT ........ooviiiiiiiiiiiiiiieee e 120
Core Strengths from Cast RG4000SC ........oovviiiiiiieeiee e ee e 120
Core Strengths from Cast GRA000CT ........oviiiiieeiiiciieeee e 121
Core Strengths from Cast RG4000FA.........cooo e 121
Core Strengths from Cast RG8000CT ........cooiiiiiiiiiiiiiie e 122
Core Strengths from Cast LS8000CT .........eeviiiiiiieiiiiie e 122
Pullout Strengths from Cast RG4000CA ...........oooiiiiiieiiiiee e 123
Pullout Strengths from Cast LS4000CT .......ccccviiieiiiiiee e eriieeessieee e e 124
Pullout Strengths from Cast RG4000CT ........ccooiiiiiiiiieeee e 125
Pullout Strengths from Cast RG4000SC ..........coooiiiiiiiiiee e 126
Pullout Strengths from Cast GRA000CT ..........oeiiiiiiiiiiiiiee e 127
Pullout Strengths from Cast RG4000FA ...........ooiiiiiiiiiiee e 128

viii



Figure 1-1

Figure 2-1

Figure 2-2
Figure 2-3
Figure 2-4
Figure 2-5
Figure 2-6
Figure 2-7
Figure 2-8
Figure 2-9:
Figure 3-1

Figure 3-2

Figure 3-3
Figure 3-4
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 3-9
Figure 3-10
Figure 3-11
Figure 3-12
Figure 3-13
Figure 3-14
Figure 3-15
Figure 3-16
Figure 4-1

Figure 4-2

Figure 4-3
Figure 4-4

LIST OF FIGURES

ALDOT Item 501.05 price adjustment .............oooiiiiiiii e 1
Compressive Strength vs. Age for Different Curing Conditions ..........cc.cccooiiiiiien. 9
Regression Plot of Core Strength vs. Moisture Gain ...........ccccoiviiiiiniiieee 10
Normalized Average Core Strength versus Core Diameter ...........ccccceevviieeiicieennne 16
Effect of Coring Direction Relative to Casting Direction.............ccccccveeviieeiiiieeeeenee 18
k versus Number of Cores Given Coefficient of Variation.............c.cccoeviiniiinennnn 20
Schematic of Cast-In-Place Cylinder Mold Assembly .............cccceiiieeeeeeeiiiiciiiieeeennn. 21
Schematic of LOK-Test Pullout INSert ... 23
Current ALDOT Price AJUSTMENT ........oiiiiiiiiiiee e 27
Summary of Payment Reduction Methods............cocciiiiiiii, 30
Forces Affecting the Axial Restraint of a Slab ... 35
Typical Stress Distribution between Slab and Sub-Base when Exposed to

Shrinkage and Temperature Change FOrCeS.........coocviviiiiiiiieicciiee e 35
Effect of Restraint on Slab Specimens............oooiiiiiiiiiiiii e 36
Typical SIAD LAYOUL .......eiiiiiiiie et e e e e e e e e e e 37
Testing Layout within a Typical Quadrant ............cccooveie i 38
Typical Slab [dentifiCation............ccccviiiiiire e 39
Typical Setup before Placement ... 41
A Completed SIab.........ueiii e 43
Curing Mats and Soaker HOSES ..........cooiiiiiiiiiiiiiiiiee e 43
Complete CUMNG SYSIEM.......oiiiiiiie e e 44
Initial Curing of Molded CylINAErS .........c..ooiiiiiiiee e 45
Drilling of a Core from the Exterior Region of @ Slab ............ccccovieeiiiiiiiciiiiieee e 47
Typical L-50 and L-49 INSEIMS ........uuuuiiiiiiiiiiiiiieieiiieieieieiereieieiseeierarereanrnrnnennennnaennnna——. 49
Placement of L-49 LOK-Test Pullout Inserts Into a Slab............cccooceeiiiiiniiins 49
Pullout Test Being Performed..........c..ooiiiiiiiiie e 50
Coarse Aggregate Gradations...........c..eiii i 51
Comparison of the Average Strengths of 6x12 in. Cylinders versus 4x8 in.

1031 o LY SR 55
Average 6x12 in. Cylinders versus Average Calibration Pullout Cube

RS2V | 1{ o TSR 57
Average Exterior Core Strength versus Average Interior Core Strength .................. 61

Average Strength of Exterior Pullout Tests versus Average Strength of

[9) (= g0 V1| (o 10 | B =TS £ TR 62



Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

Figure 4-12

Figure 4-13

Figure 4-14
Figure A-1

Figure A-2

Average Strength of Exterior Cast-in-Place Cylinders versus Average

Strength of Interior Cast-in-Place Cylinders ..., 62
Strength Gain of 6x12 in. Cylinders and Cores of 50% Slag Cement

Concrete versus the Strength Gain Predicted by ACI 209 and FDOT ..........cccocueeee.. 64
Average Strength Gain of All Molded 6x12 in. Cylinders and Cores versus

the Strength Gain Predicted by ACI 209 and FDOT .......cccoccciveiiiiiie e 67
Measured Strength Versus Estimated Strength Using ACI 209 for Molded

6x12 in. Cylinders with Unadjusted a and B Values..........c...cccoevvriieiiiieiiiicciiieeee. 68
Measured Strength Versus Estimated Strength Using ACI 209 for Molded

6x12 in. Cylinders with Unadjusted a and B Values..........ccccccoviiiiiinini i, 69
Measured Strength Versus Estimated Strength Using ACI 209 for Molded

6x12 in. Cylinders with Adjusted @ and BValues..........cccooeiiiiiiiinie e, 69
Measured Strength Versus Estimated Strength Using ACI 209 for Interior

Cores with Unadjusted @ and BValues ... 70
Average 6x12 in. Molded Cylinder Strength versus Average Exterior Core

1= 2 T | o TSR 72
Average 6x12 in. Molded Cylinder Strength versus Average Interior Core

0] 1Y oo |1 o I ERRRRR 73
Average 6x12 in. Molded Cylinder Strength versus Average Core Strength............ 73
Pullout Force vs. Predicted Molded Cylinder Strength for 6/4/2013-

o7 O SR 91
Pullout Force vs. Predicted Molded Cylinder Strength for 6/5/2014-

B/5/2015 e e b e bt b e e et s be e nneeen 100



Chapter 1

INTRODUCTION

11 BACKGROUND

Molded cylinders are most often used as a measure of quality assurance and have long been the industry
standard for determining the quality of the concrete delivered to the job site. If the compressive strength
of the cylinders do not satisfy the project specified design strength requirements, then it is common
practice to do in-place testing on the concrete in question. The Alabama Department of Transportation
(ALDOT) uses the compressive strength of cores obtained as per AASHTO T 24 (2009) from a structural
member with potentially substandard strength to assess the in-place concrete strength for acceptance
and payment. If the average core strength is equal to or greater than 100% of the required 28-day
compressive strength (f¢), the in-place concrete is accepted with no price adjustment. If the average core
strength is (a) greater than or equal to 85% of f¢c but less than 100% of f- and (b) the Engineer deems the
concrete to be structurally acceptable, then the concrete is accepted with the price adjustment shown in
Figure 1-1. The in-place concrete represented by low core strength results is rejected if the average core
strength is less than 85% of fe.

100 ;
g B | 1
I o R e D
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g |
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3 - : :
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< - ‘ :
[} - :
2 !
a s : !
b 25 -emmmmemmmeeeee- e RCREEEREEEEREES E GRECEEEREREEEE
(@) : | :
(a]
—
< -

0 1 i
85 90 95 100

Core Strength / Required 28-day Strength (%)
Figure 1-1: ALDOT Item 501.05 price adjustment

The ACI 318 Code (2014) allows the Engineer to accept in-place concrete if the average core

strength is (a) equal to or greater than 85% of ft and (b) if no single core strength is less than 75% of f%.



There is thus a significant difference in the way core strength results are evaluated by ALDOT as
compared to the ACI 318 Code. Note that the AASHTO LRFD Bridge Construction Specifications (2010)
do not provide specific guidance on the assessment of core strength results relative to f.

Core testing involves drilling a core from the concrete in question using an electric or gas
powered core rig to cut out a cylindrical specimen. After conditioning its moisture state, the recovered
specimen is then trimmed to the appropriate length, capped, and tested in compression. There are many
variables to consider when assessing the core strength obtained after testing, and part of the challenge
for an Engineer is how to account for the effect of these variables when comparing core strengths to the
required specified concrete design strength.

Moisture conditioning has a significant effect on the apparent strength of drilled cores. In the past,
general practice was to submerge the recovered cores in lime-saturated water for 40 hours prior to
testing. In 2007 the post-recovery core conditioning method was revised in AASHTO T 24, to require that
cores (a) be wiped off and placed in sealed plastic bags no later than 1 hour after drilling and (b) remain
sealed for at least 5 days prior to testing. The intent of this conditioning method is to preserve the
moisture of the recovered cores and to minimize the effect of moisture gradients introduced by wetting
during drilling and specimen preparation. The presence of moisture gradients in the specimen has been
shown to significantly reduce the apparent strength of the tested core (Bartlett and MacGregor 1994).

Because cores are extracted after low 28-day cylinder compression strengths are obtained, the
core strength results are often obtained at a concrete age much later than 28 days. Since concrete gains
strength with age, there may thus be a need to correct the core strength results back to an equivalent 28-
day strength. There is also a difference in the availability of moisture for curing in-place concrete versus
moist-cured specimens, and this will affect the concrete strength gain with age. It is thus important to
provide guidance to ALDOT on how to account for the effect of concrete age on the in-place concrete
strength relative to the specified 28-day design strength.

Concrete exposed to drying and thermal changes will develop internal microcracks. The degree
of microcracking is significantly increased in concrete that is highly restrained against movement, which
typically occurs in structural elements such as bridge decks. Standard-cured, molded cylinders are free
to contract and are cured in a moist environment; therefore, they not contain a similar level of
mircocracking when compared to in-place concrete. The presence of microcracks in in-place concrete is
one of the primary reasons why core strength results may be less than the strength results obtained from
standard-cured, molded cylinders.

Conflicting results have been reported regarding the effect of core orientation on strength (Carroll
et al. 2016). Because of the development of the interfacial transition zone (ITZ) under mostly the larger
aggregate particles (Mehta and Monteiro 2014), some researchers have found that the strength of cores
drilled perpendicular to the direction of concrete casting is reduced relative to cores drilled parallel to the
direction of concrete casting (Johnston 1973; Munday and Dhir 1984; Khoury et al. 2014). Note that

because of how cylinders are cast, their orientation is similar to cores drilled parallel to the direction of



concrete casting. There is thus uncertainty how to modify the core strength depending on how the core
was extracted relative to the casting direction of the concrete.

The industry standard is to obtain cores and trim them to a length-to-diameter ratio of 2.0. If this is
not possible, cores obtained from the in-place concrete are permitted to have a length-to-diameter ratio
(L/D) less than 2.0 but not less than 1.0. Normal-strength specimens with a length-to-diameter ratio
between 1.0 and 1.75 must have a correction factor applied to test results as specified in AASHTO T24
(2009). However, the L/D strength correction factors listed in AASHTO T 24 are only valid for concrete
strengths from 2,000 to 6,000 psi. No guidance is given for when cores strength results exceed 6,000
psi. These strengths are often encountered by ALDOT when testing high-strength concrete girders or
when testing cores at later ages. Guidance is needed regarding the selection of an appropriate L/D

correction factor when cores strengths exceed 6,000 psi.

1.2 PROJECT OBJECTIVES

The overall objective of the work contained in this report is to develop an ALDOT procedure to evaluate
core strength results obtained under various conditions. The procedure will account for the most
significant variables that may affect the core strength and provide a reliable means to assess the in-place
concrete strength. In addition, the following were the objectives for this project:

o Determine if there is a significant difference between core strength and molded cylinder strength
and if there is, quantify this difference and provide recommendations to account for this
difference,

o Determine the effect of concrete age on the strength of in-place concrete,

o Determine the effect of restraint, and thus microcracking, on concrete strength, and

e Provide guidance on how to identify outliers and how to account for the number of core strength

results obtained.
1.3 RESEARCH APPROACH

The research approach consisted of two primary phases of experimental work. The first experimental
phase consisted of ready-mixed concrete delivered to the Auburn University Structural Laboratory to
evaluate the effects of length-to-diameter ratio on core strength. The second experimental phase was
performed in the field to assess the effect of numerous variables on in-place concrete strength. This
report covers the procedures and findings for the flied-testing phase of this work and provides overall
implementation guidelines for this project.

Eight, 15 ft x 15 ft slab specimens with a 9% in. depth were cast with ready-mixed concrete. In
order to evaluate the effect that concrete strength level had on the relationship between in-place testing

and required design strength, two high-strength concrete slabs were cast in addition to six normal-



strength slabs for comparison. Three types of aggregate were used in the study: crushed limestone,
uncrushed river gravel, and crushed granite. Slabs were also made with different SCM types: Class C fly
ash, Class F fly ash, and slag cement. Cores, molded cylinders, and pullout specimens were tested at
28, 42, 91, and 365 days.

All experimental core drilling and testing conformed to current ALDOT practices. All the test
equipment purchased matched what ALDOT used at the time the project started. Additionally, at the start
of the project, a meeting was held at Auburn University with ALDOT representatives to demonstrate and

ensure acceptable coring practice.

1.4 ORGANIZATION OF REPORT

A review of literature to gain more information on the effect that various variables may have on the in-
place strength and core strength results is covered in Chapter 2. A summary of the practices various
DOTs use to assess core strength results is also presented towards the end of Chapter 2. Chapter 3
contains the details of the experimental plan developed to help accomplish the project objectives. This
includes the description of the experimental plan, proportions of concretes, raw material properties, test
methods, testing schedule, and explanation of notation. The data gathered over the course of this project
and the subsequent analysis of the data is covered in Chapter 4. This chapter also contains the results
from the statistical analysis performed on the data collected. Chapter 5 contains all the background to the
development of an ALDOT procedure to evaluate core strength results. General conclusions and
recommendations are provided in Chapter 6, along with a summary of the work performed during this

study.



Chapter 2

Literature Review

21 INTRODUCTION

For many years, engineers have tried to correlate test data from in-place strength testing to specified
design strengths to determine if the strength of the in-place concrete is satisfactory. Different tests can
produce different apparent strengths. This is due to both the variability of the in-place concrete as well as
the test method and its variability. A challenge of interpreting in-place strength testing is being able to
translate these values into meaningful information that can be compared with the specified design
strength in order to determine the adequacy of the concrete for the given application. Most state
departments of transportation also rely on these tests to accurately estimate the in-place concrete
compressive strength and use these results to determine the payment of the contractor in cases where

low strengths are obtained from molded cylinders.

2.2 FACTORS AFFECTING IN-PLACE STRENGTH

Many factors must be taken into account when conducting in-place strength testing. The manner in which

testing is carried out will have a substantial effect on the apparent strength of the in-place concrete.
2.21 CONCRETE AGE

Age is one of the most prominent factors that affects the strength of concrete. Portland cement
concrete gains strength as it hydrates. The primary gain in strength happens within the first 28 days after
hydration. Mehta and Monteiro (2014) show that the rate of strength gain relative to age is dependent on
many factors such as early-age temperature, cement type, and moisture conditions. Molded cylinders that
are cured in accordance with AASHTO T23 (2009) are exposed to conditions that supply a constant
supply of moisture to the specimens, ensuring that the hydration process continues until the specimens
are tested. As stated by Price (1951), “where moisture is available for curing or where moisture contained
in the concrete is not lost through drying, the strength development of the concrete will continue for a
number of years.” However, if moisture is not available to promote hydration, then the strength
development of the concrete will be less when compare to concrete that is exposed to moisture.

Some correction factors have been developed that can take a strength obtained at any age and
convert it to a 28-day strength. Yazdani and McKinnie (2004) conducted research for the Florida
Department of Transportation (FDOT) in order to obtain strength correction factors based on concrete

age using molded 6x12 in. cylinders that were made in accordance with ASTM C192-02 specifications.



The 6x12 in. cylinders were cured by placing them in water tanks that were maintained at 73+3°F. The
concretes, which were tested in this study that contained SCMs, were made with 20% Class F fly ash and
50% Grade 100 slag cement. Yazdani and McKinnie (2004) found that the strength relationship varied
depending on the type of cementing materials used in the concrete. The relationship between 28-day
core strength and average core strength at a specific age as proposed by Yazdani and McKinnie (2004)
can be seen in Equation 2-1. The strength conversion equations from Yazdani and McKinnie (2004) can
be seen in Equation 2-2 through Equation 2-10. Note that different equations were developed for different
cement types as well as different SCM types.

__ fcorex100

f’c(28) =T 5 Equation 2-1
Where F is defined as:
F = 4.4 + 39.1(Inx) — 3.1(Inx)? (Type | Cement) Equation 2-2
F = —17.8 + 46.3(Inx) — 3.3(Inx)? (Type Il Cement) Equation 2-3
F = 48.5 + 19.4(Inx) — 1.4(Inx)? (Type lll Cement) Equation 2-4

Where: x = number of days since the concrete was placed

In = natural log

Concretes with fly ash:

Cement Type I: f'c(28) = 0.490 * Exp(%)o'276 X f'c(t) Equation 2-5

2.89\0-514 ,
Cement Type ll: f'c(28) = 0.730 * Exp (T) X f'c(t) Equation 2-6

5.38

0.191
Cement Type lll: f'c(28) = 0.483 * Exp (T) X f'c(t) Equation 2-7

Concrete with slag cement:

706\106
Cement Type I: f'c(28) = 0.794 * Exp (T) X flc(t) Equation 2-8

6.02)0-747
Cement Type ll: f'c(28) = 0.730 * Exp (T) x fe(t) Equation 2-9

236 0.672 ,
Cement Type lll: f'c(28) = 0.826 * Exp (T) X f'c(t) Equation 2-10

ACI 209.2R (2008) outlines a procedure for correcting compressive strength at any age back to
an equivalent 28-day strength. This is done by using Equation 2-11. The value of a/f is defined as the
time it takes for the concrete to reach half of its ultimate strength. Values for these constants can vary
from 0.05 to 9.25 for a and 0.67 to 0.98 for 8. The recommended values of the empirical constants for
Equation 2-11 can be seen in Table 2-1.

f'(®) =f'.(28) x (

t
a+pBxt

) Equation 2-11

Where:



t = time since casting (days)
a = empirical constant from Table 2-1 (days)

B = empirical constant from Table 2-1 (unitless)

Table 2-1: Constants for ACI 209 Age Correction Equation

Cement ACI 209 Empirical Constants for Equation 4-1
Type a (days) B

Type | 4 0.85

Type lll 23 0.92

Bartlett and MacGregor (1996) also did a statistical analysis of a number of data points collected
over a number of years in Alberta, Canada. Their analysis showed that on average, in-place strength

increased approximately 25% from 28 days to one year.
2.2.2 SUPPLEMENTARY CEMENTING MATERIALS

Supplementary cementing materials (SCMs) are commonly used in today’s concrete industry.
They typically help decrease the overall cost of the mixture by reducing the amount of portland cement
that is needed. SCMs are typically by-products of other industries and if they were not used in the
concrete industry, they would be landfilled. Therefore, the use of these materials also provides a more
sustainable option. The use of these materials can in some cases improve the fresh and hardened

properties of the concrete.
2.2.2.1 FLY AsH

Mehta and Monteiro (2014) show that the partial replacement of portland cement with fly ash can
greatly improve both the fresh and hardened properties of concrete. Fly ash is typically produced from the
burning of coal in electrical power plants. Joshi and Lohtia (1997) state that fly ash is comprised of fine,
spherical, glassy particles which are collected in dust collection systems located within fossil fuel power
plants. Fly ash particles are oftentimes finer than portland cement particles. Bijen (1996) concluded that
the pore size distribution in concretes that contain fly ash is also substantially finer than concretes
containing only portland cement.

There are two main classes of fly ash used in the United States: Class C fly ash and Class F fly
ash. Class C fly ash has a higher calcium oxide content and therefore has both cementing and pozzolanic
characteristics. Class F fly ash typically contains lower amounts of calcium oxide and therefore acts
primarily as a pozzolan. Naik, et al. (2003) noted that the rate of early-strength gain in concretes
containing Class C fly ash was higher than concretes containing Class F fly ash, which is mainly due to

the greater reactivity of Class C ash.



In general, Xu (1997) says that concrete containing fly ash typically has a lower 28-day strength
but higher long-term strength as compared to concretes using portland cement as the only cementitious
material. Naik et al. (2003) also concluded that when moist cured, “The long-term pozzolanic strength
contribution of Class F fly ash was somewhat greater compared to Class C fly ash. Consequently, long-
term compressive strengths of Class F fly ash concrete mixtures were better than that for Class C fly ash

concrete mixtures.”

2.2.2.2 Slag Cement

Slag cement, also called ground-granulated blast-furnace slag, can also be used as partial
replacement of portland cement when batching concrete. Mehta and Monteiro (2014) conclude that one
significant advantage of using slag cement is that it decreases the amount of heat generated when
concrete is batched. This characteristic is ideal when placing mass concrete. Oner and Akyuz (2007)
concluded that the use of slag increased compressive strengths up to an optimal replacement
percentage, which was determined to be 55-59%. From their experimental program, Oner and Akyuz
(2007) also concluded that the use of slag in concrete increases workability but reduces the early-age
strength of the concrete, but with proper curing, the strength increase was greater in concretes which
contained slag cement because the pozzolanic reaction which converts calcium hydroxide into calcium-

silicate-hydrate occurs slowly.

2.2.3 MOISTURE AND CURING CONDITIONS

The amount of moisture available to the concrete during the curing process has a significant
effect on concrete strength and durability. When concrete is supplied with adequate moisture during
curing, it allows the cement to hydrate continuously which produces higher strengths. Results from a
study done by Popovics (1986) on molded cylinders can be seen in Figure 2-1. From this figure, it can be
seen that the availability of moisture has a pronounced impact on the strength development of the
concrete. In addition, it can be seen that continuously moist-cured cylinders perform the best in terms of
long-term strength gain. It should also be noticed that when the cylinders were taken out of their moist-
cured state and were kept in laboratory air, the overall strength of the cylinders decreased over this
period. The availability of moisture for curing in-place concrete is thus one of the most important reasons

why the strength of laboratory-cured, molded cylinder may be greater than the in-place strength.
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Figure 2-1: Compressive Strength vs. Age for Different Curing Conditions (Popovics 1986)

Bartlett and MacGregor (1994a) did a study on the effect of moisture conditioning of cores after
drilling. Their results from their study can be seen in the regression plot in Figure 2-2. From this figure
Bartlett and MacGregor (1994a) concluded that the compressive strength of a core specimen is
decreased when its moisture content is uniformly increased throughout its volume after it has been cored
and, conversely, that the compressive strength of a core specimen is increased when its moisture content
is uniformly decreased throughout its volume. Bartlett and MacGregor (1994a) explain by stating that
when cores are soaked in water, the surface of the core swells. This swelling at the surface is restrained
by the interior of the core, which does not experience any moisture gain. This in turn causes residual
stresses to form and lowers the overall compressive strength of the core. Conversely, when cores are left
to dry, this causes shrinkage to occur on the surface of the core which causes its overall compressive
strength to increase. Because of this, Bartlett and MacGregor (1994a) concluded that the most accurate
estimate of in-place strength is obtained from a core specimen that contains no moisture gradient. In an
attempt to eliminate a moisture gradient as much as possible, AASHTO T 24 (2009) recommends that the
surface moisture of cores be wiped off and left to dry until all surface moisture has evaporated but no
longer than one hour. After this, cores should be sealed in plastic bags to avoid moisture loss and

therefore not create a moisture gradient within the core.
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Figure 2-2: Regression Plot of Core Strength versus Moisture Gain (Bartlett and MacGregor 1994a)

224 COARSE AGGREGATE SIZE AND TYPE

Aggregate type can play an important role when assessing the strength of in-place concrete. One
of the biggest reasons why aggregate size and type affect the compressive strength of a concrete
specimen is because of the relationship between coarse aggregate and the interfacial transition zone
(ITZ). Ollivier, Maso, and Bourdette (1995) describe the ITZ as a water-cement ratio gradient that
develops around coarse aggregate which results in a different microstructure of the hydrated cement
paste, which surrounds the coarse aggregate. Mehta and Monteiro (2014) explain that this happens
because a film of water forms around the coarse aggregate particles, which in turn causes an increase in
the water-cement ratio around the aggregate. Due to the increased amount of water gathers around the
surface of the aggregate, the ettringite and calcium hydroxide particles that form are larger and therefore
form a layer around the aggregate, which is weaker and more permeable. Mehta and Monteiro (2014)
also conclude that the larger the coarse aggregate size, the higher the water-cement ratio in the ITZ will
be, leading to a weaker and more permeable concrete. Arioz et al. (2007) showed that as the maximum
aggregate size increased for cores with small diameters, the strength of the core decreased, but also
noted that as core diameter increased, this effect was lessened. This means that larger specimens are

impacted less by the size of the aggregate contained within them.
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225 TEMPERATURE CONDITIONS

Temperature conditions have a significant impact on the apparent strength of concrete. Mehta
and Monteiro (2014) say that hot weather concreting increases slump loss, increases plastic-shrinkage
cracking, and decreases the set time of freshly placed concrete. They continue to state that concrete
placed under hot weather conditions has very rapid strength gain and will have greater 28-day strengths
but lower long-term strengths than concrete cast at room temperature. The effect of temperature on

early-age strength can be accounted for by using the maturity method.

2.3 STRENGTH TEST METHODS

In the concrete industry, there have been many methods devised to evaluate the in-place compressive
strength of concrete. It is very important that these testing methods produce reliable and accurate results.
In this section, the following test methods are discussed: molded cylinders, cores, cast-in-place cylinders,

and pullout tests.
2.3.1 MoOLDED CYLINDERS

AASHTO T23 (2009), outlines the proper way to produce molded cylinders on site for
compression testing. For many years, molded cylinders have been the industry standard for measuring
concrete strength. Since molded cylinders are cured under controlled moisture and temperature
conditions, their strength results do not reflect the in-place strength of the concrete element. Though not
a good indicator of in-place strength, molded cylinders are used to measure the consistency and quality
of the concrete batch that was delivered to the site. AASHTO T23 (2009) states that “the results of this
test method are used as a basis for quality control of concrete proportioning, mixing, and placing
operation; determination of compliance with specifications; control for evaluating effectiveness of

admixtures; and similar uses.”
2.3.1.1 STRENGTH ACCEPTANCE OF MOLDED CYLINDERS

Molded cylinders are often used as a method of quality control. In order for concrete to be
accepted, ACI 318 (2014) states that the following requirements must be met:
1. The average of three consecutive tests = f'c
2. For f¢ <5000 psi: No result more than 500 psi below f¢

For f'c =2 5000 psi: No result more than 0.1 x f'c below f'c

11



2.3.1.2 VARIABILITY

AASHTO T22 (2009) gives expected coefficients of variation for molded cylinders which can be
seen in Table 2-2. These coefficients of variation are for cylinders made under both laboratory and field
conditions and tested at the same age by the same laboratory. These coefficients are valid for 6x12 in.
cylinders with compressive strengths between 2,000 and 8,000 psi and 4x8 in. cylinders with

compressive strengths between 2,500 and 4,700 psi.

Table 2-2: Coefficients of Variation for Molded Cylinders (AASHTO T22 2009)

Coefficient of Acceptable Range of Individual
i oerticient o Cylinder Strengths
Specimen Type Variation y 9
2 Cylinders 3 Cylinders
6 x 12 in. Cylinder - o o o
Laboratory Conditions 24 % 6.6 % [
0121 Cylnder - Fleld 2.9 % 8.0 % 9.5 %
4 x 8 in. Cylinder - o o o
Laboratory Conditions 3.2% 9.0 % 106 %

When concrete is cast, two 6x12 in. cylinders are often made for quality assurance which
therefore implies that the range of the compressive strengths of these cylinders under the conditions
expressed by AASHTO T22 (2009) should not exceed 8.0 %.

2.3.2 CORES

When moist-cured, molded quality assurance cylinders are tested in compression and the
resulting strength does not exceed the compressive design strength (f) set forth by the design engineer,
then in-place strength testing must be done on the in-place concrete to determine if it has adequate
strength. Neville (2001) states that when concrete cylinders break low, it can be caused by a number of
reasons including inadequate strength, poor consolidation, incurring damage during transit, freeze-thaw
damage, improper curing, and improper testing methods. When quality assurance cylinders have an
average strength below the specified compressive design strength (%), core testing is most often used to

assess the strength of the in-place concrete.

2.3.2.1 SUMMARY OF AASHTO T24: STANDARD METHOD OF TEST FOR OBTAINING AND TESTING
DRILLED CORES AND SAWED BEAMS OF CONCRETE

When taking cores, care must be taken to ensure that as little damage as possible is inflicted
upon the core, both while drilling and while transporting the core back to the laboratory for testing. When

drilling, it is important that the core rig is securely fastened to the surface from which the core is being
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taken to ensure that there is as little core barrel wobble as possible. In addition, specimens should be
secured during transportation so that they do not incur any damage to impact. AASHTO T24 (2009)
specifies that a minimum core diameter of 3.75 in. should be used when retrieving cores to evaluate in-
place strength. After cores have been drilled, the excess surface water should be wiped off and the
surface of the core should be allowed to dry, but should not be exposed longer than one hour after
drilling. Cores should then be placed in sealed plastic bags to prevent moisture loss. Cores should be
kept in the sealed plastic bags at all times except during trimming and end preparation. In order to be
tested, the ends of the core must not have any projections greater than 0.2 in. above the end surfaces
and shall not depart from perpendicularity to the longitudinal axis by a slope of more than 1:8d where d is
the average core diameter in inches. If water is used during the trimming or grinding of the core ends
during trimming, these operations should be done as soon as possible after the core has been removed
from the in-place concrete. After the end preparation has been completed, the core should be wiped of all
excess water and allowed to let all surface water evaporate, but not be exposed for more than one hour.

AASHTO T24 (2009) also states that the length-to-diameter ratio of the obtained core should be
between 1.9 and 2.1. If the length-to-diameter ratio is greater than 2.1, it must be trimmed in order to
meet the specification. If a core has a length-to-diameter ratio less than 1.75, correction factors must be
applied to correct its apparent strength. In addition, a core’s height must be at least 95% of its diameter
before capping and at least greater than or equal to its diameter after capping. Once cores are exposed
to wetting due to drilling or trimming, they must be bagged in sealed plastic bags for at least five days to
ensure that no moisture gradients are present in the core specimen. Once the five-day period has
passed, the ends of the core must be either trimmed or ground to the required planeness or be capped in
accordance with AASHTO T231 (2009). If the trimming or grinding involves exposure to moisture, this
process should occur before this five-day period.

The initial length of the drilled core should be measured and recorded to the nearest 0.2 inches. If
bonded caps are applied to the specimens, the length of the specimens should be recorded both before
and after capping to the nearest 0.1 inch. The length of the core, which was taken after end preparation,
should be used to calculate the length-to-diameter ratio of the core. The diameter of the core should also
be measured and recorded to the nearest 0.01 inch. This is done by taking at least two measurements at
the mid-height of the core at right angles to one another. Once these data are recorded, the cores are
tested within seven days of being drilled in accordance to AASHTO T22 (2009).

2.3.2.2 FACTORS AFFECTING APPARENT STRENGTH OF CORES

Many factors affect the apparent strength of the cores obtained from the in-place structure.
Studies have also been conducted to determine the effects of different core diameters, length-to-diameter
ratios, the amount of damage imparted on a core, core moisture conditioning, effect of reinforcement, and

direction of coring relative to casting direction.

13



Bartlett and MacGregor (1995) proposed that the strength of a core should be converted into an
equivalent in-place strength using Equation 2-12, where £ ; is the equivalent in-place concrete strength,
Fua is the strength correction factor for length-to-diameter ratio, F., is the correction factor for core
diameter, F, is the correction factor for cores containing reinforcing bars at right angles to the central axis
of the core, F,. is the correction factor for moisture conditions, F;, is the correction factor for core damage,
and fc is the measured strength of the core. Bartlett and MacGregor (1995) also provide a Table 2-3,
which shows how these values are calculated. The factors obtained from Table 2-3 are then substituted

into Equation 2-12 to calculate the equivalent core strength.

feis = Fl/dFdiaF;‘chFdfc Equation 2-12

Table 2-3: Core Strength Correction Factors (ACI 214 2010)

Coefficient of
Factor Mean value variation V. %

Standard
L 1T=10130-af.,,.H2-=
treatment*: { feore )
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(]
I
I
S
I~

_|Soaked
Fy g tdratio” |48 hours | 1—{0.117 —af,, .} (2 -=
in water:
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o
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S
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S
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o
[
[
I
S
I

Dricd®: | 1-{0.144—af,,,.}(2-4

2 in.

(50 mm) 1.06 1.8
F ;. :core 4 1in
dia ’ 1.00 0.0
diameter (100 mm)
6 in. -
- C ]
(150 mm) 0.98 .8
Standard _
_ 1.00 2.5
treatment+:
F_ :core ;
e tur Soaked
'Pmr:" ut|e 48 hours 1.09 2.5
conten in water:
Dried®: 0.96 2.5
F 4 damage due to drilling 1.06 2.5

T Constant o equals 3(10-6) 1/psi for f.o. in psi, or 4.3(10—4) 1/MPa for f.,.. in MPa.
I Standard treatment specified in ASTM C42/C42M.
§ Dried in air at 60 to 70°F (16 to 21°C) and relative humidity less than 60% for 7 days.
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2.3.2.2.1 LENGTH-TO-DIAMETER RATIO

Much research has been done on the effect of length-to-diameter ratio on core testing. Bartlett
and MacGregor (1994d) state that “short specimens fail at greater loads because the steel loading
platens of the testing machine restrain lateral expansion throughout the specimen more effectively.”
Therefore, the smaller the length-to-diameter ratio, the larger the apparent strength of the core will be.
When assessing the in-place strength of concrete, AASHTO T24 (2009) defines correction factors that
must be applied to cores which have length-to-diameter ratios from 1.0 to 1.75 which can be seen below
in Table 2-4. These correction factors are also listed in ASTM C 42, and both AASHTO T24 and ASTM C
42 state these are only valid for concrete strengths between 2,000 and 6000 psi. Arioz et al. (2007)
concluded that the effect of the length-to-diameter ratio was more significant as the diameter of the

specimen decreased.

Table 2-4: Correction Factors for Different L/D Ratios For Concrete Strengths Less Than 6000 psi

(AASHTO T24 2009)
Core L/D AASHTO T24 Strength Correction Factor
1.75 0.98
1.50 0.96
1.25 0.93
1.00 0.87

AASHTO T24 (2009) does not list recommended values for length-to-diameter strength correction
factors for concretes with strengths higher than 6000 psi. Similarly, AASHTO T24 (2009) notes that for
strengths above 10,000 psi that correction factors may be higher that what is listed in Table 2-4, and that
these factors should be applied to high-strength concretes with caution. AASHTO T24 (2009) makes no
recommendation about what should be done for strength correction factors for concrete with compressive
strengths between 6,000 and 10,000 psi. Similarly, Bartlett and MacGregor (1994d) state that there is
some indication that as concrete strength increases, the strength correction factors for length-to-diameter
ratio begin to increase, which implies that as concrete strength increases, the length-to-diameter ratio has

less of an impact on apparent strength.
2.3.2.2.2 CORE DIAMETER

There are conflicting opinions when it comes to the effect of diameter on core strength. For cores
with the same length-to-diameter ratio, Meininger (1968) found that the core diameter does not have an
effect on the core’s apparent strength when the cores have a length-to-diameter ratio of 2.0. Bartlett and

MacGregor (1994c) found that the strength of a 2-inch diameter core was approximately 94% of a 4-inch
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diameter core and 92% of a 6-inch diameter core. This trend can be observed in Figure 2-3. The data in

Figure 2-3 has been normalized so that the standard core diameter is 4 inches.
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Figure 2-3: Normalized Average Core Strength versus Core Diameter (Barlett and MacGregor 1994c)
Arioz et al. (2007) concluded that as core diameter decreased, strength decreased as well. ACI
214.4R (2010) gives recommended values for correction factors for cores based on their diameters that

can be seen below in Table 2-5.

Table 2-5: Suggested Strength Correction Factors for Different Core Diameters (ACI 241.4R 2010)

Diameter (in.)

Strength Correction Factors

2 1.06
4 1.00
6 0.98

Bartlett and MacGregor (1994c) also concluded that the effect of core damage increases as the
size of the specimen decreases. This is especially important with respect to the effect of core diameter on
apparent strength. This implies that the smaller the diameter of the specimen, the greater effect that
damage will have on its apparent strength. Bartlett and MacGregor (1994c) also concluded that the
variability was much larger in specimens with smaller diameters. They suggest that cores with smaller
dimensions are much more susceptible to being impacted by through-thickness variation of the in-place

concrete, especially in slabs.
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2.3.2.2.3 CorRE DAMAGE

When obtaining concrete cores, there is inherit damage that the cores are subjected to due to the
destructive nature of the drilling process. As can be seen in Table 2-3 from Bartlett and MacGregor
(1995), a strength correction factor of 1.06 is to be applied when a core is damaged during drilling.
Bartlett and MacGregor (1994c) explain that cores can be damaged due to microcracking, cutting through
coarse aggregate, and undulations at the drilled surface, but no clarification is made on what specifically
constitutes enough damage for this factor of 1.06 to be applied. Arioz et al. (2007) found that strength
correction factors for core damage decreased in concretes with higher strengths and hypothesized that
the reason for this is that high-strength cores are subjected to less damage during the coring process.

Aggregate type also has an effect on the amount of damage imparted on the core during drilling.
Khoury, Aliabdo, and Ghazy (2014) found that concrete containing river gravel are more difficult to core
than concrete which contains softer aggregates such as limestone. Khoury, Aliabdo, and Ghazy (2014)
also concluded that cores taken from higher strength concretes, in general, have less damage imparted

on them than cores taken from lower strength concretes.

2.3.2.2.4 CASTING DIRECTION

There is some disagreement in literature over whether or not the direction of coring relative to the
casting direction has an impact on the apparent strength of the core. The primary reason why there is
suspicion that coring direction with respect to casting direction has an effect on the apparent strength of a
core is because of the ITZ. Mehta and Monteiro (2014) write that the ITZ is most prominent around the
bottom of the coarse aggregate due to bleed water that creates a plane of weakness in one direction.

Suprenant (1985) concluded that due to the plane of weakness that is formed around the bottom
of the coarse aggregate relative to casting direction, the direction in which the core is drilled is significant.
An illustration of this effect can be seen below in Figure 2-4. From Figure 2-4, Suprenant (1985) illustrates
the plane of weakness around the bottom of the coarse aggregate. When cores that are drilled parallel to
the casting direction are tested, this plane of weakness is perpendicular to the applied test load. However,
if a core is drilled perpendicular to the casting direction, this plane of weakness is now parallel to the
applied force when the core is tested in compression. Munday and Dhir (1984) conducted research on
coring direction versus casting direction and suggest that cores taken parallel to the casting direction will
have strengths approximately 8% greater than cores drilled perpendicularly to the casting direction.

There are other studies though, such as the one conducted by Bloem (1965), which have
concluded that coring direction relative to casting direction does not produce statistically significant
differences in apparent strengths. Bartlett and MacGregor (1994b) also conclude that there was not a
significant difference in their data between cores that were drilled parallel versus perpendicular to the

casting direction.
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2.3.2.2.5 PRESENCE OF EMBEDDED STEEL REINFORCEMENT IN CORE

Sometimes in members with a congested steel reinforcement layout, it is difficult to recover a
core without hitting steel reinforcement. Because of this, guidance is necessary on what to do if a core
contains steel reinforcement within it. AASHTO T24 (2009) recommends that core specimens containing
embedded reinforcement not be used to determine compressive, splitting tensile, or flexural strength.

Bartlett and MacGregor (1995) recommended the correction factors shown in Table 2-6 to correct
the compressive strength of a core containing steel reinforcement. It should be noted that the correction
factors presented by Bartlett and Macgregor (1995) are for steel reinforcement which runs perpendicular
to the axis of drilling. The strength correction factors shown in Table 2-6 would be used in Equation 2-11
to correct a core’s compressive strength. No guidance is given on how much of the steel reinforcing bar
must be contained within the core for the correction factors to be applied or if bar size has an impact on

core compressive strength.

Table 2-6: Strength Correction Factors for Steel Reinforcement Present in Core Sample
(Bartlett and MacGregor 1995)

Number of Reinforcing Bars
Present in Core

1 1.08
2 1.13

Strength Correction Factor
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2.3.2.3 VARIABILITY OF CORE TESTING

Bartlett and MacGregor (1994c) found that the variability of cores greatly depended on the
through thickness variation within the concrete itself. They also noted that “the variability of measured
strengths of small-diameter cores is particularly sensitive to being inflated by the variability of the in situ
strength across the dimension of the element being cored.” Therefore, if through-thickness variation
develops in concrete members, the variability of cores with smaller diameters are likely to be more
susceptible to this effect, but if through-thickness variation is not significantly present within a member,
then the coefficient of variation will be similar for cores of all diameters. If through-thickness variability is
not present, Bartlett and MacGregor (1994c) concluded that the variability of the in-situ concrete from
members of moderate size from one batch of concrete is approximately 5 percent. Arioz et al. (2007) also
found that variability also increased as core diameter decreased. ACI 214.4R (2010) provides Table 2-7

with expected range (in percent) for core strength test results based on the number of specimens tested.

Table 2-7: Probable Range of Core Strengths Due to Single-Operator Error (ACI 214.4R 2010)

Expected range of core Range with 5% chance of
Number of cores strength as percent of being exceeded as percent of

average core strength average core strength

3 54 10.6

4 6.6 11.6

5 7.2 12.4

6 8.1 12.9

7 8.6 13.3

8 9.1 13.7

9 9.5 14.1

10 9.8 14.3

2.3.2.4 IMPACT OF NUMBER OF CORES RETRIEVED

In order to meet the strength acceptance based on core test results of ACI 318 (2014), the
average of the three cores taken must be greater than 85 % of the specified design strength, while also
not having a single core with a strength lower than 75 % of the specified design strength. Although it is
common that three cores are taken in order to evaluate in-place strength, there are times in which more
than three cores are taken. Bartlett and Lawler (2011) point out that an increase in the number of cores
would not impact the mean-strength criterion of ACI 318, but it would have an impact on the requirement
that no single test result could have a strength lower than 75 % of the speficied design strength.
Inherently, if the amount of specimens increases, the liklihood that a specimen with a strength lower than

75 % of the specified design strength would increase as well. If the coefficient of variation, V, is known,
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then the graph seen in Figure 2-5 from Bartlett and Lawler (2011) can be used to determine the
acceptable value of k, which is defined as the lowest acceptable ratio between a single core strength and

specified design strength.
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Figure 2-5: k versus Number of Cores Given Coefficient of Variation (Bartlett and Lawler 2011)

From the plot in Figure 2-5, it can be seen that the specified value for k given V decreases as the
number of cores taken increases. This implies that the change in single core strength criterion should be
taken into account when more than three core specimens are retrieved and tested. Bartlett and Lawler
(2011) outline a statistical method that can be used to determine the acceptable value of k based on the
number of cores extracted from the concrete in question. First, a value of Ps must be specified. Py
represents the chance that a core from a set of three cores will have a strength less than 0.75%f:. ACI
214 (2010) recommends this value be 10 %. Once this value is established, the value of P2 can be
calculated using Equation 2-13 based on the number of cores retrieved. P2 is defined as the

corresponding probability to P, but with a sample size of n instead of three.

P,=1—-(1- P1)3/n Equation 2-13

Once P: is calculated, then the corresponding value of ¢+, which is the number of standard
deviations below the mean that P2 occurs, can be found using the standard normal distribution function.
An allowable coefficient of variation, Vus, is then chosen. ACI 214 (2010) contains Table 2-8, which can
be used to choose an appropriate coefficient of variation. Once this is done, ¢ and Vs are used in

Equation 2-14 to determine the appropriate value of k.

k =0.85—c; XV Equation 2-14
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Table 2-8: Coefficient of Variation Due to In-Place Strength Variation Within a Structure

Structure composition One member | Many members
One batch of concrete 7% 8%
Many batches of | Cast-in-place 12% 13%
concrete Precast 9% 10%

2.3.3 CAsST-IN-PLACE CYLINDERS

With the cast-in-place cylinder testing method, a cylinder mold is held in place close to the
structure’s surface by a support system and filled with concrete as the member is being cast. A detailed
setup for a cast-in-place cylinder can be seen below in Figure 2-6. After remaining in the structure for
some time, the specimen is removed from the structure, transported to the testing lab, and tested. ACI
228.1R (2003) outlines the benefits of using cast-in-place cylinders and states that the advantages of
using this method over coring include no damage being imparted on the specimen due to coring while
also matching the thermal and curing history of the specimen to the in-place concrete.

Mold flange /Tap of slab

DT SO
Adjustable
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Fixed outer Slab dept!_'l
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]

Figure 2-6: Schematic of Cast-In-Place Cylinder Mold Assembly (ASTM C873 2011)

2.3.3.1 SumMARY OF ASTM C873

ASTM C873 (2011) specifies that the diameter of the mold must be at least 3 times the size of the

nominal maximum aggregate size of the coarse aggregate gradation used in the concrete and that the
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mold must have a length-to-diameter ratio of at least 1.0 as well as a minimum diameter of 4 inches.
Molds used to make cast-in-place cylinder specimens must conform to the water leakage specification in
ASTM C470 while also being rigid enough to maintain their shape after being filled with concrete. The
molds must also have a lip or ledge for the mold to sit on top of the support system as well as to seal the
gap between the support system and the mold. The support members used to hold the concrete molds in
place must be right circular cylinders which must have a diameter which accomodates the concrete molds
while also being rigid enough to resistance deformation. Once any steel reinforcement is put in place, the
support system should be secured to the formwork being used by using nails or screws. Upon installation,
the top of the molds shall be even with the top of the formwork for the member. When filling the cylinder
with concrete, the consolidation methods used for the member should also be used for the cast-in-place
cylinders. If internal vibration is used, then the vibrator should be used externally on the specimens,
briefly touching the vibrator to the outside of the support member. Internal consolidation should not be
used for the specimens except under special instructions. The surface of the specimens should be
finished the same as the surrounding concrete. The specimens should be exposed to the same curing
conditions as the surrounding concrete.

The specimens should remain fully in place until recovered. After the specimens are removed
from the slab, they must be kept at + 10°F of the slab surface temperature at the time of removal until
they are tested. Specimens must be transported back to the testing facility within 4 hours of removal from
the concrete member. Caution must be used during transportation so that the specimens are not
damaged. Also, insulation must be provided to prevent extreme temperature variation as well as moisture
loss. Once the specimens have reached the testing facility, molds must be stripped. The average
diameter of the specimen must be determined by taking the average of two measurements at mid-height
of the specimen perpendicular to one another. If the specimens are to be capped, the length of the
specimen should be recorded after capping. Compression testing of the members shall be done
according to ASTM C39. The specimens should be testing in the moisture condition in which they were
received from the field. Compressive strength should be determined using the specimen cross-sectional

area obtained from using the specimen’s average diameter.
2.3.3.2 VARIABILITY OF CAST-IN-PLACE CYLINDERS

ASTM C873 (2011) states that the single-operator coefficient of variation for cast-in-place cylinder
specimens is 3.5 % for concrete strengths ranging from 1500 to 6000 psi. This means that the results
from two tests which were correctly performed should not differ by more than 10.0 precent of their

average.
2.3.4 PuLLOUT TESTING

Kierkegaard-Hansen and Bickley (1978) state that the LOK-Test pullout method was first

developed in Denmark in the 1960s in order to develop a method of measuring the in-place strength of
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hardened concrete. A schematic of a cast-in insert can be seen in Figure 2-7. Hubler (1982) states that
“in operation, the LOK-TEST device, a calibrated screw-actuated hydraulic jack, non-destructively pulls
pre-positioned bolts embedded in the concrete.” The force required to fail the concrete is recorded and
then converted to a compressive strength. Bickley (1982) states that by using the pullout test method,
“variations in the strength of in-place concrete can be measured and the minimum strength in a

placement calculated by the standard statistical methods to high degrees of confidence.”
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Figure 2-7: Schematic of LOK-Test Pullout Insert (ASTM C900 2007)
2.3.4.1 SUMMARY OF ASTM C900

The Standard Test Method for Pullout Strength of Hardened Concrete, ASTM C900 (2007),
states that there are three items needed when doing pullout tests: a pullout insert, a loading system, and
a load-measuring system. The loading system must be calibrated at least once a year in order to assure
that readings collected from the testing are correctly converted to compressive strengths. Bickley (1982)
recommends that the relationship between pullout force and compressive strength should be determined
for each job site as well as for each type of concrete and aggregate size.

Most often times, inserts are cast into fresh concrete and then tested at specified times after the
concrete has hardened. Inserts can also be inserted after the concrete has hardened. In the case of cast-
in inserts, the length of the stem of the insert must be equal to the diameter of its head. Test locations
must be separated by a clear space of at least seven times the diameter of the insert’s head. In addition,
all test locations must have a clear space of at least 3.5 times the diameter of the insert’'s head away from
free edges of the concrete. Whenever pullout tests are used, a minimum of five tests are required. When
loading the insert, a load rate of 70 + 30 kPa/s must be used. Once failure is reached, the failure load is

recorded and then converted into an equivalent compressive strength using calibration data.
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2.3.4.2 FAILURE MECHANISM

Many studies through the years have tried to establish a better understanding of the failure
mechanism for the pullout test method. Carino (1997) states that “the pull-out test subjects the concrete
to a non-uniform, three-dimensional state of stress.” Carino (1997) continues by stating that cracking also
happens in two circumferential cracking systems: the first being a system which is stable and begins at
the head of the insert at approximately 1/3 of the ultimate load which spreads into the surrounding
concrete at a large apex angle, and the second being the cracking system which propagates under
increasing load and eventually defines the shape of the cone which is extracted. Although there is a

consensus on the development cracking systems, the actual failure mechanism is still debated today.

2.3.4.3 VARIABILITY OF PULLOUT TESTING

ASTM C900 (2007) states that cast-in inserts which are embedded approximately 1-inch below
the concrete surface with a maximum aggregate size of 0.75 inches have a one-operator coefficient of
variation of 8 %. Therefore the range of test results should not exceed the values listed in Table 2-9. A list
of coeffients of variation from various projects involving the use of pullout tests are summarized in Table
2-10 from ACI 228.1R (2003).

Table 2-9: Acceptable Pull-Out Test Range Based on Number of Tests (ASTM C900 2007)

Number of Tests Acceptable Range (Percent of Average)
5 31%
7 34%
10 36%

Stone, Carino and Reeve (1986) conducted a test to determine the effect of apex angle and
aggregate type on the nature of the relationship between pullout strength and compressive cylinder
strength. Three types of aggregate, crushed limestone, river gravel, and lightweight aggregate, were used
in the study. It was concluded that the coefficient of variation was much lower for the lightweight
aggregate than the two sources of normal-weight aggregate. This can be explained by the different failure
mechanism attributed to the particular lightweight aggregates. Since lightweight aggregates most
commonly break through the aggregate and not around it, the failure load is governed by the mortar
strength. On the other hand, harder aggregates, such as the limestone and river gravel, will cause failure
planes which will travel around the coarse aggregate, causing the ultimate pullout force to be based on
the amount of aggregate interlock that occurs. Therefore, if a large aggregate is present near a pullout
insert, the resulting pullout force will be significantly higher, which would lead to a significantly higher
coefficient of variation for a given number of tests. It was also concluded from the study that any apex

angle within the 54 to 70 degree range will not have a significant effect on the coefficient of variation.
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Table 2-10: Summary of Within-Test Coefficient of Variation of Pullout Test (ACI 228.1R 2003)

Apex Maximum No. of Coefficient of variation, %
Embedment . Aggregate .
Reference angle, . Aggregate Size, replicate
d depth, in. : Type .
egrees in. specimens Range Average
Malhotra and Carette (1980) 67 2 1 Gravel 2 09t014.3 53
Malhotra (1975) 67 2 1/4 Limestone 3 2.31t06.3 3.9
Bickley (1982) 62 1 3/8 ? 8 3.2t05.3 4.1
Khoo (1984) 70 1 3/4 Granite 6 1910123 6.9
67 2 3/4 Limestone 4 1910 11.8 71
Carette and Malhotra (1984)
62 1 3/4 Limestone 10 5.2t014.9 8.5
Keiller (1982) 62 1 3/4 Limestone 6 7.4 10 31 14.8
70 1 3/4 Gravel 11 46t014.4 10.2
Stone, Carino, and Reeve 70 1 3/4 Limestone 11 6.3 to 14.6 9.2
1
(1986) 70 1 3/4 Low density 11 1.41t08.2 6
54 1 3/4 Gravel 11 4.3t015.9 10
Bocca (1984) 67 1.2 1/2 ? 24 2.8t06.1 4.3
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2.4 SUMMARY OF STATE DOTs PAYMENT REDUCTION METHODS

If cylinder breaks are low for a concrete placement, steps must be taken in order to evaluate the
integrity of the in-place concrete. Most of the time, cores are taken from the structure and tested
in compression to determine the in-place compressive strength. Based on these results, state
DOTs have methods to assess the strength and, if deficient to some degree, to reduce the
amount that is paid to the contractor for in-place concrete. These methods of price adjustment
vary from state to state. The practices of the Alabama Department of Transportation (ALDOT),
Tennessee Department of Transportation (TDOT), Florida Department of Transportation (FDOT),
and Texas Department of Transportation (TxDOT) were examined and analyzed as part of the
literature reviewed. These states were chosen because their practices for payment correction
were explicitly defined within their respective highway construction practice manuals as well as

for their location relative to Alabama.
2.4.1 ALABAMA DEPARTMENT OF TRANSPORTATION

During the construction of concrete structures, ALDOT requires that molded cylinders are
made and tested at 28 days for quality assurance. The compressive strength from concrete
cylinders is accepted when the average of two consecutive cylinder test results, obtained at the
same age, equals or exceeds the specified 28-day compressive strength, and neither cylinder
test result is below 95% of the specified 28-day compressive strength. ALDOT uses core testing
to assess the strength of substandard concrete. If ALDOT deems it necessary to evaluate the in-
place compressive strength of substandard concrete, a core investigation in accordance with
ALDOT-170 is performed.

Currently, ALDOT uses the price adjustment equation shown in Equation 2-15. This
relationship can be seen in graphical form in Figure 2-8. Under its current practice, the average
strength of the cores that have been retrieved from the job site must be equal to or exceed the
specified design strength for the contractor to receive 100 percent pay. Although ACI 318 (2014)
states that the in-place concrete is structurally adequate if the average of at least 3 cores is
greater than 85% of the design load, ALDOT uses a pay scale which pays only 50% of the
intended construction cost if the average strength of the cores which have been obtained equal
85% of the design strength after correction factors have been applied.

flc_fc,AVG:I)

0.30%f" Equation 2-15

Price Adjustment (Percent) = 100 x (1.0 — [

Where: f: = required 28-day compressive strength; and
fc,avG = average compressive strength of test cores.
Note that the price adjustment shall be rounded to the nearest tenth of a percent, and the

price adjustment is valid where: 50% = Price Adjustment < 100%.
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Figure 2-8: Current ALDOT Price Adjustment (ALDOT 2012)

2.4.2 TENNESSEE DEPARTMENT OF TRANSPORTATION

The Tennessee Department of Transportation (TDOT) uses specified mixtures which are
grouped into classes based on their intended use. These different classes of concrete all have
different specified values for minimum 28-day strength, unit weight, water-cement ratio, air
content, and slump, which is shown in Table 2-11. TDOT also has a table which defines the
acceptable strength of molded concrete cylinders for each class of concrete based on their age,
which is shown in Table 2-12. TDOT (2006) states that if cylinder strengths do not meet the
specified strength of the concrete, then cores may be taken at the expense of the contractor. If
cores are taken, these strengths will become the strength of record and price adjustment will be
based off of the strengths obtained from the cored specimens. Two cores are taken and the
average strength of these cores becomes the strength of record. Core diameters between 3.75 in.
and 4 in. must be used. Also, core lengths should be between 7.5 in. and 8 in. and should have
length-to-diameter ratios from 1.9-2.1, but in no case should have a length-to-diameter ratio less
than 1.0. Cores which have length-to-diameter ratios less than 1.75 after being capped will have
correction factors applied to them according to AASHTO T24 (2009). Table 2-13 outlines the
price reduction method used by TDOT.

It can be seen that if the cylinders or cores fail to meet the specified design strength for
the age range which it was tested outlined in Table 2-12, then the price reductions in Table 2-13,
which are based on the percentage below the required compressive strength that the test
specimens were, will be applied to the concrete which was placed by the contractor. TDOT
Division of Materials and Tests (2014) states that cores must be obtained and tested within 56
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days of placement. Similarly, the Tennessee Department of Transportation (2006) states that

cylinder submitted for testing after 56 days will not be accepted.

Table 2-11: Tennessee Department of Transportation Classes of Concrete (TDOT 2006)

Concrete Min. 28-Day | Min. Cement Maximum Air Content % Slum
Class Comp. Content Water- (Design * production (in )p
Strength (psi) (Ib/cy) Cement Ratio tolerance) )
A 3000 564 0.45 62 31
D 4000 620 0.40 8 max.
L 4000 620 0.40 8 max.
S (Seal) 3000 682 0.47 62 61

Table 2-12: Speficied Acceptable Average Strength Concrete Specimens for Given Class of
Concrete based on Age of Specimen (TDOT 2006)

Class of Concrete

Less than 31 Days

31 to 42 Days

43 Days or More

A'S

3000 psi

3300 psi

3500 psi

D, L

4000 psi

4400 psi

4600 psi

Table 2-13: Price Adjustment for Tennessee Department of Transportation (TDOT 2006)

Percent Below Specified Concrete Strength
Specified in Table 2-10

Percent of Bid Price to be Paid

0.1-33 95
34-6.7 90
6.8-10.0 80
10.1-13.3 70
13.4-16.7 60
16.8 -20.0 50
20.1-233 45
234-26.7 40
26.8-30.0 35
30.1-33.3 30
>33.3 25
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2.4.3 FLORIDA DEPARTMENT OF TRANSPORTATION

Similar to many other state DOTs, the Florida Department of Transportation (FDOT)
requires that three quality assurance cylinders be made when placing concrete. FDOT (2010)
states that if the average strength of the quality assurance cylinders falls more than 500 psi or 10
percent, whichever is greater, below the specified acceptable minimum compressive strength of
the concrete, cores should be taken in order to determine if the in-place concrete is acceptable or
if it must be removed and replaced.

Core locations must be approved by FDOT and must not induce permanent damage to
the structure after the core hole is repaired. The cores are then tested by FDOT in accordance
with ASTM C42 in either the wet or the dry condition, which is specified by the engineer. If the
core strength results are less than 10% or 500 psi, whichever is greater, below the specified
acceptable minimum compressive strength of the concrete, the concrete is deemed structurally
adequate. FDOT considers concrete from which the average core strength of three specimens is
more than 10% or 500 psi, whichever is greater, below the specified acceptable minimum
compressive strength of the concrete structurally questionable. If this occurs, a structural analysis
of the structure must be performed by the Specialty Engineer. If the analysis indicates that the
concrete strength is adequate for the intended purpose of the structure, then the concrete is
permitted to be left in place. Otherwise, the concrete must be removed and replaced by the
contractor. Cores should not be taken if the average strength of the quality control cylinders is
less than 10% or 500 psi, whichever is greater, below the specified allowable minimum strength.
If cores are obtained and tested before the concrete has reached an age of 42 days, the average
core strength will be taken as the 28-day strength. If cores are tested after 42 days, then the
strength will be corrected for age in accordance with Equations 2-1 through 2-10 in Section 2.2.1.
The formula for pay reduction can be seen below in Equation 2-16, where f: is the specified
acceptable minimum strength of the concrete and f: is the average strength of the core

specimens retrieved from the structure.

Percent Reduction = 100 * % Equation 2-16
(5

244 TexAs DEPARTMENT OF TRANSPORTATION

Similar to other state DOTs, TxDOT requires that cores be taken in the event that the
average strength of quality assurance cylinders does not meet the specified design strength for
the project. If the average of the quality assurance cylinders meet the specified design strength
and no single cylinder has a strength less than 85% of the design strength, the concrete is paid
for at full price. If the average strength of the quality assurance cylinders do not meet the required
strength or if one of the cylinders breaks below 85% of the required design strength, then the

engineer will perform a structural analysis of the concrete structure to determine its adequacy. If
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cores must be taken to assess the in-place strength of the concrete, it will be done at the expense
of the contractor and the engineer will test the cores. The Texas Department of Transportation
(2004) specifies that “if all tested cores meet the required design strength, the concrete will be
paid for at full price.” If any of the cores do not meet the specified required design strength but the
average strength of the cores is determined to be adequate, price reduction is done by using

Equation 2-17 with the average strength of the cores being the strength of record.

A =[010+0.75(39%] X B, Equation 2-17

Where:
A = Amount to be paid per unit of measure for the entire placement in question
Sa = Actual strength from cylinders or cores. Use values from cores, if taken
Ss = Minimum required strength (specified)
By = Unit bid price

2.4.5 COMPARISON OF STATE DOT PAYMENT REDUCTION METHODS

From the literature discussed above, it can be seen that each state has varying ways to
reduce the price paid for concrete which does not meet specified design strength according to
quality assurance cylinder tests but is deemed structurally adequate. Figure 2-9 shows a
graphical comparison between the various payment reduction methods of the state DOTs which
were discussed in this section. From Figure 2-9, it can be seen that each state uses drastically
different payment reduction methods. Of the four state DOTs which were examined, TDOT is the

only one which uses a stepped function.
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Figure 2-9: Summary of Payment Reduction Methods
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2.5 SUMMARY

Many factors affect the apparent strength of the in-place concrete. In this chapter the impact of
concrete age, type of cementitious materials, curing conditions, coarse aggregate size and type,
and temperature are discussed. The availability of moisture for curing in-place concrete was
found to be one of the most important reasons why the strength of laboratory-cured, molded
cylinder may be greater than the in-place strength.

Testing methods also have a significant effect on the apparent strength of the concrete.
Molded cylinders should always be used as a method of quality assurance, but do not provide an
accurate estimation of the actual in-place strength of the concrete. If cylinder test results are low,
other methods of in-place testing should be used to assess the in-place strength. If cores are
taken, ACI 318 (2014) states that the average strength of three specimens must exceed 85% of
the design strength with no single value below 75% of the design strength for the in-place
concrete to be considered structurally adequate.

When analyzing the data recovered from core testing, a number of factors must be taken
into account to produce meaningful estimations of in-place strength. Factors such as core
diameter, length-to-diameter ratio, moisture conditioning, core damage, coring orientation relative
to casting direction, and the presence of steel reinforcement all may need to be considered to
correctly assess the in-place concrete strength. Common methods used to measure the in-place
strength include core testing, cast-in-place cylinders, and pullout testing. The data collected from
these tests must also be analyzed carefully to draw valid conclusions about the in-place strength
of the concrete.

If the average strength of the quality assurance cylinders is below the specified required
strength of the concrete, most states specify that cores can or must be taken to evaluate the
adequacy of the in-place concrete. If the in-place concrete strength is found to be substandard,
then the contractor is most often paid on a reduced scale depending on the average strength of
the core specimens. This reduced pay scale differs from state to state. If cores are taken and the
strength of the in-place concrete is not accepted by the state DOT, then either the structure must

be strengthened or the concrete must be removed and replaced at the contractor expense.
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Chapter 3

Experimental Plan

In this chapter, the design and implementation of the experimental plan for the project is
presented and discussed. Different types of in-place testing were conducted to determine the
relationship between test type and apparent in-place strength as compared to standard molded
cylinder strength. The effect of age, strength level, coarse aggregate type, supplementary
cementing materials (SCMs), and degree of microcracking were also evaluated during the course
of the project. The objective of this project was to provide ALDOT with data and
recommendations for interpreting data collected from core testing as well as means to accept the

in-place concrete based on core strength results.

31 INTRODUCTION AND PROBLEM DEFINITION

After the completion of the literature review, the factors that were to be evaluated during the
project were defined. Since multiple procedures have been developed in order to convert core
compressive strength at a certain age to a representative 28-day compressive strength, it was
determined that the two main procedures outlined in Chapter 2 from ACI 209.2R (2008) and
Yazadani and McKinnie (2004) should be evaluated to determine which more accurately
predicted the 28-day compressive strength. Since Yazdani and McKinnie (2004) recommended
different equations for different types of SCM types and ACI 209.2R did not, it also needed to be
known if SCM type impacts the in-place strength development as measured by cores.

Secondly, the effect of damage to the core had to be evaluated. Khoury, Aliabdo, and
Ghazy (2014) found that the type of aggregate contained within concrete had an effect on the
apparent strength of a core. Khoury, Aliabdo, and Ghazy (2014) also suggested that cores which
were taken from high-strength concretes suffered far less damage than those taken from normal-
strength concrete. Because of this, aggregate type, strength level, and the effect of microcracking
were evaluated in this study.

In today’s industry, one can evaluate the in-place concrete strength with many different
methods. Since the goal is to assess the accuracy of core testing, other methods were used to all
the research team to compare to the in-place strength results obtained from coring. One common
method for predicting in-place strength throughout Europe and Canada is the pullout test. In a
previous ALDOT research study, Nixon et al. (2008) successfully used pullout testing and cast-in-

place cylinders to evaluate in-place strength. Because of this, pullout testing and cast-in-place
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cylinders were chosen as the alternative in-place testing methods to compare against core
testing.

Most state DOTs have a payment reduction scale, which is used to adjust the amount
which contractors are paid when cores are used to evaluate the strength of the in-place concrete.
When cores are taken, their average strength is compared to the required design strength in
order to determine the adequacy and strength of the in-place concrete as well as how much the
contractor is to be paid for the concrete. The payment reduction practices by ALDOT, FDOT,
TDOT, and TxDOT were covered in Chapter 2. In the case of all four of these DOTs, no
consideration is given to the amount of damage inflicted upon a core during the drilling process,
the potential difference in curing conditions, and the presence of microcracking when determining
the payment reduction. Therefore, if cores do not meet the required minimum strength, then
payment is reduced for the in-place concrete. In contrast, ACl 318 (2014) states that concrete
strength shall be deemed structurally adequate if the average strength of three cores is greater
than 85% of the specified compressive-strength (fc) for the project as long as no single core
strength of three cores is below 75% of the required strength.

For many years, the moist-cured, molded 6x12 in. cylinder has been the standard for the
quality assurance of concrete. In more recent years, it has been suggested moist-cured, molded
4x8 in. cylinders would produce similar results to 6x12 in. cylinders. Day and Haque (1993)
propose that this switch would pose numerous advantages, such as easier handling during
transportation, smaller required storage spaces, lower required capacity of testing machines, and

the reduced costs for molds, capping materials, and concrete.

3.2 DEVELOPMENT OF EXPERIMENTAL PLAN

First, in order to evaluate the effect of strength gain over time, different testing ages were
chosen. The first in-place tests were to be conducted at 28-days in order to obtain measured
values to compare with both the moist-cured, molded cylinders to be broken at 28 days as well as
to compare these values with ones obtained from future testing ages. The second age that was
chosen was 42 days. This is because ALDOT (2012) requires cores to be drilled and tested at the
latest 42 days after placement. The long-term strength development needed to be evaluated, but
it had to be within the time limitations for the project. Because of this, the testing age of 365 days
was also chosen. Finally, it was determined that testing should take place at an age sometime
between 42 and 365 days, so 91 days was chosen as this is three months after placement and is
a common testing age used in the concrete industry. Since strength development is also
dependent on SCM type, it was determined that members containing different types of SCMs
should be cast. Class C fly ash, Class F fly ash, and slag cement were chosen, because these

are the most commonly used SCMs in Alabama’s concrete industry.
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Next, variables that may contribute to core damage were considered. Since coarse
aggregate type could have an effect on the apparent strength of a core due to the difficulty to cut
through, three different aggregate types that are local to the state of Alabama were evaluated:
uncrushed river gravel, crushed limestone, and crushed granite. Another factor which has an
effect on the damage imparted on a core is the amount of microcracking which occurs within the
concrete. Since microcracking is heavily impacted by the amount of restraint that the concrete is
exposed to, two regions of testing were to be considered: one near the exterior edge of the
member to represent the low restraint region and one in the middle of the member to represent
the highly restrained region. The third variable that could possibly have an impact on the amount
of damage is the concrete strength. To evaluate this, it was decided that both normal-strength
and high-strength members needed to be cast in order to evaluate difference in core damage
between these two concrete strengths.

There were three different types of in-place testing which were chosen: cores, cast-in-
place cylinders, and pullout tests. ALDOT most frequently uses cores when determining the in-
place strength of concrete. Cast-in-place cylinders are a type of in-place testing that is not widely
used, but produces molded specimens with the same temperature and moisture history as the in-
place concrete while still allowing the specimen to expand and contract, therefore reducing the
impact of microcracking. The third type of testing used was pullout testing, which is occasionally
used in Europe and Canada to evaluate in-place strength, and has been used on past ALDOT
research projects (Nixon et al. 2008). Floating pullout inserts were position into the concrete
surface during casting of the slab elements and then tested at the specified ages. Since only 4 in.
diameter cores will be tested, it was decided to also test 4x8 in. molded cylinders to allow a direct
comparison of specimens with the same diameter. Along with the different in-place testing
methods, both 6x12 in. and 4x8 in. molded, moist-cured cylinders were made and tested at the
same age as the in-place testing methods.

It was determined that slab specimens should be made, as this will provide enough area
for all the in-place strength tests. It was determined that eight different slabs should be cast to
encompass the different aggregate types, strength levels, and SCMs that need to be tested. A
slab size of 15 ft x 15 ft was chosen as this represented a large enough specimen, which could
be considered representative of a full-scale field specimen, but also small enough to cast using a
single ready-mixed truckload of concrete. This size would also ensure that the interior and
exterior testing regions had different degrees of restraint and therefore different degrees of
microcracking. A slab thickness of 9 ¥z in. was chosen as this is representative of the thickness of
a bridge deck, and this thickness allows one to obtain a 4 in. diameter and 8 in. long core, so that
it has the standard length-to-diameter ratio of 2.0.

After the testing methods and various materials were chosen, a slab layout was devised

in order to satisfy all the testing requirements. In order to model the effect of axial restraint within
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a slab, it first needed to be known what factors have an impact on restraint. Rasmussen and
Rozycki (2001) showed that it was not just the frictional force caused by the self-weight of the
slab that had an effect on the axial restraint of a slab, but also the interlocking and adhesion
forces between the slab and the sub-base. An illustration of this can be seen in Figure 3-1. When
shrinkage and temperature change occur within a slab, these forces restrain movement. An
illustration of the typical stress distribution between a slab and its sub-base can be seen in Figure
3-2.
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Figure 3-1: Forces Affecting the Axial Restraint of a Slab (Rasmussen and Rozycki 2001)
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Figure 3-2: Typical Stress Distribution between Slab and Sub-Base when Exposed to Shrinkage

and Temperature Change Forces (Rasmussen and Rozycki 2001)

With these modeling requirements in mind, a square, 15 ft x 15 ft slab with a 9% in. depth
was laid out and divided into 4 square quadrants. Each one of these quadrants would be tested at
different ages to determine the effect of age for each testing method. The testing methods within
the four quadrants were tested at 28, 42, 91, and 365 days respectively. This was done to
establish a strength gain relationship for the in-place tests with respect to testing age. Care wa