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CHAPTER 1: RESEARCH OVERVIEW

1.1 Problem Statement and Significance of Work

The Texas Department of Transportation (TxDOT) employs Class S high-performance concrete
(HPC) predominantly for bridge deck construction in Texas. In the past, achieving high strength
was the basis of the main design criteria used to formulate HPC. However, TxDOT’s current
HPC mix design options (Options 1-5 and 8, Item 421—Hydraulic Cement Concrete (/) were
primarily developed for alkali silica reaction (ASR) mitigation and not for addressing other
durability aspects. Very little work has been done to determine whether these options provide
long-term durability, often needed when HPC is specified. As a result, current specifications are
predominantly prescriptive, with minimal performance control addressed through assigning
requirements for minimum strength, maximum water-to-cement (w/cm) ratio, and permeability
(ASTM C 1202). A review of current HPC specifications demonstrates that these limited
performance requirements do not vary according to geographical, climatic, and exposure
conditions across different regions of Texas. In addition, the current specifications do not address
durability requirements by specifying threshold limits of performance indicators related to drying
shrinkage (DS), transport properties, chloride, freeze-thaw (F/T) durability, and others.

Current building codes for construction are predominantly structural and do not directly address
concrete durability (2). Although codes such as ACI 318 identify and define different exposure
classes, their provisions to address concrete durability are through a deemed-to-satisfy approach
based on prescriptive limits for minimum/maximum cementitious content, maximum w/cm ratio,
and others. Prescriptive controls through deemed-to-satisfy limits that indirectly relate to
durability have little correlation with field durability performance, especially under different
exposure conditions, and are inadequate for durability design and execution. However, recent
revisions of highway and state DOT specifications for HPC usage demonstrate the industry’s
progressive shift toward a performance-based approach to satisfy field durability requirements.
Guide specifications by the Federal Highway Administration (FHWA)(3) and Portland Cement
Association (PCA) identify several performance characteristics and threshold limits for various
durability requirements. The American Association of State Highway Transportation Officials
(AASHTO) R 101 details performance criteria for pavement mixtures based on failure
mechanisms and testing relevant critical properties, emphasizing a systematic approach to
mixture qualification, verification, and quality control. Several highway and state agencies have
also successfully adopted performance-based approaches in different forms, such as performance
specifications, proprietary mix designs, and end-result specifications (ERSs), and applied them at
various project stages to enhance durability, quality, and constructability.

A pivotal rationale for developing durable concrete mixtures hinges on evaluating the material’s
resistance to all potential deterioration mechanisms, followed by selecting mix designs that
withstand these exposures for the desired life span. Essential to this process is considering both
micro and macro factors and ensuring the HPC mix is tailored for specific applications, desired
service life, and environmental conditions even before selecting materials and finalizing the mix



design. Durability prediction requires establishing links between (a) ingredient composition and
mix design, (b) composition of solid-phase assemblage, (c) pore solution (PS) chemistry,

(d) concrete microstructure, and (e) quantifiable performance indicators related to DS, transport
properties, chloride, F/T durability, and others to evaluate the concrete degradation processes in
different environments. A comprehensive durability design framework for HPC mixtures
involves integrating the performance-based approach using conventional/emerging test methods
to measure critical properties effectively with innovative modeling approaches to predict those
performance indicators rapidly.

1.2 Objective

The main objective of this project was to develop performance specifications for HPC to ensure
high performance in terms of durability. The specific objectives to achieve the main objective are
listed below:

1. Field-evaluate selective in-service HPC bridge decks to identify critical durability indicators
that influence field performance of HPC deck concrete (cast in place [CIP], Class S) through
a combined approach of (a) field investigation of the selective HPC bridge decks, (b)
laboratory study of field cores, and (c) application of the existing service life modeling tools.

2. Identify the areas of deficiency in the existing test methods/approaches and develop new test
methods/approaches and innovative models to do durability-based performance evaluations
of HPC bridge deck mixes that cover all major durability aspects.

3. Evaluate the durability performance of a wide variety of HPC bridge deck (CIP, Class S) mix
designs, covering TxDOT Options 1-5 using the comprehensive evaluation approach
developed in Item 2.

4. Develop an Excel-based tool (hereby referred to as TxDOT Tool) for comprehensive
durability-based performance evaluation of HPC mixes that connects material composition,
mix design, HPC properties, durability indicators, and exposure conditions.

5. Evaluate durability performance of selective HPC mixtures through laboratory testing of
field-cast and lab-prepared specimens to compare/validate with TxDOT Tool predictions,
focusing on achieving Technology Readiness Level (TRL) 8.

6. Assess the interlab repeatability of electrical resistivity test methods (i.e., surface resistivity
[SR] and bulk resistivity [BR]) to evaluate single and multi-operator measurement variability
and determine these test methods’ within-laboratory and interlaboratory repeatability.

1.3 Organization of the Report

The work that was performed under different tasks (according to the original proposal) is
presented in this report as chapters.

Chapter 1 is an introduction addressing the research background and objectives, followed by a
description of the report’s organization.



Chapter 2 provides a comprehensive literature review that was conducted to provide a succinct
background on deficiencies in addressing durability in the current HPC mix design practice in
Texas. A comprehensive background and critical review addressing current ASR durability
evaluation, concrete PS prediction models, and chloride durability are discussed. Finally, the
review critically examines the current approaches for resistivity evaluation, various factors that
influence resistivity test measurements, and the formation factor (FF) evaluation of concrete
mixes.

Chapter 3 presents the performance evaluation of selected in-service HPC bridge deck mixtures
through a comprehensive approach combining field investigations, laboratory tests, and service
life prediction models. The three-step evaluation approach assessed the condition and predicted
the service life of HPC structures designed with Mix Options 1-5 (as outlined in Item 421),
providing insights into their current performance and future durability under specific
environmental conditions. The findings helped determine if the existing mix design practices
meet the mechanical and durability requirements of the selected HPC structures and if the current
specifications adequately address durability concerns. Based on the evaluation, the Texas A&M
Transportation Institute (TTI) has provided recommendations to enhance the concrete mixes and
addressed any identified deficiencies through additional control measures, whether prescriptive
or performance based.

Chapter 4 outlines the formulation, testing, and laboratory-based durability assessment of diverse
Class S HPC mixtures covering mix design Options 1-5 (as outlined in Item 421, TxDOT
Specifications). Initially, TTI created various HPC mixtures by incorporating prescriptive
requirements and performance characteristics gleaned from TxDOT’s historical projects. Next, a
comprehensive durability evaluation of these mix designs was conducted, covering major
conventional and standard ASTM/AASHTO test specifications. The performance of HPC mixes
was further assessed using innovative and promising testing methods, as recommended by the
project. Conclusively, the chapter discusses the recommendation of additional performance-
based requirements derived from the test results to ensure that all tested mixes meet the
durability standards required for the anticipated severity of exposure conditions.

Chapter 5 presents an overview of the TxDOT Tool, its features, and guidelines to perform a
comprehensive durability-based performance evaluation of HPC mixtures using the TxDOT
Tool. In this project, the research team developed a simplified, user-friendly Excel spreadsheet
(the TxDOT Tool) to enable DOT practitioners and contractors to perform rapid durability-based
performance evaluation of CIP HPC bridge deck mixes that covers four major aspects: (1) ASR
mitigation, (2) shrinkage, (3) durability to resist chloride ion ingress, and (4) F/T durability.

Chapter 6 covers the field evaluation of selective HPC mixtures to raise the project’s TRL from 6
to 8. The research team selected three field projects in the Euless and Dumas regions of Texas to
evaluate project specific HPC mixture performance by comparing the laboratory evaluation of
field-cast (i.e., specimens cast using field concrete mix) and lab-cast (i.e., prepared in the
laboratory) specimens. The field evaluation was conducted during a two-stage field visit (i.e.,



during concrete pouring and post-construction). The activities during the first visit were
observing and documenting concrete placement and curing, casting specimens using the field
mix, collecting concrete ingredients, etc., whereas the activities during post-construction site
visits were measuring bridge deck SR and monitoring shrinkage-induced cracks. In addition, the
TxDOT Tool was used to predict the durability performance of the HPC mixtures and compared
with the laboratory-measured performance evaluation.

Chapter 7 presents an in-depth analysis of the repeatability and variability of electrical resistivity
test methods. SR and BR measurements were conducted on a single concrete mixture type by
two different laboratories and multiple operators to evaluate single-operator and multi-operator
measurement variability and assess the within-laboratory and interlaboratory repeatability of the
test methods.

Finally, Chapter 8 provides a summary and conclusions based on the research findings from this
study and potential recommendations for future research and implementation.



CHAPTER 2: LITERATURE REVIEW

The main objective of this study was to develop performance specifications for HPC to ensure
high performance in terms of durability. Recent revisions of standard guide specifications for
structural and pavement concrete show the industry’s progressive shift toward performance-
based specifications to achieve durable concrete mixes. Although major HPC specifications are
still prescriptive or use a combination of performance and prescriptive provisions, several state
DOTs have successfully implemented performance-based specifications by establishing
threshold limits for relevant performance indicators. The goal of this literature review was to
summarize recent and ongoing efforts by the industries, agencies, state DOTs, and universities to
identify, measure, incorporate, and implement performance requirements to achieve long-term
durability of HPC.

2.1 Review Approach

One of the goals of this literature review was to understand and review TxDOT’s current options
for HPC and attempt to identify areas of deficiencies and improvements to incorporate
performance-based specifications to meet the durability requirements achieved through review of
the following:

e The current TxXDOT Specifications for Class S HPC.

e The standard guide specifications and identify strategies required for the implementation
of the performance-based specifications approach for HPC:

o FHWA.

o AASHTO, “Performance Engineered Materials (PEM)for Concrete Pavement”
(AASHTO R 101).

o PCA.

o National Ready-Mixed Concrete Association (NRMCA).

e Specification practices used by state DOTs (e.g., prescriptive, performance, or hybrid) for
incorporating HPC into their specifications and determining threshold limits of
performance requirements.

o Eleven states (Washington, Oregon, California, Kansas, lowa, Illinois, Ohio, Virginia,
New Jersey, Florida, and Minnesota) were selected based on criteria such as
(a) varied climatic and environmental conditions and (b) strategies for successful
implementation of performance specifications of HPC.

2.2 Conducting Literature Review

The literature review was conducted based on the above approach, and the findings are presented
next.



2.2.1 Review of Class S HPC Specifications in Texas

TxDOT predominantly employs HPC for bridge construction in Texas. TxDOT’s current
specifications (/) have mix design Options 1-5 and 8 for its HPC concrete class as shown in
Table 2-1 comprise maximum w/cm ratio of 0.45 and cementitious content not to exceed
7001b/cy of concrete (unless otherwise specified or approved by an engineer). As shown in
Table 2-1, HPC mix design Options 1-5 are prescriptive to increase maximum fly ash (FA)
replacement to 35 percent for Options 1 and 3. Blended cement, up to 20 percent maximum, is
permitted with listed supplementary cementitious materials (SCMs) for Option 4. Mix design
Option 8 requires annual testing for deviations from Options 1-5 or the mix design options listed
in section 4.2.6.8, “Item 421 Hydraulic Cement Concrete, TxDOT 2014.” The performance
requirements for HPC currently include minimum strength requirements of 4000 psi, maximum
w/cm ratio of 0.45, and an additional < 1500 coulombs (Rapid Chloride Permeability Test
[RCPT], ASTM C1202) requirement for HPC mixes with less than 20 percent cement
replacement with SCMs. The RCPT can be conducted either following moist curing of 56 days at
73°F or moist curing for 7 days at 73°F, followed by 21 days at 100°F. HPC specifications were
incorporated into the earlier versions of 1993 and 2004 specifications as supplemental provisions
with prescriptive provisions and performance requirements for permeability through AASHTO

T 277 and AASHTO T 259 test limits.

Table 2-1: TxDOT’s Current Specifications for Class S and HPC

CO%ZE?)NLY EXAMPLE
OPTION HPC MIX DETAIL REPLACEMENT ;&(;éliO{ljSSA(()}F];:
LEVELS

Galveston, Houston,
25% Class F FA Atalanta, Corpus
Christi, and EI Paso

Replace 35% to 50% of the cement with slag Not a practice because of nonavailability

Replace 20% to 35% of the cement with
Class F FA.

cement or MFFA. of slag in Texas
Replace 35% to 50% of the cement with a
combination of Class F FA or silica fume (SF);

Not Used
however, no more than 35% may be FA, and no orse

more than 10% may be SF.

Use Type IP, Type IS, or Type IT cement as allowed
in each class of concrete.
Replace 35% to 50% of the cement with a
5 combination of Class C FA and at least 6% of SF. |29% Class C FA + Amarillo. TX
However, no more than 35% may be Class C FA, 6% SF ’

and no more than 10% may be SF.

Not Used

. . 35% Class C FA Lubbock, TX
Project-specific

B rovisional mix design option & &
provisio €s1gn OptIons 6% SF Amarillo, TX




A review of concrete classes and mix design options reveals that the current CIP Class S HPC
mix design options are predominantly prescriptive with minimum performance requirements
(mentioned above). The current cement replacement levels with SCMs for mix design Options
1-5 and 8 were primarily intended to limit/mitigate ASR issues because previous research (4) has
noted the presence/prevalence of moderate to highly reactive aggregates in several regions of
Texas that can cause severe deterioration and are detrimental to the intended service life of these
bridge deck structures. A review of the current specifications also demonstrates that these limited
performance requirements do not vary according to geographical, climatic, and exposure
conditions across different regions of Texas. In addition, the current specifications do not address
durability requirements and threshold limits of performance for DS, transport properties, F/T
durability, and other long-term performance properties of the current HPC mix design options
and have not been previously studied.

2.2.2 Review of Standard Guide Specifications

A detailed comparison of guide specifications, durability, and testing requirements for HPC
mixes is summarized in Tables 2-1 and 2-2. Revised grades of performance characteristics and
their recommended threshold limits specified by National Cooperative Highway Research
Program (NCHRP) Synthesis 441 (3) have also been included for comparison. Table 2-2
describes the requirements and testing methods recommended by FHWA and PCA guidelines
(5). The revised FHWA guidelines on 11 performance characteristics for the three grades of HPC
are presented in Table 2-3. Table 2-4provides an overall description of durability requirements
and test methods for acceptance identified in AASHTO PEM specifications for pavement mixes.

AASHTO PEM (R 101) specifications address the critical parameters that determine concrete
paving mixture performance and recommend implementing these requirements in the following
order:

e Mixture qualification—Material and mixture properties for local conditions.
e Mixture verification—At the project level.
e Mixture quality control and acceptance.



Table 2-2: Description of FHWA and PCA Guidelines for HPC

PCA GUIDE SPECIFICATION FOR HPC BRIDGE

STANDARD TEST DECKS
PERFORMANCE | NiETHOD PROPOSED
CHARACTERISTIC BY FHWA Deck Test Methods
Recommended
AASHTOT 161 If exposed to freezing and thawing, AASHTO T 161
F/T Durability (ASTM C666) specify a minimum durability factor ASTM C666
Procedure A based on AASHTO T 161. ASTM C 457
) : If exposed to deicing salts, specify a
Scaling Resistance ASTM C672 maximum visual rating based on ASTM ASTM C672
(SB) Co672
If abrasion f 1 . AASHTO T 96
rasion from sn i ncern
Abrasion Resistance ASTM (944 saec?; Oeitheor Ai{ ZZtI:ercl):: f(iraci)cl)lc(r:Zte, ASTM € 33
(AR) e r criteria for aggregat ASIM C 779,
or criteria for aggregate. ASTM C 944
If d to deici 1t 1t
Chloride Penetration AASHTO T 277 e:}‘)’;)csi? n(ia ‘?r; mli j?m?tf:; J ZI; > | AASHTO T 277
y maximu
(CP) (ASTM C1202) AASHTO T 277, ASTM C1202
ASTM C 1293
Ensure that aggregates used are not
ASR ASTM C441 tentiall ti tak iat ASTM € 1260
ntially reactive or ropri
potentially ei:rﬁr? areappop ate ASTM C 1567
control measures ASTM C 295
. ASTM C1012
Sulfate Resistance ASTM C1012 n/a ACL201

AASHTO T 119
(ASTM C143) and

Allow contractor to select consistency to
achieve consolidation. Specify variability

AASHTO T 119

(ASTM C157)

repair methods.

Flowability proposed slump flow (SF) . ASTM C143
limits.
test
Specify strength(s) and age(s) if the
Strength AASHTO T 22 structural behavior depends on havinga | AASHTO T 22
(ASTM C39) certain strength; high early strength ASTM C39
could increase risk of cracking.
Do not specify. Too high modulus of
Elasticity ASTM C469 elasticity (MOE) may contribute to ASTM C469
cracking of the deck.
Do not specify; instead, specify required
DS AASHTO T 160 curing procedures, inspection, and crack AASHTO T 160
’ ’ ASTM C157




Table 2-3: Revised Grades of Performance Characteristics for HPC Structural Concrete (3)
FHWA HPC PERFORMANCE GRADE

PERFORMANCE
CHARACTERISTIC STANDARD TEST METHOD
1 2 3
F/T Durability AASHTOT 161
(relative dynamic (ASTM C666) 70% < F/T <80% | 80% < F/T'<90% 90% < F/T
MOE after 300 cycles) Procedure A
Scaling Resistance
(SC = visual rating of ASTM C672 30>SR>20 | 20>SR>10 | 1.0>SR>00
the surface after 50
cycles)
AR
(AR = average depth ASTM C944 20>4R=>1.0 1.0>A4R>0.5 0.5> 4R
of wear in mm)
CpP AASHTO T 277 2500> CP>
(CP = coulombs) (ASTM C1202) 1500 1500=CP>500 | 500=CP
ASR (4ASR = 0.20> ASR >
> >
expansion at 56 d) (%) ASTM C441 0.15 0.15> ASR>0.10 0.10> ASR
Sulfate Resistance SU<0.10at6 | SU<0.10at12 | SU<0.10at 18
(SU = expansion) (%) ASTM C1012 months months months
Flowability AASHTO T 119 (ASTM C143) | $lmp =73 20 < SF<24 .
(SF=sl flow) d 4 SF test inches & ihch 24 inches < SF
slump flow and propose es SF <20 inches inches
Strength
(fe = compressive AASHTO T 22 8<fe<10ksi | 10<fe<ldksi | l4ksi<fe
(ASTM C39)
strength)
Elasticity
(MOE = modulus of ASTM C469 5<MOE<6ksi| 6 <MOE <17 ksi 7 ksi < MOE
elasticity)
DS AASHTO T 160
>8> >8> >
(DS = microstrain) (ASTM C157) 800> 52600 600> 52400 400>
_ Creep (C= 0.52>C> . .
microstrain/pressure ASTM C512 . 0.38>C>0.21/psi| 0.21/psi>C
unit) 0.38/psi




Table 2-4: Testing and Durability Requirements from AASHTO PEM (for Pavement

Mixtures)
PERFORMANCE PROPERTY §I“I])EES(;FIFSIII*;:]]E) SPECIFIED VALUE
SECTION
SPECIFICATION GLOSSARY) (MIN. REQ.)
6.3.1 Flexural Strength AASHTO T 97 600 psi
Concrete Strength - -
6.3.2 Compressive Strength | AASHTO T22 3500 psi
6.4.1.1 Volume of Paste 25%
Unrestrained Volume . .
6.4.1.2 ASTM C157 | 420 microstrains at 28 days
Change
Reducin 360, 420, 480 microstrains
Unwante%i Unrestrained Volume at 91 days for the probability
6.4.2.1 . ASTM C157 of cracking less than 5, 20,
Cracking Due to Change .
. or 50%, respectively,
Shrinkage . Lo
depending upon application.
Restrained Shrink
6.4.2.2 esramed SIMNKASE | A \SHTO T334 |  crack-free at 180 days
(Single-Ring Test)
— - 5 .
6404 Probability .Of Cracking AASHTO T 363 5,20, 50% d.epeFldlng upon
(Dual-Ring Test) application
6.5.1.1 W/C Ratio AASHTO T 318 0.45 (max.)
AASHTO T 152
: , 0
6.5.1.2 Hardened Cement Fresh Air Content T196, TP 118 510 8%
Paste Fresh Air Content/  |AASHTOT 152
6.5.1.3 oy . "1 > 4% Air; SAM < 0.2%, psi
F/T Durability | Super Air Meter (SAM) | T196, TP 118 |~ /0 Al SAM <0.2%, psi
6521 Time of C.rltlcal Bucl.<et Te.st X > 30 years
Saturation Specification
Less than 0.45 if subjected
6.6.1.1 W/C Ratio AASHTO T 318 | to F/T or deicer application;
l;l“ranspf)rt/ less than 0.50, if otherwise.
6612 | mper}i‘,‘ii RCPT Value AASHTO T 277 2000
6.6.13 crmeadbtily FF/Resistivity AASHTO T 358 500
6.6.2.1 lonic Penetration, |\ \ sHTOT365| 25 mm at 30 years
Factor
. AASHTO T 161
6.7.1 y D Cracking ASTM C 1646 N/A
Aggregate Stability Alkali A "
6.7.2 AU ABEICEAC | A ASHTO PP 65 N/A
Reactivity
6.8.1 Box Test ~ <6.25 mm, < 30% Surf. Void
Workabilit
6.8.2 orkabtity Modified V-Kelly Test ~ 15-30 mm per root second

Note: N/A = Not Applicable.
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A review of the specifications and the associated literature shows the industry’s emphasis on
moving toward a more performance-based specification that ensures durability, quality, and ease
of constructability. Recent revisions of the standard specifications for HPC demonstrate the
industry’s progressive shift toward a performance-based approach to achieve and address field
durability. Guide specifications for HPC, such as FHWA (6) and PCA (7) identify several
performance characteristics and threshold limits set for various durability requirements. The
AASHTO PEM (AASHTO R 101, for pavement mixes [(8)]) identifies performance
characteristics through failure mechanisms, and performance limits are developed based on
testing relevant critical properties. In addition, PEM specification is structured around the critical
parameters that determine concrete paving mixture performance. The concept is to implement
these requirements in the following order: (a) mixture qualification—material and mixture
properties for local conditions, (b) mixture verification—at the project level, and (c) mixture
quality control and acceptance.

In addition, several researchers and highway agencies have successfully implemented
performance specifications applied to different project stages, such as performance
specifications, proprietary or contractor mix design, ERS, etc. A review of the specifications and
the associated literature shows the industry’s emphasis on a more performance-based
specification that ensures durability, quality, and ease of constructability. Some strategies for
successful implementation of performance specifications include (1) clear specification for the
durability requirements with recommendations on using effective test methods and well defined
acceptance criteria to verify and enforce the requirements; (2) providing flexibility to the
contractor and/or producer to design mixes through strict enforcement of established
performance criteria; and (3) ensuring contractor and/or producer’s mix design meets
requirements for plastic as well as additional requirements for placing and finishing, such as flow
and set time, while ensuring strict adherence to the performance requirements for the hardened
concrete.

2.2.3 Review of Selective State DOT Specifications for HPC

The HPC specifications of 12 state DOTs/highway agencies (listed below) were reviewed to
assess their approach to incorporation and implementation of performance characteristics
(durability requirements). These state highway agencies have been chosen to cover a wide range
of specifications from the West Coast to the East Coast, such as varieties of climatic regions
(e.g., tropical, coastal, etc.) including Washington (WSDOT), Oregon (ODOT), California
(Caltrans), Kansas (KDOT), lowa (Iowa DOT), Illinois Tollway (IL Tollway), Ohio (ODOT),
Virginia (VDOT), New Jersey (NJDOT), Florida (FDOT) and Minnesota (MnDOT). (Note: The
1llinois Tollway specifications were reviewed for successful implementation practice of HPC
bridge deck mixes for Illinois.)

Table 2-5 presents the general type of specification for HPC by various state DOTs or highway
agencies. The typical specifications for HPC CIP bridge deck mixtures commonly used by 9
state DOTs/highway agencies are presented in Table 2-6. Table 2-7 summarizes key
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performance characteristics and their limits identified in the specifications of those 9 state
DOTs/highway agencies.

Table 2-5: State DOT Specification Types for Durability Requirements (Bridge Deck)

STATE

TYPE OF SPECIFICATION:
(PRESCRIPTIVE/PERFORMANCE/PART
PRESCRIPTIVE-PERFORMANCE)

KEY PERFORMANCE-BASED
PARAMETERS

WSDOT

Performance-based specification for bridge decks—
Concrete Class 4000D.

Prescriptive-based specification—For other class of
concrete with minimum cementitious contents and SCM
replacement percentages.

Contractor mix design for bridge decks:
e No set limits on cementitious content (usually
565-610 Ib).
e  FA optional.
e  Shrinkage limit (AASHTO T 160)—320
microstrains at 28 days.

Oregon

Three HPC mix design options.

Option 1: Total prescriptive mix design.

Option 2 and 3: Certain prescriptive maximums (SCM
substitution limits) to meet performance requirements.

Performance requirements for permeability and
shrinkage.

Caltrans

Prescriptive control of cement and SCM percentages
through minimum specified amounts of cementitious
material.

Special provisions through specific limits on
cementitious material, SCM substitutions, and air
entrainment for exposure to corrosive, F/T, and deicing
chemicals.

KDOT

Low Cracking (LC)-HPC mix design—Completely
prescriptive.
(LC-HPC for decks)

The mix method of optimized aggregate gradation
Mixes are designed to have a high volume of aggregate
and low paste content.

No mineral admixtures in air entrained LC-HPC
Concrete mix

MnDOT

Current HPC Options:

1. LC (KU)-HPC Deck Mix.

2. Contractor mix design—Part prescriptive with
certain mix design requirements for ASR
mitigation, crack control, etc. to meet
performance requirements.

3. Lightweight deck and internal curing mix.

Contractor mix design to lower bridge deck cracking.

HPC mix design options for deck and substructure.
Option 1: Complete prescriptive mix design.

The HPC mix design option is also used for overlay

specification required for ternary blend mixes.

Iowa Optipn 2: Part prescriptive with absolute volume limits and concrete. Prescriptive specification for Class HPC-O.
maximum SCM replacement percentages to meet
performance requirements.
TolIlI:vay Performance based. Contractor choice of mix design. fviiﬁogasnﬁfrg%lgﬁnsgzg gzzli)(ﬂls;ed in accordance
Ohio Quality control mix design approach. Part prescriptive with |Well graded combined gradation (optimized gradation)
certain mix design limits to meet performance requirements. |of aggregates required to meet quality control standard.
VDOT |ERS-based. Stringent permeability limits for harsher climates.
Performance based. Contractor choice of mix design.
NIDOT |Part prescriptive maximums for SCM substitutions only to iiéﬁggizgf 358) replaces RCPT (AASHTO T 277)
meet desired CP criteria. )
FDOT Prescriptive mix design practices but performance SR (AASHTO T 358) required for ternary blend HPC

mixes.
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Table 2-6: Key Mix Design Parameters for HPC Application in Bridge Decks along with
Placement and Curing Requirements

IL
PERFORMANCE IOWA TOLLWAY
CHARACTERISTIC] WSDOT | ODOT | CALTRANS KDOT MNDOT DOT NJDOT FDOT (AASHTO
PEM)
No set Commeiven675
Cementitious Content,  limits |, (min.) 500-540 | 500-535 |624 (min)| 611-700 | S1O98 1 npax 700
Ib/cy (usu. 565— (max.)
F/T—590
610) .
(min.)
0.42
wic n/a 0.40 ~0.54 0.44-0.45 | ) 1 (45 | (min)- 0.443 0.41-0.44 na
(max.) (max.) 0.45
(max.)
7 inches
Stump, inch 3.5 | 55425 n/a 153 | 14153 |4@max) | 3¢linch | MW 5 g
chemical
admixtures)
6+1.5 MSA<1
. 6.5+2% inch) . .
0 - . 0
Air Content, % 45-75 | 45-55 | 6£1.5(F/T) 8+1 6.5/8+1 or-1% [741.5 (MSA 1.5 AJ/E required| Min. 4%
inches)
Max. Size Aggregate, | | 5|5 jhon | 1-1.5inch | OPtimized | Optimized | )0 0l 5 g 95 incn 15 1 inch
inch gradation | gradation
. 3600 at 28
(Compressive Strength, 40 28 14000 at 28| days; 42 or 56 | 3500-5000 | 4000 at 28 4500 at 28[*000 & 28 days| 150 . 58 | 4000 at 14
psi . or 5400 at 56
days days days for high | at 28 days days days d days days
ays
SCM
>45 (Cold >40 (Cold > 50 (Cold|
Deck Placement | 55 75 | 5080 | weather 55-70 | weather | weather |  50-90 40-g5 PU/60(Temary
Temp, °F . . . Blend)-85
protection) protection) [protection)
Curing
compound
and wet
Wet burlap l()iurlap for7 . Curing r/et b;llrlap
Curing Type and Wet for 14 days ays or wet Wet Curing compound or 7 days.
. Wet burlap Wet burlap for 7 burlap for 14 compound and Ternary blend
Duration burlap for followed by burlap for and wet
for 14 days days . days wet burlap for 3 HPC
14 days 7-day curing . .| 17 days burlap for 7 .
curing until days curing—4
membrane days
concrete days
attains 65—
70% target
strength

Note: N/A = Not Applicable; n/a = not available.
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Table 2-7: Summary of Key Performance Requirements (and Threshold Limits) Identified
in the State Specifications

Performance Common IL Tollway
o e test WSDOT ODOT |Caltrans| KDOT | MnDOT |[lowa DOT| NJDOT FDOT (AASHTO
characteristic
method PEM)
AASHTO
Compressive T )
strength 22/ASTM v v v v v v v v v
C39
F/T durability A?SIIEITO
(x =relative 1
dynamic ACS6”£1;/I JO n/a v N/A \/0 N/A \/0 N/A ‘/0
modulus after (=90%) (290%) (=80%) (=80%)
Procedure
300 cycles)
A
SC . ‘/
(x = visual y y y (limits Qn
rating of the ACS6T71;/I n/a Ng N/A N/A N/A total air
surface after 50 =2 S =D ZSEZTE;
1
cyeles) factor)
(XI:IZ’VI;? e ASTM v
& C944 N/A N/A N/A N/A N/A N/A 10.04 (Sub-| N/A N/A
depth of
wear in mm) structure)
e v v
Permeability | AASHTO v 2500 and v (limits on v
(RCPT = T277 v 1500 and .| 1250 at 28
N/A N/A /
coulombs, | ASTM |2000 at 56 days 10%2;‘2 %0 1556002? 2500at | ¢ Chligﬁde days
. 1202 >
max.) c120 days 28 days content)
ASTM
. . C157 v v <0 (;25% v v v
DS, microstrain AASHTO <0.032% at 28 | <0.045% |~ ét 28 n/a |<0.040% <0.045% <0.030% at
T 160 days at 28 days days at 28 days| at 56 days 28 days
MOE ACS:;I;A v N/A N/A N/A N/A N/A N/A N/A N/A
v
Extreme
Surface v
resistivity AASHTO n/a n/a n/a n/a v* n/a >36 at 56 229 n/a
SR = kOhm-cm T358 davs Moderate
4 17-29
Slight <17
Workability | ASTM C 1
(SL), inch 143 v v v v v v v v v
v
AASHTO T
Alkali reactivity| n/a n/a n/a n/a n/a n/a n/a n/a 303
<0.10% at
16 days

Note: N/A = Not Applicable; n/a = not available.
! California specifications: Limits on minimum cementitious content.
* In experimental stages for implementation.

A review of the HPC specifications of 12 states revealed most states use performance-based HPC
mix designs predominantly for bridge decks when the major goal is to reduce deck cracking.
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WSDOT, IL Tollway, and NJ DOT have predominantly moved toward performance-based
specifications for mix designs on bridge decks through proprietary or contractor-choice mix
designs. Recent reports from these state agencies have demonstrated that this move was
successful in reducing bridge deck shrinkage cracking. KDOT implements a prescriptive
specification of LC-HPC through an optimized aggregate gradation (i.e., Kansas University -
KU mix method) mix design for bridge deck mixes. The KU mix method of optimized aggregate
gradation has been incorporated with similar success by state DOTs like Washington DOT to
mitigate bridge deck cracking. MnDOT has included a wide range of HPC choices, like low
cracking (LC)-HPC mix, contractor choice of mix design, internal curing technique, etc.
However, the contractor’s choice mix design has proved to be most successful in reducing deck
cracking. A similar successful approach has been demonstrated at VDOT through end result
specifications (ERS).

States that have demonstrated successful implementation of performance-based specification for
HPC have achieved it through the contractor’s choice mix design, that is, by providing the
necessary flexibility to the contractor and producer to provide a mix that meets the performance
criteria in the way they choose. Threshold limits for performance characteristics like shrinkage,
permeability, F/T durability, and SC have been incorporated into specifications. State DOTs,
specifically NJDOT and FDOT, have replaced the traditional RCPTs (AASHTO T 277) for
permeability requirements with resistivity testing (AASHTO T 358) in the specifications. Free
shrinkage limits (ASTM C 157) have been adopted in 7 state specifications, as identified above,
for performance control to limit shrinkage cracking on bridge decks.
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CHAPTER 3: PERFORMANCE EVALUATION OF SELECTED HPC BRIDGE
DECKS THROUGH FIELD AND LABORATORY INVESTIGATION AND SERVICE
LIFE PREDICTIONS

This chapter (representing Task 3 in the project) details the performance evaluation of the
selected in-service HPC bridge deck mixtures through a comprehensive approach combining
field investigations, laboratory tests, and service life prediction models. The three-step evaluation
methodology was proposed to assess the condition and predict the service life of HPC structures
designed with Mix Options 1-5 (as outlined in Item 421), providing insights into their current
performance and future durability under specific environmental conditions. The aim was to
determine if the existing mix design practices meet both the mechanical and durability
requirements for the selected HPC bridge decks and if the current specifications adequately
address durability concerns. Identifying deficiencies (if any) through this evaluation and
providing recommendations for additional control measures (performance-based or prescriptive)
to minimize the deficiencies was the main goal of this task.

3.1 Evaluation Methodology
The evaluation process involved three key steps:

e Selection of HPC bridge deck structures for field evaluation
e Performing field and laboratory evaluation
o Evaluation of selected in-service HPC bridge decks using visual inspections and
nondestructive testing (NDT) methods, complemented by core sampling for detailed
analysis.
o Laboratory testing of the collected cores, including physical, chemical, and
petrographic analyses, to assess the performance of the HPC deck mixtures.
e Utilizing suitable service life prediction models to forecast the long-term performance of
these HPC decks under varying exposure conditions (low, medium, and high severity).

3.1.1 Field Evaluation

The field evaluation involved several steps to identify and select bridge deck structures
constructed with the most commonly used HPC mix design options/practices to serve as
representative structures. The process unfolded as follows:

e Selection of Representative Districts—Districts from each of the six major geographical
regions in Texas were chosen based on various severity parameters, including the number
of F/T cycles per year, exposure to deicing chemicals, chloride ingress from sea and lake
water or the use of chloride-containing aggregates, average annual precipitation, high
relative humidity (RH), and potential evaporation rates determined by temperature, RH,
and wind speed, as shown in Table 3-1.
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Coordination with Key Stakeholders—Conference calls were held with the project

champion and the Project Monitoring Committee of TxDOT. The discussions aimed to
outline the selection criteria for field visits, evaluate the performance of HPC bridge
decks across districts, and gather insights from their experiences. This process led to the
preliminary identification of nine districts for further evaluation.

Selection of Districts—The nine selected districts were shortlisted based on the number

of factors that met requirements, such as the intensity of parameters affecting concrete
durability, levels of distress observed in HPC bridge decks through field inspection
reports, the age of the bridges, and the mix design practices. Using historical weather data
from the National Oceanic and Atmospheric Administration (NOAA) National Centers
for Environmental Information (NCEI) and the ACI 305-R nomograph, the potential rate
of evaporation was calculated to inform the selection process.

Table 3-1: Critical Environmental Factors and Factors Influencing Rate of Evaporation

RATE OF
OO | v g, [TEEIATUR | AV |G || pvasoTion
LOCATION| REGION |y pg, PRE%EI;EASTION @EIGHLOW/ |SNOWFALL|sPEED| AYG-RH | comBINATION
YEAR ( ) AVG.) INCHES | MPH (REFER TO NOTE
3
Amarillo | Tanhandle |y, 19.56 70.5/43.3/57.3 17.9 13.5 56 0.187
Plains
Lubbock | Tanhandle g ), 18.65 73.5/46.8/60.65 9 12.4 54 0.208
Plains
Dallas | Crairiesand | o 33.70 76.3/54.6/64.3 25 10.7 65 0.157
Lakes
ElPaso | BigBend | 57 9.69 77.5/51.8/64.65 35 8.8 41 0.182
Atlanta Piney 24 48.79 77.4/53.4/63.75 1 83 72 0.124
Woods
Corpus 1 5 1f Coast 1 3226 81.0/62.1/72.15 ; 12 76 0.143
Christi
Houston | Gulf Coast 1 50.83 78.7/60.1/69.4 - 76 75 0.103
Austin__|Hill Country| 12 342 80/59/72 06 8.4 67 0.133
Laredo | SOuth Texas 1 202 85/63/75 - 12 79 0.150
Plain
Note:

e Weather data obtained from NOAA’s NCEI and its associate entities’ websites.

¢ Rate of evaporation values have been calculated using TxDOT standard evaporation calculation sheet, ACI 305 R nomograph.

¢ Rate of evaporation—Critical combination has been calculated using combination of monthly high temperatures (May—August) and
corresponding wind speed and average humidity levels at 3 p.m. for these cities. Concrete temperature has been assumed to be without any
type cooling agent at 80°F for ambient temperatures usually in range of 83—93°F.

Final Selection for HPC Bridge Decks for Field Evaluation: After thorough document

review and analysis, discussions with TxDOT finalized the selection. Four locations
encompassing nine bridges were chosen for the field evaluation, as detailed in Table 3-2.
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Table 3-2: Final List of Locations and Bridges Selected for Field Survey

BRIDGE DATE OF FIELD
LOCATION| o, BRIDGE DESCRIPTION STRUCTURE ID VISIT
1 SL 335 at BNSF Overpass (westbound [WB] | 04-191-0-2635-02-
lanes) 087
. 04-191-0-2635-02-
2 SL 335 at Georgia Overpass (WB lanes) 084 May 22,2018
Amarillo 3 IH 27/IH 40 at IH 27 Ramp Connection 04-1 88_?;;168-10_
4 IH 27 at FM 2219 Underpass 04'191'?;2168'09'
May 23, 2018
4-191-0-0168-09-
5 IH 27 at Buffalo Stadium Rd. 04-19 ? 6(5)5 68-09
Littlefield 6 US 84 WB at US 385 0 '140'813052'05 i
05-152-0-0783-02 May 24, 2018
Lubbock 7 LP 289 SB at FM 2255 (4th St.) i '1(') . el
12-085-0-0367-06-
8 SH 87 Ferry S SLP 2 at Galveston Bay 085 832367 06
Galveston June 05,2018
. 12-085-0-0500-01- ’
9 IH 45 (NB) Causeway Bridge 173

3.1.2 Perform Field Surveys

The general approach for performing field surveys is described in the flowchart (Figure 3-1). For
each bridge location, structural drawings, HPC mix design, and most recent bridge inspection
reports were reviewed to better understand the design, construction, materials, and distress patterns
exhibited by these bridge decks.

‘ Select HPC Structures for Field Testing ‘

1

| Condition Assessment — Visual inspection |

Mapping crack pattern and documenting visual YES Distress NO
observations Observed?

Further
Scanning/ NO
Evaluation
Required?

l YES

Perform Non Destructive Testing —
Infrared (IR) Thermography (for Subsuriace
Disfress up fo 4 inches)

l

‘ GPR Scanning(For Distress up to 8-12 inches) |

Ulirasonic Tomography
(UST)

Figure 3-1: General Methodology of Field Survey and Coring

Proceed to
Coring
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The field survey consisted of visual documentation of different types of distress observed on the
bridge decks. Nature, type, and pattern of distress—along with any characteristic features
observed—were documented for each type of distress by taking suitable measurements and
photographs. Suitable NDT techniques, including ground penetrating radar (GPR) scanning,
infrared (IR) thermography, and ultrasonic thermography (UST), were employed at selective
locations to evaluate sub surface conditions of these decks. However, no subsurface
discontinuities or delaminations were observed at any of the inspected bridge locations.

NDT techniques were also used to identify and obtain the cores from cracked sections for further
laboratory visual examination and petrographic evaluation. GPR was also utilized to delineate
rebar configurations and to selectively extract cores from areas on the bridge deck that showed
no obvious surface distress or subsurface flaws such as delaminations and voids. The cores,
typically 3 inches in diameter and 3-4 inches in length, were subject to laboratory testing.
Specimen size correction factors were applied to ensure accurate lab results.

3.1.3 Laboratory Testing/Evaluation of Field Cores

The test methods used for laboratory evaluation of field cores are listed in Table 3-3.

Table 3-3: Concrete Property and Tests for Lab Core Evaluation

PROPERTY PARAMETER
Hardened e Compressive Strength (ASTM C42)
Properties e MOE (ASTM C469)
Transport e BR (ASTM C1760)
Properties e SR (AASHTO T358)
Chioride fon 1\ et Soluble Chloride on (ASTM C1218/TEX 617-1)
Analysis
Microstructure e Petrographic Examinations (ASTM C856)
Depth of e International Union of Laboratories and Experts in Construction Materials,
carbonation Systems and Structures RILEM CPC-18

Water-soluble chloride ion analysis was performed using ASTM 1218—Standard Test Method
for Water-Soluble Chloride in Mortar and Concrete—by following a more exhaustive hot-water
digestion technique per TEX 617-J method, Determining Chloride in Concrete. A water-soluble
chloride ion test was preferred since the locations selected for the field visit reported using
deicing salts on bridge decks to control ice and snow. These salts, which are essentially chloride
salts of sodium, magnesium, and calcium, have chloride ions in readily penetrable form (water-
soluble) through cracks, etc. High concentrations of chloride ions (above threshold limits) can
initiate and/or accelerate corrosion of reinforcing steel, deteriorate concrete, shorten service life,
and increase maintenance costs (9). Typically, it is estimated that between 50 and 75 percent of
the total chloride content in the concrete can be water-soluble and influence the corrosion
process (/0). Of particular importance are chloride concentrations at the rebar depth, typically
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2 to 4 inches below the surface. If the corrosion threshold is exceeded, especially at the rebar
level, the presence of active corrosion is quite likely; the limits are shown in Table 3-4.

Table 3-4: Limits for Water-Soluble Chloride Ion Testing (ACI 318, 2001)

CHLORIDE
ITEM LIMITS (MAX.)
O, SOURCE SECTION TYPE o) BY WEIGHT
OF CEMENT
Reinforced
Building Code Requirements for | Chapter 4—Durability concrete
1 Structural Concrete and Requirements (Table R | exposed to 0.15
Commentary, ACI 318M-11 4.3.1) chloride in
service

Depth of carbonation: The procedure involves the use of a phenolphthalein solution (diluted) as
an indicator to measure the depth of carbonation. Phenolphthalein is typically used as a base
indicator that, when in contact with or in the presence of a base, will turn fuchsia (above pH 9).
Although no standard ASTM procedure exists for this test, the methodology is well documented
in RILEM CPC-18.

3.1.4 Service Life Evaluation Using ConcreteWorks (Thermal Modeling)

ConcreteWorks software was used to perform concrete thermal analysis and study the service
life of concrete. An attempt was made to study the early-age behavior and performance of HPC
mix designs for each bridge deck by simulating maximum deck temperature profiles for 7 days
after the placement:

e Inputs on member dimensions, shape, mixture proportions, mixture properties, and
construction inputs were obtained from plan drawings, mix designs, and petrographic
evaluations. Material properties and construction inputs were additionally obtained from
TxDOT standard manuals.

e General inputs on placement time and date of construction were obtained from batch
tickets (wherever available).

e Environmental inputs on air temperature, wind speed, and ambient RH for 7 days after
placement were obtained from the National Climatic Data Center (NCDC) database at the
closest airport location (/7).

e Analysis was run generally for three standard times of day at 6-hour intervals (6 am.,

12 pm & 6 pm) and at placement time (if the batch tickets were available).

3.2 Evaluation of HPC Mixtures—Amarillo, Texas

Five bridge decks were selected for field survey in Amarillo, Texas. Table 3-5 summarizes
general information for each of the five bridge decks. All five bridges are new construction, with
three of them built in 2016, one in 2014, and one in 2009.
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The bridge deck system for Bridges #2, #3, and #4 consists of partial-depth, precast concrete
panels that span between the top flanges of adjacent steel or concrete beams. The CIP deck
placed over the beams and panels forms a composite system and is 8.5 inches at full thickness.
Bridge #1 is designed as a 3-span continuous plate girder bridge consisting of stay-in-place metal
deck forms (PMDF) at tension flange sections and precast panels at remaining sections. Bridge
Deck #5 is a concrete box beam bridge consisting of precast, prestressed concrete beams that are
placed next to each other, and the adjacent units generally are connected by longitudinal grouted
shear keys. The concrete mix design used for each bridge deck was Class S HPC (TxDOT, 2014
specification) per Item 421. Table 3-6 summarizes the mix design used for each bridge location.
Mix design Option 5 (i.e., 29 percent Class C ash + 6 percent SF) was used comprising 516-541
Ib/cy cementitious content, design 0.42 w/cm and 4000 psi compressive strength at 28 days.
Based on the available truck tickets, the actual w/cm was found to be 0.35-0.38. The use of
corrosion inhibitor, fibers, air-entraining admixtures (AEAs), and either Grade 60 dual-coated
(epoxy and zinc) or epoxy-coated reinforcing steel was reported.
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Table 3-5: Location, Deck Thickness, and Reinforcement Details of Five Selected Bridge Decks, Amarillo, TX

Stadium)
Feature Crossed: US 60/87

No panels

(Grade 60)

Top: 2.5 inches

BRIDGE
DECK THICKNESS
STRUCTURE ID AND YEAR | TYPE OF STRUCTURE AND |REINFORCEMENT DESIGN COVER INSPECTION
NO OF SUPERSTRUCTURE TYPE AND RATING (MOST
LOCATION CONST DETAILS FOR RECENT
) REINFORCEMENT ’
NFORC N YEAR)
3-span continuous weathering steel
04-191-2635-02-087 plate girder Dual-coated (zinc and 8.5 inches Bridge not open to
) Route: SLP 335 WB 2016 Panel type: Galvanized stay-in-place | epoxy) reinforcing traffic at time of
Feature Crossed: BNSF PMDF forms (tension flange area) steel (Grade 60) Top: 2.5 inches inspection (2017)
RR/Frontage Rd. and 4-inch PCP precast bridge deck Bottom: 1.25inches
panels
04-191-2635-02-084 3-simple-span prestressed concrete 8.5 inches Bridge not open to
. . Epoxy-coated .
Route: SLP 335 (WB) girder bridge on concrete supports . . traffic at time of
2 . 2016 . reinforcing steel . . .
Feature Crossed: Georgia Panel type: Typ., 4-inch PCP precast Top: 2.5 inches inspection (2017)
. (Grade 60) .
St. bridge deck panels Bottom: 1.25 inches
04-191-2635-02-087 . .
Route: IH 27/IH 40 Ramp Simple-span prest.ress concrete Tx54 E.poxy—'coated 2.5 inches Bridge not .open to
3 Connection: TH 27 Potter 2016 I-Girder reinforcing steel N/A traffic at time of
’ Panel Type: N/A (Grade 60) inspection (2017)
County
4-simple- .5 inch 2016 R
04-191-0168-09-158 51mp e-span prestress concrete Epoxy-coated 8.5 inches 016 Report
beam unit (Type C) on concrete bent . . Deck—7
4 Route: FM 2219 2009 . reinforcing steel .
columns panel type: Typ., 4-inch PCP Top: 2.5 inches Superstructure—7
Feature Crossed: IH 27 . (Grade 60) .
precast bridge deck panels Bottom: 1.25 inches
04-191-0168-09-168 2016 Report
2- t t E -coat
Route: CR214 (Buff span p-res ressed concrete box beam 'poxy.coa ed 5 inches (min.) Deck—6
5 2014 bridge on concrete bents. reinforcing steel

Superstructure—38

Note: N/A = Not Applicable; n/a = not available.
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Table 3-6: Concrete Mix Design, Class S HPC (for Cast-in-Place Bridge Deck)

information

during placement

PARAMETER BRIDGE 1 BRIDGE 2 BRIDGE 3 BRIDGE 4 BRIDGE 5
Project Details/ Project ID 2635-02-028 2635-02-022 | 0275-01-166 | 0168-09-107 SP 0421-035
Design compressive strength (psi) 4000 4000 4000 4000 4000
Mix design spec year 2014 2004 2014 2004 2004
Cement content, lb/cy 352 352 352 333 480
FA, Class (F/ C), Ib/cy 157 (Class C) 157 (Class C) | 157 (Class C) | 165 (Class C) N/A
SF/Ultrafine Fly Ash (UFFA), lb/cy 32 (SF) 33 (UFFA) 32 (SF) 32 (SF) 36 (SF)
W/(C+M) (design max.) 0.42 0.44 0.45 0.43 0.44
Sand, 1b/cy 1175 1172 1222 1431 1363
Gravel, lb/cy 1952 1952 1952 1850 1827
AEA (yes/no) v v v v v
Water reducer (Type A) fl. oz./cwt 5 5 5 4 10
High-range water reducer (Type F) fl. oz/cwt 7 8 7 - -
Corrosion inhibitor v v v v v
Fibers v v v - v
. 0.36-0.38 Retardin .
W/CM from truck tickets and other admixture was ad de%i 0.38-0.41 0.36-0.40 0.35-0.37 Truck tickets were not

available

Note: N/A = Not Applicable; n/a = not available.




3.2.1 Visual Observations

The summary of visual observations on crack pattern and nature of crack propagation is
presented is presented in Figure 3-2. Full-depth transverse cracks were the most predominant and
main type of cracking observed at all five bridge decks. The crack spacing varied from 3 ft—10 ft,
with most commonly around ~6-8 ft. Transverse cracks typically were noted to be ~0.3 to 0.4
mm wide at the surface and extended across the full width of the deck. Cores obtained at
transverse crack locations and on top of rebar showed crack penetration to the level of steel.
However, no evidence of corrosion was noted on any of the epoxy-coated reinforcing steel.
Prominent longitudinal cracks with ~0.4—0.5 mm width were observed throughout the length and
along the centerline of Bridge Deck #5. Minor longitudinal cracks were also noted intermittently
along certain spans in the driving lane spaced 46 ft apart at Bridge Deck #5. The isolated
occurrence of longitudinal cracking was also noted along certain shoulder and driving lane
sections at Bridge Decks #1, #3, and #4.

Transverse cracks were the predominant type observed among all bridge decks. Contributing
factors like possible high rate of evaporation, low w/cm ratio of these mixtures at placement, and
susceptibility to early-age shrinkage cracking was discussed in previous sections. Plastic
shrinkage cracks were noted on all bridge decks, with varying degrees of severity. Cores
obtained at transverse crack locations and on top of rebar showed crack propagation to the level
of rebar but no signs of rebar corrosion at any bridge location. Bridge deck systems with partial
depth precast concrete panels and CIP topping demonstrated longitudinal cracks along certain
sections which appeared to coincide with girder locations (Bridge Deck #1 and #3), and at
Bridge Deck #5, longitudinal cracks were observed at intervals that appeared to match with the
supporting box beam girder spacing. At Bridge Deck #4, transverse crack spacing was noted to
be similar to panel precast panel lengths. Reduction in deck stiffness over the girders, insufficient
support of panels on beams, and shrinkage of the CIP concrete being restrained by the precast
concrete panels or differential settlements typically contributes to the nature of longitudinal and
transverse cracks observed at these locations, as discussed previously in the literature overview.

According to a study by (/2) a zigzag (jump) crack pattern can arise from transverse shrinkage
cracks propagating with time (due to temperature cycles and DS) that meet between adjacent
girders through a jump crack (fine longitudinal crack) from one reinforcing bar to the other,
thereby connecting the two adjacent transverse cracks, which was similar in nature to the jump
crack observed on Bridge Deck #1.
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Full depth transverse crack propagation on core
from Bridge Deck #3

Transverse crack noted at Bridge Deck #1

Typ. longitudinal crack propagtion on Bridge Deck  Longitudinal crack propagation for full length
along centerline of the Bridge Deck #5

Jump zigzag-type crack propagation on Bridge Deck Typical location of map crack pattern on Bridge
#1 Deck #2

Figure 3-2: Field Observations from HPC Bridge Decks—Amarillo, Texas
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3.2.2 Laboratory Testing of Field Cores

Results from laboratory testing of field cores are shown in Table 3-7 and Figure 3-3.
Compressive strength test results generally ranged between 6000—10,000 psi for a design

strength of 4000 psi. Static MOE as measured in accordance with ASTM C 469. The mix design
for Deck #5 consisted only of cement and SF. Cores tested from this bridge showed relatively
low resistivity values compared to cores from the other bridge decks. A relatively higher depth of
carbonation was observed at this bridge deck.

Table 3-7: Results from Laboratory Evaluation of Field Cores, Amarillo, Texas

AVG. STATIC AVG. BULK
BRIDGE | AYG. COMPRESSIVE MOE ELECTRICAL C A]l)(];:}l:)r&ff)f ON
ID STRENGTH (PSI) (X 1076 PSI, RESISTIVITY (MM)
MEASURED) (KOHM-CM)
Rilem CPC-18, Mod
ASTM C42 ASTM C469 ASTM C1760 ASTM D698
#1 10042 5.91 167.32 3
#3 9544 5.16 159.50 2
#4 6062 3.87 316.80 3
#5 6101 4.36 55.33 7

Figure 3-4 shows the measured water-soluble chloride ions up to a depth of 1 inch exceeded the
threshold value of 0.15 but fell below the threshold value thereafter (i.e., satistied below
threshold at steel depth).
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Figure 3-3: Laboratory Test Results of Field Cores—Amarillo, Texas
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Figure 3-4: Water-Soluble Chloride Ion Concentration from Cores—Amarillo, Texas

Results from a petrographic analysis for bridge deck cores are shown in Figure 3-5. The presence
of typical shrinkage cracks, that is, cracks passing through the aggregate—paste (a—p) interfaces
and cement paste matrix (CPM) was clearly observed in the samples from Bridge Decks #1, 2,
and 4. The relatively porous nature of the interfacial transition zones and sometimes localized
fine air void concentration along the aggregate-paste interfaces (Deck #4) were found to be the
reason for easy shrinkage crack propagation. These observations support the early-age crack




formation when concrete has yet to gain sufficient strength. The concrete core from Bridge Deck
#5 showed porous microstructure and the presence of a large number of interconnected pores
consistent with low measured resistivity values. The presence of ASR siliceous components was
observed.

> T

High porosity, arge numberof intréonected pores
noted in cores from Deck #5, Plane Polarized Light
(PPL).

Typ. shrinkage crack propagation noted in cores
from Deck #4, PPL.

Highly reactive siliceous impurity in coarse
aggregate from Bridge #3, Cross Polarized Light
(CPL).

Figure 3-5: Petrographic Analysis—Cores from Amarillo, Texas

Reactive coarse aggregate (strained quartz) in
Bridge Deck #4, CPL

3.2.3 ConcreteWorks Modeling

ConcreteWorks’ thermal model was used to predict the early-age cracking probability for Bridge
Decks #1-4 using the date and time (mostly 3—7 am) of placement from the truck tickets, as
shown in Table 3-8. The truck tickets were not available for Bridge Deck #5. Historical weather
data were obtained for the specified period from the NCDC database. Additionally, a simulation
was also performed for 6 am, 12 pm, and 6 pm placement to detect the lowest temperature
differential profile suitable for concrete placement. Although the design w/cm was 0.42—0.44, the
actual w/cm was found to be 0.36—0.40 based on truck tickets. Measured slump and air often
varied but were within tolerance limits.
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Table 3-8: Comparison of Results from ConcreteWorks, Amarillo, TX

4 AM
BRIDGE ID# (TIMING ON TRUCK 6 AM 12 PM 6 PM
TICKET)
Max. Temp Difference (°F)
Bridge 1
(Nov 23, 2016) 32 18 32 11
Bridge 2
(September 08, 2016) 16 11 20 4
Bridge 3
(October 18, 2016) 11 (Pour at 10 am) 11 25 11
Bridge 4
(Aug 10, 2009) 18 14 15 9

The thermal simulation predicted a medium to very high risk of cracking within the first few
weeks after concrete placement, particularly for pours conducted from early morning to noon

(4 am to 12 pm). This heightened risk is due to the hydration process heating the concrete around
the same time as the day’s peak ambient temperatures, thereby exacerbating the temperature
increase within the deck. The simulation highlighted that the peak hydration temperature,
occurring roughly 18 hours post-placement, aligns with cooler evening or night air temperatures,
resulting in the largest temperature differential. Conversely, pours done in the evening or night
exhibit a smaller temperature difference and a slower heat development rate, as confirmed by the
simulation outcomes.

3.3 Evaluation of HPC Mixtures—Lubbock, Texas

Two bridge decks were selected for the field survey. Table 3-9 summarizes general information
for each of the two bridge decks. Bridge #6 was originally built in 1966, but a recent deck
replacement (addition) project was undertaken in 2008, while Bridge #7 was built in 2010.

Bridge #6 is a 4-span continuous variable depth slab bridge with a CIP deck measuring 18 inches
at the thickest cross section. Reinforcing steel is not epoxy-coated. Bridge #7 is a simple-span
prestressed concrete beam bridge with prestressed concrete I Girder units. Reinforcement is
epoxy-coated at this location. The concrete mix design used for each bridge deck was Class S
HPC (TxDOT 2004 spec), Table 3-10Table 3-10 summarizes the mix design used at each of the
bridge locations. A notable difference between the two mix designs is that Bridge Deck #6 used
Class F fly ash, while Bridge #7 had Class C fly ash in mix design with UFFA.
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Table 3-9: Location and Bridge Deck Details, Lubbock, Texas

TYPE OF TH? CI::IS;I(E SS BRIDGE
STRUCTUR STRUCTUR | REINFORC DESIGN INSPECTIO
E ID AND YEAR OF E AND EMENT COVER N RATING
NO# Location | CONST. | SUPERSTR | TYPEAND | - (MOST
UCTURE DETAILS REINFORC RECENT,
E-MENT YEAR)
05-140-0052- Cast-in-place
05-017 4-span o b 2017
1966; . Reinforcing | deckis 18
Route: US 84 continuous . . Deck—7 and
Recent deck . steel isnot | inches at the
WB variable depth . Superstructure
6 replacement/a . epoxy coated. | thickest cross
Feature y slab bridge. . 7.
ddition section
Crossed: US .
in 2008
385 No panels N/A
Littlefield, TX
3-simple-span
05-152-0783- prestressed
02-104 concrete 8.5 inches
. . 2015
Route: Loop girder bridge | Epoxy-coated
. . Deck—7 and
289 SB on concrete | reinforcing Top: 2.5
7 2010 . Superstructure
Feature supports steel (Grade inches 2
Crossed: FM 60) Bottom: 1.25
2255 (4th St.) Superstructure inches
Lubbock, TX. : Type TX46
Girder
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Table 3-10: Concrete Mix Design, Class S HPC, Lubbock, Texas

PARAMETER BRIDGE 6 BRIDGE 7
Controlling CSJ 0052-05-037 0783-02-064
Design compressive strength (psi) 4000 4000
Mix design spec .year (mix design 2004 (1) 2004
option)
Cement content, pcy 348 364
F/C, pcy 188 (Class F) 164(Class C)
SF/UFFA, pcy - 34 (UFFA)
W/(C+M) (Design max.) 0.45 0.44
Gravel, pcy 1863 1844
Sand, pcy 1292 1274
AEA (Yes/No) v v
Water reducer (Type A) fl. oz./cwt 6 6
Water reducing reducer (Type B) ) i
fl. oz./cwt
Corrosion inhibitor - -
Fibers v v

3.3.1 Visual Observations
A summary of visual observations on crack pattern and propagation is presented below.

Figure 3-6 shows transverse cracking was the most common and main type of cracking observed
at Bridge Deck #6 in the middle third section of each span, with close spacing (2—4 ft). Most of
the transverse cracks measured ~0.3 to 0.5 mm wide at the surface and extended full depth. On
Bridge #6, cores obtained at transverse crack locations and on top of rebar showed a very fine
crack penetration till the level of steel; no corrosion product was noted on rebar at this location.
Minor transverse cracking was observed at Bridge Deck #7, spaced 6-8 ft in Span 2. Fine
transverse cracks, as noted, also extended parallel to skew joint locations.

A prominent longitudinal crack ran along the centerline (and wheel path of the drive lane) of
Bridge Deck #6. Cracks typically extended throughout the length of the bridge deck. Fine and
minor longitudinal cracks were also noted along the shoulder at this location.

Diagonal cracks were a common distress type observed on both the bridges’ decks. On Bridge
Deck #6, these cracks were observed to start along joint locations and propagate along an oblique
angle toward the rail end of the deck. A core obtained along this crack showed crack penetration
to the full depth of the core. At Bridge Deck #7, which was noted to be a skew bridge, diagonal
cracks were started at a right angle to the direction of the armor joint and proceeded toward acute
corners at abutment location. These cracks were uniformly spaced at 4—6 ft at one end and 8—

10 ft at the opposite end. A core obtained on an oblique crack showed crack penetration to
almost full depth.
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Map Crack Pattern on Bridge Deck #7 Diagonal Crack at Skew Location Bridge Deck #7
Figure 3-6: Field Observations from Bridge Decks—Lubbock, Texas
Visual observation shows the main type of cracking to be transverse, with varying degrees of
severity. The width and type of crack propagation points toward a possible early-age shrinking
phenomenon; for instance, on Bridge Deck #7, cracks typically aligned along transverse
reinforcing bars. Usually, in bridge decks with a skew, diagonal cracking occurs more in the
corner areas because of restraint (torsional forces in acute corners) provided by the abutments
and piers. This phenomenon could lead to the type of diagonal cracking noted on Bridge Deck
#7. In straight bridges, these cracks could be related to the restraints for concrete shrinkage or to
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external loads, as discussed previously. Cores obtained at the oblique crack revealed a crack
passing through the aggregate, indicative of the nonshrinking nature of these cracks. Evidence of
plastic shrinkage cracking was observed on both the bridge decks with varying degrees of
severity; a high intensity of very fine random (or map) meandering patterns of cracks was
particularly noted on Bridge Deck #6.

3.3.2 Laboratory Testing of Field Cores

Results from laboratory evaluation of field cores are shown in Table 3-11, Figure 3-7, and
Figure 3-8. Compressive strength test results generally ranged between 6000—7000 psi for a
28-day design strength of 4000 psi. The static MOE as measured using ASTM C 469 was closer
to values predicted using the ACI equations, and the overall trend differs with compressive
strength. Limitations on taking cores with the required dimensions for testing may have caused
some variation in results.

Table 3-11: Laboratory Evaluation of Cores, Lubbock, Texas

AVG. STATIC AVG. BULK
AVG. DEPTH OF
MOE STATIC MOE ELECTRICAL
BRIDGE ID COMPRESSIVE CARBONATION
STRENGTH (PSI) (X1076 PSI, (X 1076 PSI) RESISTIVITY (MM)
MEASURED) (KOHM-CM)
Rilem CPC-18,
ASTM C42 ASTM C469 Calculated ASTM C1760 Mod ASTM D698
#6 10042 5.71 421 390.3 5
#7 - 5.24 4.47 143.9 15

A relatively higher distribution of fibers was noted in cores obtained from Bridge Deck #7,
which is consistent with lower BR values and large depth of carbonated sections when tested
with phenolphthalein. Testing for water-soluble chloride ions indicated higher chloride
concentrations up to a depth of around 1 inch but lower concentrations at the rebar level than the
threshold value.
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Figure 3-7: Laboratory Evaluation of Field Cores—Lubbock, Texas
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Figure 3-8: Water-Soluble Chloride Concentration—Cores (Lubbock, Texas)

Results from petrographic analysis for cores from bridge decks are selectively presented in
Figure 3-9. The presence of intense carbonation along the depth of the entire thin section was
observed in the concrete from Bridge Deck #7. This finding is consistent with results noted from
phenolphthalein testing for depth of carbonation. The porous nature of the paste (high blue dye
impregnation) was commonly observed, which possibly suggests the use of a relatively higher
w/cm ratio (higher than the designed w/cm) in the deck mixes. The presence of ASR siliceous
components was observed within the aggregates used for making deck concrete. For example,
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the prominent presence of siliceous (amorphous) impurities was included with the limestone
coarse aggregate particles. In Bridge Deck #6, the presence of cracks passing through a hard
quartzite aggregate filled with some ASR gel-like deposits was observed. Further testing is
required to confirm the presence of ASR.

Cracks passing through the aggregate, CPM, and
along the a—p interfaces with presence of ASR gel
like products, PPL.

Figure 3-9: Petrographic Observations of Cores from Lubbock, Texas

Intense carbonation (red arrows) and crack
propagation (blue arrows), Bridge Deck #6, CPL.

3.3.3 ConcreteWorks Modeling

Accurate records of date (or month) and time of concrete placement, such as truck tickets or
batch plant tickets, were not available for both Bridges #6 and #7. Thus, an accurate study of
early-age behavior could not be performed.

A generic thermal simulation was performed for Bridge Deck #7 using climatic data from 2010
for March, June, and September to assess the relative temperature differentials that could
develop in a bridge deck (Table 3-12). For each month, historical weather data were obtained for
the specified period from the NCDC database, and peak values were used for analysis. Overall,
the lowest temperature difference was noted for March in comparison to September and June;
June recorded the highest. The probability of cracking was also noted to be lower in March than
in September and June. Evening—night placement was seen to be generally favorable over
daytime placement (6 am to 12 pm) except in September.

Table 3-12: Results from ConcreteWorks, Lubbock, Texas
6AM | 12PM | 6 PM

LUBBOCK
Max. temp Difference (°F)
March 9 20 8
June 26 15 7
September 14 8 15
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3.4 Evaluation of HPC Mixtures—Galveston, Texas

Two bridge decks were selected for field survey, both constructed in 2006. Table 3-13

summarizes general information for each of the two bridge decks.

Bridge Deck #8 is a concrete box beam bridge consisting of precast, prestressed concrete beams
spaced 5 ft apart. Bridge Deck #9 consists of both a post-tensioned concrete box and girder type
superstructure, but our limits of field survey covered 3 spans with superstructure type PS
concrete girder Type VI. Bridge #9 was reported to be a full-depth precast concrete deck system,
with panels spanning transversely across several bridge beams. The panels generally are pre-
tensioned in the transverse direction and may be post-tensioned in the longitudinal direction.

Table 3-13: Location and Bridge Deck Details, Galveston, Texas

BRIDGE
INSPECTION
B(l;IED STRUCTURE ID | YEAR OF| TYPE OF STRUCTURE Rﬁ;ﬂﬁgﬁfé\;{f RATING
AND LOCATION | CONST. | AND SUPERSTRUCTURE (MOST
NO. DETAILS
RECENT
YEAR)
12—085(;;)?67—06— 2016
5-simple-span prestress No epoxy-coated Deck—7 and
Route: Galveston . . ;
8 . 2006 concrete slab beam bridge reinforcing steel | Superstructure—
Ferry Landing ith 1 lift span (site observation) 7
Feature Crossed: v P '
Galveston Bay
12-085-0500-01- .
One 3-span continuous post- 2016
373 tensioned concrete box girder No epoxy-coated Deck—6 and
9 Route: IH 45 NB 2006 ) . & reinforcing steel
with 59 simple prestress . . Superstructure—
Feature Crossed: (site observation)
concrete beam approach spans 8.

Galveston Bay

The concrete mix design used for each bridge deck was Class S HPC (TxDOT 2004

specification) summarizes the mix design used at each of the bridge locations. Mix design

Option #1 was seen to be the most common mix design practice, with typically ~25 percent—33
percent Class F FA. The coarse aggregate type was noted to be limestone. Visual observation at
the core location showed rebar was not epoxy coated at Bridge Deck #8.
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Table 3-14: Concrete Mix Design, Class S HPC, Galveston, Texas

PARAMETER BRIDGE 8 BRIDGE 9
Controlling CSJ 0367-06-054 0050-01-117
Design Compressive Strength (psi) 4000 4000
Mix Design Spec Year 1993 1993
Cement Content, Ib/cy 458 409
F/C, b/cy 119.78 (Class F, ~ 25%)(160 (Class F, ~33%)
W/(C+M) (Design max.) 0.42 0.46
Gravel, pcy 1971 1870
Sand, pcy 1366 1067
AEA (Yes/No) - v
Set Retarder (Type B) fl. oz./cwt 2 6
High-Range Water Reducing Reducer (Type F) fl. oz./cwt 8 1
Corrosion Inhibitor v
Water Reducer (Type A) fl. oz./cwt - 4

3.4.1 Visual Observations

Visual observation shows the main type of cracking to be transverse in nature, spaced at varying
intervals with varying degrees of severity, as shown in Figure 3-10.

With varying intensities, transverse cracking was the most common and main type of cracking
observed at all bridge decks. On Bridge #8, a pair of transverse cracks was also noted on either
side of joint locations (on top of bent) spaced ~ 27 inches apart. Transverse cracks spaced 14 ft
apart were noted at other spans of this bridge deck. Very fine transverse cracks (~0.2 mm wide)
were noted uniformly across the width of deck and regularly spaced at 8 ft intervals throughout
the length of bridge deck inspected. Cores obtained at transverse crack locations and on top of
rebar showed crack penetration till the level of steel. Evidence of moderate—severe corrosion was
noted at steel rebar location on Bridge Deck #8. A similar core obtained on top of transverse
prestressed cable also showed very fine crack penetration to the level of the prestressing tendon,
and minor corrosion product was noted at the location of the tendon. A set of notably wider
transverse cracks on Bridge Deck #8 appeared to coincide with edges of bent cap underneath
indicative structural nature, possibly arising from differential movements or shrinkage.
According to (/3), longitudinal cracking in spread box beam bridges likely occurred because of a
concentration of longitudinal shear forces at the edges of the beams, as evidenced by spacing of
cracks matching the beam spacing.

Longitudinal cracks were noted along the wheel path in drive lanes at both bridge decks, but was
most predominant at Bridge Deck #9, occurring throughout the length of the bridge surveyed.
Minor longitudinal cracks were observed on Bridge Deck #8 at a single-span location and spaced
at 8 ft intervals. Core obtained on a longitudinal crack at both bridge decks showed crack
propagation to the level of steel. Isolated occurrences of map (Pattern) cracking and delamination
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was noted only on Bridge Deck #8, with the crack extending just a few inches beneath the
surface at the map crack area.

Transverse cracks on Bridge Deck #8

Longitudinal crack on Bridge Deck #9

3.4.2 Laboratory Testing of Field Cores

Fos

Core on top of rebar (shows corrosion) at transverse

crack location on Brid

ge Dec 8

Map crack pattern on Bridge Deck #9
Figure 3-10: Field Evaluation, Galveston, Texas

Results from laboratory evaluation of field cores are presented in Table 3-15, Figure 3-11, and
Figure 3-12. Compressive strength test results generally ranged between 6000—7000 psi for a
28-day design strength of 4000 psi. Static MOE, as measured in accordance with ASTM C 469,
was closer to values predicted using the ACI equations, but the overall trend differs in relation to
compressive strength.

Table 3-15: Laboratory Evaluation of Cores, Galveston, Texas

AVG. STATIC | STATIC AVG. BULK DEPTH OF
BRIDGE [AVG. COMPRESSIVE MOE MOE ELECTRICAL CARBONATION

ID STRENGTH (PSI) (X 1076 PSI, (X10”6 RESISTIVITY (MM)

MEASURED) PSI) (KOHM-CM)

Rilem CPC-18, Mod
ASTM C42 ASTM C469 | Calculated ASTM C1760 ASTM D698

#8 7631 5.25 4.49 363.54 3
#9 8085 4.74 4.59 283.81 5
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Testing for water-soluble chloride ions indicated higher chloride concentrations than the threshold
value up to a depth of around 2 inches for Bridge Deck #8 (located in the splash zone).
Interestingly, corrosion of the steel rebars (black steel without any protection measures) on the
core locations was clearly observed. However, chloride concentrations remained below the
threshold value at all the depths for Bridge #9.
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Figure 3-11: Laboratory Test results of Cores from Bridge Decks in Galveston, Texas
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Figure 3-12: Water-Soluble Chloride Core Samples, Galveston, Texas

3.4.3 ConcreteWorks Modeling

Accurate records on the date (or month) and time of concrete placement, such as truck tickets or
batch plant tickets, were not available for both Bridges #8 and #9. Thus, an accurate study of
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early-age behavior could not be performed. A generic thermal simulation for the region was
performed for the year 2006 in March, June, and September to assess the relative temperature
differentials that could develop in a bridge deck. For each month, historical weather data were
obtained for the specified period from the NCDC database, and peak values were used for
analysis.

Analysis showed daily wind speeds and RH levels, in addition to peak temperatures of the day,
play a key role in simulation. In 2006, an abstract consideration of seven peak (max., min.)
temperatures of the selected months, peak wind speeds, and lowest RH levels showed concrete
placement in September was noted to be favorable over March and June. High variation was
noted in results and further timewise analysis was not performed. Given the lack of accurate
placement time and date, no conclusions could be drawn about this location.

3.5 Recommendations—HPC Mix Evaluation

This chapter primarily focused on understanding material, environmental, and construction
factors that contribute to various cracks observed during field surveys through NDT techniques,
laboratory testing, and service life prediction models. Efforts were made to simulate and
understand early-age cracking behavior involved with concrete placement at different locations,
different exposure conditions, and varying seasons. In subsequent tasks, evaluation of trial
mixtures using materials sourced from the districts, through innovative and newer techniques
such as ring tests for shrinkage, SR, etc., to identify and establish limits for the identified
performance characteristics. A combined approach of lab-based durability test results (ASR,
sulfate, corrosion) and service life model prediction has been used to highlight the effectiveness
and deficiencies of the current HPC options to ensure durability requirements in aggressive
environments. Efforts have also been made to predict long-term durability performance (service
life) for corrosion, F/T durability, and other key performance indicators. The focus was on
understanding the performance of mix design’s efficiency to reduce cracking tendency in
concrete through identified characteristics in NCHRP Report 380 as well as NCHRP Synthesis
441.
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CHAPTER 4: EVALUATE CONCRETE MIX DESIGNS DEVELOPED TO PROVIDE
LONG-TERM PERFORMANCE OF BRIDGE DECK HPC

4.1 Objective

The main objective of this study was to develop performance specifications for HPC to ensure
high performance in terms of durability. This chapter focuses on the formulation, testing, and
durability evaluation of a wide variety of HPC mixtures. The specific objectives of this task were
as follows:

e Formulate a wide variety of HPC mixtures after incorporating the suggested prescriptive
requirements and performance characteristics identified and obtained from TxDOT’s past
project records.

e Evaluate durability of these HPC mix designs under the applicable exposure conditions,
as identified in this project.

e Evaluate HPC mix performance using innovative and promising test methods, as
recommended in this project.

e Recommend additional performance-based requirements based on the test results of the
selected performance tests for all the tested mixtures to meet the durability demands
(performance-based criteria) that match with the severity of exposure conditions.

4.2 Materials and Mix Designs
4.2.1 Materials and Characterization

42.1.1 Cementitious Materials

Type 1 Ordinary Portland Cement (OPC) (ASTM C 150), Class C and Class C FA (ASTM C
618), and silica fume (ASTM C 697) were used to prepare binary and ternary HPC mixtures
evaluated in this study. Table 4-1 and Table 4-2 summarize the bulk oxide composition of
cementitious materials used in this project, measured using X-ray fluorescence (XRF) and
Quantitative X-ray diffraction (QXRD) methods.
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Table 4-1: XRF Composition of Cementitious Materials

TYPE 11 CLASS CFA CLASS FFA SF
OXIDE CEMENT
COMPOSITION | Plant TTI Lab Plant TTI Plant TTI Plant TTI
Reported Reported| Lab |Reported| Lab |Reported| Lab
CaO 64 63.41 | 2728 |2633| 1328 | 1398 | 0.42 0.02
Si02 21.1 2043 | 37.57 |37.51| 5444 |5527| 979 98.2
Al1203 5.6 6.78 19.45 19.8 | 19.71 |2035| 0.18 0.18
Fe203 1.9 2.05 5.7 5.13 4.65 4.70 0.07 0.07
SO3 3.8 3.72 1.8 2.12 0.62 0.69 0.17 0.23
MgO 1.1 1.13 5.5 5.45 2.67 2.82 0.12 0.15
Na20 0.13 0.15 1.62 1.71 0.35 0.52 0.12 0.16
K20 0.41 0.43 0.49 0.49 1 0.85 0.54 0.52
LOI % 1.8 1.9 0.53 0.57 0.37 0.37 0.48 0.27
Total 99.84 100 99.94 | 99.11 | 97.09 |99.55| 100 99.8
Na20eq 0.43 0.43 1.94 2.03 1.01 1.08 0.48 0.50
C3S 58 54.8
C28 12 20.18
C3A 14 9.78 NA
C4AF 6 4.51

Note: N/A = Not Applicable; n/a = not available.

The crystalline composition of cement was analyzed using the QXRD method coupled with
Rietveld refinement. The diffraction patterns were collected using a tabletop X-ray
diffractometer at 0.008 20 step size, 10 seconds per step, and CuKa radiation. QXRD
measurements were also performed to identify and quantify crystalline phases and determine the
total amorphous content for the FA. Specimens for QXRD were prepared using the backloading
technique to minimize preferred orientation. Scans were run from 7 to 70 degrees 26, at 0.02
degrees step size and at a counting time of 0.4 seconds per step, resulting in a total measurement
time of about 36 minutes per scan. Rietveld-based quantitative phase analysis was performed
using TOPAS 5.0 software. The amorphous content of each FA was determined using the partial
or no known crystal structure (PONKCS) method.
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Table 4-2: QXRD of Cementitious Materials

CEMENT (TYPE I/IT) CLASS CFA CLASS F FA
Phase Mass % Phase Mass % Phase Mass %
Arcanite 0.27 Amorphous 43.23 Amorphous 65.74
Bassanite 2.06 Anhydrite 1.44 Akermanite 1.36
C3S M1 9.11 Bassanite 1.16 Anhydrite 0.28
C3S M3 45.69 C3A 10.12 Bassanite 1.58
C2S alpha HT 0.89 C3S 2.57 Calcite 0.85
C2S beta 19.32 Ca-Langbeinite 3.84 Gehlenite 1.39
C3A cubic 9.59 Calcite 3.09 Hematite 1.5
C3A orthorhombic 0.19 Lime 0.69 Magnetite 1.64
C4AF 4.51 Gehlenite 3.77 Merwinite 3.22
Calcite 0.97 Hematite 2.41 Mullite 6.59
Dolomite 0.48 Merwinite 10.89 Quartz 13.49
Gypsum 2.88 Mullite 3.64 Thenardite 0.37
Lime 0.23 Periclase 2.11 Arcanite 0.69
Periclase 0.47 Quartz 6.59 Syngenite 0.49
Portlandite 1.96 Thenardite 1.98
Quartz 0.29 Arcanite 0.6
Syngenite 0.49
Thenardite 0.61

4.2.1.2 Aggregates

In the current research, HPC mixtures were prepared using siliceous river sand as fine aggregates
and #57 (1-inch MSA) siliceous river gravel as coarse aggerate; both conformed to ASTM C 33.
Both aggregates were also procured from the TexCrete Ready-Mix Concrete Plant in Bryan,
Texas. Table 4-3 shows the specific gravity and absorption of course and fine aggregates,
measured following ASTM C 127 and ASTM C 128, respectively. In addition, the particle size
distribution (gradation) was measured according to ASTM C136 and is shown in Table 4.4.

Table 4-3: Coarse and Fine Aggregate Specific Gravity and Absorption

PROPERTY COARSE FINE AGGREGATES
AGGREGATE
Specific Gravity 2.72 2.6
Saturated Surface Dry (SSD)
Dry Rodded Unit Wt (Ib/ft3) 100 N/A
Fineness Modulus N/A 2.6
Absorption 0.78% 0.44%

Note: N/A = Not Applicable; n/a = not available.
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Table 4-4: Coarse and Fine Aggregate Particle Size Distribution

COARSE AGGREGATE FINE AGGREGATE
SIEVE SIZE % Passing Specification % Passing Specification
1.5 inches 100 100
1 inch 99.8 95-100
0.75 inch 92.7 N/A
0.5 inch 45.6 25-60
0.375 inch 19.1 N/A
No. 4 5.3 0-10 99.9 95-100
No. 8 4.7 0-5 98.8 85-100
No. 16 89.9 65-97
No. 30 66.8 25-70
No. 50 32.3 5-35
No. 100 6.0 0-7
No. 200 0.1 Max. 4

Note: N/A = Not Applicable; n/a = not available.

4.2.2 Mix Designs

Eight binary and ternary HPC mixtures, including the control mix ([CEM]; 100 percent OPC),
were designed (Table 4-6) for this experimental program, with a design w/cm ratio of 0.42,
coarse aggregate factor (CAF) of 0.67, and 520580 lb/cy of cementitious material. These HPC
mixtures were designed following TxDOT’s standard mix design practice for bridge deck
concrete and matched with field practices in Texas (Item 421, TxDOT 2014), as shown in

Table 4-5.
Table 4-5: Final Selected Mix Designs
OPTION MIX #A #B
o 0 1
| Replace 20% to 35% of the cement with 5% Class F FA 35% Class F FA
Class F FA.
Replace 35% to 50% of the cement with a
3 combination of Class F FA or SF; however, no 20% Class F FA + N/A
more than 35% may be FA, and no more than 10% 5% SF
may be SF.
Replace 35% to 50% of the cement with a
5 combination of Class C FA and at least 6% of SF.| 29% Class C FA+ | 35% Class C FA +
However, no more than 35% may be Class C FA, 6 % SF 10% SF
and no more than 10% may be SF.
X Binary Low Alkali Loading Mix 6% SF 35% Class C FA

(New Mix Design Options)

Note: N/A = Not Applicable; n/a = not available. Under new Option X, mix designs were proportioned replicating HPC mix
design practices at two bridge decks from Amarillo and Lubbock districts of Texas, respectively. Although these binary mixtures
are not a part of the current HPC specifications, their usage was reported under special provisions. The field performance of these
HPC bridge deck mixtures was investigated in Chapter 3. Field investigation and the details are reported under Bridge #5 (ID-04-
191-0-0168-09-168) and Bridge #7 (ID-05-152-0-0783-02-104).
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In addition to the abovementioned ingredients, all HPC mixtures contained polypropylene fibers,
AEA (ASTM C 260), and a Type F High-Range Water Reducer (HRWR, ASTM C 494). The
AEA and HRWR dosages were adjusted following the manufacturer’s recommendation to meet
the specification’s target air content (4—6 percent) and workability requirements (3—5 inches) for

the HPC mixtures. Table 4-6 lists the HPC mixture proportions evaluated in this study.

Table 4-6: HPC Mix Proportions

MIX DESIGNATION # CEM | 6SF 25F |[20F5SF| 3S5F | 35C |29C6SF |35C10SF
Cementitious Content (Ib/cy) | 580 | 520 584 584 584 | 520 541 541
Cement, (Ib/cy) 580 | 489 438 438 380 338 352 298
Class F FA, (Ib/cy) N/A | N/A 146 117 204 | N/A N/A N/A
Class C FA, (Ib/cy) N/A | NJA | N/A N/A N/A 182 157 189
SF, (Ib/cy) NA | 31 | NA | 29 | NA |NA| 32 54
Coarse Aggregate (1-inch MSA). 1y o151 1900 | 1815 | 1817 | 1815 | 1887| 2032 | 2031
(Ib/cy)
Fine Aggregate, (Ib/cy) 1236 | 1296 | 1236 | 1230 | 1275 | 1192 | 1056 | 1043
Mixing Water, (Ib/cy) 232 234 236 239 242 216 220 218
AEA, (fl. 0z/100 Ib cem) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Type F-HRWR,
(fl. 0z/100 1b cem) ! ! ! ! ! ! ! !
Fibers (Ib/cy) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
w/cm (design) 042 | 042 | 042 0.42 042 | 042 | 042 0.42
w/cm (effective) 0.41 | 0.40 | 040 0.40 0.40 | 040 0.40 0.40

Note: N/A = Not Applicable; n/a = not available.

4.3 Laboratory Evaluation—Test Matrix

Table 4-7 shows the concrete (performance) properties and associated parameters evaluated for

all 8 HPC mixtures under Task 6. The standard test method and ASTM/ AASHTO test

references discussing specific concrete properties are identified at the start of each section.
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Table 4-7: Concrete Property and Parameters Evaluated for HPC Mixtures

SECTION| CONCRETE PROPERTY PARAMETER
e  Temperature
e SL
. e Unit Weight
! Fresh Properties e Volumetric Air Content
e  Setting Time
e Paste Volume (Based on Mix Design)
e  Compressive Strength
2 Hardened Properties e  Tensile Strength
e MOE
e Autogenous Shrinkage ([AS];23°C and 40 °C)
e  Free DS
3 Shrinkage e  Restrained Shrinkage
e  Cracking Potential
e Creep Potential (Modeling)
e  TTI Model-1
4 Pore Solution * TIIModel-2 . . S
o  Extraction (selective validation)
o GEMS Thermodynamic Modeling
5 Transport Properties e RCPT
e BR&SR
Transport Properties o Sealed Curing (SC)
6 Resistivity Tests: Normal o  Saturated Limewater (LW) Curing
Conditioning Regimen o  Standardized Simulated Pore Solution (SPS) Curing
o Matching Pore Solution (MPS) curing
Transport Properties e Degree of Saturation (DOS)
7 Resistivity Tests: e Tonic Leaching of Pore Solution Alkalis
Factors of Influence e  Drying (Moisture Loss)
e  Sample Homogeneity (Surface-to-Bulk Resistivity [SR/BR] Ratio)
Transport Properties © BR&SR
. o LW Curing
8 Resistivity Tests: o SPS Curin
Accelerated Conditioning . &
O  MPS Curing
e  Formation Factor
9 Transport Properties/ o  Sealed FF
Microstructure o Apparent FF
o (Saturated) FF (FF)
e Apparent Chloride Diffusion
10 Chloride Diffusion ¢  Chloride Binding
e  Effective Chloride Diffusion
e Service Life Evaluation—Time to Corrosion Initiation
11 F/T Resistance e  Freeze Thaw Tests
12 Sorptivity e  Rate of Fluid Absorption
e Rapid Evaluation of FA Dosage by the Recently Developed Chemical
Screening Tool (CST) Followed by Dosage Comparison between CST and
13 ASR ASTM C1567 and Sorting Out the Ashes That Need Further Validation by
a Suitable Concrete ASR Testing (i.e., Accelerate Concrete Cylinder Test
[ACCT] Method)

4.4 Laboratory Testing

4.4.1 Fresh Properties

The concrete mixing and determination of fresh concrete properties for HPC mixtures were
performed at the TTI laboratory under standard laboratory temperatures of 73.5 + 3.5 °F (23 +
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2 °C). HPC mixtures in the plastic state were evaluated for the following fresh properties listed
in Table 4-8, and the results are tabulated in Table 4-9.

Table 4-8: Test Matrix for Fresh Properties Evaluation

PARAMETER |TEST METHOD| AGE OF TEST |CURING PRACTICE
Temperature ASTM C 1064
SL ASTM C 143
Unit Weight ASTM C 138 |Fresh/ Plastic State N/A
Volumetric Air Content| ASTM C 231
Setting Time ASTM C 403
Paste Volume N/A

The paste volume for concrete mixtures was calculated based on the volume of cementitious
materials, water, and air in the concrete. Determination of paste content is essential to evaluate
shrinkage and cracking.

Table 4-9: Results from Fresh Properties Testing of HPC Mixtures

TEMPER UNIT AIR | SETTING TIME | PASTE
MIX #ID | A-TURE, | SL(IN) | WEIGHT |CONTEN| Initial | Final |VOLUM
°F LB/FT* | T(%) | (min) | (min) E

CEM 74.3 5.5 145 6.5% 258 463 26.3%
6SF 72.5 4.5 142 6.0% 214 422 | 25.8%
25F 72.1 5 143 5.5% 334 572 | 261%
20F5SF 73.4 4.5 143 5.0% 369 499 | 262%
35F 72.7 5 143 5.5% 424 642 | 263%
35C 73.6 5 141 5.3% 394 592 | 253%
29C6SF 73.9 4.5 141 5.0% 354 569 | 25.6%
35CI0SF | 749 4 140 4.5% 266 492 | 25.8%

4.4.2 Hardened Properties

For testing mechanical properties, 4 % 8-inch (4 £ 0.08 inch diameter and 8 + 0.16 inch height)
concrete cylinders were cast for each HPC mix design and tested following Table 4-10.
Cylinders were demolded at the age of 2442 hours and placed in a controlled environmental
chamber maintained at 23 & 2 °C and 98 + 2 percent RH, following ASTM C 511 specifications
for moist curing regimen.

Table 4-10: Test Matrix for Hardened Properties’ Evaluation
PARAMETER |TEST METHOD|AGE OF TESTING|CURING REGIMEN

Compressive Strength| ASTM C 42
Tensile Strength ASTM C 496 7, 14, and 28 days Moist Curing
MOE ASTM C 469
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Concrete compressive strength (ASTM C 39), static MOE (ASTM C 469), and splitting tensile
strength (ASTM C 496) were measured in replicate on three cylinders for each HPC mix, and the
results are tabulated in Table 4-11.

Table 4-11: Results from Mechanical Properties Testing of HPC Mixtures

COMPRESSIVE STRENGTH SPLIT TENSILE STATIC MOE
(F°C, PSI) STRENGTH (x 106 PSI)
MIX #ID ’ (F°T, PSI)
F’c Ratio
7d 14d 28d (28d/7d) 7d 14d 28d 7d 14d | 28d
CEM 3916 | 4552 | 4895 1.25 394 431 450 | 3.03 | 3.35 | 3.80
6SF 4476 | 5644 | 5819 1.3 427 491 500 | 3.20 | 3.65 | 4.05
25F 3839 | 4290 | 5720 1.49 389 416 495 | 3.01 | 3.27 | 4.03
20F5SF 3987 | 5117 | 6020 1.51 398 463 510 | 3.05 | 3.51 | 4.10
35F 3586 | 3658 | 5379 1.5 373 378 477 | 2.92 | 3.07 | 3.93
35C 4071 | 3990 | 5700 1.4 403 398 494 |1 3.08 | 3.17 | 4.02
29C6SF | 4653 | 4676 | 6235 1.34 437 438 521 | 3.26 | 3.38 | 4.16
35CI0SF | 5153 | 5664 | 6750 1.31 465 492 547 | 3.40 | 3.66 | 4.29

The rate of strength development for HPC mixtures was analyzed based on the F"c ratio, which
is the ratio of 28-day to 7-day compressive strength. According to Mindess and Young (/4), F''c
ratios between 1.25 and 1.67 indicate uniformity in strength gain.

As shown in Figure 4-1, at 28 days the compressive strength of all HPC mixtures was noted to be
above the threshold limit of 4000 psi (min). The F'’c ratios (concrete compressive strength
[ASTM C 39], static MOE [ASTM C 469], and splitting tensile strength [ASTM C 496]) were
measured in replicate on three cylinders for each HPC mix, and the results are tabulated in

Table 4-11. All HPC mixtures ranged between 1.25 and 1.5, and the 7-day strengths of HPC
mixtures ranged between 65—80 percent of 28-day compressive strengths.

Compressive Strength of HPC mixes
m7d m14d m28d
8000

7000 28-day limit (min)

6000
5000
2 4000
3000
2000

1000

0 2 = = = = = . =
CEM  6SF 25F  20F5SF  35F 35C  29C6SF 35C10SF
Figure 4-1: Compressive Strength of HPC Mixtures at 7, 14, and 28 Days
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4.4.3 Shrinkage

4.4.3.1 Test Matrix

The test matrix to evaluate shrinkage performance of HPC mixtures is shown in Table 4-12 and
discussed in the following sections.

Table 4-12: Evaluation Matrix of Shrinkage Performance of HPC Mixtures

PARAMETER TEST METHOD AGE OF CURING REGIMEN
TESTING
AS Length Change Up to 91 Days Sealed
at 23C and 40C Comparator
Embedded Strain Gauges Up to 91 Days Sealed
Free Shrinkage (Mod.) ASTM C 157 Up to 180 Days 7-Day—Moist Curing
Restrained Shrinkage ASTM C 1581 28 Days Moist Curing
(Single-Ring test)
Cracking Potential Based on Restrained 28 Days N/A
Shrinkage
Based on Free Shrinkage
Creep Modeling RILEM B3 Model 28 Days

4.4.3.2 Test Methods

4.4.3.2.1 AS

A replicate of three concrete prisms (4 x 4 x 12 inches) were cast for each HPC mix design to
evaluate the development of AS strain in HPC mixtures. Test samples (prisms) were demolded
between 10—12 hours based on the final setting time of the HPC mixtures, which were measured
according to ASTM C 403 (Table 4-9). As explained below, AS in HPC test samples was
measured using two different approaches.

4.4.3.2.1.1 AS Measurement on Sealed Concrete Prisms Using Embedded Strain Gauges

HPC mixtures were evaluated for AS strain development using embedded strain gauge sensors in
sealed concrete prisms. A commercially available strain gauge, KM-120 series, manufactured by
Tokyo Sokki, was used to measure the strains during the transition of concrete from a plastic to a
hardened state. The KM series of strain gauge was noted to have a significantly low modulus and
coefficient of thermal expansion compared to concrete, and therefore was used for internal strain
measurement during the early ages of curing. Before casting, three strain gauges were installed in
the empty concrete prism molds at the midsection using a procedure recommended by the
manufacturer. The molds were oiled and lined with a medium-duty plastic sheet (6 mil/0.15 mm
thick) to minimize any interference in strain gauges/data acquisition during sample demolding.
After mold preparation, three replicate concrete prisms (4 % 4 x 12 inches) samples were cast for
each HPC mix design. Test samples were demolded in a controlled environmental chamber (23 +
2 °C and 98 + 2 percent RH) and immediately double-wrapped with a self-sealing polythene film
and adhesive aluminum tape to avoid any moisture loss. Subsequently, samples were stored in a
thermally insulated Styrofoam box, and the sealed box was placed in the controlled
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environmental chamber for the test duration, as per the recommendations of a previous study
(15). Strain gauges inside concrete were connected to a data acquisition system, and the strain
development in sealed specimens was monitored from 1 hour after casting till 28 days.

4.43.2.1.2 AS Measurement on Sealed Concrete Prisms Using Length Change Comparator
Based on the modified ASTM C 1698 specifications, a second experiment was performed to

monitor the AS strain development in HPC mixtures. A replicate of three concrete prisms (4 x 4
% 12 inches) were cast for each HPC mix design. Test samples (prisms) were demolded in a
controlled environmental chamber (23 + 2 °C and 98 + 2 percent RH) and immediately double-
wrapped with a self-sealing polythene film and adhesive aluminum tape to avoid any moisture
loss. Brooks et al. (/6) noted that sealing concrete prisms with four layers of adhesive aluminum
tape effectively prevented moisture loss. Subsequent research studies noted that a combined
polythene film and aluminum tape sealing resulted in minimal weight loss from concrete samples
(17, 18). Subsequently, test samples were measured for initial length and mass. A length-change
comparator conforming to ASTM C490 was used in this current study and was placed in the
same ambient environment as samples to avoid any variations due to temperature and moisture
change, as per ASTM C 157 guidelines. After initial readings, samples were stored in the same
controlled environmental chamber (23 = 2 °C and 98 + 2 percent RH), wherein subsequent
length and mass readings were taken every day from 1-7 days, followed by at 14, 28, 56, and 91
days. Mass readings were used to monitor the moisture loss from the test specimens throughout
the testing period. In current research, the average mass loss was noted in the range of 0.2
percent £+ 0.05 percent after 91 days across all test samples, which validates the effectiveness of
the sealing technique.

4.4.3.2.2 Free DS

HPC mixtures were evaluated for unrestrained (free) DS according to ASTM C 157, with a
modification of initial curing duration of the specimens (i.e., 7 days instead of 28 days) to match
the field curing practices (i.e., 7 days wet mat curing). A replicate of three concrete prisms (4 x 4
x 12 inches) were cast for each HPC mix design. Test samples (prisms) were demolded at the
age of 2442 hours and moist-cured in a controlled environmental chamber (23 +2 °C and 98 + 2
percent RH) for 7 days. Subsequently, test samples were measured for initial length using a
length change comparator conforming to ASTM C490. After initial readings, samples were
placed in a drying chamber maintained at 23 + 2 °C and 50 percent RH, and subsequent length
and mass measurements were recorded up to 180 days. Mass measurement of the test samples at
a periodic interval was used to check for any moisture loss and verify the effectiveness of
sealing.

4.4.3.2.3 Restrained Single-Ring Shrinkage Test

The cracking potential (CP) /tendency of the selected HPC mixtures was evaluated using a
restrained single-ring test, as per ASTM C 1581. A nonabsorptive and nonreactive base made of
epoxy-coated plywood was used in this experiment. Before casting, the rings were oiled, and
while the inner ring was screwed to the base, the outer ring was held in place using four C
clamps placed 90 degrees apart. Next, fresh mixtures were poured and compacted in three layers
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on a vibrating table. Finally, concrete specimens (1.5 inches thick and 6 inches tall) were cured
by placing in a prewetted burlap sack and covered with plastic. The outer rings were detached
from the board at the age of 24 + 2 hr, and the specimens were moved to the conditioning room
and maintained at a temperature of 73.5 + 3.5 °F (23 £ 2 °C) and 50 £ 5 percent RH; the top
surface was coated with a layer of epoxy (curing compound) to prevent moisture loss from the
top.

Four strain gauges were wired to the interior surface of the inner ring in a quarter-bridge
configuration to monitor the strain development for up to 28 days. The mounting of gauges to the
steel ring and connecting strain gauge modules to lead wires was performed following the
manufacturer’s specifications. A commercially available data acquisition system manufactured
by Campbell Scientific was used to continuously record data from each strain gauge at every 30-
minute interval up to 28 days. The cracking in concrete rings was monitored through (a) strain
development in the steel rings, wherein a decrease in compressive strain (30 pe or more) from
one or more strain gages would indicate the cracking of the concrete ring and (b) visual
inspection for cracks on the outer surface of concrete rings. Furthermore, the room’s ambient
temperature and RH were continuously monitored by placing sensors next to the test specimen.
The strain in the steel rings was recorded over time up to 28 days, and stress rate development in
concrete specimens was calculated as per ASTM C 1581.

4.4.3.3 Results and Discussion

4.4.3.3.1 AS Measurements in HPC Mixtures at 23C

4.43.3.1.1 AS Measurements Using Embedded Strain Gauges

Following the previous section’s procedure, AS strain development for 8§ HPC mixtures was
monitored up to 91 days, and the results are plotted in Figure 4-2.

Autogenous Shrinkage - HPC mixes (23°C)
Embedded Strain Gauge
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Figure 4-2: AS Strain for HPC Mixtures’ Embedded Strain Gauge Measurements
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Results from Figure 4-2 demonstrate that the SCM’s type, composition, and replacement level
primarily influence the AS of the studied HPC mixtures since the w/cm ratio for all the mixtures
remained constant. Notably, the presence of SF (Figure 4-3) was seen to increase the overall AS
as well as the strain rate (i.e., strain development at early ages, i.e., from 0.5 to 7 days) for binary
and ternary HPC mixtures. The mix with 6 percent cement replacement with SF (6SF) showed
the highest AS and strain rate compared to all the studied mixtures. Interestingly, the overall AS
and strain rates for all HPC mixtures except 6SF are lower than the CEM.

HPC mixtures with 25 percent (25F) and 35 percent (35F) F ash replacements show
approximately 40 percent and 55 percent reduction in AS and ~ 20 percent and 30 percent
reduction of AS strain rate at early ages, respectively, compared to the CEM. However, 5 percent
SF in the ternary mix 20F5SF caused a 10-20 percent increase in AS and an approx. 20-30
percent increase in early-age strain rate when compared to the 25F and 35F binary mixtures
(Figure 4-2 and Figure 4-3).
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Figure 4-3: AS and Early-Age Strain Rate Development in HPC Mixtures

Cement replacement with 35 percent Class C FA (35C) caused an overall 35 percent reduction in
AS and 20 percent reduction in early-age strain rate compared to the CEM. In an investigation of
the influence of FA type on both AS and strain rate, the HPC 35F mix demonstrates a 35 percent
lower strain rate and an overall 25 percent lower AS than the 35C mix.

Ternary Class C FA mixtures (i.e., 29C6SF and 35C10SF) show higher AS and strain rates than
the binary 35C mix and the highest AS measurements compared to all HPC mixtures containing
fly ashes. Therefore, the benefit of reduction in AS is not significant for these ternary Class C
mixtures with SF compared to the CEM. Among all the ternary mixtures with SF, HPC mixtures
29C6SF and 35C10SF, with a comparatively lower binder content (540 1b/cy), demonstrated a
higher AS strain than that at 20F5SF mix, with a relatively higher binder content of 580 1b/cy.
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4.43.3.1.2 AS Measurements Using Length Comparator

Figure 4-4 shows the AS strain development over time based on length change measurements
performed on sealed HPC concrete prisms. Overall, AS shrinkage determined using length
comparator measurements show a similar trend with the measurements using embedded strain
gauges for all the tested HPC mixtures. However, the absolute values are slightly different. A
comparative assessment of AS determined using two methods (Figure 4-5) demonstrates AS
strains determined using a length comparator to be approximately within +10-15 percent of the
strain gauge data. In general, AS measurements by the length comparator method are slightly
higher when the stain values remain >100 microstrain but are slightly lower when the strain
values remain <100 microstrain than those measured by the strain gauge method.

Autogenous Shrinkage - HPC mixes (23°C)
Length Change Comparator
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Figure 4-4: AS Strain for HPC Mixtures Measured at 23C—Length Change Comparator
Measurements
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Comparative Assessment of Autogenous Shrinkage Strain
Measurements (Two Methods)
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Figure 4-5: AS of HPC Mixtures—Length Comparator vs. Embedded Strain Gauge

Although AS measurement using the embedded strain gauge method provides higher accuracy
and reliability, the measurement procedure is complex and cost intensive. The purpose of using
the more accurate strain gauge method was to validate the applicability of the simplified method
using a length comparator. Overall, AS measurement using a conventional length comparator for
the studied HPC mixtures provides acceptable accuracy. Moreover, this simplified procedure of
AS determination can be performed at any standard laboratory with minimal cost.

4.43.3.1.3 AS Measurements in HPC Mixtures at 40 °C
The influence of higher curing temperatures on AS strain development of HPC mixtures was

studied in current research. HPC test samples (prisms) were demolded based on final setting time
in a controlled environmental chamber (23 £ 2 °C and 98 + 2 percent RH) and immediately
double-wrapped with a self-sealing polythene film and adhesive aluminum tape to avoid any
moisture loss. Next, test samples were measured for initial length and mass. Subsequently, test
samples were placed in a controlled environmental chamber (40 = 2 °C) and measured for AS at
1,4, 7, 14, and 28 days. At each testing age, test samples were cooled to room temperatures

(23 + 2 °C) for 4-6 hours before length change and mass measurements. Figure 4-6 shows the
AS strain of HPC mixtures cured at 40°C of demolding till 28 days.
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Figure 4-6: AS of HPC Mixtures Measured at 40°C

Results from Figure 4-6 demonstrate that the higher ambient temperatures drastically change the
AS behavior of HPC mixtures, and the effect appears to be contingent upon the SCM’s type,
composition, and replacement level. Of particular significance is the development of early-age
AS between 1-3 days due to high ambient (curing) temperatures, and a comparative assessment
with AS at 23°C is shown in Figure 4-7.

Autogenous Shrinkage -HPC Mixes
@23 C(3d) @40 C (3d)

100 i Autogenous Expansion L i H i : 1

80 . . i E ; i !
%0 i ': ! E 7 !

s 40 L : ! : LU :
® 20! . : : : L !
s ¥ Bk : 7R Nk :
— 0 L L L i L i ) )
c t : : : ; | : | :
E-zot@:% :@:%:@ :@:% | |
w I 1 I / 1 1 I 4 1 I ]
40 | | G | LA | !
I B e e A A
-80 | ! ! ! Autogenous Shrinkage | } :
-100 ] ] 1 ] . . 1 I 1
CEM 6SF 25F 20F5SF 35F 35C 29C6SF 35C10SF

Figure 4-7: AS (Strain Gauge, 23°C vs. 40°C) of HPC Mixtures at 3 Days

Notably, ternary HPC mixtures with SF show an expansion at early ages, with shrinkage strains
in the 50—100 microstrain range between 1-3 days. Furthermore, curing at higher ambient
temperatures (40°C) is seen to increase the AS by approx. 130-200 percent in these ternary HPC
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mixtures when compared to mixtures cured at 23°C. In contrast, the binary HPC mixtures (25°F,
35°F, and 35°C) showed an average increase of 100—120 percent in AS at 40°C as compared to
23°C.

4.4.3.3.1.4 Conclusions

HPC mixtures are typically designed with a low w/cm ratio, which in combination with fine
mineral admixtures such as SF and chemical admixtures like HRWR typically result in high AS
of these mixtures. The evidence of early-age crack formation was observed during field
evaluation (presented in Chapter 3) for the ternary HPC mixture design (29 percent Class C Ash
+ 6 percent SF) used for bridge decks in Amarillo. Furthermore, experimental work
demonstrated that ambient temperatures significantly influenced autogenous strain development
in HPC mixtures. Experimental measurements showed that AS strains as high as 100
microstrains could develop in this ternary SF mixture at 3—5 days when ambient temperatures
increased from 23°C to 40°C. This feature in conjunction with the contribution from DS and
thermal strain (due to early morning placement) was found to be the reason for creating high
total strain at early ages and causing crack formation when total strains exceeded the tensile
strength in one of the Amarillo bridges (mentioned in Chapter 3).

4.43.3.1.5 Recommendations

Autogenous strains can be mitigated through proper selection of materials and effective mixture
design techniques, such as internal curing through lightweight aggregates (among other
approaches). Several research studies and DOT specifications have demonstrated the use of
lightweight aggregates to effectively mitigate early-age AS in HPC mixtures, which was verified
through field investigation studies. Additionally, incorporating saturated lightweight aggregates
creates secondary effects and influences microstructure properties due to greater hydration and a
higher saturation of pores. Thus, internally cured HPC mixtures typically demonstrate a different
laboratory performance compared to conventional HPC mixtures. Therefore, since lightweight
aggregates are increasingly used in bridge deck mix practices, research efforts are needed to
investigate this practice of internal curing toward inclusion in performance-based specifications
for HPC.

4.4.3.3.2 Free DS Strain Measurement in HPC Mixtures (ASTM C 157)

Following ASTM C 157, the length change and the mass loss measurements for all the studied
HPC mixtures were recorded up to 180 days. The DS strain values over time for each HPC mix
are presented in Table 4-13 and are also plotted in Figure 4-8. Although negative values
represent DS strains, all the tables and plots in the following sections used the absolute positive
values (i.e., removed the negative signs) for convenience.
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Table 4-13: DS Measurements (microstrain) from 7-180 Days of Drying

DAYS CEM 6SF 25F 2055SF 35F 35C 29C6SF | 35C10SF
7 0 0 0 0 0 0 0 0
10 125 185 90 85 70 160 150 175
14 276 284 190 190 150 240 250 270
28 400 436 250 280 230 300 350 382
56 460 470 360 320 300 380 385 400
91 520 500 400 380 360 430 410 425
180 560 524 450 425 410 450 430 453
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Figure 4-8: Free DS Strains (7-180 days) for HPC Mixtures

Currently, TxXDOT specifications do not specify an acceptable limit for DS strain measured by
the ASTM C 157. Thus, the DS strains measured for HPC mixtures (Table 4-13) were compared
with the DS acceptability limits specified by eight state DOTs for the HPC mixtures as well as
limits recommended by national (FHWA and AASHTO) specifications (Table 4-14).
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Table 4-14: Comparison of DS Measurements for HPC Mixtures vs. Specification Limits

DS LIMIT AGE
CEM |6SF| 25F |20F5SF |35F | 35C | 29C6SF | 35C10SF
AGENCY | (\ICROSTRAIN) | (D)
FHWA 500 56 vE | VEL Y 4 4 v v v
AASHTO
v'* v v v v v v
PEM 420 28 X
Iowa State 500 28 vV | vV |V 4 V| v v v
Oregon
4 28 | v |vE| v v v v v v
DOT 50 8
Mn DOT 400 28 x x v v v | v v v
Wail(l)nl%ton 320 28 x | vVE| o x v v | x X x
Hlinois 300 28 | x | x| v | ve | v ] x x x
tollway
New Jersey
v v v v v V4
DOT 450 56 X x

Note: v = lower and higher than threshold DS limits at a given age; x higher than the specified thresh DS limits;
v'*-> shrinkage strains within = 30 pe tolerance limit of threshold DS value.

Based on the comparative assessment of DS data in Table 4-14, a limit of 400 microstrains at

28 days or 450 at 56 days allows all the studied mixtures except the CEM and 6 percent SF mix
(6SF). A limit of < 320 disallows 25F, 35C, 29C6SF, and 35C10SF mixtures other than CEM
and 6SF mixtures. Moreover, these mixtures did not show any crack formation within 28 days of
testing duration in the ring-test (described later). Therefore, a conservative limit of < 320 may
not be needed for TxXDOT HPC mixtures. Therefore, it seems a limit of 400 microstrains at

28 days or 450 at 56 days can be considered as a DS limit for TxDOT HPC mixtures. However,
further work to validate this proposed limit is highly warranted.

4.43.3.2.1 Discussion on Free DS Strains

The current study investigated the influence of the SCM type, composition, and replacement
level on DS performance as well as on the DS strain development with time (hereby referred to
as strain rate) at early (7-28 days) and later ages (28—180 days) as shown in Figure 4-9. Binary
and ternary HPC mixtures in this study were prepared with binder contents ranging from 520—
580 Ib/cy based on field mix design practices.

When abiding by ASTM C 157, the 100 percent OPC reference CEM mix with a binder content
of 580 1b/cy demonstrated a DS of 400 pe at 28 days with an ultimate value of 560 pe at

180 days. Cement replacement with 6 percent SF reduced the overall DS strains at 180 days, but
the strain rate increased by 10 percent at early ages (7-28 days). However, the DS of both the
CEM and 6SF mixtures exceeded 500 pe at 91 days. In contrast, cement replacement with fly
ashes reduced the DS strains in HPC mixtures; however, the percent reduction depends on the
type of FA, replacement level, and presence of other SCMs in the mix.
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Figure 4-9: Free DS and Rate of Increase in DS Strain between 7-28 Days of Drying

All HPC mixtures containing Class C and Class F fly ashes measured DS strains less than 500 pe
at 180 days. Compared to CEM, the binary Class F FA mixtures (25F and 35F) demonstrated an
overall 20 percent and 30 percent reduction in DS, and the strain rate decreased when Class F FA
content increased in the mix (Figure 4-8 and Figure 4-9). Similarly, a 20 percent reduction in DS
and a lower strain rate is seen in the binary Class C FA mix (35C) when compared with CEM.
However, when the influence of FA type on both DS and strain rate was investigated, the HPC
35C mix demonstrated an overall 30 percent higher DS (28 days) and 20 percent higher DS
strain rate (7-28 days) than Mix 35F. Results indicate that Class F ash’s use is more effective in
reducing DS and strain rate development in the HPC mixtures than is Class C FA.

The presence of SF in the mix had a varying influence on the DS performance of binary (6SF)
versus ternary HPC mixtures. For ternary HPC mixtures and at 25 percent and 35 percent cement
replacement levels, HPC mixtures 20F5SF and 29C6SF measured a lower ultimate DS strain
than binary counterparts 25F and 35C; however, the DS strain rate increased at a faster rate
between 7-28 days of drying. Furthermore, at 45 percent cement replacement, the DS strain in
35C10SF mix increased at a rate of 12.99 pe/day between 7-28 days of drying (Figure 4-8 and
Figure 4-9), which is comparable to the strain rate of 14.29 pe/day and 14.91 pe/day measured
for CEM and 6SF mixtures, respectively.

4.43.3.2.2 Influence of AS on DS measurements
AS in concrete is an early-age shrinkage phenomenon caused due to water loss from capillary

pores imbibed by hydrating cementitious materials without water loss into the surrounding
environment. In contrast, the DS can be defined as the volumetric change due to the drying of
hardened concrete—that is, the diffusion of water from hardened concrete into the surrounding
environment. However, typically, in concrete structures, AS and DS occur in tandem, and AS
needs to be separated from the total shrinkage to determine the DS strains, as shown in

Figure 4-10.
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Figure 4-10: Shrinkage Strain Components in High-Strength Concrete Mixtures (19)

The DS and AS at 28 days and strain rate increase for AS and DS up to 28 days was compared
for HPC mixtures, as shown in Table 4-15. Results demonstrate that high AS at 28 days and
higher AS strain rates (0—28 days) in binary and ternary SF-HPC mixtures correlate well with
high 28-day DS and rate of DS strain development (7-28 days) for these mixtures.

Table 4-15: Comparison of AS (and Strain Rate) vs. DS (and Strain Rate) for HPC
Mixtures

PARAM | CEM | 6SF | 25F | 20F5SF | 35F | 35C | 29C6SF | 35C10SF

AS (28 days) 150 | 165 50 90 45 80 122 154
DS (28 days) 400 | 436 | 250 280 230 | 300 350 382
AS Strain Rate
11 . 2.21 . 1.54 . 4. .74
(0-28 days) 5 6.88 3.79 5 3.07 98 5.7

DS Strain rate

17.3918.1110.60| 12.23 |10.06(11.73| 14.44 15.57
(7-28 days)

HPC mixtures 6SF, 29C6SF, and 35C10SF demonstrated relatively high DS (> 350 pe) at 28
days. Additionally, the DS strains increased at a significantly higher rate—14.9 pe/day, 12.04
pe/day, and 12.99 pe/day, respectively—between 7-28 days of drying. As seen in Table 4-15, the
28-day AS of these mixtures is approximately 35—50 percent of 28-day DS, which is comparable
to the CEM (38 percent). Thus, for HPC mixtures designed at a low w/cm ratio, the presence of
SF appears to influence both AS and DS behavior of the mixtures.

4.4.3.3.2.3 Mass Loss versus Free DS
Based on mass measurements recorded from the ASTM C 157 test, the cumulative mass loss for

the test prisms from 7-180 days for each HPC mix is shown in Figure 4-11.
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Figure 4-11: Mass Loss for HPC Mixtures (ASTM C 157)

In addition, the cumulative mass loss for each HPC mix was compared with DS measurements at
7, 14, 28, 56, 91, and 180 days of drying from 7—180 days for each HPC mix, and the results are
plotted in Figure 4-12. A linear relationship between the DS of HPC test specimens and the
cumulative mass loss is seen at all test ages, and the trend for mass loss appears to be consistent
with the DS for all HPC mixtures. Notably, in Figure 4-12, the binary and ternary SF mixtures
demonstrate a higher slope of DS versus mass loss than binary FA counterparts. Observations
support the assessment that a high AS resulting from SF addition also contributes toward an
overall DS of these mixtures because the DS strain (Figure 4-11 and Figure 4-12) for SF
mixtures increases at a higher rate than moisture loss rate from these samples. Therefore,

Figure 4-12 indicates that DS versus mass loss plots are a good indicator to assess the secondary
influence from AS and AS strain rate on overall free DS performance of HPC mixtures.
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Figure 4-12: Influence of Mass Loss on DS Measurements for HPC Mixtures (7, 14, 28, 91,
and 180 Days)
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4.4.3.3.3 Restrained Single-Ring Test

HPC mixtures were evaluated for their restrained shrinkage behavior and cracking tendency
based on AASHTO T 334’s single-ring restrained shrinkage test. A single-ring test was
performed on five out of eight HPC mixtures, and rings were monitored for strain development
(and cracking) up to 28 days, and the results are plotted in Figure 4-13.
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Figure 4-13: Strain Development in HPC Mixtures for Restrained Shrinkage Test

At 28 days, no crack was noted on any ring specimen (five mixtures), and the tests were
terminated. The strain rate development and peak stress measured from the ring tests for HPC
mixtures was used to calculate the strain factors and thereby evaluate the CP, as discussed in the
following section.

4.4.3.3.4 Evaluation of CP of HPC Mixtures

4.43.3.4.1 CP Based on Restrained Shrinkage Test
The strain rate factor for each tested ring specimen was determined based on ASTM C 1581 by

following Equation 4-1
Equation 4-1 €net = AVE+ k

Where €, 1s the net strain (in/in), « is the strain rate factor for each strain gauge on the ring, t is
the time elapsed in days, and k is the regression constant. The stress rate factor (q ) of test
specimens was determined using ):

Equation 4-2, where t, (the time to cracking) was taken as 28-30 days (~ age (days) at test
termination for each mix):

|“m7.q|

2/t

HPC mixtures were ranked for CP using the performance classification (Table 4-16) identified in
ASTM C 1581.

Equation 4-2 q=G
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Table 4-16: CP of Ring Specimens and Classification (ASTM C 1581)

NET TIME TO A;/fll:l? S(;E cp POTENTIAL FOR
CRACKING RATE (SRING/F’T) CRACKING
(DAYS) (PSUDAY) CLASSIFICATION
0<t.<7 S>50 >2.75 High
7<t.<14 25<85 <50 915275 Moderate—High
14<t.<28 15<8<25 Moderate—Low
t.>28 S<15 <2.15 Low

Furthermore, the tensile strength of concrete (f{) and static MOE (E,) measured for HPC
mixtures at 28 days, and the CP of the mix was determined based on the stress to strength ratio,
namely, the peak stress in the ring to the tensile strength of the mix, as shown in Equation 4-3:

__ Omaxring __ M€maxring'Ec
CP = o T
Results from the ring test (strain rate development and peak stress), the CP of test specimens, and
their performance classification is tabulated in Table 4-17. Since none of the rings demonstrated
any cracks, HPC mixtures were classified for CP based on the average stress rate determined for
these mixtures.

Equation 4-3

Table 4-17: Results from Ring Test and CP for HPC Mixtures

STRAIN STRESS| PEAK 28- PEAK 28-DAY POTENTIAL FOR
RATE STRESS | SPLIT |CP OF RING
MiX #1p| FACTOR, RATE, | STRAIN|DAY— IN RING | TENSILE |’ MAX./F’T) CRACKING—
A Q IN RING| MOE ('MAX.)| ST (F°T) CLASSIFICATION
ue/day | psi/day ue psi psi psi
6SF 18.4 18.20 162 |4.1E+06 658 513 1.28 Moderate—Low
25F 14.47 14.32 135  |4.0E+06 545 509 1.07 Moderate—Low
20F5SF 13.41 13.27 133 |4.1E+06 546 522 1.05 Low
35C 13.45 13.31 109  |4.0E+06 438 508 0.86 Low
29C6SF 12.53 12.40 115 |4.2E+06 479 531 0.90 Low

4.4.3.3.5 Cracking Potential Indicator (CPI) Evaluation of HPC Mixtures based on Free
Shrinkage

Cracking in concrete mixtures is a function of three primary parameters: (1) free shrinkage

strains, (2) concrete’s MOE that governs the stress development, and (3) tensile strength of

concrete that governs concrete’s resistance to cracking under tensile stresses. Accordingly, Fu et

al. (20) proposed a parameter—CPI—to assess the potential for cracking of concrete mixtures

based on ASTM C 157 free shrinkage strains (€fr¢.), and mechanical properties’ tensile strength

of concrete (f{), and static MOE (E,) of concrete, as shown in Equation 4-4.

Equation 4-4 CPI = Gf%e,*Ec
t
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However, CPI’s methodology—based on ASTM C 157—of evaluating cracking tendency
overestimates the tensile stress because the effect of creep relaxation on free shrinkage strains are
ignored (Figure 4-14). Therefore, the parameter CP—can be determined for concrete mixtures by
incorporating the effects of creep relaxation through a creep coefficient (¢) in combination with
ASTM C 157 free shrinkage strains (€, ), the tensile strength of concrete (f{), and static MOE

(E.), as shown in Equation 4-5:

€free’Ec
1+¢

f'e

Equation 4-5 CP =

A Induced elastic tensile stress
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Figure 4-14: Schematic Representation of Crack Development (27)

The current research assessed the CP of HPC mixtures by determining both cracking
parameters—CPI and CP—at 28 days. In addition, the creep coefficient of HPC mixtures was
estimated based on RILEM’s B3 predictive model proposed by Baweja and Bazant (22). Based
on the HPC mix’s CPI and CP at 28 days, its potential cracking performance was classified
based on the threshold limits proposed in Table 4-18.

Table 4-18: CP Classification Based on 28-Day CPI and CP

CPI CP POTENTIAL FOR CRACKING
CPI>4.0 CP>1.5 High
3.0<CPI<4.0 1<CP<15 Moderate—High
2.5<CPI<3.0 Moderate—Low
CPI<2.5 CP<1 Low

Results from the 28-day CPI, CP, and potential cracking performance for HPC mixtures is
tabulated in Table 4-19.
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Table 4-19: Results from Concrete CP Estimation for HPC Mixtures

28 DAYS

CREEP CP
DRYING CPI
28 DAY COEFFICIE| (INCLUDING
8 DAYS SHRINKA|  (NO CREEP) (
MIX #ID GE NT CREEP)
’ Classificati
ft. MOE .| DS (ps) CPI |Classification| B3 Model CP asstiicatio
(psi) | (1076 psi) n
Moderate—
CEM 447 38 400 3.40 _ 1.79 122 | Moderate
High
6SF 467 41 436 378 | Moderate- 1.60 146 | Moderate
High
25F 438 4.0 250 230 Low 1.67 0.86 Low
20F5SF | 527 41 280 218 Low 1.63 0.83 Low
35F 506 39 230 1.79 Low 171 0.66 Low
35C 546 4.0 300 221 Low 1.62 0.84 Low
M __
29C6SF | 527 42 350 2.76 Oszrvi‘te 1.52 1.10 | Moderate
35CI10SF | 517 44 382 3.24 Mogie;te_ 1.47 131 | Moderate

4.4.3.4 Conclusions

HPC mixtures containing SF, especially ternary Class C FA and SF mixtures (29C6SF and
35C10SF), demonstrate high tensile strength at early ages. However, a combination of high
MOE and low creep coefficient can result in high levels of stress development, which, especially

at early ages, could vastly exceed the tensile strength and thus result in cracking.

Results from this section demonstrate that a simple calculation of free shrinkage stress-to-
splitting tensile strength provides a simplified assessment of the HPC mix’s CP. Especially, the
CP of mixtures 29C6SF (moderate—low) and 6SF and 35C10SF (moderate—high) agree well with
the observations of high AS and DS and strain rate development at early ages (up to 28 days) in

these mixtures. Furthermore, creep relaxation in HPC mixtures appears to play a minimal
influence in lowering stress development because all HPC mixtures show a similar 28-day CPI

and CP classification for CP.

A single-ring restrained shrinkage test, as per ASTM C 1585 (or AASHTO T 334), presents
several difficulties in the proper test setup, casting, and handling test specimens, all of which
affect the concrete mix’s strain evaluation. During the casting of ring specimens, fresh concrete’s
compaction and consolidation process often displaces the clamps used in the test setup, thus
affecting the concrete ring’s geometrical configuration. Moreover, the concrete ring specimens
are much larger, heavier, and difficult to handle, making it challenging to conduct rapid and
repeatable trials. Furthermore, strain gauges mounted to the ring’s surface are susceptible to the
environment (temperature and vibration), resulting in inaccurate results.
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Therefore, the proposed approach of using free shrinkage strain (ASTM C 157 tests) and
consideration of creep coefficient present an effective and practical assessment of stress
evaluation in HPC mixtures. Moreover, the free shrinkage stress-to-splitting tensile strength
approach also eliminates the dependency on ring tests to estimate and determine the concrete CP
of the mixtures. However, in current research, the creep behavior of HPC mixtures was estimated
based on the existing B3 models. Therefore, future work is needed to investigate the creep
behavior of HPC mixtures experimentally.

4.4.4 Pore Solution Composition and Conductivity of HPC Mixtures

4.4.4.1 Background

4.4.4.1.1 TTI Model-1

Soluble alkali from FA is known to directly modify concrete PS alkalinity (PSA), thereby
influencing the ASR durability of concrete mixtures (23, 24). However, several studies on ASR
also noted that a high soluble alkali contribution from fly ashes, especially at early ages and from
certain Class C fly ashes, could significantly increase PSA, thereby affecting the ASR durability
of concrete mixtures (25-28). A high PSA in concrete generally presents a highly conducive
environment for ASR initiation, especially (a) when fast reactive or highly reactive aggregates
are present in the mix, and (b) when insufficient time is available for the pozzolanic reaction to
initiate, manifest, and reduce the alkalinity of the PS (27). Typically, the alkali fixation in the
reaction products (alkali binding) starts simultaneously with the pozzolanic reaction (after
approximately 28-90 days), resulting in a gradual reduction of PS conductivity (PSC)/PSA with
age (29, 30). However, the effect of alkali binding is contingent on the quantity and
stochiometric composition of CSH, which depends upon the type, composition, and reactivity of
SCMs as well as the concrete mix proportions. Thus, for the determination of PSA, consideration
of water-soluble alkali’s (WSA’s) contribution from FA in addition to total soluble alkali
contribution from cement presents a scientific and suitable approach to evaluate the ASR
mitigating potential of fly ashes. Therefore, in the current research, a prediction model TTI
Model-1 was developed to estimate concrete mixtures’ PSA based on the combined effect of
soluble alkali contribution from cement and WSA from fly ashes into concrete PS. Therefore,
determining PSA using TTI Model-1 and comparing it with the aggregate’s threshold alkalinity
(THA) (i.e., PSA < THA) presents an effective approach to tackling the initiation of possible
ASR, especially for concrete mixtures with reactive and highly reactive aggregates. The
development and results from TTI Model-1 are discussed later as part of the TxDOT Tool.

4.4.4.1.2 TTI Model-2

Previous studies have demonstrated that the concrete PS is directly affected by the soluble alkali
contribution from FA rather than the bulk alkali content prescribed by ASTM C618 (2, 17, 22,
23). While cement contributes around 75 percent of total bulk alkalis into the PS at early ages
(within 28 days) (317), the total soluble alkali from fly ashes is much lower and typically 30—40
percent for Class F ash and 50—55 percent for Class C ashes (27, 32-34). Therefore, the NIST +
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ASTM C 311 combined approach presents a robust approach to account for soluble alkali from
fly ashes to aid in determining the PS concentration of blended concrete mixtures. However,
since the combined approach follows the NIST model, the effect of alkali binding in PSC
reduction account only for the incorporation of SF and not from other high siliceous SCMs, such
as Class F FA. In contrast, Lothenbach et al. (35) noted that while FA hydration releases more
alkali into the PS, the pozzolanic reaction results in lower Ca/Si CSH formation—thus, lowering
PSA with time due to alkali binding. However, the effect of alkali binding is contingent on the
quantity and stochiometric composition of CSH, which depends upon the type, composition, and
reactivity of SCMs, as well as the concrete mix proportions. In the current research, a prediction
model, TTI Model-2, was developed to estimate the PSC of binary and ternary concrete mixtures
containing Class C FA, Class F FA, and SF at long-term hydration ages.

4.4.4.2 Methods

The alkali (Na and K) concentrations in the PS of eight HPC mixtures were determined from 7 to
180 days following the two approaches discussed below. Because the Na and K ions are the
primary charge carrier in the PS of concrete mixtures, the electrical conductivity of the PS was
calculated based on the alkali (Na, K) and hydroxide (OH) concentrations of each mix using
well-established mathematical expressions (1).

4.4.4.2.1 TTI Model-2

In the current research, TTI Model-2 was used to estimate alkali (Na and K) concentrations in
the PS concentration of eight HPC mixtures based on the methodology outlined above. Concrete
PS composition (i.e., ionic concentrations) is primarily controlled by its ingredients’ chemical
and mineralogical composition. Therefore, the relevant parameters representing bulk chemical
composition, mineralogical composition determined by the QXRD, and available alkali
measurements for fly ashes used in the current research are summarized in Table 4-20.

Table 4-20: Bulk Alkali, Mineralogical Composition, and Available Alkali for Fly Ashes

OXIDE COMPOSITION % CEMENT | CLASSCFA | CLASSFFA SF
Na;O., (Bulk) 0.43 2.02 1.08 0.51
QXRD Crystalline vs. Amorphous (%) N/A 54%/46% 32%/68% 3%/97%
Theradnite (Na-SO4) 0.23% 1.98% 0.37% N/A
Arcanite+Syngenite (K-SO4) 0.64% 0.60% 0.69% N/A
Available Alkali (AA, ASTM C 311)
N/A 1.36 (679 0.42 (39 N/A
[Na;Ocq and (AA/Bulk)] / (67%) (39%) /

Note: N/A = Not Applicable; n/a = not available.

4.4.4.2.2 Thermodynamic Modeling

Thermodynamic modeling (GEMS Selektor v 3.5 software) was used to calculate the influence
of SCM type, composition, replacement level, and effect of hydration time on the ionic
composition of the PS for eight HPC mixtures. Built-in GEMS thermodynamic database PSI-
GEMS and Cemdatal8 were used to model the cementitious systems’ equilibrium reactions and
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hydration products consisting of different combinations of cement, tested fly ashes, and SF (36—
38). Hydration of the binary OPC-FA mixtures was performed by combining an empirical model
describing the dissolution of the clinker phases and the FA reaction as a function of time, using
an approach described below. When OPC is partially replaced by SiO,-rich SCMs such as
SF/FA, the pozzolanic reaction consumes calcium hydroxide and results in low Ca/Si CSH
formation. Prior experimental work has shown that a low (<1.5) calcium-to-silica (C/S) CSH
characteristic of OPC-SCM mixtures binds alkali better than the higher C/S CSH typically found
in the OPC system (39). The effect of alkali binding was incorporated through the CSH
Quaternary (i.e., CSHQ) model proposed by Kulik (40). GEMS3K’s thermodynamic database
recognizes four types of CSH variants based on the C/S ratio: Jennite D (C/S =2.27), Jennite H
(C/S =1.33), Tobermorite D (C/S = 0.45), and Tobermorite H (C/S = 0.667) (33).

4.4.4.3 Results and Discussion

Since the ionic concentration of Na and K in PS directly correlates with the solution’s
conductivity, the influence of SCM type, composition and replacement level is presented as
changes in PSC of HPC mixtures from 7—180 days, as discussed below. In addition, the
discussions on PSC of HPC mixtures from this section will be used to interpret results from
electrical RCPT methods (Section 5) and resistivity (Section 6) in this tech memo.

4.4.4.3.1 TTI Model-2
The PSC values of HPC mixtures at 7, 28, 91, and 180 days are shown in Figure 4-15.

Concrete Pore Solution Conductivity of HPC Mixtures (7-180d)
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Figure 4-15: PSC of HPC Mixtures (7-180 days)

4.4.43.1.1 Plain OPC mix

HPC mixtures were prepared using a Type I/II cement with a bulk alkali content (Na2Oeq) of
0.43 percent. Cement hydration releases a substantial amount of its bulk alkalis into the PS at a
very early age (within 7-28 days). A high PSC in CEM mix is a combination of (1) high WSA
(~ 69 percent) fraction, available in the PS within 1 day, especially from the soluble alkali sulfate
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phases; and (2) a high degree of cem hydration (~75 percent at 28 days), which releases bound
alkalis from clinker phases. Because most of the soluble alkalis are released at an early age, the
increase in PSC from 7-180 days is negligible (~ 10 percent). In addition, the primary hydration
products of cement reaction—CSH with a high Ca/Si—has no or negligible capacity to bind
alkalis from the PS, and thus there is a gradual increase in PSC of the plain OPC mix with time.

4.4.43.12 SF Mix
SF incorporation significantly increases the reaction rate due to its high surface area (nucleation
effect) and high pozzolanic activity. At 7 days, the PSC is slightly lower than the CEM because
of cement dilution, with some effect from pozzolanic reaction (i.e., formation of low Ca/Si CSH
through pozzolanic reaction alkali binding by these low Ca/Si CSH products from the PS).
However, the reduction of PSC from 28 to 180 days is primarily due to pozzolanic reaction and
alkali binding effects.

4443.1.3 ClassF FA Mixtures

Class F FA used in this study contained a higher bulk alkali content (1.08 percent Na2Oeq) than
cement. However, a significantly lower fraction of the bulk alkali (6 percent WSA and 39
percent AA) combined with a lower soluble alkali and slower degree of reaction of FA reduces
the alkali contribution, and therefore the PSC of FA mixtures 25F, 20F5SF, and 35F at early ages
(~ 7 days) compared to cement.

For binary FA mixtures 25F and 35F, a decrease in PSC (8 percent and 11 percent, respectively)
from 28—180 days can be attributed to the alkali binding by low Ca/Si-CSH formed from FA
pozzolanic reactions. Moreover, the dissolution of Al,Os-rich Class F FA enhanced the alkali
binding capacity of the hydrated phase to further lower the PSC due to the formation of the
calcium alumino-silicate hydrate (CASH) phase in these mixtures.

For the ternary 29F6SF mix, a synergistic combination of SF and Class F FA pozzolanic
reactions increased the quantity of low Ca/Si CSH and CASH formation. Therefore, from an
enhanced alkali binding capacity, the ternary 20F5SF mix demonstrated a more significant PSC
reduction (i.e., 12 percent) from 28—180 days than binary F FA mixtures.

4.4.43.1.4 Class C FA Mixtures
Class C fly ashes used in current research contained bulk alkali content of 2.02 percent (Na2Oeq),

and the alkali tests measured as 14 percent water-soluble and 67 percent available alkali fraction
for this FA. Consequently, a high soluble alkali fraction explains a 20-35 percent increase in
PSC of 35C, 29C6SF and 35C10SF mixtures compared to CEM at early ages (7 days).
Additionally, a lower alkali binding potential of higher Ca/Si-CSH phase formed from Class C
FA hydration explains a meager reduction (4-5 percent) in PSC from 28-180 days for 35C mix.
In contrast, the ternary combination of Class C FA with SF reduces the PSC by 9 percent and 12
percent in 29C6SF and 35C10SF from 28—180 days. Dilution of cement and Class C FA alkalis
and increased potential for alkali uptake by low Ca/Si CSH from SF pozzolanic reaction explains
a steeper decrease in PSC compared to binary C FA mix.
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4.4.4.3.2 Thermodynamic Modeling

Thermodynamic-based GEMS modeling was used to determine the ionic composition and
concentrations in the PS of HPC mixtures in sealed conditions from 7 to 180 days. The ionic
concentration of Na, K, and OH determined from GEMS modeling were used to calculate the
PSC of HPC mixtures by following the approach outlined by Snyder et al. (4/). For eight HPC
mixtures, PSC estimated based on ionic composition predictions from GEMS thermodynamic
modeling were compared with TTI Model-2, and the results are shown in Figure 4-16.
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Figure 4-16: Comparison of PSC Based on GEMS Modeling and TTI Model-2

Comparison of results from Figure 4-16 provides a favorable validation of TTI Model-2
predictions of PS composition; that is, the ionic concentration is a close match, as observed
between the PSC determined using two approaches. Furthermore, for all binary and ternary HPC
mix combinations with SF, Class C and Class F fly ashes, TTI Model-2 estimations of PSC are
noted to be within &+ 5-7 percent of the GEMS model predictions.

However, TTI Model-2 predictions of PS ionic concentrations (and therefore, the conductivity)
are marginally higher for all FA mixtures than GEMS and all ages. A primary reason can be
attributed to the methodology, wherein the GEMS model estimates the PS composition of
concrete mixtures based on thermodynamic phase equilibria between solid hydration and PSs.
Furthermore, the GEMS model incorporates a Gibbs’ free energy minimization theory to
determine the solid-phase assemblage based on several parameters such as dissolution,
precipitation, reaction enthalpies, and solubility products of different phases, temperature, and
others. In contrast, TTI Model-2 uses available alkalis and stoichiometric predictions of CSH
(alkali binding) to predict PSC of concrete mixtures.
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4.4.44 Conclusions

While the thermodynamic model can predict PSC with higher accuracy, it does not present a
convenient approach for industry practitioners. It is imperative to note that the accuracy of
thermodynamic modeling predictions of PSC is contingent upon the accuracy and reliability of
inputs used for modeling. For high reliability of outputs, GEMS modeling requires the
mineralogical composition of ingredients (crystalline versus amorphous phases) determined
based on QXRD measurements, in addition to the bulk oxides’ (XRF) composition. Similarly,
modeling hydration reactions for SCMs such as FA, SF, and others in GEMS requires the
knowledge of the kinetics of SCM’s dissolution, namely, a determination of SCM’s dissolution
with time. For high reliability of outputs, SCM dissolution in the system is measured through
QXRD or scanning electron microscopy (SEM) or thermogravimetric analysis (TGA) techniques
and fitted to a rate equation to that specific system (30, 42, 43). However, as an alternative to
complex dissolution measurements, simplified assumptions such as assuming a constant
reactivity of ingredient over time (44) are often employed in the modeling, resulting in lower
reliability of outputs.

Therefore, the TTI Model-2 developed in current research presents a simplified approach to
predict PSC of binary and ternary mixtures of concrete mixtures containing SF, Class C, and
Class F Fly ashes for both research practice and industry implementation.

4.4.5 Rapid Chloride Permeability Tests

4.4.5.1 Test Description

HPC mixtures were evaluated for resistance to chloride ion penetration (i.e., permeability) as per
ASTM C 1202 test procedures. For RCPTs, a replicate of nine 4 x 8-inch (4 + 0.08 inch diameter
and 8 £ 0.16 inch height) concrete cylinders were cast for each HPC mix design. Cylinders were
demolded at the age of 24 & 2 hours and placed in a controlled environmental chamber
maintained at 23 + 2 °C and 98 + 2 percent RH, based on ASTM C 511 recommendations on a
moist curing regimen. RCPTs were performed at 28, 56, and 91 days of moist curing with three
replicate specimens at each age for each HPC mix design.

Two days before the testing, 4 % 8-inch samples were removed from the moist room and cut
using a wet saw to obtain 2-inch (50 mm) thick specimens from its midsection. Next, Sikadur 32
Hi-Mod epoxy was used to seal the sides, and the specimens were left to dry for 5 hours. After
drying, test specimens were placed in a vacuum desiccator, sealed, and connected to the vacuum
pump. The vacuum pressure was maintained for 3 hours in the desiccator. After that, de-aired/
deionized (DI) water was introduced into the desiccator until the samples were fully submerged,
after which vacuum pressure was applied for an additional hour. At the end of the 4 hours, the
vacuum pump was shut down, and specimens were left submerged in the desiccator for an
additional 18 £ 2 hours. At the end of sample conditioning, specimens were blotted off to SSD
condition and placed in an RCPT cell for the experiment. The positive side (anode) of the test
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cell was filled with a 0.3N (normality) sodium hydroxide solution (NaOH), and the negative side
(cathode) was filled with a 3 percent by mass sodium chloride (NaCl) solution. After checking
for leaks, an external voltage of 60 V was applied across the 2-inch specimen for a test duration
of 6 hours. The permeability classification with defined RCPT ranges is provided in Table 4-21.

Table 4-21: RCPT Performance Classification as per ASTM C 1202

PERMEABILITY CLASSIFICATION RCPT
High >4000
Moderate 4000-2000
Low 2000-1000
Very Low 100-1000
Negligible <100

4.4.5.2 Results and Discussion

Results (i.e., RCPT values as total charges passed in coulombs) from the RCPT and chloride ion
penetrability classification (i.e., permeability classification) at 28, 56, and 91 days for all the
tested HPC mixtures are presented in Table 4-22 and plotted in Figure 4-17.

Table 4-22: RCPT Results of HPC Mixtures at 28, 56, and 91 Days and Permeability

Classification
PERMEABILITY CLASSIFICATION

% RL [MIX #ID RCPT (COULOMBS) (FOLLOWING ASTM C 1202)
28d | 56d | 91d 28d 56d 91d
0-10% CEM | 2870 | 2020 | 1414 | Moderate Moderate Low
6SF 2030 | 1535 | 1196 | Moderate Low Low

5% 25F 1675 | 1224 | 878 Low Low Very Low

20F5SF | 1275 | 798 721 Low Very Low | Very Low

35F 1517 | 1163 | 800 Low Low Very Low
35% 35C 2050 | 1445 | 1148 | Moderate Low Low
29C6SF | 1997 | 1760 | 1081 Low Low Low

45% |35C10SF| 1895 | 1630 | 970 Low Low Very Low
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RCP Test for HPC Mixes (28,56 & 91 days, ASTM C 1202)
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CEM  6SF  25F 20FS5SF 35F  35C 29C6SF 35C10SF
Figure 4-17: RCPT Results for HPC Mixtures at 28, 56, and 91 Days of Moist Curing

Figure 4-17 demonstrates that the SCM type and replacement level are the primary factors
influencing the RCPT values. In general, a decreasing trend of the RCPT values from 28 to

91 days was the common characteristic for all the tested HPC mixtures and the CEM. HPC
mixtures containing SCM (both binary and ternary mixtures) demonstrated lower RCPT values
than the CEM at all ages, which indicates improvement in permeability (densification in
microstructure) through SCM pozzolanic reaction and some filler effects. However, the lack of
sensitivity of the RCPT is evident from the following two observations.

4.4.5.2.1 At 56 days (recommended testing time)

The CEM was identified as moderate, which was expected. In other words, only one mix
(20F5SF) was classified as very low, which was also intended. However, 6SF, 25F, 35F, 35C,
29C6SF, and 35C10SF all were classified as low. In addition, a considerable difference was
observed for these mixtures based on the resistivity/FF criteria (discussed later). Therefore, based
on the RCPT, all these mixtures should perform the same way—that is, give an indication of less
sensitivity of the RCPT.

4.4.5.2.2 At 91 days

The test duration was extended up to 91 days to see if increasing the test duration facilitated a
better classification of the mixtures. However, the following observations disproved this
expectation:

e The CEM, along with 6SF, 35C, and 29C6SF, were classified as low, meaning that these
mixtures should perform the same way, which may not be the case.

e HPC Mixtures CEM and 6SF demonstrated a similar permeability classification at
91 days. However, only the ternary mix 35C10SF demonstrated a very low permeability
classification among the Class C FA mixtures at 91 days.

e (lass F FA mixtures demonstrated the largest reduction in RCPT values for all ages other
than CEM and other SCM mixtures. Although the ternary mix (20F5SF) typically
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performed better than binary mixtures (25Fand 35F) at all ages, all three mixtures were
classified as very low permeability. RCPT failed to identify the 20F5SF mix as a better
performing mix than the 25F or 35F.

Therefore, RCPT leads to an inconsistent classification of the studied HPC mixtures and shows
no clear trend.

4.452.2.1 Assessment of Concrete Permeability Reduction based on the RCPT
RCPT uses the total charge passing through the concrete specimen during the 6-hour test

duration to assess concrete’s permeability based on its resistance to chloride ion penetration.

Concrete’s permeability depends on the pore structure of concrete; however, the total charge
passed in the RCPT is a function of PSC and pore structure characteristics, namely, their
distribution and connectivity. Although SCM incorporation in concrete reduces pore connectivity
and refines pore size distribution through filler effect or pozzolanic reaction, it also modifies
concrete PS chemistry. SCMs such as SF, fly ashes, etc., significantly influence ionic (Na and K)
composition and concentration of the PS through (a) alkali dilution (less soluble alkali
contribution from cement into PS); (b) soluble alkali contribution (e.g., some class C ashes
contain substantial soluble alkali sulfate phases and contribute soluble alkalis in PS increasing
Na, K concentrations); (c) alkali contribution from the amorphous phase through the pozzolanic
reaction; and (d) alkali binding (e.g., pozzolanic CASH phases with lower Ca/Si bind alkalis
from PS and reduced PSA). Change in PS chemistry directly influences the PS’s electrical
conductivity and thus directly affects RCPT results. However, SCM composition, type, and
replacement level can significantly affect PSC, which may have little to do with chloride
permeability. Thus, to fully interpret concrete permeability reduction based on RCPT
measurements, the effects of SCM on PSC was investigated and is discussed in the next section.

4.452.2.2 Influence of PSC on RCPT Measurements

The previous section discussed the effect of SCM type and replacement level on PS chemistry
and conductivity. As discussed previously, the change in PS chemistry from SCM incorporation
directly affects the PS’s electrical conductivity and thus directly influences the RCPT
measurements. Therefore, to understand the influence of PS electrical conductivity on RCPT
results, RCPT values of the tested HPC mixtures at 28, 56, and 91 days were correlated with
their PSC at the same ages, and the results are plotted in Figure 4-18.
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Pore Solution Conductivity vs RCP measurements of HPC mixes
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Figure 4-18: Correlation of RCPT Measurements with PSC (Sealed) of HPC Mixtures

RCPT measurements demonstrate a linear relationship with PSC for all HPC mixtures with
SCMs—that is, a decrease of PSC with increasing ages correlates with the decrease of RCPT
values. This process indicates that the RCPT results were influenced by the change in PSC over
time. Therefore, RCPT results detect the combined effects of change in pore structure and
connectivity and PSC over time and may not be considered a true representation of pore
connectivity (a direct measure of permeability). Results also explain the inconsistent RCPT-
based classification of the studied HPC mixtures, therefore revealing no clear trend. Thus, it is
clear that the reduction in total charge passed cannot be directly used to assess SCM’s influence
on permeability reduction in HPC mixtures. Furthermore, several shortcomings of this test
pertinent to the Joule effect, reproducibility and repeatability of test results, compound ionic
migration, effects from conductance of hydroxyl ions, etc., have been widely discussed and
comprehensively documented (45, 46). Therefore, it can be postulated that RCPT measurements,
especially for mixtures containing SCMs, cannot be used effectively to assess and rank different
HPC mixtures for their chloride ion permeability.

4.4.5.3 Conclusion

As in ASTM C 1202, the RCPT uses the total charge passing through the concrete specimen
during the 6-hour test duration as a measure of chloride ingress and transport through the
concrete pore network. State agencies widely use the RCPT to assess concrete’s permeability
based on its resistance to chloride ion penetration. More frequently, the reduction in total charge
passed between different mixtures or for a single mix at different ages is directly used to assess
SCM’s influence on permeability reduction through microstructure refinement. Furthermore, the
RCPT’s applicability and validity of this test to evaluate and rank permeability of concrete with
SCMs based on chloride ion penetrability resistance has also been questioned(46).
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Electrical measurements in concrete such as the RCPT are primarily a function of PSC and pore
structure properties; however, the permeability of concrete only depends upon pore structure
properties. In a true sense, the RCPT measures the diffusivity of chloride ions in saturated
concrete under the application of an external electric field.

4.4.6 Resistivity Tests: Part —Normal Temperature Conditioning

4.4.6.1 Introduction

Electrical measurements are gaining interest in the concrete industry as a rapid method of
characterizing the microstructure and assessing concrete transport properties. The electrical
resistivity of concrete is related to the resistivity of the PS, fluid-filled pore volume (porosity)
and pore connectivity, as shown in Equation 4-6.

_ Pps

Equation 4-6 Pp = o

Where, pp, represents concrete resistivity, pps represents pore solution resistivity of concrete,
represents pore connectivity and ¢ represents porosity of concrete.

Electrical measurements in concrete are primarily a function of three primary parameters: (a) PS
composition—ionic conductivity, (b) pore structure characteristics—pore volume and pore
connectivity, and (c) saturation state—moisture connectivity (47). Therefore, interpretations of
concrete’s microstructure development based on resistivity measurements require proper
accountability of PS chemistry/conductivity other than the effects of pore structure
characteristics and moisture connectivity. In addition, secondary parameters such as specimen
geometry, temperature, curing regimen, leaching, and drying (moisture loss) additionally
influence test results.

Curing regimen for concrete samples influences resistivity measurements primarily through
leaching of ionic species (typically Na and K) from concrete specimens and saturation levels
(DOS 1.e., moisture connectivity). Currently, standard specifications for SR tests on concrete
(AASHTO T 358) recommend a moist room curing regimen (23 + 1 °C, RH 98 + 2 percent) or
immersing samples in saturated LW solution, as per ASTM C 511. With LW curing, alkali (Na
and K)) leaching from the tested concrete specimen into storage LW solution without any Na and
K ions is a common phenomenon due to the existence of a concentration gradient (i.e., high
alkali concentration in concrete PS versus no alkalis in LW soak solution). The conductivity of
LW (~13.01 mS/cm at 21 °C) is several times lower than the conductivity of the concrete PS
(~120-130 mS/cm), which supports the existence of this concentration gradient. Experimental
studies by Tanesi et. al. (48) measured approx. 400 ppm, 300 ppm, and 125 ppm of potassium
ion leached from OPC, 25 percent Class F FA, and 50 percent slag specimens, respectively, into
LW at 56 days of LW curing. This alkali leaching caused a decrease of their concentration in PS,
thereby changing PS resistivity (PSR). For example, Spragg et al. (49) demonstrated three times
an increase of PSR due to leaching from concrete samples in LW curing. Furthermore, Bu et al.
(50) demonstrated that alkali leaching could directly affect microstructure formation in some
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instances. While a moist room curing regimen could reduce the leaching, previous research
suggested that leaching can still occur due to the water that condenses on the surface of a
specimen in a moist room (49, 57). In addition, experimental work by Presuel-Moreno et al. (52,
53) demonstrated that sample storage in LW curing versus moist curing (humidity chamber with
100 percent RH) could lead to differences in electrical measurements. In contrast with moist
room and LW curing, a SC regimen for concrete has been shown to eliminate leaching (54).
However, compared to submerged curing regimens such as LW curing, a significantly lower
DOS in the SC affects the degree of hydration of concrete samples. In addition, Weiss et al. (55)
noted that lower moisture content in SC samples could affect their microstructure development,
thus additionally influencing the resistivity measurements.

Recently revised specifications for concrete BR tests (ASTM C 1876 and AASHTO TP 119)
recommend a submerged SPS curing regimen (curing solution conductivity = 78.74 mS/cm) for
sample curing. The concentrations of Na, K, and Ca in SPS represent an average concentration of
these ions in a representative common concrete PS. As SPS contains alkali ions, this curing
regimen minimizes alkali leaching from the tested concrete specimen into the surrounding soak
solution to a greater extent, which leads to avoiding the effects of leaching on resistivity
measurements. A reduction in alkali leaching was effective in minimizing variability in BR and
SR measurements on concrete (56). However, in a recent resistivity study (57), researchers
extracted PS from 38 paste samples of different concrete mixtures to prepare an individual and
mix specific simulated PS for curing concrete samples. Although curing with mix-specific
simulated solutions effectively eliminates leaching effects, preparing individual PSs is often a
tedious and laborious task and not readily suitable for implementation by field practitioners.
Thus, in the current research, a MPS curing regimen was developed as an intermediate solution
between mix-specific and SPS curing practices. The Na, K, Ca, and OH ions concentrations in
PSC of all the studied HPC mixtures were estimated using TTI Model-2 (presented earlier). For
MPS curing, HPC mixtures were grouped based on the type of FA used in the studied HPC mix
and then assigned an average PSR for each group, as shown in Table 4-24 and discussed later in
detail.

4.4.6.2 Test Matrix

The overall test matrix for evaluating the BR and SR performance of HPC mixtures is shown in
Table 4-23 and discussed in the following sections.

Table 4-23: Test Matrix for Evaluating Resistivity Performance of HPC Mixtures

PARAMETER |TEST METHOD AGE OF TESTING CURING REGIMEN
BR ASTM C 1876 7-180 days 1. SC
2. LW Curing
SR AASHTO T 358 Curing Temperature: 23 + 2 °C 3. SPS Curing (ASTM C 1876)
4. MPS curing
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4.4.6.3 Test Methods

For resistivity testing, 4x8-inch (4 £+ 0.08 inch diameter and 8 = 0.16 inch height) concrete
cylinders were cast for each HPC mix design. Concrete cylinders were demolded at the age of
24 £ 2 hours and subjected to different curing regimens (Table 4-23), as described in the next
section. For each HPC mix design, resistivity measurements were performed on five replicate
specimens at 7, 14, 28, 56, 91, and 180 days of the curing period. Test samples (4 x 8-inch
concrete cylinders) subjected to SC were unwrapped and rolled in a moist towel to minimize the
effects of surface drying (moisture loss) on resistivity measurements at each testing age. For the
submerged curing regimen, test samples (4 x 8-inch concrete cylinders) were removed from the
storage buckets, washed with tap water to remove curing solution from surfaces, and blotted off
to an SSD state with a clean damp cloth prior to resistivity measurements.

4.4.6.3.1 Uniaxial BR Test

BR measurements were performed on 4 x 8-inch (4 £ 0.08 inch diameter and 8 + 0.16 inch
height) concrete cylinders following ASTM C 1876 /AASHTO TP 119 specifications. BR
measurements were performed using a commercially available resistivity meter RCON,
manufactured by Giatech Scientific, at a frequency of ~1kHz at 23 + 2°C. During the test, the
end sponges of the device were saturated with conductive gel and placed between the specimens
to ensure good electrical contact with the end electrodes. Based on test samples’ cylindrical
geometry and dimensions (4 x 8 inches), a geometric correction factor (GCF) of 1.57 inches
(3.98 cm) was used in BR determination.

4.4.6.3.2 SR Tests

SR measurements were performed on 4 % 8-inch (4 £ 0.08 inch diameter and 8 + 0.16 inch
height) concrete cylinders following AASHTO T 358 specifications. A commercially available
4-point Wenner probe SR meter, manufactured by Proceq, was used for the testing. Prior to
testing, all test samples (4 % 8-inch concrete cylinders) were marked with lines (parallel to the
long axis of the cylinder) at 0, 90, 180, and 270 degrees along the cylinder’s circumference. SR
was measured along these lines in duplicate, which created eight readings per specimen. The
average of these eight readings was reported as a representative SR value for the tested
specimen. Based on test samples’ cylindrical geometry and dimensions (4 x 8 inches) and 2
inches (50 mm) probe spacing of the test device, a GCF of 1.97 was used in SR determination. In
addition, for samples subjected to submerged LW curing regimen, a multiplier of 1.1 was applied
to SR measurements, as per AASHTO T 358 recommendations.

4.4.6.4 Specimen Curing and Conditioning Procedures

A comprehensive study covering seven curing/conditioning regimens was undertaken in the
current research to evaluate the effect of sample curing and conditioning procedures on concrete
resistivity measurements as described below:

Normal Temperature Conditioning Procedure (NC): Under NC, concrete cylinders were cured
under standard laboratory temperatures of 23 +/- 2°C, from the time of demolding (24 + 2 hrs.) to

80



the entire test duration. Concrete cylinders were tested under four different curing regimens: SC,
LW curing, SPS curing, and MPS curing regimens, as described below.

4.4.6.4.1 SC Curing

Five 4 x 8-inch concrete cylinders for each HPC mix design were sealed from moisture loss
using double-wrap plastic bags and stored in a controlled environmental chamber (23 + 2 °C, RH
98 + 2 percent) to minimize evaporation losses. At each testing age, test samples (4 x 8-inch
concrete cylinders) were unwrapped, rolled in a moist towel to eliminate any effects of surface
drying due to moisture loss (if any) prior to resistivity tests. The test specimen’s mass was
recorded before and after each resistivity test. After the necessary measurements, samples were
resealed with double-wrap plastic bags and placed back in the controlled environmental
chamber. Although the effectiveness of the double-wrap technique is often questioned (58), a
previous study that implemented a similar sealing technique demonstrated a very low coefficient
of variation (COV) in resistivity measurements, with an SR/BR ratio close to 1.0 at all testing
ages (47). Furthermore, in current research, the average mass loss was noted in the range of

0.2 percent + 0.05 percent after 180 days across all test samples, which is lower than the
threshold mass loss of 0.4 percent at 28 days recommended for effective sealing practice (59).

4.4.6.4.2 LW Curing

Based on ASTM C 511 curing specifications, test samples (4 x 8-inch concrete cylinders) were
immersed in saturated LW baths and stored in a controlled environmental chamber (23 £ 2 °C,
RH 98 + 2 percent). The lime content in baths was periodically monitored (2g/L), and a storage
solution to sample volume ratio of 2:1 was maintained throughout the testing period (47). At
each testing age, samples were removed from the buckets, washed with tap water to remove
simulated PS from the surface, and blotted to an SSD state with a clean damp cloth prior to
resistivity tests.

4.4.6.4.3 SPS Curing

Following ASTM C 1876 specifications for curing solution (Table 4-24), 102.6 g of dry NaOH,
143.9 g of dry KOH, and 27 g of dry Ca(OH)2 were added to a 5-gallon (18.9 L) bucket to
prepare a 3.6 gal (13.5 L) SPS of conductivity of 78.74 mS/cm. Test samples (4 x 8-inch
concrete cylinders) were submerged in an SPS bucket solution, and the sealed buckets were
placed in a controlled environmental chamber (23 £ 2 °C, RH 98 + 2 percent) throughout the
180-day testing period. The storage solution to sample volume of each SPS bucket to maintained
at 4:1. At each testing age, samples were removed from the buckets, gently washed with tap
water to remove the adhered soak solution from the surface and blotted off to SSD condition
with a clean damp cloth prior to resistivity tests.

4.4.6.4.4 MPS Curing

The eight HPC mix designs evaluated in the current study were divided into three groups:

(1) mixtures with no FA, (2) mixtures with Class F FA, and (3) mixtures with Class C FA, as
shown in Table 4-24. First, the concentrations of Na, K, Ca, and OH ions in PSC of all the
studied HPC mixtures were estimated using TTI Model-2 (presented earlier). Then, the average
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PSC of mixtures in each group was used to determine the composition of the representative PS
for that group, followed by an estimation of the NaOH and KOH dosage to prepare that
representative soak solution as MPS, as shown in Table 4-24. Finally, the curing solution was
saturated with 2 g/L. calcium hydroxide (i.e., Ca(OH)2 or CH) to mimic the PSC since concrete
PS remain saturated with CH. This kind of MPS greatly minimizes leaching of Na, K, and

Ca ions from test specimens into surrounding solution(49). Test samples (4 x 8-inch concrete
cylinders) were submerged in their respective MPS buckets, and the sealed buckets were placed
in a controlled environmental chamber (23 = 2 °C, RH 98 + 2 percent) throughout the 180-day
testing period. The storage solution to sample the volume of each MPS bucket was maintained at
8:1. At each testing age, samples were removed from the buckets, gently washed with tap water
to remove simulated PS from the surface, and blotted off to SSD condition with a clean damp
cloth prior to resistivity tests.

Table 4-24: HPC Mixtures’ PSC and Simulated PS for Curing

COMPOSITION OF CURING
PSC CURING SOLUTION
#MIX (MS/CM) REGIMEN |CROVPID o HTKoN Ca(OH), | Conductivity
@) |@L)| @) | (mSfem)
CEM 88.10 Group 1:
oSF 3110 No FA 4.8 [12.32 2 85.1
25F 75.80 Group 2:
20F5SF 66.30 MPS curing | Class F F4A | 4.8 |13.44 2 73.5
35F 68.40 mixtures
35C 116.30 Group 3:
29C6SF 108.80 Class CFA | 14.8 [10.08 2 114.5
35C10SF 98.90 mixtures
All  |Range: 66.30 mS/cm—116.30 mS/cm| SPS Curing All 7.6 |10.64 2 78.74

4.4.6.5 Results and Discussion—NC Regimen

Five replicate test samples of each HPC mix design were tested for BR and SR measurements at
7,28, 56, 91, and 180 days for different curing regimens. For brevity, only the results from BR
tests for HPC mixtures and their chloride permeability classification for 28, 91, and 180 days
pertinent to appropriate performance classification limits are discussed in the following sections.
However, SR test measurements after necessary correction factors also demonstrated the same
performance classification as BR and were verified for all curing regimens.

4.4.6.5.1 Resistivity Measurements in SC

In addition, sealed BR measurements at 28, 91, and 180 days were evaluated/ranked for chloride
ion permeability in accordance with the AASHTO PEM’S performance limits for saturated
resistivity, and the results are shown in Figure 4-19. Although these limits are not directly
applicable for evaluating sealed resistivity measurements, the purpose of classification is only to
enable a relative comparative assessment between the mixtures.
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Bulk Resistivity of HPC Mixes for Sealed Curing (SE-NC)
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Figure 4-19: Performance Classification of HPC Mixtures in SC Regimen

For a relative assessment of HPC mix performance established on BR measurements, a sealed
BR index (BRI) represents the BR value of an HPC mix expressed as a percentage of the

100 percent OPC mix at the same curing age. Results from BRI evaluation for HPC mixtures are
shown in Figure 4-20.
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Figure 4-20: BRI for HPC Mixtures at 28, 91, and 180 Days

Cement replacement with 6 percent SF only marginally increased the BR measurements by 20—
30 percent when compared to the OPC mix at all ages. However, Class F FA mixtures
demonstrate a 200-300 percent increase in BR when compared to OPC, and a significant fraction
of this increase is mainly observed at later ages (i.e., 91-180 days) of curing. Compared to the
control and two binary Class F FA mixtures, the ternary combination of SF and Class F FA
increased BR measurements at both early ages (28 days) as well as at later ages (91-180 days).
Similarly, for Class C FA mixtures, the ternary combination of Class C FA with SF had the most
significant effect on BR increase in HPC mixtures when compared to the binary 35C HPC mix.
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4.4.6.5.2 Influence of PSC on Concrete Resistivity Measurements

Concrete resistivity measurements are a function of its PSC and microstructure parameters—
pore volume and pore connectivity—as shown in Equation 4-7, with parameters as defined
earlier.

1
aps'(d’ﬁ)

Equation 4-7 Pp =

SCM incorporation in concrete refines microstructure and reduces permeability through
pozzolanic reactions, which improves the resistivity performance of concrete mixtures. However,
incorporation of SCMs such as SF, fly ashes, etc., directly modify the ionic (Na and K)
concentration and conductivity of the PS, which directly influences resistivity test measurements,
as shown in Figure 4-21.
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Figure 4-21: Correlation of PSC on Sealed Resistivity Measurements

Resistivity test measurements demonstrate a linear relationship with PSC for all HPC mixtures
with SCMs. For all HPC mixtures with SCMs, as PSC decreases with age, the BR measurements
proportionally increase. However, for the CEM, resistivity increases with increasing PSC over
time. Since the type, composition, replacement level, soluble alkali contribution from the SCM
used, and alkali binding by the CASH phase determine the PS composition/conductivity,
different HPC mixtures show their characteristic PSC changes over time. The influence of PSC
on BR measurement for all the concrete mixtures is clearly manifested.

4.4.6.5.3 Discussion

Supplementary cementing materials, such as FA and SF, improve pore structure and reduce the
permeability of hardened concrete. However, results and discussions from this section indicate
that they can also significantly affect the PS chemistry of hardened concrete. Concrete
permeability indicates the transport of the liquid phase with ions through the pore structure of the
concrete. In contrast, the electrical conductivity of concrete is influenced by both the pore
structure characteristics and the electrical conductivity of the PS, which varies as a function of
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ingredient composition and mix characteristics. Thus, using concrete resistivity measurements to
assess permeability reduction directly can result in an incorrect assessment of SCM’s
performance. Results also agree with previous studies(60) that noted that it is not correct to use
electrical conductivity of concrete to rank the permeability performance of concrete mixtures
containing supplementary cementing materials.

4.4.6.5.4 Saturated LW Curing

BR and SR tests were performed on five replicate specimens for each HPC mix and at 7, 14, 28,
56, 91, and 180 days of LW curing. For brevity, the average BR and SR measurements at 28, 91,
and 180 days of SPS curing are summarized in Table 4-25. Following AASHTO T 358
specifications, a curing correction factor of 1.1 was applied to SR measurements for the LW
curing regimen.

Table 4-25: BR and SR of HPC Mixtures at 28, 91, and 180 Days of LW Curing Regimen

BR (KOHM-CM)|SR (KOHM-CM)
MIX#ID 284 [91d [ 180d | 28d | 91d | 180d
CEM |10.6|153| 176 | 8.6 |14.6| 16.3
6SF | 11.7]16.4| 20.7 | 9.0 |19.5| 22.4
25F 1031264 | 469 | 7.8 |126.8| 53.6
20F5SF | 169|343 | 51.2 |14.239.0| 52.3
35F 11.330.0| 49.1 | 8.7 |29.2| 48.7
35C | 12.1|21.4| 274 | 8.7 |23.7| 28.0
29C6SF | 8.8 [21.6] 38.8 | 7.2 |24.8| 39.1
35C10SF|10.2 (235|414 | 82 |21.4] 409

Concrete resistivity measurements are a function of PSC and pore structure characteristics. In the
resistivity performance of different HPC mixtures, the composition of the HPC mix—that is, the
SCM type, composition, and replacement level—are the primary factors influencing resistivity
performance of HPC mixtures. Based on Table 4-25, cement replacement with 6 percent SF
increased the resistivity of HPC mixtures by 10—15 percent above the CEM at all ages. In
contrast to cement and SF, Class F fly ashes are known to react much more slowly. Accordingly,
binary FA HPC mixtures (25F and 35F) demonstrated a lower resistivity at early ages (up to

28 days) than the CEM. However, when curing time was extended from 28 to 180 days, the
resistivity of 25F and 35F mixtures increased by 250 percent and 300 percent in comparison to
CEM. In contrast, a synergistic combination of Class F FA and SF improved resistivity
performance at both early ages (7-28 days) and later ages (28—180 days) in ternary mix 20F5SF
in comparison to CEM and binary 25F and 35F mixtures.

Similarly, Class C FA’s presence improved resistivity compared to CEMs. Especially compared
to Class F FA, the faster hydration kinetics of Class C FA were seen to improve the resistivity
performance of 35C mix at early ages (7-28 days) compared to 35F. At early curing ages (7-28
days), both ternary Class C + SF mixtures demonstrated slightly lower resistivity than binary
35C and CEM mixtures. Up to 91 days, the resistivity improvement in these ternary mixtures is
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not much compared to the 35C mix. However, at 180 days, a significant improvement in
resistivity is manifested in these ternary mixtures in comparison to the 35C mix.

4.4.6.5.5 Relationship between Resistivity and RCPTs
BR and SR under LW curing values for all the HPC mixtures were correlated with RCPT

measurements at 28, 56, and 91 days, and the results are shown in Figure 4-22. Note that a GCF
of 1.92 and curing correction factor of 1.1 (AASHTO T 358) were applied to SR measurements.
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Figure 4-22: Correlation of SR and BR with RCPT Measurements of HPC Mixtures.

Based on results from Figure 4-22, both BR and SR resistivity of HPC mixtures appear to
correlate well with RCPT measurements at 56 and 91 days. Between the two resistivity tests, the
BR of HPC mixtures demonstrated a marginally stronger relationship with the RCPT than SR at
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all ages. A lower COV in BR measurements at 56 and 91 days compared to SR possibly explains
the stronger BR—RCP relationships at 91 days. Additionally, for both SR and BR, the resistivity—
RCP relationship improved from 28 to 91 days. A significant increase in BR and SR noted for
binary and ternary Class F HPC mixtures from 28 to 91 days possibly explains the improved
resistivity—RCP relationships.
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Figure 4-23: Combined 56- and 91-Day Resistivity vs. RCPT Relationship

Currently, TxXDOT specifications require RCPT measurements for HPC mixtures at 56 days to
qualify mix performance. Therefore, the 56- and 91-day SR—-RCP relationships were combined
(Figure 4-23) to develop a predictive function (Equation 4-8), and threshold performance limits
for SR of HPC mixtures were determined based on the SR—RCP relationship. In addition, the
threshold performance limits for BR were determined based on the BR—SR relationship of HPC
mixtures in LW curing (7 to 180 days).

Equation 4-8 SR (kOhm - cm) = 20212 - (RCP)™%8%°

Table 4-26 shows the SR- and BR-based chloride ion permeability classification (threshold
performance limits) for HPC mixtures.
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Table 4-26: Performance Limits for SR and BR of HPC Mixtures (56 and 91 Days,

LW Curing)
SR LIMITS
BR LIMITS
PERMEABILITY RCPT, 4 x 8-INCH CYLINDER
4 x 8-INCH CYLINDER
CLASSIFICATION| COLUMBUS (KOHM-CM) (KOHM-CM)
A=38 MM; GCF=1.95

High >4000 <12 <6
Moderate 4000-2000 12-22 611

Low 2000-1000 22-41 11-21
Very Low 1000-100 41-320 21-165
Negligible <100 >320 >165

4.4.6.5.5.1 Performance Classification Based on Resistivity Measurements for LW Curing
The 56 and 91-day RCPT and BR and SR test measurements of HPC mixtures were classified for

chloride ion penetrability using the threshold performance limits identified in Table 4-27, and the
results are shown in Table 4-28.

Table 4-27: Performance Classification of HPC Mixtures for LW Curing

RCPT BR SR

MIX #ID"56 qays | 91 days | 56 days | 91 days | 56 days | 91 days
CEM |Moderate| Low Low Low Low Low
6SF Low Low Low Low Low Low

25F Low |Very Low| Low |VeryLow| Low |VeryLow
20F5SF |Very Low|Very Low|Very Low|Very Low|Very Low|Very Low
35F Low |Very Low| Low |VeryLow| Low |VeryLow
35C Low Low Low |Very Low| Low |[Very Low
29C6SF | Low Low Low |Very Low| Low |Very Low
35C10SF| Low |VeryLow| Low |VeryLow| Low |Very Low

Almost all HPC mixtures (except two) demonstrate the same chloride ion performance
classification in RCPTs and resistivity tests at 56 and 91 days. A consistent performance
classification between the two test methods validates the applicability of new performance limits
established for resistivity tests. For example, although Mix 35C and 29C6SF demonstrated a
low-performance classification based on 91-day RCPTs, the RCPT values of these two mixtures
remain very close to the boundary line of 1000 (35C-1148 and 29C6SF-1081 coulombs) and can
be practically classified as a very low performance category. Interestingly, these two mixtures are
classified as very low based on BR and SR-based classification systems at 91 days, further
validating the consistency of new performance limits established for the resistivity test methods.

As shown in Figure 4-24, higher variability in 28-day resistivity measurements causes ineffective
performance classification of the mixtures. In contrast, a resistivity measurement at 91 days
demonstrates lower variability and consistent performance classification. It seems SCM’s
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pozzolanic reactions, change of PSC due to alkali leaching, and microstructure improvement
reached a stable stage by 91 days’ time, which resulted in a consistent performance
classification. However, extending the curing duration from 91 to 180 days does not change
performance classification for HPC mixtures. Therefore, the 91-day resistivity (both BR and SR)
measurements of HPC mixtures appear to be best suited for the performance classification of
HPC mixtures for the LW normal curing regimen.
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Figure 4-24: BR Performance Classification of HPC Mixtures 28—-180 Days in LW Curing

4.4.6.5.6 SPS Curing and MPS Curing Regimen
Five replicate test samples of each HPC mix design were tested for BR and SR measurements at

7,28, 56,91, and 180 days of the SPS and MPS curing regimen. Permeability classification
limits for apparent resistivity (i.e., resistivity measurements under submerged curing regimens
such as SPS/MPS) were derived using AASHTO PEM’S performance limits for saturated
resistivity. Table 4-28 shows threshold performance classification limits for chloride ion
penetrability determined for apparent resistivity (SR and BR) at the DOS (= 72 percent) and
saturation correction factor (n = 2.0), and the rationale for selecting is explained in Section 7
(discussion for saturation correction factors). HPC mixtures’ performance classification for BR
and SR measurements in MPS and SPS curing regimen are shown in Table 4-29.
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Table 4-28: Performance Classification Limits for Apparent Resistivity for HPC Mixtures

SATURATED APPARENT RESISTIVITY (p ;)
CHLORIDE ION RESISTIVITY (psqc) Psat _ pos)n
PERMEABILITY [AASHTO PEM] Papp

CLASSIFICATION 4X8 INCH CYLINDER | 4X8 INCH CYLINDER (KOHM-
(KOHM-CM) CM)
High <5.2 <10
Moderate 5.2-10.4 10-20
Low 10.4-20.8 20-40
Very Low 20.8-207 40-400
Negligible >207 >400

Table 4-29: Performance Classification for BR in SPS vs. BR in MPS Curing

BR- SPS CURING REGIMEN|BR-MPS CURING REGIMEN

MIX #ID["78 days | 91 days | 180 days | 28 days | 91 days | 180 days

CEM |Moderate | Moderate | Moderate | High | Moderate | Moderate
6SF  |Moderate| Low Low Low Low Low
25F |Moderate| Low Low |Moderate| Low Low

20F5SF Low Low |VeryLow| Low | VeryLow | Very Low

35F |Moderate| Low |Very Low|Moderate| Low | Very Low
35C |Moderate| Low Low | Moderate | Moderate Low
29C6SF | Low |Very Low|Very Low| Low Low Low
35C10SF| Low |Very Low|Very Low| Low Low Low

The composition of the curing solution directly affects its resistivity performance. Between the
SPS and MPS curing regimen, the following observations were noted:

e The conductivity of the curing solution for Class C FA mixtures in the MPS curing
regimen is 1.5 times higher than in SPS curing (114 S/m in MPS vs. 78.74 S/m in SPS),
which resulted in lower resistivity measurements for Class C FA mixtures at all ages in
MPS curing compared to SPS curing.

e Similarly, a lower conductivity of curing solution for Class F FA mixtures in MPS curing
than in SPS curing (72.34 S/m in MPS vs. 78.74 S/m in SPS) resulted in higher resistivity
measurements for binary and ternary Class F FA mixtures in MPS curing.

Differences in curing solution composition and conductivity directly influence the resistivity
measurements for HPC mixtures. Thus, resistivity measurements for the same HPC mixtures
cannot be compared between different curing regimens. Results from Table 4-29 also
demonstrate that the 28-day curing period is inadequate to classify HPC mixtures based on
resistivity measurements for both SPS and MPS normal curing regimens. Performance
classification for all HPC mixtures changes from 28 to 91 days of the curing regimen. In
addition, resistivity measurements (both BR and SR) for the 91-day PS normal curing regimen
demonstrate lower COV than 28-day measurements. However, results from Table 4-29 also
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demonstrate that extending the curing regimen up to 180 days from 91 days appears to be more
beneficial for classifying HPC mixtures containing fly ashes. For both SPS and MPS curing
regimens, the performance classification for HPC mixtures containing slower reacting SCMs,
such as Class F FA, appears to change from 91 to 180 days. Also, the average COV at 180 days
(~3.4 percent) for resistivity measurements is significantly lower for both BR and SR tests than
at 91 days (~ 4.5 percent) and 28 days (~5.6 percent). Therefore, the 180-day resistivity
measurements of HPC mixtures appear to be best suited for the performance classification of
HPC mixtures for SPS and MPS normal curing regimens.

Between SPS and MPS curing regimens, BR measurements for HPC mixtures at 28, 91, and

180 days of the MPS curing regimen showed a relatively lower COV (3.9 percent, 3.2 percent
and 3.4 percent) than did the SPS curing regimen (4.6 percent, 4.3 percent, and 4.1 percent).
Although SPS curing minimizes alkali leaching, PS conductivity measurements (discussed in the
next section) demonstrate higher COV for SPS curing (7.3 percent) than MPS curing

(4.8 percent). Therefore, between the SPS and MPS curing regimens, the MPS curing regimen is
better suited to evaluate resistivity (and thus, FF) performance based on lower COV, higher
reliability, and repeatability in both concrete resistivity and PSC measurements.

4.4.6.6 Conclusions

Concrete resistivity measurements are a function of three primary parameters: (1) PS
composition—ionic conductivity, (2) pore structure characteristics—pore volume and pore
connectivity, and (3) saturation state—moisture connectivity. Therefore, the curing regimen for
concrete samples influences resistivity measurements primarily through moisture connectivity, in
other words, the DOS (sealed < submerged curing) and leaching of ionic species (typically Na
and K) from concrete (LW > SPS > MPS).

Supplementary cementing materials, such as FA and SF, improve pore structure and reduce
hardened concrete’s permeability. However, SCM incorporation also significantly affects the PS
chemistry of hardened concrete. For the same mix composition, compositional variability in
cementitious materials significantly affects the PS chemistry of hardened concrete. A strong
inverse relationship was noted between concrete resistivity test measurements and PSC for HPC
mixtures with SCMs. Thus, using concrete resistivity measurements to assess permeability
reduction directly could result in an incorrect assessment of SCM’s influence on permeability
reduction and durability performance for HPC mixtures.

4.4.6.6.1 Submerged Curing Regimen

4.4.6.6.1.1 LW Curing Regimen

A strong correlation was noted between the RCPT and SR/BR measurements at 56 and 91 days
of LW curing. However, LW curing influences resistivity measurements due to alkali leaching
from the concrete PS. The influence of alkali leaching contributes to the observed highest COV
in resistivity measurements (4.7 percent—5.9 percent) when compared to all other submerged
curing regimens. A 28-day LW normal curing is inadequate for the performance classification of
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HPC mixtures; however, extending the curing duration from 91 to 180 days does not change the
performance classification for HPC mixtures. For LW normal curing, the 91-day resistivity
measurements of HPC mixtures appear to be best suited for the performance classification of
HPC mixtures.

4.4.6.6.1.2 SPS and MPS Curing Regimen

Differences in curing solution composition and conductivity directly influence the resistivity
measurements for HPC mixtures. Hence, resistivity performance classification for HPC mixtures
cannot be compared between curing regimens. COV for resistivity measurements in MPS

(~3.2 percent—3.9 percent) is less than SPS (~ 4.1— 4.8 percent) curing regimens for all ages.
Although SPS curing minimizes alkali leaching, PS measurements demonstrate higher variability
in conductivity measurements for SPS curing than MPS curing. The 28-day and 91-day curing
periods are inadequate to classify HPC mixtures containing slower reacting pozzolans based on
their resistivity measurements because the performance classifications change up to 180 days of
curing. For SPS and MPS normal curing, the 180-day resistivity measurements of HPC mixtures
appear to be best suited for the performance classification of HPC mixtures.

4.4.7 Resistivity Tests: Factors of Influence

4.47.1 Background and Objective

An earlier section described how electrical measurements in concrete are primarily a function of
three primary parameters: (a) PS composition—ionic conductivity, (b) pore structure
characteristics—pore volume and pore connectivity, and (c) saturation state—moisture
connectivity (47). Therefore, interpretations of concrete’s microstructure development based on
resistivity measurements require proper accountability of PS chemistry/conductivity other than
the effects of pore structure characteristics and moisture connectivity.

In the current section, secondary parameters such as specimen geometry, temperature, curing
regimen, leaching, sample inhomogeneity, drying (moisture loss), etc., that additionally influence
resistivity test measurements are investigated. A general equation was proposed (49) to account
for factors of influence that affect concrete resistivity measurements in the laboratory, as
depicted in Equation 4-9:

Equation 4-9 pr,.; = (Zi’;) * f(8) * f(Leach) * f(Tese) * f(Geometry) x

f(microstructure)
where, pryf Tepresents concrete resistivity at ref temperature and equivalent age (maturity), p,
represents Pore solution resistivity of concrete, f(S)-Saturation correction function,
f(Leaching) — represents correction function for alkali leaching from pore solution, f(Tiest)
denotes influence of Test Temperature, f (Geometry)represents correction function for test
geometry or Geometric Correction Factor (GCF) and f (microstructure) represents Influence
of curing temperature on microstructure and hydration.
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Resistivity tests were performed using 4 x 8-inch (4 + 0.08 inch diameter and 8 + 0.16 inch
height) concrete cylinders for each HPC mix design. The GCF (Equation 4-9) generally varies as
a function of test samples’ geometry and dimensions and the probe spacing of the test device, all
of which are constant in experimental work. Furthermore, laboratory resistivity measurements
were performed at 23 +/-2°C (i.e., 21 to 25°C [70 to 77°F]) in accordance with the AASHTO
PEM recommendations (AASHTO PP 84-18). At the time of testing, test specimens’
temperatures were recorded to be between 23 and 25 °C. In previous research, an Arrhenius form
of a correction function following the activation energy of conduction (6/) was applied to assign
temperature corrections (i.e., 0.98—1.01) for resistivity measurements. The same correction
factors (0.98—1.01) were used in this study without conducting any further investigation. ASTM
C 1876 stipulates that concrete samples be tested for BR measurements within 2 minutes of their
removal from the curing solution, also referred to as the allowable time outside the curing
solution. In contrast, AASHTO T 358 does not have a maximum or allowable time stipulation
for SR measurements. However, depending upon ambient lab conditions (temperature and RH),
a greater time interval (more than optimum) between the sample’s removal from the curing tank
before testing can result in moisture loss from the surface of samples and contribute to additional
variability in resistivity measurements(47). Therefore, an optimum time interval needs to be
fixed for the SR measurements.

The current research investigated two primary factors pertinent to sample curing procedures that
influence concrete resistivity measurements in the laboratory: (1) DOS, and (2) ionic leaching
from PS. In addition, experimental work was also performed to investigate the effect of surface
drying or moisture loss from test specimens on SR measurements and establish an optimum
allowable time interval for SR tests for each test specimen.

4.4.7.2 Test Methods

The test matrix to evaluate shrinkage performance of HPC mixtures is shown in Table 4-30 and
discussed in the following sections.

Table 4-30: Test Matrix for Evaluating Factors That Influence Resistivity Performance

PARAMETER AGE OF TESTING CURING REGIMEN
DOS 28,91, and 180 days |SE, Sat LW Curing, SPS & MPS
Ionic Leaching of PS Alkalis 91 days All except SE

Drying (Moisture Loss) 28,56, and 91 days All except SC (SE)

SR/BR Ratio 7 to 180 days

All (SE, LW, SPS, and MPS
(Sample Homogeneity) (SE, , , an )

4.4.7.2.1 Concrete Porosity and DOS
Porosity (the volume of permeable voids) and the DOS of concrete specimens was determined by
using ASTM C 642, except that vacuum pressure was used to saturate the specimens instead of
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the boiling method recommended in the specification (62). At each test age, concrete samples

(4 x 8-inch concrete cylinders) from different curing regimens were cut using a wet saw to obtain
2-inch (50 mm)-thick specimens from its midsection. The 2-inch concrete specimens were first
oven-dried at 105 £+ 2°C (212 £ 3.6°F) to a constant mass (36~48 hours), then placed in a
desiccator connected to a vacuum pump, and the vacuum pressure was maintained for 3 hours.
Subsequently, DI water was then drawn into the chamber, and vacuum pressure was maintained
for an additional 1 hour. After the vacuum session, the pressure was released, and the specimens
were left submerged in the solution for the next 21 hours. Specimens’ masses were recorded
before and after oven drying and after vacuum saturation in SSD condition and after being
suspended in water. As per ASTM C 642, these mass measurements were used to calculate
specimens’ porosity and DOS.

4.4.7.2.2 Saturated Conditioning of Concrete Specimens

After resistivity testing at 28, 91, and 180 days, test samples (4 x 8-inch concrete cylinders) from
LW, SPS, and MPS curing regimens were cut using a wet saw to obtain 2-inch (50 mm)-thick
specimens from its midsection. First, the 4 X 2-inch specimens were towel-dried to SSD
conditions and measured for BR. Next, the specimens were oven-dried at 105 +2°C (212 +
3.6°F) to a constant mass (36~48 hours), then placed in a desiccator connected to a vacuum
pump, and the vacuum pressure was maintained for 3 hours. Subsequently, an appropriate
solution matching the curing regimen (LW, SPS, MPS) was drawn into the chamber, and the
vacuum pressure was maintained for an additional 1 hour. After the vacuum session, specimens
were left submerged in the solution for the next 21 hours, following which, samples were
removed, towel-dried to SSD condition, and measured for saturated BR.

4.4.7.3 Results and Discussion

4.4.7.3.1 DOS

In an air-entrained concrete, the total permeable pore space (porosity) in concrete comprises
matrix porosity (gel, capillary, and chemical shrinkage pores), entrapped and entrained air voids,
and aggregate porosity. In SC, PS from hydration occupies gel and capillary pore space in the
hydrated paste matrix, and this level of saturation is called sealed saturation (DOSsg). However,
in submerged curing, when concrete samples are immersed in buckets containing LW or PS, the
curing solution saturates chemical shrinkage pores of the matrix and PS occupying the gel and
capillary pores of the matrix. Based on sorptivity studies, this level of saturation associated with
the complete filling of matrix pores is defined as nick point saturation (DOSnp).

HPC specimens subjected to sealed, LW, and PS curing regimens were measured for the DOS
per ASTM C 642 at 28, 91, and 180 days of curing. Results in Table 4-31 show the DOSsE for
HPC specimens subjected to a SC regimen and the DOSnp for two submerged curing regimens
(LW and PS curing). In addition, HPC specimens subjected to SPS and MPS curing regimen
demonstrated similar DOS measurements at the same testing age. Thus, the average DOSnp
measurements are reported in Table 4-31 for each HPC mix at each testing age.
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Table 4-31: DOS for HPC Specimens at 28, 91, and 180 Days of SE, LW, and PS Curing

DOS (ASTM C 642)

MIX #ID| DOSse  |DOSxe with LW[DOSxe with SPS and MPS (avg)
28d[91d[180d| 284 [91d [180d| 28d 91d 180d
CEM  [57%|55%|53%|68%|69% | 71% |  66% 67% 70%
6SF  [57%|55%)| 53% | 67%|68%| 70% |  68% 69% 72%
25F  [66%|63%)|59%|73%|74%| 75% |  71% 73% 74%
20F5SF [64%|62%]| 58%| 76%|76%| 78% |  71% 73% 73%
35F  [70%|66%)| 63% |74%|75% | 77% | 73% 74% 74%
35C  [69%|66%|63%|72%(73% | 74% |  74% 75% 75%
29C6SF [66%|64%| 60% | 73%|74%| 75% |  74% 75% 75%
35C10SF|70%|67%| 63% | 73%|74%| 76% |  71% 72% 72%

The DOS in sealed conditions decreased from 28 to 180 days for all HPC mixtures, possibly due
to water consumption by hydration reactions. However, the DOSxp measured under LW and PS
curing increased with the test age for all HPC mixtures. Based on sorptivity experiments, Todak
et al. (63) hypothesized that complete matrix saturation (gel + capillary + chemical shrinkage
pores) could be achieved within 56-91 days of submerged curing regimen. Therefore, the minor
increase noted between 28-91 days could result from the curing fluid’s gradual filing of air voids
of HPC mixtures. However, DOSnp measurements at 180 days demonstrated nil to < 1 percent
increase in saturation levels (compared to 91 days), highlighting that a prolonged submerged
curing regimen does not ensure a fully saturated condition in concrete mixtures with entrained

air voids.

4.4.7.3.2 Saturation Correction Function (Saturation Function Parameter “n”)
From previous discussions, it is clear that a long-term submerged curing regimen does not
guarantee saturated conditioning of samples, especially for air-entrained concrete.
Entrained/entrapped air voids in concrete are typically 10—1000 um and can only be saturated
under vacuum pressure(62). However, the FF determination requires resistivity measurements on
saturated concrete specimens. Thus, experimental work was performed to measure the resistivity
of concrete specimens under saturated conditions (s, ). Next, resistivity measurements on
saturated concrete (p,,;) Were correlated with resistivity measurements in submerged conditions
(PLw spsmps) through a power-law function (Equation 4-10), and the saturation correction factor
(n) was determined for HPC mixtures under different curing regimens. The saturation correction
function facilitates a direct and rapid determination of pg,; based on pry or sps or MPs
measurements in the laboratory.

Equation 4-10 —Psat__ — (pos)®

PLW,SPS,MPS

Figure 4-25 show the saturation correction factor (n) for HPC specimens determined for the SE,
LW, SPS, and MPS curing regimen, respectively. Between the three submerged curing regimens,
MPS and SPS resistivity measurements show a consistent and definite power-law relationship
with the DOS to estimate pg,¢. For SPS curing, the factor n, was determined to be 2.81, with a
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COV of £8.5 percent for all HPC mixtures. However, for MPS curing, the saturation correction
factor, n, was determined to be 2.24, with a COV of £12.3 percent for all HPC mixtures. The
higher COV in MPS curing could be attributed to the fact that MPS curing comprises three
different sets of curing solutions resulting in higher variability in the determination of saturation
parameters. However, no definite and consistent relationship could be established for the LW
curing regimen. The saturation correction factor, n, was noted to range from 1.7 to 4.6, with an
average COV +20.5 percent. This high COV can be attributed to an overall high COV for BR
measurements in LW curing due to different degrees of alkali leaching in HPC test specimens.

Saturation Function (Resistivity Ratio vs. DOS)
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Figure 4-25: Relationship between pg,; and p; as Function of DOS

4.4.7.3.3 lonic Leaching of PS Alkalis in Different Submerged Curing Regimens

Differences in concentration between the PS of concrete and the curing solution (surrounding the
sample) lead to diffusion of ionic species (Na, K) between bulk concrete and the curing
solution(64). Therefore, an ionic leaching phenomenon is prevalent if the curing solution is
devoid of Na and K alkalis (e.g., LW curing) or contains a sufficiently lower alkali concentration
than concrete PS.

In the current research, an attempt was made to quantify the leaching of PS alkalis by measuring
the concentrations of Na and K ions in the surrounding LW curing solution. First, three
representative solution samples were taken from LW curing tanks at 91 days. Next, an XRF
device was used to measure the alkali (Na and K) concentration in the solution and compare it
with the alkali concentration in reference solutions to determine the extent of alkali leaching.
Figure 4-26 shows that a substantial amount of alkalis were measured in samples taken from LW
curing tanks at 91 days.
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Figure 4-26: XRF Measurements of Na and K (with COV percent) in LW Curing Solutions

Approximately 400 ppm and 250 ppm of leached alkali Na and K were measured in LW curing
solutions across all HPC mixtures. However, no clear correlation was observed between the
measured alkali leaching and HPC mix type or alkali content in ingredients. In addition, the
overbearing presence of calcium and hydroxide ions in LW curing samples resulted in high
variability in Na and K determination. Based on three trials, the average COV in alkali
measurements ranged between 13 percent and 58 percent for each HPC mix.

The FF of concrete is calculated as the ratio of the specimen’s resistivity to the resistivity of its
PS. However, a common practice for FF determination in different curing regimens is to consider
the conductivity of the curing solution as the conductivity of concrete PS. In Figure 4-27, the
conductivities of curing solutions from the LW, SPS, and MPS curing regimen were measured at
91 days and compared with the average PSC determined for Class C and F FA mixtures based on
GEMS modeling.

Conductivity of Curing Solutions (Reference vs. 91d)
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Figure 4-27: 91-Day Conductivity Measurements of LW, SPS, and MPS Curing Solutions
vs. PSC
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Results in Figure 4-27 demonstrate that MPS curing is the closest representation of the above
assumptions, wherein the MPS solution conductivity is within one standard deviation of PSC of
individual concrete mixtures. In contrast, conductivity measurements for the standard SPS curing
solution demonstrated a 10—15 percent COV, possibly due to common ion effects from different
ions present in the curing solution. Moreover, the average conductivity of the SPS curing
solution is seen to be 20-30 percent lower than the true PSC of Class C FA mixtures. Thus, an
incorrect consideration (30 percent lower) of concrete PSC based on curing solution conductivity
measurements, especially for Class C FA mixtures, can result in an error of similar proportions
for FF determination.

More importantly, Figure 4-27 indicates that LW curing solutions containing alkali leached from
concrete samples do not represent equilibrium with concrete’s PS. The LW curing solution
conductivity is 8 to 10 times lower than the PSC of concrete mixtures. A lower PSC
consideration in combination with a high measurement variability can result in significant error
in FF determination and assessing concrete mixtures for FF performance based on LW curing.

4.4.7.3.4 Effect of Sample Drying on SR Measurements

Typically after removing a sample from the curing solution, operators at the TTI laboratory first
performed BR tests followed by SR tests, wherein eight measurements were taken around the
circumference, which sometimes resulted in a total test time of up to 10 minutes/sample.
However, results from the two resistivity tests for HPC mixtures demonstrated that the drying
rate (moisture loss from the test specimen’s surface), had a more dominant effect on its SR than
BR. An uneven drying of the sample’s surface generally contributes to a higher variability and a
lower precision of SR measurements. Furthermore, across all submerged curing regimens—LW,
SPS, and MPS—the COV in SR measurements was higher than BR for all samples and all ages.

Thus, experiments were performed to establish an optimum allowable time, wherein surface
drying would cause a statistical difference between the readings. At 28, 56, 91, and 180 days of
curing ages, test samples were tested for SR at every 5-minute interval from 0 to 30 minutes after
their removal from the curing tank. A single-tail t-test at a 95 percent confidence interval was
employed to evaluate statistical significance in SR measurements at each time increment.
Because moisture loss from the sample’s surface will only increase the SR measurements, a
single-tail t-test was selected to be more suitable for this evaluation.
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Figure 4-28: Statistical Variation in SR Measurements vs. Time Outside the C Solution

Results from Figure 4-28 show that SR measurements vary by more than 10 percent compared to
control (<30 sec) if the allowable time exceeds 5 minutes at 28 days, 10 minutes at 56 days, and
around 15 minutes at 91 days. Moreover, the observations of allowable time for SR
measurements remained consistent between LW, SPS, and MPS curing with no significant
differences between the three submerged curing regimens. Also, the allowable time outside a
curing solution correlates well with the microstructure refinement due to SCMs’ pozzolanic

reaction; a longer curing age allows a more extended test time before getting a statistically
different SR measurement.

Thus, the optimum allowable time for the SR test is within 5 minutes of sample removal from the
curing solution. Results demonstrate that SR measurements could increase beyond one standard
deviation for test times exceeding 5—10 minutes after sample removal from the curing solution.

4.4.7.3.5 Effect of Curing Regimen on Variation in SR vs. BR Measurements

Resistivity is an intrinsic parameter, and therefore, both BR and surface concrete resistivity tests
after applicable geometry and test configuration corrections should yield a similar value.
However, secondary factors such as alkali leaching from concrete PS, moisture loss from the
surface during resistivity measurements, improper consolidation, etc., could cause a
heterogeneity between the bulk interior versus outer surface and thus result in different BR and
SR measurements. Furthermore, Spragg et al. (65) demonstrated that the SR/BR ratio is a good
indicator for assessing the sample’s homogeneity and degree/extent alkali leaching in test
specimens. In the current study, the average SR/BR ratio of different HPC mixtures was
evaluated as a function of different curing conditions from 7—-180 days of the curing period, and
the results are shown in Figure 4-29.
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Figure 4-29: Influence of Curing Regimen on SR to BR Ratio

The SR/BR variation for SC ranged from 0.90—0.95, possibly from a lower DOS and
drying/moisture loss influencing resistivity measurements. Among different submerged curing
regimens, the MPS curing resulted in the most consistent BR and SR measurements and the
lowest variation (0.91-0.99) in SR/BR at all ages, followed by SPS curing (SR/BR ~ 0.86—-0.92).
In contrast, LW curing samples demonstrated the highest SR/BR ratio variability, with values
ranging from 0.79 at early ages to 0.90 at later curing ages. A low SR/BR ratio at the early stages
of hydration (7-28 days) can be attributed to localized leaching of concrete PS alkalis into the
surrounding LW solution, leading to a concentration gradient between the outer surface and the
bulk interior. The gradual increase in SR/BR ratio from 28—180 days could be due to (1) possible
reduction in alkali leaching from microstructure densification by SCMs’ pozzolanic reactions, or
(2) a homogeneity in bulk and surface PS concentration attained after sufficient leaching.

4.4.7.4 Conclusions

The curing regimen for concrete samples influences resistivity measurements primarily through
moisture connectivity (DOS) and leaching of 1onic species (typically Na and K) from concrete
mixtures. Results from this section highlight various aspects in the following paragraphs.

Sealed Curing: SC does not suffer from error due to leaching since leaching does not exist with
SC, which results in a minimal variation between BR and SR measurements, thus rendering an
SR/BR ratio close to unity. However, a significantly lower DOS in SC samples can affect its
microstructure development and thereby influence the resistivity measurements.

LW Curing: HPC test samples under LW curing demonstrated significantly high leaching of PS
alkalis into LW. However, no clear correlation was observed between the quantity of alkali
leaching and HPC mix type or alkali content in ingredients due to a high COV in measurements.
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Therefore, the current study could not establish a consistent and definitive leaching correction
function to determine FF based on LW curing resistivity measurements for HPC mixtures. In
addition, a low SR/BR ratio further indicates that a high alkali leaching has created some kind of
inhomogeneity (difference between surface and core) in the specimens that caused variability in
measurements. Thus, a higher variation can be noted between the measurements from BR and
SR tests.

SPS and MPS: ASTM C 1876 SPS solution contains Na and K and Ca alkalis, commonly found
in concrete PS, and thus has significantly minimized alkali leaching compared to LW curing.
However, an SPS may not represent all mixtures; as in current work, the conductivity of the SPS
curing solution was 20-30 percent lower than the average PSC of Class C FA mixtures. In
contrast, the MPS curing regimen minimized the variability between the concrete PSC and
curing solution. The benefits of an MPS curing regimen over an SPS curing regimen, especially
toward FF implementation, are seen in three ways:

e Lower COV in MPS, BR, and SR measurements for all HPC mixtures compared to SPS.

e Lower COV in conductivity measurements of the MPS curing solution compared to the
SPS.

e Facilitation by MPS instigates avoiding the creation of difference between periphery and
core, which results in a higher SR/BR ratio. This step ensures more consistent and similar
BR and SR measurements for MPS curing than SPS.

4.4.8 Resistivity Tests: Part II—Accelerated Temperature Conditioning

4.4.8.1 Background and Objective

The curing temperature directly affects concrete microstructure development. While the porosity
decreases as concrete hydrates, the resistivity generally increases. However, when concrete
samples are cured at a higher temperature, it accelerates the hydration and microstructure
development, thus increasing resistivity faster than samples cured at a lower temperature (59).
For example, Bu et al. (66) showed that samples at 36°C develop resistivity at approximately
twice the rate of samples at 23°C.

A specimen’s age is typically associated with curing duration under standard laboratory
temperature 23 +/— 1°C. Currently, AASHTO PEM recommends that the resistivity
measurement at 91 days of standard room temperature (23 +/— 1°C) curing with LW/moist room
1s most representative for assessing transport properties of concrete, especially when evaluating
different SCMs. However, resistivity results for HPC mixtures under NC (discussed in previous
sections) demonstrated that extending the curing times from 91 days up to 120-180 days was
required for effective performance evaluation of the HPC mixtures containing slower reacting
pozzolans. Furthermore, HPC mixtures with SPS and MPS - NC changed performance
classification when the curing age increased from 91 to 180 days. Thus, 180 days of standard
normal temperature curing was recommended to evaluate performance-binary HPC mixtures
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with FA based on resistivity measurements. These observations are supported by previous
research studies (56, 67) that also recommend extending the curing period up to 120—180 days
for resistivity-based performance evaluation of concrete mixtures containing slowly reacting
pozzolans.

The primary objective of the current work was to evaluate and establish an acceptable
accelerated curing (AC) procedure such that concrete properties’ maturity at 180 days under
standard room temperature curing (i.e., normal curing at 23 +/— 1°C) can be attained at 28 days
of AC. Two AC procedures (AC1 and AC2) were evaluated in this study to achieve the above
objective as well as to evaluate and compare the resistivity development of HPC mixtures at
28 days. In addition, the resistivity-based performance classification of tested HPC mixtures at
28 days of AC regimen was compared with 91- and 180-day classification under normal
temperature curing to establish an acceptable AC procedure for practice.

4.4.8.2 Rationale of ACI1 versus AC2 Curing Regimen

AC1 was in accordance with ASTM C 1202, meaning 7 days of normal temperature (23 +/—
2°C) curing followed by 21 days of curing in LW maintained at 38 +/— 2°C. The AC2 curing
regimen involves curing for 3 days under standard room temperature curing (i.e., normal curing
at 23 +/— 1°C), followed by curing at elevated temperatures of 50 + 2 °C for 25 days. The
proposed AC2 curing regimen has recently been incorporated under draft specifications for AC
regimens of concrete mixtures under PS curing in AASHTO TP 119.

Previous studies proposed an Arrhenius form of a correction factor using activation energy of
hydration (Equation 4-11) to account for the effect of high-temperature curing (AC1 or AC2) on
microstructure development and thus resistivity measurements of concrete mixtures. The
proposed correction function determines the resistivity equivalent to the 91-180 days of normal
curing temperatures based on the age and the resistivity measurements at elevated curing temp
(59).

. EqHyd 1 1
- = *x | — —
Equation 4-11 Pageref = PageT [ ( a7 T 273)]

Pageref Tepresents resistivity of Concrete measured at "x" days at reference temp (typ.23C),
Page,r represents resistivity of Concrete at curing/measured temperature, Eg p,,4 is the activation

energy of hydration (typically 41.5 kJ/mol) and R — universal gas constant,(8.314 J/(mol K).

Typically for HPC materials and mixtures, the compound activation energy for hydration
(cement and cement with SCMs) varies between 30 to 52 kJ/mol, with a typical value of

41.5 kJ/mol (56). However, research by Weiss et al.,(56) demonstrated that for the range of
activation energies used in typical HPC mix development, AC1’s regimen could potentially
achieve a 91-day equivalent age between 50-62 days of AC. To achieve a 91-day equivalent age
at an earlier age (~ 28 days), the AC2 was applied as an alternative curing regimen.
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4.4.8.3 Test Matrix

The test matrix to evaluate resistivity performance of HPC mixtures under AC is shown in
Table 4-32 and discussed in the following sections.

Table 4-32: Test Matrix for Evaluating Resistivity Performance of HPC Mixtures (AC)

CURING CURING SPECIFICATION AGE OF CURING TYPE
PARAMETER| REGIMEN AND PROTOCOL TESTING EVALUATED
ASTM C 1202
AC: Curing Protocol: 7,14, 28, and |l. LW Curing
Procedure 1 |23 &2 °C for 7 days followed by|  5¢ days 2. SPS Curing (ASTM
(AC1) 38 £2 °C for 21 days C 1876)
BR & SR (extended until 56 days)
AC: AASHTO TP 119
Procedure 2 Curing Protocol: 7,14, and 28 |y - Spg Curing (ASTM
(AC2) 23 + 2 °C for 3 days followed by days C 1876)
50 £ 2 °C for 25 days

4.4.8.4 Test Methods

4.4.8.4.1 LW Curing with ACI (LW-ACI)

ACI in LW was performed using ASTM C 1202 guidelines. After demolding, test samples (4
8-inch concrete cylinders) were immersed in saturated LW baths maintained at 23 + 2 °C for

7 days, followed by immersion in lime-saturated water at 38 + 2 °C for 21 days, until a total
sample age of 28 days. After the 28th-day resistivity measurements, test samples were re-
immersed in saturated LW baths at 38 + 2 °C for an additional 28 days of curing, followed by a
resistivity measurement at 56 days. LW baths were prepared and monitored via ASTM C 511
recommendations, and a storage solution to sample volume ratio of 2:1 was maintained
throughout the testing period.

4.4.8.4.2 SPS Curing with both ACI and AC2

The SPS for curing was conducted per ASTM C 1876 specifications. In a 5-gallon (18.9 L)
bucket, 102.6 g of dry NaOH, 143.9 g of dry KOH, and 27 g of dry Ca(OH)2 were added, which
was followed by adding water to prepare a 3.6 gal (13.5 L) SPS with a conductivity of 78.74
mS/cm. The storage solution to sample volume of 8:1 was maintained in each SPS bucket. At
each testing age, samples were removed from the buckets, gently washed with tap water to
remove simulated PS from the surface, and blotted off to SSD condition with a clean damp cloth
prior to resistivity measurements.

4.4.8.4.3 SPSwith ACI (SPS-ACI)

After demolding, test samples (4 x 8-inch concrete cylinders) were immersed in sealed buckets
containing SPS maintained at 23 + 2 °C for 7 days, followed by immersion in SPS buckets
maintained at 38 + 2 °C for 21 days. After the 28th-day resistivity measurements, test samples
were re-immersed in SPS buckets at 38 & 2 °C for an additional 28 days of curing, which was
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followed by a resistivity measurement at 56 days. Before 28- and 56-day resistivity
measurements, the sealed SPS buckets were moved to a controlled environmental chamber
maintained at 23 + 2 °C, where the solution and the immersed samples were allowed to cool to
room temperatures for 12—18 hours before resistivity measurements.

4.4.8.4.4 SPSwith AC2 (SPS-AC2)

After demolding, test samples (4 x 8-inch concrete cylinders) were immersed in sealed buckets
containing SPS maintained at 23 + 2 °C for 3 days, followed by immersion in SPS buckets
maintained at 50 + 2 °C for 25 days, for a total sample age of 28 days. On the 28th day, the
sealed SPS buckets were moved to a controlled environmental chamber maintained at 23 + 2 °C,
where the solution and the immersed samples were allowed to cool to room temperatures for 12—
18 hours before resistivity measurements.

4.4.8.5 Results

BR and SR measurements were performed on the test samples of eight HPC mixtures at 28 and
56 days of LW-ACI1 and SPS-ACI1, as well as at 28 days of the SPS-AC2 curing regimen. For
brevity, only the results from BR tests for HPC mixtures and their chloride permeability
classification for 28 days (and 56 days for AC1) pertinent to appropriate performance
classification limits are discussed in the following sections. However, SR test measurements
after necessary correction factors also demonstrated the same performance classification as BR
and were verified for all curing regimens.

4.4.8.5.1 LW-ACI

Both BR and SR measurements were performed on the test samples of eight HPC mixtures at 28
and 56 days of LW-ACI curing. Accordingly, resistivity measurements were classified for
chloride ion permeability following the performance limits of the LW normal curing regimen, as
shown in Table 4-33. Results from 28- and 56-day LW-ACI resistivity tests and performance
classification for HPC mixtures are shown in Figure 4-30.

Table 4-33: Performance Limits for SR and BR of HPC Mixtures in LW Curing

SR LIMITS
BR LIMITS
PERMEABILITY RCPT, 4 x 8-INCH CYLINDER
4 x 8-INCH CYLINDER
CLASSIFICATION| COLUMBUS (KOHM.CM) (KOHM.CM)
A =38 MM; GCF = 1.95 )
High >4000 <10.2 <5.2
Moderate 4000-2000 10.2-20.4 5.2-10.4
Low 2000-1000 20.4-40.6 10.4-20.8
Very Low 1000-100 40.6-403 20.8-208
Negligible <100 >403 >208
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The 91 and 180-day resistivity-based performance classification of HPC mixtures under LW-

normal temperature curing regimen is compared with the 28 and 56-day performance
classification under LW-ACI, and the results are presented in Table 4-34.

Table 4-34: Performance Classification for Normal Curing (91 and 180 days) vs. AC1

(28 and 56 Days)
LW NORMAL TEMPERATURE CURING (LW) LW-AC1
MIX #ID 91 days 180 days 28days | 56 days
CEM Low Low Low Low
6SF Low Low Low |Low—Very Low*
25F Very Low Very Low Very Low| Very Low
20F5SF Very Low Very Low Very Low| Very Low
35F Very Low Very Low Very Low| Very Low
35C Low—Very Low* Very Low Very Low| Very Low
29C6SF Low-Very Low* Very Low Very Low| Very Low
35C10SF Very Low Very Low Very Low| Very Low

* Performance classification changes considering lower and upper bounds (average= std. dev) for the
resistivity measurements.

4.4.8.5.2 ASTM C 1876 SPS Curing with ACI (SPS-ACI)
Resistivity measurements were classified for chloride ion permeability following the
performance limits of the SPS for the normal curing temperature regimen, as shown in

Table 4-35. Results from 28 and 56-day SPS-ACI1 resistivity tests and performance classification

for HPC mixtures are shown in Figure 4-31.

4.4.8.5.3 ASTM C 1876 SPS Curing with AC2 (SPS-AC2)
Results from 28-day SPS-AC?2 resistivity tests and performance classification for HPC mixtures

are shown in Figure 4-32. Resistivity measurements were classified for chloride ion permeability

following the performance limits shown in Table 4-35.
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Table 4-35: Performance Limits for Resistivity of HPC Mixtures in PS Curing

APPARENT RESISTIVITY
PERMEABILITY RCPT, CLASSIFICATION
CLASSIFICATION COLUMBUS 4X8 CYLINDER (KOHM.CM)
[DOS =72 PERCENT, N = 2.0]
High >4000 <10
Moderate 4000-2000 1020
Low 2000-1000 2040
Very Low 1000-100 40400
Negligible <100 >400
SPS (ASTM C 1876) - Accelerated Curing, Procedure-1
(SPS-AC1)
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Figure 4-31: Performance Classification of HPC Mixtures in SPS-AC1 Curing Regimen

SPS (ASTM C 1876) - Accelerated Curing, Procedure-2
(SPS-AC2)

=14d ©28d
100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
100 -
0-0 R i N S W = N

Very Low

k.Ohm -cm

CEM 6SF 25F 20F5SF  35F 35C  29C6SF 35C10SF

Figure 4-32: Performance Classification of HPC Mixtures in SPS-AC2 Curing Regimen
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Resistivity-based performance classification of HPC mixtures were compared for three different
SPS curing regimens: (1) 91 and 180 days for SPS with normal temperature curing, (2) 28 and
56 days for SPS-ACI, and (3) 28 days for SPS-AC2. Results from the comparative assessment
are presented in Table 4-36.

Table 4-36: Performance Classification SPS Normal Curing vs. SPS-AC1 and SPS-AC2

MIX #ID SPS NORMAL CURING SPS-AC1 SPS-AC2
91 days 180 days 28 days 56 days 14 days

CEM Moderate Moderate Moderate Moderate Moderate
6SF Low Low Low Low Low
25F Low Low Low Low Low

20F5SF Low—Very Low* Very Low Very Low Very Low Very Low

35F Low Very Low Low Very Low Very Low
35C Low Low Low Low—Very Low* Low

29C6SF Low—Very Low* Very Low Very Low Very Low Very Low

35C10SF Very Low Very Low Very Low Very Low Very Low

* Performance classification changes considering lower and upper bounds (average= std. dev) for the resistivity

measurements.

4.4.8.6 Discussion and Conclusions

The conclusions from the AC of HPC mixtures are presented in Table 4-37.
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Table 4-37: Conclusions from AC of HPC Mixtures

COMMENTS ON CURING REGIMEN AND APPLICABLE AGE FOR
RESISTIVITY-BASED PERFORMANCE CLASSIFICATION

AC: Procedure 1 AC: Procedure 2

Normal Curing (ASTM C 1202) (AASHTO TP 119)
Regimen ACl
CURING TYPE A
NC
23 £2 °C for 7 days
:t e]
2342 °C for followed by > fiuocwf;:o; z s
180 days 38 £2 °C for 21 days 4

+2 °C for 2
(extended until 56 days) >0 C for 25 days

L 1- BR R
Saturated LW 91-day and S 28-day LW-AC] curing ~

Curing best suited for the
91-day LW-NC (BR and N/A
(ASTM C 511) performance ay (BR an
. . SR)
classification
91-day BR/SR

May not be adequate for| 28-day SPS-ACI curing

SPS Curi . .
uring HPC mixtures with slow| May not be adequate for

(ASTM C 1876)

e . 180-day SPS-NC (BR and SR
mixtures) (e.g., Class F FA mixtures) 2y (BR an )

Similar

observations for | ¢ 1 BR and SR | 56-day SPS-AC1 curing =

MP i _

ﬁg: best suited for the 180-day SPS-NC (BR and
performance SR)
classification

Note: N/A = Not Applicable; n/a = not available.
4.4.9 Formation Factor

4.4.9.1 Background and Approach

The FF is an empirical parameter and a fundamental material property that describes
microstructure characteristics—the permeable pore volume (¢) and pore connectivity () of a
saturated porous material (49). Numerally, FF is calculated as the ratio of concrete resistivity
(Pconc) to the resistivity of its PS ( pps), as shown in Equation 4-12:

Equation 4-12 FF = Reonc _ 1

Pps ¢ B

Where the superscript o denotes parameter determined/measured under fully saturated
conditions. Because the FF normalizes the effect of PSR (function of PS chemistry) on concrete
resistivity measurements, it is a better descriptor of concrete microstructure performance, that is,
the pore network properties (transport properties). Previous research studies have demonstrated
the FF can be related to concrete transport properties, such as chloride ion diffusion, water
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sorptivity, and permeability, that control deterioration mechanisms influencing the durability of
concrete mixtures (56, 68, 69). Because the concrete pore network characteristics control the
transport mechanisms for chloride ion migration and rate of fluid absorption, developing
specifications and service life models based on FF can serve as a tool to control, monitor, and
accurately predict the performance of field concrete. Thus, a primary benefit of implementing FF
into specifications is that a simple resistivity measurement of concrete mix in a field or
laboratory can be used to assess durability and service life performance based on FF—transport
properties’ relationships.

In an air-entrained concrete, the total permeable pore space (porosity) in concrete comprises
matrix porosity (gel, capillary, and chemical shrinkage pores), entrapped and entrained air voids,
and aggregate porosity. Different curing regimens and conditioning procedures lead to different
moisture levels and varying saturation states in concrete samples. Consequently, varying
moisture levels impact fluid volume in pores, PSR, and the moisture continuity in pores, and thus
the resistivity measurements. Therefore, the definition and interpretation of the FF is contingent
upon the DOS (s,,) of the concrete samples during resistivity measurements.

In SC, PS from hydration occupies gel and capillary pore space in the hydrated paste matrix, and
this level of saturation is called sealed saturation. However, in submerged curing, when concrete
samples are immersed in buckets containing LW or PS, the curing solution saturates chemical
shrinkage pores of the matrix in addition to PS occupying the gel and capillary pores of the
matrix. Based on sorptivity studies, this level of saturation associated with the complete filling of
matrix pores is defined as nick point saturation. When oven-dried concrete samples are saturated
with a conducting fluid under vacuum pressure, theoretically, the entire void space of concrete
(including air voids) is completely saturated with the conducting fluid (PS equilibrated by
conducting fluid). Concrete samples after the saturated conditioning are commonly denoted to be
in fully saturated condition. Therefore, for different curing regimen, the FF is calculated as
shown in Equation 4-13:

. _ Peonc _ 1
Equation 4-13 FFs, = Py (prsw)(Brw)

Where p2yn. represents the concrete resistivity measurements for curing regimen (SC or
submerged curing—SPS, LW, and MPS), and p;¥’ is the PSC of concrete mixtures and corrected
for the applicable saturation state during the concrete resistivity measurements. Consequently,
contingent on the level of saturation, three formal definitions of FF—(a) sealed FF (FFsg),

(b) nick point FF (FFyp), and (c¢) Saturated FF (F Fg,p or FF)—can be found in the literature
(54, 59, 70). Additionally, in some research studies (49), the nick point FF (FFyp) is also
referred to as the apparent FF (AFF).

4.4.9.2 Evaluation Matrix

The test matrix to evaluate FF performance of HPC mixtures is shown in Table 4-38 and
discussed in the following sections.
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Table 4-38: Test Matrix for Evaluating FF Performance of HPC Mixtures
PARAMETER |TEST METHOD| AGE OF TESTING |CURING REGIMEN
7-180 days 1. SC(SE)

2. Sat LW Curing
Curing Regimen: 3. SPS
Normal Curing (23 +2 °C)|4. MPS

FF AASHTO PEM

4.49.3 Results and Discussion

4.4.9.3.1 Sealed FF

The sealed FF (FFsg) describes the microstructure quality of the matrix phase of concrete. It can
be used separately from the air void system to evaluate the influence of binder composition and
SCMs on the durability of matrix phase. For eight HPC mixtures evaluated in this study, the
FFgg was calculated using Equation 4-14, and the results are plotted in Figure 4-33.

pSE
Equation 4-14 FFgp = =~
Pps
For sealed FF determination, (p2E,.) represents the BR measurements of HPC mixtures

subjected to a SC regimen from 28—180 days with normal temperature curing. PSR in sealed
conditions (ng) was determined based on TTI Model-2.

Sealed Formation Factor of HPC Mixes (FF-SE)
m28d ©91d »=180d
6000
5000 = 7 Z
4000 ; Z ; 7
$ 3000 7 % g \ f
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07N |7 7 N
CEM 6SF 25F 20F5SF 35F 35C 29C6SF 35C10SF

Figure 4-33: Sealed FF of HPC Mixtures from 28-180 Days

For a relative assessment of FF performance in the microstructure performance of HPC mixtures,
a sealed FF index, FF(sealed), is the FF value of a mix expressed as a percentage of the

100 percent OPC mix at the same curing age. Results from the FF(sealed) index for HPC
mixtures is shown in Figure 4-34.
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FF-SE Index of HPC Mixes
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Figure 4-34: FF(Sealed) Index for HPC Mixtures at 28, 91, and 180 Days

Cement replacement with 6 percent SF only marginally improves the microstructure quality in
comparison to the OPC mix. Furthermore, cement replacement with Class F FA significantly
improves the microstructure quality of HPC mixtures, especially at later ages of 90—180 days.
Compared to the binary Class F FA mixtures, the ternary 20F5SF mix with 5 percent SF
demonstrated better microstructure quality at 28 days and an overall highest FFgg at both 91 and
180 days. Similarly, for Class C FA mixtures, the ternary combination of Class C FA with SF
has the most significant influence on the quality of microstructure in HPC mixtures, especially at
early ages and when compared with binary 35C HPC mix.

4.4.9.3.2 The Apparent FF (AFF)—SPS and MPS Curing Regimen
The AFF was calculated for eight HPC mixtures subjected to a submerged curing regimen—SPS
and MPS curing represented in Equation 4-15. BR measurements of HPC mixtures from 28—180

days subjected to SPS curing regimens (pgps ) and MPS curing regimens (ppps ) under normal

temperature curing were used to calculate respective AFFs. For PSR, a value of pfzfs =0.127
Ohm.m was used for an SPS curing regimen based on composition/conductivity of curing
solution prepared as per ASTM C 1876. For the MPS curing regimen, concrete resistivity
measurements were normalized—with a pﬁfps value of 0.11 Ohm.m for CEM and 6SF mixtures,
0.13 Ohm.m for Class F FA HPC mixtures (25F, 20F5SF and 35F), and 0.09 Ohm.m for Class C

FA HPC mixtures (35C, 29C6SF and 35C10SF)—based on composition and conductivities of
respective curing solutions.

pEQRe Piips
Equation 4-15 AFFgpg = =5 and  AFFyps = 5%
psps pmps

The average AFF values for SPS and MPS curing regimens at 28, 91, and 180 days are
summarized in Table 4-39.
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Table 4-39: AFF of HPC Mixtures—SPS and MPS Curing (28—-180 Days)

AFF—SPS CURING REGIMEN | AFF—MPS CURING REGIMEN

MIX #1D 28days | 91days | 180days | 28days | 91days | 180 days
CEM 937 1244 1417 657 978 1066
6SF 1559 2102 2189 1533 2044 2336
25F 1063 2047 2669 971 2059 2774
20F5SF 1950 3094 3638 2270 3117 3650
35F 1386 2520 3472 1272 2759 3285
35C 1205 2205 2528 1372 1955 2570
29C6SF 2417 3386 3543 2646 3186 3456
35C10SF 2913 3937 4173 2894 3640 3780

4.4.9.3.3 Performance Classification Based on AFF of the HPC Mixtures under SPS and MPS
Curing Regimens

Chloride Ion Permeability classification limits for the AFF were derived based on AASHTO

PEM classification limits for the FF, as shown in Table 4-40. Performance limits for AFF were

determined at DOS = 72 percent and a saturation correction factor of n = 2.2 based on

discussions from previous sections.

Table 4-40: Performance Classification Limits for AFF

CHLORIDE ION FF AFF
PERMEABILITY [AASHTO PEM] FF _ posy
CLASSIFICATION ASSUMING (pps=0°127 OHM.M) AFF
High <407 <810
Moderate 407-815 810-1620
Low 815-1630 1620-3250
Very Low 1630-16299 3250-32500
Negligible >6299 >32500

HPC mixtures’ performance classification for AFF in the MPS and SPS curing regimens are
shown in Table 4-41 and plotted in Figure 4-35 and Figure 4-36.

All HPC mixtures demonstrate a similar AFF performance classification in the SPS and MPS
curing regimens at 90—180 days. When comparing AFF performance of different HPC mixtures
at different ages, the SCM type and replacement level were found to be influential primary
parameters that affect microstructure quality.
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Table 4-41: AFF Performance Classification of HPC Mixtures—SPS vs. MPS Curing

MIX ID AFF-SPS CURING AFF-MPS CURING

28 days 91 days 180 days 28 days 91 days 180 days
CEM Moderate Moderate Moderate High Moderate Moderate

6SF Moderate Low Low Moderate Low Low

25F Moderate Low Low Moderate Low Low
20F5SF Low Low Very Low Low Low Very Low
35F Moderate Low Very Low Moderate Low Very Low

35C Moderate Low Low Moderate Low Low
29C6SF Low Very Low Very Low Low Very Low Very Low
35C10SF Low Very Low Very Low Low Very Low Very Low

Compared to the OPC mix (CEM), all HPC mixtures containing SCMs demonstrated better

performance classification. Mix 6SF cement replacement with 6 percent SF improved the
microstructure quality and the AFF performance classification compared to the OPC mix. For
Class F FA mixtures, the ternary 20F5SF mix with 5 percent SF demonstrated improved
microstructure performance as early as within 28 days (i.e., achieving low-performance
classification by 28 days) and achieving a very low classification within 180 days. However,
binary mixtures (i.e., 25F and 35 F took a significantly longer time (e.g., 91 days) to achieve the
same /ow performance classification due to slower reacting Class F ash. By 180 days, 35F mix
achieved a very low category status but no change in classification was noticed for the 25F mix.
Therefore, it seems increasing FA dosage up to 35 percent (35F) is needed to achieve optimum
improvement in microstructure development; this step resulted in very low performance
classification by 180 days. Therefore, 180 days is required to effectively differentiate the F ash
mixtures based on AFF-based performance classification.

Compared with the binary Class C mix (35C), the ternary mixtures with SF (e.g., 29C6SF,
35C10SF) demonstrated a significant improvement in microstructure development and
permeability reduction through SF pozzolanic reactions, especially at early ages. In addition, the
ternary mixtures achieve a very low chloride ion permeability classification between 28-91 days.
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Apparent Formation Factor,SPS Curing (AFF-SPS)
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Figure 4-35: AFF Performance Classification of HPC Mixtures—SPS Curing
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Figure 4-36: AFF Performance Classification of HPC Mixtures—MPS Curing

4.4.9.3.4 Effect of Curing Solution Conductivity on Resistivity versus AFF performance

In previous sections, the conductivity of the curing solution was revealed to influence the BR
measurements on HPC mixtures directly. As such, performance classification of HPC mixtures
following BR measurements in MPS and SPS curing were different at the same curing ages.
However, AFF determination has been seen to normalize the influence of curing and PSC on
resistivity measurements, and the comparative results are shown in Table 4-42.

Notably, for Class C FA mixtures, the conductivity of curing solution in MPS (111.5 S/m) was
1.5 times the SPS curing solution conductivity (78.75 S/m). This factor resulted in BR-SPS
measurements being approximately 1.5 higher than BR-MPS measurements. In contrast,
normalizing with curing solution conductivity resulted in a ratio of AFF-SPS to AFF-MPS that
was close to 1.0 for these mixtures. Results from Table 4-42 also demonstrate the normalizing
effect of PSC on AFF since the ratio of AFF-SPS to AFF-MPS is close to 1.0 for all HPC
mixtures and test ages. As a result, AFF-based performance classification with both SPS and
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MPS remain similar for all the HPC mixtures. However, FF (saturated)-based classification is
expected to show some differences and highlight the benefits of MPS.

Table 4-42: Influence of Curing Solution Conductivity on BR and AFF Measurements—

SPS vs. MPS
SPS VS. MPS CURING REGIMEN
MIX #ID Ratio of Resistivity Ratio of AFF
28d 91d 180d 28d 91d 180d

CEM 1.3 1.2 1.2 1.2 1.3 1.3
6SF 0.9 1.0 0.9 1.0 1.0 0.9
25F 1.0 0.9 0.9 1.1 1.0 1.0
20F5SF 0.8 0.9 0.9 0.9 1.0 1.0
35F 1.3 0.8 1.0 1.1 0.9 1.1
35C 1.2 1.5 1.3 0.9 1.1 1.0
29C6SF 1.3 1.5 1.4 0.9 1.1 1.0
35C10SF 1.4 1.6 1.5 1.0 1.1 1.1

4.4.9.3.5 AFF-LW Curing Regimen

An attempt was made to calculate the AFF for HPC mixtures using 91-day BR measurements
from the LW curing regimen and considering two different case scenarios. In the first case,
concrete resistivity measurements were normalized with PSC of HPC mixtures determined at
91 days under sealed conditions (TTI-Model 2) under assumptions of considering no alkali
leaching from concrete PS into the LW curing solution. In the second case, alkali concentration
(Na and K) measured in LW curing solution at 91 days was removed from their constituent
composition in the PS to account for effects of alkali leaching from concrete PS. The results
from the two approaches are plotted in Figure 4-37. In addition, the AFF determined for HPC
mixtures at 91 days for SPS and MPS curing is additionally shown for comparative evaluation.

Apparent Formation Factor (91d) vs Curing Regimen
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Figure 4-37: AFF—LW Curing (2 Cases) vs. AFF—SPS and MPS Curing at 91 Days
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As discussed in the previous section, the conductivity of the LW curing solution is
approximately 8—10 times lower than the true PS conductivity of HPC mixtures. Thus, it cannot
be used to normalize the resistivity measurements for AFF-LW determination. Furthermore, AFF
determined for LW curing under assumptions of no ionic leaching appears to significantly vary
from AFF determined from SPS and MPS curing regimen. Thus, consideration of PSC in sealed
conditions does not appear to be realistic for AFF determination and performance evaluation of
HPC mixtures based on LW curing. Similarly, for the second case, consideration of alkali
leaching from PS decreases its concentration and lowers the PSC of HPC mixtures. Therefore,
based on this approach, consideration of lower PSC (or increased resistivity) further lowers AFF
determination of HPC mixtures in LW curing.

Overall, resistivity measurements in LW curing generally demonstrated a high COV due to
influence from ionic leaching in comparison to SPS and MPS curing regimens. The low SR/BR
values for LW curing also pointed to a lack of homogeneity in PS between the outer surface and
bulk core, possibly due to active leaching. High variability in resistivity measurements
compounded by challenges in true AFF determination of HPC mixtures makes the LW curing
regimen not suitable for both performance classification and performance evaluation based on
AFF of HPC mixtures.

4.4.9.3.6 Saturated FF

Following the BR measurements on saturated, conditioned HPC specimens initially subjected to
submerged SPS and MPS curing, the FF (Equation 4-16) was calculated for HPC mixtures at 28,
91, and 180 days.

pgorslc—SAT Prcr([msC_SAT
Equation 4-16 FFgpg = 25— and FFypg = ~2bo—
Psps mps

Where pgz‘,’;‘C_SAT and pf,f&C‘SATrepresent the BR measurements on saturated, conditioned HPC

specimens for SPS and MPS curing, respectively. As HPC specimens were saturated with the

ps
sps

FFyps. Similarly, the value of ppmspS was taken to be 0.11 Ohm.m for CEM and 6SF mixtures,
0.13 Ohm.m for Class F FA HPC mixtures, and 0.09 Ohm.m for Class C FA HPC based on
conductivities of respective curing solutions and saturating solution. The average AFF values for
SPS and MPS curing regimens at 28, 91, and 180 days are summarized in Table 4-43.

appropriate curing regimen (SPS or MPS) solution, pg,. = 0.127 Ohm.m was used to calculate
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Table 4-43: FF of HPC Mixtures—SPS and MPS Curing (28-180 Days)

FF—SPS CURING FF—MPS CURING

MIX #ID 28d 91d 180d 28d 91d 180d
CEM 326 412 459 282 407 438
6SF 540 689 701 637 824 930
25F 471 826 1174 505 1026 1369
20F5SF 941 1469 1849 1304 1728 2005
35F 660 1102 1692 556 1442 1702
35C 563 939 1049 687 936 1215
29C6SF 1277 1592 1773 1370 1585 1698
35C10SF 1405 1795 1862 1527 1732 1891

4.4.9.3.7 Performance Classification for FF of HPC Mixtures
HPC mixtures were classified chloride ion permeability based on 28, 91, and 180-day SFF,

following AASHTO PEM performance limits, as shown in Table 4-44.

Table 4-44: Performance Classification Limits for FF

CHLORIDE ION FF
PERMEABILITY [AASHTO PEM]
CLASSIFICATION ASSUMING (p3,=0.127 OHM.M)
High <407
Moderate 407-815
Low 815-1630
Very Low 1630-16299
Negligible >16299

HPC mixtures performance classification for AFF in MPS and SPS curing regimens are shown in
Table 4-45 and plotted in Figure 4-38 and Figure 4-39.

Table 4-45: FF Performance Classification of HPC Mixtures—SPS vs. MPS Curing

Regimen
MIX ID FF—SPS CURING REGIMEN FF—MPS CURING REGIMEN
28d 91d 180d 28d 91d 180d
CEM High Moderate Moderate High High Moderate
6SF Moderate Low Low Moderate Low Low
25F Moderate Low Low Moderate Low Low
20F5SF Low Low Very Low Low Very Low Very Low
35F Moderate Low Very Low Moderate Low Very Low
35C Moderate Low Low Moderate Low Low
29C6SF Low Low Very Low Low Low Very Low
35CI10SF Low Very Low Very Low Low Very Low Very Low
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All HPC mixtures demonstrated a similar FF performance classification in SPS and MPS curing
regimens at 28, 91, and 180 days. In addition, all ternary HPC mixtures demonstrated a
significant beneficial influence from pozzolanic reactions on improving microstructure quality at
early ages (~ 28 days) when compared to their binary counterparts. As seen from Figure 4-38 and
Figure 4-39, all ternary HPC mixtures—20F5SF, 29C6SF, and 35F10SF—show a Very Low FF
performance classification at around 91 days. However, the pozzolanic effect of slower reacting
Class F FA takes significantly longer to provide a beneficial effect to improve pore structure. The
binary 35F mix shows very low FF performance classification close to 180 days. Other HPC
mixtures—25F, 35C and 6SF—demonstrate a similar /ow FF performance classification at both
90 and 180 days.
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Figure 4-38: FF Performance Classification of HPC Mixtures—SPS Curing
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Figure 4-39: FF Performance Classification of HPC Mixtures—MPS Curing
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4494 Conclusion

The conclusions for FF evaluation of HPC mixtures, along with applicable comments for each
curing regimen (i.e., a summary of above sections), are presented in Table 4-46.

Table 4-46: Conclusions for FF Evaluation of HPC Mixtures

PRIMARY
FACTORS
BR & SR INFLUENCING
RESISTIVITY
CURING MEASUREMENTS COMMENTS ON FF
TYPE DETERMINATION
. Performance
SR/BR| Drying L.
% N Limits . .
(7- |(Moisture Saturation|Leaching
Cov 180d) | Loss) (Normal and
Acc Curing)
BR x Two levels of saturation correction
required
3.0% [0.91— v Lowest
SC N/A Nil v PSC = TTI Model 2
SR— | 0.94 | SR>BR 55-60% ' , . R
4.1% No leaching, low variability
’ v Good for quality control
v Single saturation correction
Saturated BR v function
LW Curing 48% | 077 - v v ~N%ck Definite, x Leaching i§ variable; ?0 definite
(ASTM C SR 0.89 | SR > BR 91-day NC=| Point Hieh and leaching correction
511) ’ 28-day AC1 | 68-72% g' x conductivity of PS # LW curing
6.2% Variable ) i
LW solution conductivity
x High variability in FF determination
v Min. leaching; no correction
SPS v required
. BR— ) v’ Single saturation correction
Curing 180-day NC | ~Nick )
(AsTM C | 437|080 Y ¢ s6day| Point | Minimal function
R— | 092 [SR>BR| . v ivity of PS = Curi
1876) S 0.9 ACL =28 | 68-72% Conduc.twlty 0 S. 'Curmg
5.0% solution conductivity
SPS day AC2 . A . .
x High variability in curing solution
conductivity measurements
v/ Min. leaching; no correction
required
BR v v Single saturation correction
MPS 38% |0.91 v 180-day NC | ~Nick function
Curing Si{ ° O 95 | SR >BR ~28-56-day | Point | Minimal v" Conductivity of PS = Curing
MPS 4.49% ’ ACI =28- | 68-72% solution conductivity
e day AC2 v Low variability in resistivity, curing
solution conductivity measurements
and FF determination

Note: N/A = Not Applicable; n/a = not available.
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4.4.10 Chloride Diffusion

4.4.10.1 Test Matrix

The test matrix to evaluate chloride diffusion performance of HPC mixtures is shown in
Table 4-47 and discussed in the following sections.

Table 4-47: Test Matrix for Evaluating Chloride Diffusion Performance of HPC Mixtures

TEST METHOD/ AGE OF TESTING/
CURING REGIMEN
PARAMETER APPROACH EVALUATION
. 56-day moist curing
A t Chlorid
ppaten’ LATorde ASTM C 1556 91 days followed by 35-day
Diffusion .
chloride exposure
Saturated LW curing (6
P 1
Chloride Binding aste Samples and 91 days levels of chloride
Isotherms
exposure)
Effective Diffusion Finite Difference 91 days N/A
Coefficient (Calculated) Modeling
Effective Diffusion
B FF 91 days A
Coefficient (Predicted) ased on N
Time to corrosion initiation
ConcreteWorks for different levels of
Service Life 1 £ hlorid
N Based on FF (TxDOT (1) surface chloride N/A
ssessment Tool) exposure conditions and
(2) rebar protection

Note: N/A = Not Applicable; n/a = not available.

4.4.10.2 Test Methods

4.4.10.2.1 Bulk (Apparent) Chloride Diffusion

Apparent chloride diffusion for each HPC mix was determined based on the ASTM C 1556
chloride ponding test, except that test specimens were subjected to a 56-day chloride exposure
instead of the 35-day exposure period recommended in the specification.

For diffusion tests, three replicate samples of 4 x 8-inch (4 £ 0.08 inch diameter and 8 £0.16
inch height) concrete cylinders were cast for each HPC mix design. Cylinders were demolded at
the age of 24 + 2 hours and moist cured for 56 days in a controlled environmental chamber
maintained at 23 £ 2 °C and 98 + 2 percent RH, as per ASTM C 511 recommendations. At

56 days, 4 x 8-inch samples were cut using a wet saw to obtain two 3-inch (50 mm) thick
specimens from its midsection. After the concrete surfaces were dry, a Sikadur 32 Hi-Mod epoxy
was used to seal the specimens’ sides and bottom to force a unidirectional ingress of chloride
ions into the specimen from the top surface. Based on recommendations of a previous study (77),
the epoxied specimens were immersed in a saturated LW soak solution for 3648 hours to reduce
the effect of absorption (capillary suction) on chloride ingress. After this soaking period, test
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specimens were rinsed with tap water and immersed in baths containing 2.8M NaCl (16.2
percent NaCl by wt percent) for 56 days and placed in an environmental chamber maintained at
23 +2 °C and 98 £ 2 percent RH. At the end of the exposure period, specimens were removed,
washed with tap water to rinse salt deposits, and then dried for 1 day in a drying room
maintained at 23 £ 2 °C and 50 + 3 percent RH. Test specimens were cut, sliced into eight 0.5-
inch layers at specific depths, and pulverized to a powder (< 850 microns) for chloride analyses.
The powdered samples obtained depth-wise from each test specimen were used to determine
acid-soluble chloride content, as in ASTM C 1152.

4.4.10.2.2 Chloride Binding Isotherms

To evaluate the chloride binding capacity of HPC mixtures and to separate the influence of
chloride binding from bulk (apparent) diffusion measurements, chloride binding isotherms were
developed for HPC mixtures based on general procedures outlined by Tang and Nilsson (72).
Three replicates of paste specimens were prepared based on ASTM C 1738 guidelines for each
HPC mix design, and the specimens were demolded at 24 + 2 hours. Subsequently, the paste
samples were immersed in sealed containers containing saturated LW and placed in an
environmental chamber maintained at 23 £ 2 °C and 98 + 2 percent RH for 91 days. At 91 days,
paste samples were crushed and dried in a sealed desiccator maintained at 11 percent RH for

72 hours. A laboratory-grade lithium chloride (LiCl) was used to control the RH inside the
desiccator, which was equipped with a commercially available sensor for continuous monitoring
of humidity levels. After conditioning, 25-gram powdered samples of each HPC mix were
immersed in sealed containers containing 100 ml of lime-saturated NaCl solution of five
different chloride concentrations—o0.1, 0.4, 0.8, 1.0, and 2.0—and 3.0 mol/L for 56 days. At the
end of the ponding period, the solution’s residual chloride concentration was measured based on
silver nitrate titration using a commercially available auto-titrator manufactured by
ThermoFisher Scientific. The bound chloride and free chloride (equilibrium) contents for a
sample from each container were plotted, and the resulting curves were fitted using a Freundlich
binding isotherm to determine binding coefficients.

4.4.10.3 Methodology of Evaluation

4.4.10.3.1 Apparent Chloride Diffusion

The depth-wise acid-soluble chloride content determined from ASTM C 1556 test specimens
was used to calculate the apparent chloride diffusion coefficient (D.) of the mixtures based on
assumptions of constant diffusion coefficient with time, as per Fick’s 2nd Law of Diffusion, as
shown in Equation 4-17:

Equation 4-17 Cre=Cs — (Cs— C erf (55

Where C, . is the acid-soluble chloride concentration (mass percent) measured at depth x and
exposure time t; Cj is the surface chloride content (mass percent); C; is the initial chloride
content (mass percent), x is the depth below the exposed surface (mm), t is the exposure time
(s), D, is the apparent chloride diffusion (m?/s), and the erfis the error function.
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4.4.10.3.2 Chloride Binding

The change in chloride concentration of the exposure solution before and after 56-day ponding
with powdered samples was used to calculate the bound chloride content, based on Equation
4-18:

C1-Co
W+1000

Equation 4-18 C, =35.45V

Where C}, is the bound chloride of each mixture (mg/g of paste), V is the volume of solution
(ml), W is the dry weight of the paste used in the test (g), and C, and C; are the chloride
concentration (M) in the exposure solution before and after the test. For the bound chloride (Cp)
and free chloride content (Cf) at equilibrium, different concentrations were plotted for each HPC
mix, and the resulting curves were fitted using a Freundlich binding isotherm to determine
binding coefficients, as shown in Equation 4-19:

Equation 4-19 Cp=ach

Where a and 3 are Freundlich isotherm parameters. Previous studies (69, 73) have shown
Freundlich isotherms to be a better descriptor of the binding phenomenon for free chloride
concentrations of 0.05 M or higher in PS.

4.4.10.3.3 Effective Chloride Diffusion

In the current research, the effective chloride diffusion coefficient (D, ) for HPC mixtures was
determined by analyzing the acid-soluble chloride profile with the inclusion of the chloride
binding effect on Fick’s 2nd Law based on steps shown in Equation 4-20. A finite-difference
modeling approach with a time and depth step was used to calculate chloride profiles compared
against the total (the acid-soluble) chloride content for the same exposure period. Finally, the
Microsoft Excel solver function was used to minimize the error function and determine the
effective diffusion coefficient.

D D
Equation 4-20 D, = —_— = gy
Cn)e) (e

Where D, represents the effective diffusion coefficient of free chlorides in the PS, D,, is the
apparent chloride diffusion (m?/s) (C 1556, Equation 4-17), @ and B are Freundlich chloride

binding isotherm coefficients (kg/m3), the chloride binding capacity parameter (%) is
f

determined based on a Freundlich isotherm (Equation 4-19), ¢ is the volume of permeable pore

space in concrete (ASTM C 642), and C¢ denotes the concentration of free chloride in concrete
PS.

4.4.10.3.4 FF-Based Diffusion Coefficient Prediction

In saturated concrete, the primary transport mechanism of chloride ions in PS (i.e., effective
diffusion) is driven by the chloride concentration gradient. Consequently, based on the Nernst
Einstein relationship, the self-diffusion coefficient of chloride ions in water (D, = 2.03 -
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2
107° mT at 25°C) can be related to its diffusion coefficient (Dggr) in PS through FF, as shown in
Equation 4-21:

Equation 4-21 Dsr = %

Based on the FF and D, relationship, the effective diffusion coefficient (DJ) can be
determined based on consideration of chloride binding, as shown in Equation 4-22:

Do

— D L
Equation 4-22 DFF = ff _ — AL
! © T ofeta) ()

ASTM C 1556 determines the diffusion coefficient based on total acid soluble chloride content,

. . . dc . .
so as such the Equation 4-22 can be rewritten by setting the term d_Cb = 0, as shown in Equation
f

4-23:

[

Equation 4-23 DfF = D,(C 1556) = ¢‘_’FF

4.4.10.3.5 FF-Based Service Life Prediction (Time to Corrosion Initiation in Structures)
The time to corrosion initiation was determined based on Crack’s solution to Fick’s Second Law,
as shown in Equation 4-24:

X

< : )
¢ FF
4 ————F— |'t,
1 B-1 corr
(1+$apﬂpcf )

Where C; is the threshold chloride concentration required to initiate corrosion as a function of

Equation 4-24 C;=Cs— (C;—Cerf(

)

rebar type and corrosion inhibitor dosage in the mix; C; is the maximum surface chloride content
for various exposure levels (based on fib 2010 durability code) C;—the background chloride
content and C; = 0.02 percent (a constant value)—was used for calculations.

4.4.10.3.6 Results and Discussion

4.4.10.3.6.1 Apparent Chloride Diffusion (Dapp)
Table 4-48 shows the measured acid-soluble chloride content, expressed as percent by mass of

concrete, for ASTM C 1556 HPC test specimens. Chloride contents are reported depth-wise and
are the average of three test specimens. The apparent chloride diffusion coefficient (D.) was
calculated based on Crank’s solution to Fick’s 2nd Law of diffusion by removing the
initial/background chloride concentration of Co = 0.02 percent; a chloride exposure time =

0.25 years (90 days) and chloride content for the top 2 layers were omitted from the analysis.
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Table 4-48: ASTM C 1556 Depth wise Acid Soluble Chloride Profile (%concentration) for

HPC Mixtures
DEPTH |CcONTROL| 6SF | 25F | 20F5SF | 35F | 35C | 29C6SF | 35C10SF
(MM)
1 0.862 | 0.651 | 0.589 | 0.437 | 0464 | 0.628 | 0.491 0.419
2 0.888 | 0.669 | 0.603 | 0.450 | 0.484 | 0.634 | 0.502 0.431
4 0793 | 0561 | 0.491 | 0339 | 0382 | 0.506 | 0.386 0.319
6 0770 | 0.529 | 0397 | 0235 | 0373 | 0.503 | 0.268 0.308
8 0.550 | 0.334 | 0.401 | 0283 | 0332 | 0320 | 0.232 0.145
12 0444 | 0248 | 0.141 | 0061 | 0.069 | 0.177 | o0.114 0.059
16 0210 | 0.099 | 0.133 | 0.037 | 0.084 | 0.058 | 0.049 0.035
22 0.050 | 0.035 | 0.030 | 0.014 | 0.079 | 0.027 | 0.020 0.025
27 0.063 | 0.075 | 0.017 | 0.029 | 0.091 | 0.025 | 0.009 0.020
32 0.031 | 0.021 | 0.021 | 0067 | 0.016 | 0.013 | 0.065 0.022
37 0.065 | 0.016 | 0.020 | 0.018 | 0.079 | 0.018 | 0.082 0.050
42 0.001 | 0.061 | 0.075 | 0.019 | 0.076 | 0.023 | 0.016 0.038
47 0.079 | 0.029 | 0.038 | 0028 | 0.038 | 0.091 | 0.014 0.023

The apparent chloride diffusion coefficient (D) (average and COV) and surface chloride
concentration (Cs) for HPC specimens obtained using the regression analysis of ASTM C 1556
data are shown in Table 4-49

Table 4-49: Parameters—Da and Cs Determined Using Regression Analysis

PARAM |CONTROL| 6SF 25F 20F5SF 35F 35C | 29C6SF | 35C10SF
Da (m2/sec) | 9.9E-12 |5.4E-12|4.4E-12| 2.9E-12 |3.6E-12|4.0E-12| 3.2E-12 | 2.7E-12
COoV 13.3% 12.2% | 18.2% | 154% | 13.4% | 10.8% | 17.6% 18.8%
Cs (%) 1.186% | 0.984% | 0.925% | 0.776% | 0.796% | 0.973% | 0.832% 0.759%

The chloride contents for all concrete specimens decrease with depth. Generally, HPC mixtures
with SCMs demonstrate lower diffusion coefficients than OPC, which is primarily attributed to
microstructure refinement (i.e., decreased pore connectivity) through pozzolanic reactions. The
presence of SF is seen to have the greatest influence on reducing chloride contents compared to
other SCMs. Cement replacement with 6 percent SF reduces the diffusion coefficient by

45 percent in comparison to the OPC mix. For Class F FA mixtures, the ternary 20F5SF mix
demonstrates the largest reduction in diffusion coefficient (followed by 35F and 25F) when
compared to the control. Similarly, ternary Class C FA mixtures with 10 percent SF (35C10SF)
and 6 percent SF (29C6SF) demonstrate a 73 percent and 68 percent reduction in diffusion
coefficients when compared to control.

4.4.10.3.6.2 Chloride Binding Capacity
Results from chloride binding experiments performed on HPC paste specimens are shown in

Table 4-50 and plotted in Figure 4-40 to Figure 4-42.
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Table 4-50: Results from Chloride Binding Experiments on Paste Specimens

FREUNDLICH
BOUND CHLORIDE (MG/G OF PASTE) ISOTHERM

MIX #ID COEFFICIENTS
0.1M | 04M | 0.8M | 1M | 2M | 3M | a(mg/g) | B | R2
CEM 4 72 97 | 103 | 14 | 16.7 105 | 039099
6SF 43 74 89 | 95 | 132 | 14 982 | 035 0.98
25F 4.8 8.2 109 | 11.6 | 152 | 17.7 | 11.67 | 038 ] 0.98
20F5SF 51 8 10 | 104 | 138 | 158 | 1083 | 032|097
35F 52 9 13 | 12 [ 157 [ 182 1221 |038]0.99
35C 5.4 8.1 10 | 111 | 133 [ 151 | 1082 | 030097
29C6SF 4.9 75 95 | 102 | 129 | 145 | 1021 | 032098
35C10SF 4.6 74 93 | 10.1 | 125 | 13.9 992 | 035 ] 097

Chloride binding comprises two aspects: (1) chemical binding—chemical reaction of free
chloride ions in PS with unhydrated cementitious phases (e.g., C3A, C4AF) or hydrated phases
(e.g., monosulfoaluminate Afm phases), and (2) physical binding—adsorption of free chloride
ions on the surface of CSH gel. Accordingly, the chloride binding capacity of HPC mixtures
primarily depends upon the binder composition: the SCM type, the replacement level, and the
composition of cementitious materials. Therefore, results from chloride binding experiments
shown in Figure 4-40 to Figure 4-42 can be evaluated based on four major compositional
parameters:

e (C3A and sulfate content in cement.

e Alumina content in SCMs.

¢ Quantity of primary hydration product—CSH.

e (/S ratio of CSH because lower C/S reduces the chloride binding capacity (physical
adsorption capacity) of CSH gel.

For plain cement pastes, the chloride binding ability can be attributed to the chemical reaction of
free chlorides with an alumina-ferric oxide-monosubstituted (Afm) phase and unhydrated C3A
and C4AF phases and from physical adsorption of free chlorides by the CSH gel. However,
cement replacement with 6 percent SF reduces the chloride binding capacity (Figure 4-40). This
reduction can be attributed to two factors: (1) a slight dilution in C3A content of binder due to
cement replacement, and (2) reduction in the C/S ratio of the CSH (SF pozzolanic reaction)
reduces the physical binding capacity of the CSH gel to adsorb chloride ions.
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Chloride Binding Isotherms (Freundlich Isotherm) for
CEM & 6SF
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Figure 4-40: Chloride Binding Isotherms for OPC and 6SF Mix

In contrast with SF, cement replacement with alumina-rich Class F FA improves the binder’s
ability to react chemically, with more free chlorides in the PS to form Friedel salts. This factor
explains the results from Table 4-50 and Figure 4-41, wherein binary Class F FA mixtures 25F
and 35F (35F slightly higher than 25F) demonstrate a higher chloride binding capacity than
OPC. The chloride binding in 20F5SF is lower than both 25F and 35F but still higher than the
CEM. This lowering in chloride binding in 20F5SF is possibly due to dilution in the alumina
content from fly ashes and reduction in physical adsorption by CSH due to a reduction in its C/S

ratio.
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Figure 4-41: Chloride Binding Isotherms for Class F FA Mixtures (OPC as reference)

The Class C FA used in current research contained comparable levels of Al2O3 as Class F FA.
Consequently, the incorporation of Class C FA improves the chloride binding capacity of the
35C mix in comparison to the control mix, as seen from Figure 4-42. However, QXRD
measurements demonstrate that a higher fraction of bulk alumina is present in Class C FA than in
Class F FA as a nonreactive crystalline phase (mullite and gehlenite), which explains a lower
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binding capacity of 35C mix compared to the 35F mix. Furthermore, partial substitution of Class
C FA with 6 percent SF decreases the chloride binding capacity of ternary 29C6SF mix in
comparison to 35C. For ternary mix 35C10SF, 45 percent cement replacement and presence of
10 percent SF significantly reduced its chloride binding capacity to levels below the plain OPC
and 6SF mix due to the formation of more CSH with low Ca/Si.

Chloride Binding Isotherms (Freundlich Isotherm) for
Class C FA Mixes
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Figure 4-42: Chloride Binding Isotherms for Class C FA Mixtures (OPC shown for
reference)

4.4.10.3.6.3 Effective Chloride Diffusion

The effective chloride diffusion (D,) was determined based on two different approaches: (1) it
was measured using a finite difference approach based on the acid-soluble chloride profiles
measured on HPC specimens with the inclusion of chloride binding (Figure 4-43), and (2) it was
predicted based on the 91-day FF and AFF of HPC mixtures (Equation 4-21 to Equation 4-23).
Comparative assessments of results from the two approaches are shown in Table 4-51.

Table 4-51: Effective Chloride Diffusion of HPC Mixtures—Calculated vs. Predicted

FINITE
DIFFERENCE BASED ON 91-DAY FF BASED ON 91-DAY AFF
APPROACH (PREDICTED) (PREDICTED)
MIX | (CALCULATED)
Dom/S) | g sy |Perr (/) | DEFGufs) | o Dy (m/s) | DEF (i)

CEM 4.3E-12 407 4.7E-12 1.8E-11 978 2.1E-12 7.6E-12

6SF 2.5E-12 824 2.3E-12 9.5E-12 2044 9.9E-13 3.8E-12

25F 1.5E-12 1026 1.9E-12 8.8E-12 2059 9.9E-13 4.4E-12
20F5SF 1.0E-12 1728 1.1E-12 6.0E-12 3117 6.5E-13 3.3E-12

35F 1.2E-12 1442 1.3E-12 6.2E-12 2759 7.4E-13 3.2E-12

35C 1.8E-12 936 2.0E-12 1.1E-11 1955 1.0E-12 5.3E-12
29C6SF 1.3E-12 1585 1.2E-12 6.5E-12 3186 6.4E-13 3.2E-12
35C10SF 1.0E-12 1732 1.1E-12 4.7E-12 3413 5.9E-13 2.4E-12
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Figure 4-43: Apparent Chloride (ASTM C 1556) and Effective Chloride Content (%
Concentration) Profile for HPC Mixtures
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The diffusion coefficients—the measured apparent (D,) and effective (D, ) diffusion coefficients
for HPC mixtures—were compared with the diffusion coefficients predicted based on the FF and
AFF, and the results are plotted in Figure 4-44 and Figure 4-45.
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Figure 4-44: Correlation between Da (Measured) and vs. Da (Predicted from FF)
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Figure 4-45: Correlation between De (Measured) and vs. De (Predicted from AFF)

Based on Figure 4-44, FF-based diffusion coefficients (D,fs) demonstrate a strong linear
relationship (1:1 slope) with the measured effective diffusion coefficients from the acid-soluble
chloride profiles for all the studied HPC mixtures. In contrast, the apparent diffusion coefficients
are higher than predicted based on FF. However, based on results in Figure 4-45, the AFF-based
diffusion coefficients (De) demonstrate a strong linear relationship (1:1 slope) with the measured
effective diffusion coefficients for all the studied HPC mixtures. Therefore, observations from
this section demonstrate three critical conclusions:
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e The ASTM C 1556 apparent diffusion coefficient determined based on the acid-soluble
chloride content is a composite of free chlorides transported in concrete PS and
chemically bound and physically adsorbed chlorides.

e As opposed to total chlorides, the transport of free chloride ions in the concrete PS is
responsible for corrosion initiation in structures. The effective diffusion coefficient
describes the transport of free chloride ions through concrete.

e FF, which describes the microstructure properties (i.e., pore connectivity and pore
volume) of concrete mixtures, is a robust and reliable predictor of the effective chloride
diffusion coefficient (D, sf) in concrete mixtures. However, the computation of Desr does

not take into account the chloride exposure level or the chloride binding effects.

The AFF-based effective chloride diffusion coefficient (D, ) on the other hand considers both
chloride exposure and chloride binding and presents an equally closer match with the measured
effective diffusion coefficients. Thus, AFF-based prediction of diffusion presents an equally
robust and reliable approach to determine effective chloride diffusion coefficient (D,sr) of HPC

mixtures.
4.4.11 F/T Performance

4.4.11.1 Test Method

HPC mixtures were evaluated for F/T performance according to ASTM C 666 using Procedure A
to freeze and thaw the test specimens in water. For the F/T test, two replicate beam specimens of
size 3 X 4 x 16 inches (width x depth x height) were prepared for each HPC mix design. Test
specimens (prisms) were demolded at the age of 24 + 2 hours and moist cured in a controlled
environmental chamber maintained at 23 + 2 °C and 98 + 2 percent RH for 56 days. As opposed
to the 14-day moist curing recommended by ASTM C 666, extending the moist curing enables
the HPC mixtures with slower-reacting SCMs to achieve a greater level of hydration and
therefore potential durability properties. In addition, the 56-day extended curing regimen for
mixtures containing SCMs is consistent with the curing practices recommended by ASTM C
1202 and previous research studies (74—76). Prior to the F/T test, HPC test specimens were air-
dried in a drying chamber maintained at 23 + 2 °C and 50 percent RH for 7 days to simulate the
F1 exposure class, per ASTM C 318. Then, the F/T test was conducted on test specimens for a
total of 324 cycles. The relative dynamic MOE (RDM) was determined every 36 cycles, and the
durability factor (DF) was calculated at the test termination based on the approach outlined in the
specification.

4.4.11.2 Results

The RDM of HPC mixtures (average of two specimens) is plotted as a function of F/T cycles in
Figure 4-46 to Figure 4-48. In addition, the DF of the HPC test specimens is shown in
Table 4-52.
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Table 4-52: DF of HPC Test Specimens

PARAM | CEM | 6SF | 25F |20F5SF| 35F 35C | 29C6SF | 35C10SF
DF 80 80 85 84 89 87 83 73
cov 48% | 55% | 78% | 91% | 88% | 87% | 9.0% 11%

Typically, concrete mixtures with RDM > 80 percent at 300 cycles are considered to demonstrate
excellent F/T performance. Based on the results, almost all HPC mixtures indicated excellent F/T
performance except for the 35C10SF mix. Five out of eight HPC mixtures achieved an RDM
greater than 80 percent at the end of 324 cycles, while two mixtures—CEM and SF—
demonstrated an avg RDM of 80 percent. HPC Mix 35C10SF showed a reduced performance,
with an average RDM of 73 percent and COV of 10.3 percent; however, the first test specimen of
this mix achieved an RDM > 80 percent at the end of 324 cycles. Although there are no limits to
classifying F/T performance based on mass loss of test specimens, the average mass loss of all
mixtures varied between 4.8 to 8.7 percent at the end of 324 cycles.
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Figure 4-46: RDM vs. F/T Cycles—CEM and SF
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Figure 4-47: RDM vs. F/T Cycles—Class F FA Mixtures
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Figure 4-48: RDM vs. F/T Cycles—Class C FA Mixtures

4.4.12 Rate of Water Absorption (Sorptivity)

4.4.12.1 Test Methods

4.4.12.1.1 Rate of Water Absorption (Sorptivity)

Sorptivity, or water absorption rate, for different HPC mixtures was determined using ASTM C
1585. For sorptivity tests, a replicate of nine 4 x 8-inch (4 £ 0.08 inch diameter and 8 = 0.16 inch
height) concrete cylinders were cast for each HPC mix design. Concrete cylinders were
demolded at the age of 24 2 hours and placed in a controlled environmental chamber
maintained at 23 + 2 °C and 98 + 2 percent RH, as per ASTM C 511 recommendations on moist
curing regimens. Sorptivity tests were performed at 28, 91, and 180 days of moist curing and for
three replicate specimens of each HPC mix design.

At specified testing ages, three replicate 4 x 8-inch samples of each HPC mix design were
removed from the moist room and cut using a wet saw to obtain 2-inch (50 mm) thick specimens
from its midsection. Next, a Sikadur 32 Hi-Mod epoxy was used to seal the sides, and the
specimens were left to dry for 5 hours. After drying, the 2-inch test specimens were placed in a
sealed desiccator containing sodium bromide solution and placed inside an oven maintained at
50 £ 2 °C for 3 days. A laboratory-grade sodium bromide was used in this work to control the
RH levels of 80 +3 percent inside the desiccator, which was equipped with a commercially
available sensor for continuous monitoring of humidity levels. After 3 days, the desiccators were
placed at room temperature (23 + 2 °C) for the next 15 days for a homogenous redistribution of
moisture inside the specimens.

Specimens for sorptivity tests were sealed on the top and sides with plastic sheets and duct tape
to force unidirectional water absorption through the exposed surface. Before the test, the mass of
the specimens was recorded before and after the application of the plastic sheet. Then, specimens
were immersed in water containers, with the exposed surface facing down and 1-3 mm beneath
the water level. Mass measurements were obtained at specific time intervals for 14 days, as per
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ASTM C 1585. At the end of the test period, the specimens were used to determine the DOS, as
outlined in ASTM C 642, after removing the seal/duct tape.

4.4.12.2 Results and Discussion

Three replicate test specimens of each HPC mix design were tested for water absorption
measurements via ASTM C 1585 guidelines at 56 and 180 days of curing. ASTM C1585
identifies absorption (I) as the increase in a test specimen’s mass normalized by the product of
the test specimen’s exposed area to water and density of water; the results are shown in

Figure 4-49.
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Figure 4-49: Primary and Secondary Absorption Plots at 56 Days and 180 Days
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However, two distinct slopes (or parameters) are identified for air-entrained concrete when
absorption is plotted as a function of time. Initial absorption corresponds to water absorption for
the first 6 hours of the test, and the secondary absorption corresponds to mass increase between
1-7 days of the test. Accordingly, slope parameters were determined based on Equation 4-25 and
Equation 4-26, as shown in Table 4-53.

Equation 4-25 i(ehs)y=s,vt  and i(t]d)=S,Vt+A
Equation 4-26 Am (tg hrs)=sWt and Am (t;g) =s,Vt + B

Where S;and S, (Equation 4-25) are determined as the slope of the absorption-versus-V¢ curves
during the first 6 hours and 1 to 7 days, respectively; s;and s, (Equation 4-26) are determined as
the slope of the mass gain versus-Vt curves during the first 6 hours and 1 to 7 days, respectively;
and A, B are regression constants.

Table 4-53: Sorptivity Parameters Determined Based on Initial and Secondary Abs Curves

at 56 and 180 Days
ABSORPTION VS. TIME MASS GAIN VS. TIME
(I VS. T, SEC) (AM VS. T, SEC)
MIX #1D 56 days 180 days 56 days 180 days
St S St S, S1 S2 S1 $2

CEM 6.7 1.5 43 1.4 54.7 12.3 35.2 11.0
6SF 7.9 1.6 3.0 0.9 63.7 12.6 239 10.6
25F 7.0 12 3.0 0.9 57.1 10.1 239 7.5
20F5SF 5.5 1.0 32 0.8 443 8.3 26.3 6.2
35F 11.0 12 3.7 0.9 88.9 9.8 29.8 7.4
35C 5.6 1.0 3.0 0.9 45.0 7.9 24.6 7.2
29C6SF 5.7 0.9 2.9 0.6 46.2 7.2 23.7 5.0
35C10SF 5.0 0.8 2.8 0.6 40.3 6.9 22.9 4.9

During the sorptivity test, the initial absorption parameters primarily relate to filling the smallest
pores first (gel, capillary pores, and chemical shrinkage). In contrast, the secondary absorption
corresponds to the filling of larger voids, such as entrained or entrapped air. The rate of
secondary absorption is related to the quality of the paste (w/c and SCM use) and the quality of
the air void system. Therefore, the secondary slope parameters (S, ) identifies the influence of the
concrete pore structure on the gradual filling of concrete air voids to reach threshold-critical
DOS and initiate a F/T failure. The change in S, parameter for HPC mixtures at 28 and 180 dayts
in plotted in Figure 4-50.
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Results plotted above demonstrate an evident influence of cement replacement with SCMs in
decreasing the sorptivity of HPC mixtures. The effect of SF incorporation on sorptivity reduction
appears to be dominant for ternary FA-SF mixtures. Incorporating very fine pozzolanic materials
such as SF increases the reaction rate in cementitious systems. In addition, due to its relatively
high pozzolanic activity, the pore structure of paste containing SF becomes depercolated at
significantly early ages. Therefore, the ternary HPC mixtures containing FA and SF greatly
benefited from combined pozzolanic (and hydraulic for Class C FA) reactions of SCMs to refine
their pore structure, especially at early ages. A finer pore structure with a discontinuous capillary
porosity explains a significant reduction in absorption for 20F5SF, 29C6SF, and 35C10SF
mixtures at both 56 and 180 days. Notably, the ternary 20F5SF mix demonstrated a 40 percent
lower sorptivity (versus control) at 56 days due to an enhanced microstructure refinement at
early ages from SF incorporation. In contrast to ternary SF mixtures, the cement replacement
with 6 percent SF increased the sorptivity of the 6SF mix at 56 days compared to control. A
potential agglomeration of SF particles possibly explains the increase in sorptivity. While SF
incorporation densifies paste matrix through a substantial pore structure refinement, Weiss et
al.(77) noted that ternary SF mixtures are likely to contain a higher fraction of pores that become
depercolated with time. A substantial pore structure refinement could result in a less efficient air-
void system to relieve pressure during F/T expansions. Slow-reacting SCMs such as Class F fly
ashes take significantly longer to benefit capillary depercolation and pore-size refinement
compared to Class C fly ashes. Thus, compared to CEM, binary FA mixtures (25F and 35F)
demonstrated a substantial sorptivity reduction at longer ages of 180 days (40—50 percent) as
opposed to 56 days (20-30 percent). In contrast, the binary 35C mix showed a 40—50 percent
reduction in sorptivity at both 56 and 180 days when compared to the control mix.
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4.4.12.2.1 Time to Critical Saturation (TTRCS) Model

The damage caused by freezing and thawing cycles is a major concrete durability problem in
cold environments. However, current durability specifications (ACI 318—14) require a minimum
target air volume and a maximum w/c ratio in concrete mixtures based on environmental
exposure conditions. In contrast, concrete durability in F/T environments can be evaluated using
a performance-based approach that uses Fagerlund’s TTRCS model (78), which was extended in
subsequent studies (79—817). The TTRCS model, as shown in Equation 4-27, relies on a two-stage
absorption model based on ASTM C 1585. Concrete’s resistance to F/T deterioration is
determined based on three key parameters: critical DOS (DOScr), nick point (or matrix)
saturation (DOSmat) and secondary absorption rate (S;), measured as per ASTM C 1585
guidelines:

Equation 4-27 DOScgr = DOSyar + Syt

In addition, recent work (82) has shown that the rate of secondary sorption (S; ) is linearly
related to the reciprocal of the square root of the AFF. A comprehensive analysis of TTRCS of
HPC mixtures based on ASTM C 1585 test results as well as investigation of AFF-S2’s
relationship for HPC mixtures is currently in progress. Through this investigation, the current
research aims to establish a linear relationship to predict S2 based on AFF, thereby saving
substantial time in sample preparation and testing as per ASTM C 1585.

4.4.12.3 Conclusions

Because the concrete pore network characteristics control the transport mechanisms for rate of
fluid absorption, developing specifications and service life models based on FF serve as a tool to
control, monitor, and accurately predict the performance of field concrete. Thus, a primary
benefit of implementing FF into specifications is that a simple resistivity measurement of
concrete mix in a field or laboratory can be used to assess durability and service life performance
based on FF—transport properties’ relationships. In addition, the fluid absorption properties are
vital when evaluating the service life of concrete structures subjected to freezing-and-thawing
cycles.
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CHAPTER 5: TXDOT TOOL OVERVIEW AND GUIDELINES FOR
COMPREHENSIVE PERFORMANCE-BASED EVALUATION OF HPC MIXTURES
USING TXDOT TOOL

This chapter presents an overview of the TxDOT Tool, its features, and guidelines for
performing a comprehensive durability-based performance evaluation of HPC mixtures using the
TxDOT Tool. TTI has developed a simplified, user-friendly Excel spreadsheet (known as
TxDOT Tool) to enable DOT practitioners and contractors to perform rapid durability-based
performance evaluation of CIP-HPC bridge deck mixes covering four major aspects: (1) ASR
mitigation, (2) shrinkage, (3) durability to resist chloride ion ingress, and (4) F/T durability.

TxDOT Tool incorporates two key functionalities—(1) rapid prediction of durability
properties/performance of HPC bridge deck mixtures (i.e., optimum SCM dosage for ASR
mitigation, AS and DS strains, DS-based CP, FF [microstructure], apparent and effective
diffusion coefficients, and sorptivity) in place of conducting long-term laborious
ASTM/AASHTO tests; and (2) facilitates rapid estimation of in-field service life of HPC
mixtures, covering resistance to chloride ion ingress (time to corrosion initiation and probability
of cracking) and F/T exposure cycles (TTRCS) by leveraging established and scientific
relationships between deterioration mechanisms and transport properties.

5.1 Features of TxDOT Tool

The overview of different aspects of TxDOT Tool are shown in Figure 5-1 and discussed in
subsequent sections.
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Figure 5-1: TxDOT Tool: Overview of Inputs, Associated Models, and Outputs
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5.1.1 Concrete PS Chemistry Prediction

TxDOT Tool incorporates two proprietary models to predict the PS chemistry of concrete mixtures
at early and later ages of hydration.

5.1.1.1 TTI Model-1

TTI Model-1 predicts the early-age concrete mixtures’ PSA based on the combined effect of
soluble alkali contribution from cement and WSA from fly ashes into concrete PS (7, 2). TTI
Model-1 uses empirical equations proposed by Snyder et al. (3) but modified to account for
WSA contribution from cement and fly ashes to estimate ion concentrations in PS as a function
of SCM replacement levels—as shown in Equation 5-1 and Equation 5-2.

(Naz0) M;
v () = ZEnE ). o
L (2:22.99+15.99) %—(z;lk,-a,-)

Equation 5-1

(K20) _M;
K* (m_"‘) = Z?(meﬂ' Wem i) 1000
L (2:39.098+15.99)  ———(I} k;a;)

Equation 5-2

Where mass fraction Na,O and K>O in cement and SCMs (mY%2? and m¥?9) and their
proportions in total cementitious materials (M; /M_,,) determine alkali content. The alkali factor
fi, the ratio of WSA/TA, indicates early-stage (7-28 days) soluble alkali contribution (before
considering SCMs’ pozzolanic effects) (4). PS volume accounts for the initial w/cm ratio minus
bound water and chemical shrinkage from cement (k; = 0.23 g/g) and SCM (k; = 0.18 g/g)
reactions (J). The degree of hydration (a;) of 75 percent for cement, 10 percent for Class F FA
and natural pozzolans, and 15 percent for Class C FA are used to minimize alkali binding’s
impact on PSA (3, 5). Finally, PSA is calculated in Equation 5-3:

Equation 5-3 PSA(N) = Na*™ + 0.59K*

5.1.1.2 TTI Model-2

TTI Model-2 estimates the PS concentration of binary and ternary concrete mixtures containing
Class C and Class F FA and SF at long-term hydration ages based on a balanced consideration of
ingredients’ soluble alkali contribution into PS and the effects of alkali binding of pozzolanic
hydration products. As per the conceptual framework of NIST+ASTM C 311 proposed by
Mukhopadhyay et. al. (6), the alkali dissolution from concrete ingredients is determined by
combining the total soluble alkali contribution from cement and SF (= 75 percent of bulk alkali,
NIST Model) and available alkali (ASTM C 311) from fly ashes. The effect of alkali binding is
incorporated using distribution ratios developed by Hong and Glassier (7) based on the
stoichiometric predictions of CSH for cement (8, 9), fly ashes (/0—12), and SF (73, 14) hydration
reactions and GEMS modeling (/5). Over 150 experimental data points of PS extraction
measurements (7-365 days) were compiled based on laboratory measurements and published
research studies to calibrate model parameters and refine TTI Model-2 predictions of PSC for
binary and ternary concrete mixtures.
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TTI Model-2 uses empirical equations proposed by Snyder (3) and Chen and Brouwers (/6) that
were extended to incorporate alkali dissolution from concrete ingredients based on soluble alkali
contribution from cement, fly ashes, and SF and to incorporate alkali binding by the hydration
products. As a result, the sodium (Na) and potassium (K) ion concentrations in PS as a function
of time are determined as an equilibrium between alkali released from ingredients and alkali
bound to CSH (hydration product), as shown in Equation 5-4 and Equation 5-2:

(Naz0) M;
Zn<2mf'i Mcm fl>
ny b Tom )

) + m_ol . mmyay0
Equation 5-4 Na ( L ) - [(%_Z?kiai)+(2Rd'mCSH)]

z:n<2mg§2 0) ,V;WT;nf i)
. b (moty T mmigo
Equation 5-5 K ( L ) - [(%_Zykiam(sz-mcsu)]

The numerator in Equation 5-4 and Equation 5-5 uses an empirical approach to estimate the
moles of alkali ions (Na and K) released into PS as a function of total soluble alkali contribution

from cementitious materials. The parameters m%2° and m¥%°represent a mass fraction of Na;O

and K>O in cement, FA and SF; the ratio MMi
cm

material to the total mass of cementitious materials in the system. The parameter f; denotes the
alkali factor (i.e., the fraction of soluble to bulk alkali) released from the cementitious material
into PS. Consistent with the assumptions of the NIST model, the alkali factor of 75 percent was
used for cement (f..,,) and SF (fsr)(4). Following the conceptual framework of NIST+ASTM C
311 (6), the alkali factor for FA (fr4) was taken to represent the ratio of available alkali (AA)
from fly ashes to bulk (total) alkali (TA) [either measured (ASTM C 311) or machine learning
prediction model outputs]. The coefficient (k;) represents the sum of bound water and chemical

represents the mass fraction of a cementitious

shrinkage accompanying cement hydration (k..,,, = 0.23) and pozzolanic reactions of FA
(kpa = 0.18) and SF (kgp = 0.21) (5, 12, 17). Parameters mmy,,o and mmy, , represent the

molar mass of sodium and potassium oxides.

However, the denominator in Equation 5-4 and Equation 5-5 incorporates a kinetic approach to
determine the volume of PS and proportion of alkali binding as a function of the ingredients’
degree of reaction. The volume of the PS is calculated as a function of the initial w/cm ratio
(w/cm) in the system and degree of reaction («;). Empirical factors for cement hydration with
time were determined based on Parrot and Killoh’s (8) model for clinker dissolution and follow
the approach outlined by Lothenbach et al. (/8). Correspondingly, cement hydration (e, ) 18
modeled as a function of time increasing from 75 percent at 28 days to 90 percent at 180 days.
The degree of reaction SF (agr) was estimated based on literature data (13, 19, 20) for 5-15
percent replacement levels in concrete and is modeled as a function of time increasing from

50 percent at 28 days to 85 percent at 180 days. The degree of FA reaction was estimated based
on extensive investigation of literature data quantifying the rate of FA reaction in concrete (10,
13, 21-25) and encompassing Class C and F fly ashes and 20—40 percent replacement levels.
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Although the FA degree of reaction decreases with increasing replacement levels, a previous
study (26) noted that fly ashes demonstrate comparable reactivity at similar replacement levels.
Correspondingly, depending upon the type and replacement levels of FA, different degrees of FA
reaction (ap,4) (10-20 percent at 28 days to 35-50 percent at 180 days) are assumed for
modeling.

As shown in Equation 5-4 and Equation 5-5, the effect of alkali binding is incorporated using
distribution ratios (Ry) proposed by Hong and Glassier (7) based on the stoichiometric
predictions of mass of CSH (mgy) for cement hydration (8, 9), Class C and Class F fly ashes
hydration (/0—12), and SF hydration (/3, /4) reactions and is refined based on GEMS
thermodynamic modeling (/5) predictions of CSH. The effect of alkali binding is modeled based
on a linear binding model (/6, 27) that assumes a linear relationship between the molar
concentration of alkalis in CSH and the alkali concentration in the solution. The linear binding
model enables using fixed distribution ratios (R4) for CSH based on its stoichiometric C/S ratio.

Finally, based on the net ion concentration of Na and K in the PS, the PS concentration is
calculated using Equation 5-6:

Equation 5-6 PSA(N) = Na™ + K*

5.1.2 ASR Mitigation

Recently, researchers at TTI developed a CST (28) to determine the optimum dosage of SCMs
for ASR mitigation within 1-2 days (2), and the methodology is illustrated in Figure 5-2. The
CST uses two fundamental chemical parameters of concrete mixtures—concrete PSA and
aggregate THA—and estimates the optimum dosage for ASR prevention based on their
relationship (i.e., concrete PSA < aggregate THA) (6, 29). CST incorporates an innovative
inbuilt model (TTI Model-1) to determine concrete PSA based on combined effects of soluble
alkali contribution from cement and WSA from SCMs into PS. The CST can predict SCM
dosages for concrete mixtures comprising varying aggregate reactivity levels, from highly
reactive (R3) to nonreactive (R1) types, as defined by AASHTO R 80. The THA for an
aggregate with known reactivity can be predicted using a reactivity—THA relationship developed
in a previous study done by these researchers (29). However, for aggregates with unknown
reactivity or high source variability, a rapid test such as AASHTO T 364 or AASHTO TP142 is
recommended to determine the reactivity with acceptable reliability. CST predictions for
optimum dosage for conventional (Class C and F), blended, reclaimed, and more recently, for
natural pozzolans have been favorably validated by the highly reliable ACCT (AASHTO TP
142) as well as Accelerated Mortar Bar Test (AMBT; ASTM C 1567) (28, 30). Additionally,
CST demonstrated the capability to identify the limitations on use of AMBT for optimum SCM
dosage determination of certain SCMs, especially SCMs with high levels of soluble alkali
contribution into PS.
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Figure 5-2: Flowchart of CST Methodology
(Note: Aggregate reactivity notation: R3—very highly reactive, R2—highly reactive, R1—moderately reactive, RO—nonreactive,
and LR and HR—Ilower and higher range, respectively)
TTI has developed a performance-based approach using a CST-ACCT combination with the
judicious use of ASTM C1567 (presented below), which has been successfully implemented for
TxDOT.

1. Use the CST to estimate SCM dosages for the selected SCMs as a function of aggregate
reactivity (R1-R3) satisfying concrete PSA < aggregate THA criterion.

2. Conduct ASTM C 1567 (AMBT) to determine optimum dosages for the selected SCMs.

3. Perform comparative assessment between the dosages estimated by the CST and AMBT to
decide whether validation using a more reliable concrete testing [e.g., AASHTO TP 142
(ACCT): 75-90 days or ASTM C 1293 (CPT): 2 years] is required or not:

a. ACCT validation is mandatory if the difference in dosage between CST and AMBT is
> 5 percent (~ 810 percent).

b. ACCT validation can be considered optional if the difference is <5 percent.

c. ACCT validation testing is also mandatory if CST predicts unrealistically high
dosages.

The guidelines (listed below) provided in the recently published NCHRP 10-103 report can be
incorporated into this study’s performance-based approach (depending on TxDOT needs) to
ensure an additional level of control for the judicious use of C1567 for SCM evaluation:
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e [faggregate reactivity is known with high reliability (i.e., the same reactivity prediction
by multiple tests, such as ASTM C1260, AASHTO T 380 and ACCT methods) ASTM
C1567 can be used to determine SCM dosage based on 0.10 percent at the 28-days’
criteria.

e The 2-year CPT using an expansion limit of 0.04 percent is not recommended at this time
to evaluate preventive measures to mitigate ASR. It was found to underestimate the
amount of SCMs needed to mitigate ASR expansion in high alkali loading exposure
blocks.

5.1.3 Shrinkage

The TxDOT Tool incorporates a modified RILEM B4 model (RILEM TC 242) to estimate AS
(0-28 days), DS (7180 days) strains, and creep, thereby predicting the DS-based CP of HPC
mixtures. The tool predictions for HPC mixtures’ CP were validated following the restrained
single-ring test (ASTM C 1581) and field studies.

5.1.4 Curing Regimen Selection for Concrete Resistivity Tests

Current specifications for concrete resistivity testing, such as ASTM C 1876 and AASHTO TP
119, advocate for a SPS curing method to enhance measurement accuracy by reducing the
impact of alkali leaching and negating the need to determine mixtures’ PSC for FF
determination. However, the effectiveness of this curing regimen relies on the assumption that a
single SPS with a fixed conductivity value of 78.74 mS/cm adequately represents PSCs of
varying concrete mixtures with different types of SCMs. However, a recent study by Saraswatula
et al. (37) noted that this incorrect assumption for certain concrete mixtures containing Class C
FA led to a 20-22 percent error in their FF determination because their average PSC was 20—

40 percent higher than SPS. Furthermore, a recent FDOT study (32) developed a mix-specific
simulated curing regimen prepared based on extracting PS from 38 concrete mixture types.
Although the study reduced alkali leaching and enhancing accuracy, the researchers
acknowledged the method’s complexity, and labor demands make it impractical for field use. To
improve FF determination, researchers at TTI devised a novel MPS curing approach, wherein
different mixtures were grouped based on the influence of SCMs (type/replacement levels) on
their long-term PSC; the mixtures were thereby cured in a simulated solution that matches the
average PSC of each group. The MPS approach demonstrated lower resistivity measurement
variability, improved FF determination, and FF-based transport property prediction reliability
and presents a simplified approach for implementation by industry practitioners (37).

5.1.5 Resistivity to FF

TxDOT Tool uses concrete surface/BR measurements to determine the AFF and SFF of HPC
mixtures. The Tool facilitates a direct resistivity to FF determination covering three different
curing regimens: sealed (AASHTO TP 119), simulated PS (AASHTO TP 119), and the recently
developed MPS curing (37). Through inbuilt correction factors for specimen geometry, test
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configuration, temperature, and saturation were developed through an extensive laboratory
investigation. In addition, the integrated TTI Model-2 PSC predictions are used to assist the
selection of appropriate curing regimen resistivity tests (SPS vs. MPS) and design an optimal
MPS curing solution for accurate FF determination and reliable FF-transport property predictions
for HPC mixtures (317).

5.1.6 Transport Property Predictions

The TxDOT Tool predicts HPC mixtures’ transport properties, such as apparent diffusion and
sorptivity coefficients, based on AFF or FF-based transport properties relationships developed
based on extensive laboratory investigation, thereby eliminating the need to perform laborious
long-term C 1556 and C1585 performance tests.

e Diffusion Coefficients: The TxDOT Tool uses BR/SR measurements to calculate
FF/AFF and thereby predict the apparent diffusion coefficients of HPC mixtures.
Furthermore, the Tool incorporates a novel chloride binding model proposed by Azeez et
al. (33) to determine the effective diffusion coefficients for HPC mixtures, which is a
better descriptor of free chloride ion transport in concrete mixtures and also responsible
for rebar corrosion initiation in RC structures.

o Sorptivity Coefficient: The TxDOT Tool uses bulk/SR measurements to determine AFF
and thereby predict sorptivity coefficients of HPC mixtures.

5.1.7 Service Life (SL) Performance Evaluation

The TxDOT Tool facilitates rapid service life evaluation and performance assessment of HPC
mixtures under field conditions to ambient chloride exposure (time to rebar corrosion initiation
and probability of failure) and F/T exposure cycles (TTRCS) by linking their deterioration
mechanisms to transport properties based on established and scientific approaches.

o Chloride Durability—TxDOT Tool AFF-based effective diffusion coefficient predictions
are combined with user inputs for ambient surface and threshold chloride concentration,
construction inputs (rebar type, cover, and use of corrosion inhibitor), and information
pertinent to ambient environmental conditions (temperature and humidity) to estimate the
anticipated time to rebar corrosion initiation and probability of failure [Strategic Highway
Research Program (SHRP2)-AASHTO probabilistic deterioration modeling].

¢ F/T Durability—TxDOT Tool AFF-based sorptivity coefficient predictions combined
with user inputs for the critical DOS to evaluate F/T service life based on the estimation
of TTRCS.

5.2 Guidelines for Comprehensive Performance-Based Evaluation of HPC Mixtures

TxDOT Tool can be used at two stages of the project cycle—during the mix design stage and
during the trial batch stage, as shown in Figure 5-3. The TxDOT tool currently can perform
mixture classification and performance evaluation based on resistivity measurements of HPC
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mixtures/specimens subjected to standard normal temperature conditioning only. Efforts are
underway to expand its capabilities to include mix classification and performance assessment
after 28-day accelerated conditioning, as per AASHTO TP 119. Additionally, researchers are
developing an advanced spreadsheet to simplify inputting raw resistivity data (both BR and SR)
from two major manufacturers. This update is intended to enhance the tool’s accuracy and
versatility in material property assessment.
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Figure 5-3: Performance-Based Approach for TxDOT Tool Usage

The following steps are recommended as guidelines for performing comprehensive durability-
based performance evaluation of HPC mixtures.

1. Review the durability-related exposure categories—D, S, and F as outlined in Table 5-1
and assign class designations (XD1-XD3, XS1-XS3, and/or XF1-XF3) based on
anticipated environmental (exposure) conditions for them and their relative intensity.

2. Use Table 5-2 to review the anticipated durability performance of different HPC mixtures
based on comprehensive laboratory evaluation and follow Table 5-3 recommendations for
preliminary selection of HPC mixtures for construction

3. Use the TxDOT Tool to determine the optimum FA dosage (the optimum SCM
replacement level required for ASR mitigation). Inputs required: FA (or natural
pozzolans) composition and aggregate THA values. Refer to Table 5-4 for selecting an
appropriate THA aggregate based on its reactivity parameters. For comprehensive
guidelines and recommendations on evaluating ASR performance, see Guidelines for
ASR Evaluation of HPC Mixtures.

4. Use TxDOT Tool’s integrated RILEM B4 model (RILEM TC-242-MDC [2015]) to
estimate the AS potential, DS potential, and DS-based CP of HPC mixtures for different
SCM combinations (binary and ternary) and replacement levels during the mix design
development.

a. Reproduce the selective HPC mixtures (finalized from above) and measure AS from
0-28 days (sealed concrete prisms, modified ASTM C 1698) and DS from 7-28 days
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(ASTM C 157) and determine 28-day DS-based CP of the mix. Use guidelines based
on Table 5-5 and Table 5-6 for shrinkage evaluation of HPC mixtures.

5. Use the TxDOT Tool to enter the material composition of other ingredients (cement, SF,
etc.) and the mix design parameters (binder composition, w/cm ratio, aggregate
properties) so that the PS concentration of HPC mixtures can be determined by following
TTI Model 2.

6. Use PSC determined from Step 5 (above) and follow the guidelines from Figure 5-4 to
select an appropriate curing regimen and conditioning procedures for resistivity
tests/evaluation of HPC mixtures.

7. Reproduce the above-selected HPC mixtures in the lab, follow the applicable curing/
conditioning regimens based on TxDOT Tool guidelines and measure BR (ASTM C
1876/AASHTO TP 119) and/or SR (AASHTO T 358) at regular intervals for up to 91
days for the normal conditioning regimen (23°C =+ 2°C) or 28 days for AASHTO TP 119
accelerated conditioning. The precision statements for the BR and SR test measurements
are outlined in Table 5-7. Additionally, it is recommended to prepare three additional test
cylinders and follow a 91-day normal curing regimen (23°C + 2°C) for developing
saturation correction factors.

8. Performance Classification for Quality assurance/quality control (QA/QC) procedures
a. Use the TxDOT Tool to enter 91-day BR or SR values along with a selection of

appropriate curing regimens and normal conditioning procedures and determine
resistivity (BR/SR), AFF, and SFF-based performance classification of HPC mixtures,
also shown in Table 5-8, Table 5-9, and Table 5-10.

9. Durability-Based Performance Evaluation:

a. Use the TxDOT Tool to determine (1) the anticipated time to rebar corrosion
initiation and (2) probability of failure (SHRP2 model) based on different chloride
exposure parameters, such as (a) the intensity of surface chloride exposure (surface
concentration levels), (b) rebar type and protection level estimated for construction,
(c) geographic location, and (d) anticipated month of construction.

b. Use the TxDOT Tool to determine the TTRCS (i.e., anticipated F/T performance)
based on inputs for the critical DOS, which can be (a) measured following ASTM C
666, or (b) assumed to be a constant value of 86 percent.

10. Use Table 5-11 for guidance on the final selection of HPC mixtures for construction.

145



Table 5-1: Chloride Exposure Classes for Concrete with Reinforcement (Fib, 2010)

CLASS
EXPOSURE ENVIRONMENTAL CONDITIONS EXAMPLES
CATEGORY | DESIGNATION
No RISI.( of . Components with no risk of
Corrosion X0 Exposure to very dry environment .
Attack corrosion or attack
Exposure Exposure to moderate humid .
. . Surfaces exposed to airborne
Category D XDl1 environment and chlorides from .
chlorides
sources other than from seawater
Corrosion Exposure to wet or rarely dry
induced by XD2 environment and chlorides from
chlorides other sources other than from seawater
than from
seawater Exposure to cyclic wet and dry Components exposed to spra
(e. g. chlorides XD3 environment and chlorides from PONENTES exposed 1o Spray
p o containing chlorides
rom deicing sources other than from seawater
agents)
Exposure XS1 Expo.sure to alrborn.e salt but not in Surfaces near to or on the coast
Category S direct contact with seawater
L Components of marine
. Exposure to permanent saturation in
Corrosion XS2 seawater structures permanently
induced by submerged in seawater.
chlorides from XS3 Exposure to seawater in tidal, splash, Components of marine
seawater and spray zones structures
Exposure to F/T cycles and moderate | Vertical surfaces exposed to
XF1 . ; . . ;
water saturation without deicing agent, rain and freezing
Exposure to F/T cycles moderate water Vertical surfaces of road
XF2 saturation in structures exposed to freezing
Exposure combination with deicing agent and airborne deicing agents
Category S XF3 Exposure to F/T cycles and high-water Horizontal surfaces
saturation without a deicing agent. exposed to rain and freezing
Road and bridge decks exposed
Freeze and to deicing agents; surfaces
Thaw Attack Exposure to F/T cycles and high-water exposed to
XF4 saturation in combination with deicing | direct spray containing deicing

agent

agents and freezing; splash
zone of marine structures
exposed to freezing
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Table 5-2: Summary of Laboratory Performance Evaluation of HPC Mixtures

SHRINKAGE APPARENT
(MICROSTRAIN) . AND SORPTIVITY
EFFECTIVE
(MPS AND A S
# MIX Strain | NORMAL (SECONDARY)| F/T
D AS DS | Ratio | CURING) COE?;IE_IENT (IVS. VT, SEC)| DF
2MY/SEC)

AS- | AS- | DS- |AS/DS-
7d | 28d | 284 | 284 28d | 91d | 180d | Da De 56d 180d
CEM 89 | 150 | 400 | 38% | 282 | 407 | 459 9.9 43 1.5 1.4 81
6SF 102 | 165 | 436 | 38% | 637 | 824 | 854 54 2.5 1.6 0.9 80
25F 55 50 | 250 | 20% | 505 | 900 | 1174| 44 1.5 1.2 0.9 85

20F5SF | 70 90 | 280 | 32% | 1304 (1728|1849 2.9 1.0 1 0.8 84
35F 50 45 | 230 | 20% | 556 |1442]1692| 3.6 1.2 1.2 0.9 89
35C 65 80 | 300 | 27% | 687 | 936 | 1215| 4.0 1.8 1 0.9 87

29C6SF | 69 | 122 | 350 | 35% | 1370 |1585|1773| 3.2 1.3 0.9 0.6 83
35C10SF| 80 | 154 | 382 | 40% | 1527 [1732]1862| 2.7 1.0 0.8 0.6 78

Table 5-3: Recommendations on HPC Mix Design Usage for Different Exposure Conditions

RELATIVE INTENSITY OF RECOMMENDED| POTENTIAL
CLASS CHLORIDE EXPOSURE FOR CLASS S HPC CONCERNS
DESIGNATION| REINFORCEMENT CORROSION
#GRP MIX DESIGN WITH MIX
FROM FIB Approx. Surface Example
2010 hlorid G hi [ITEM 421, DESIGN
chloride cographic TXDOT (2104)] USAGE
concentration Regions
1 X0 None to Low Austin Option 1 [25F] Slower
~ |—| Y 1
XD1 (Cs ~ 0-0.3%) Laredo Option XB [35C] Microstructure
Development for
XD2 Moderate Dallas, Atalanta, Option 1 Blr.lary FA
2 XF1 (Cs ~0.4-0.5%) | El Paso, Houston [25F and 35F] Mixtures
o ’ Option XB [35C]
Galveston Slower
XD3* Moderate-High Corpus Chr{stl Optlgn 1 [Only 35F]| Microstructure
3 XS1. XS2 (Cs ~ 0.5-0.6%) (~0.5—1mile | Option 3 [20F5SF] |Development for
X’F2 R away from the | Option 5 [29C6SF | 35% F FA mix
coast) and 35C10SF] High AS for
Dallas & Atalanta ternary HPC
High ambient
Hich Galveston Option 3 [20F5SF] | temperatures
4 XS3 (Cs ~0 6‘Vg " 0.8% Cl Corpus Christi and may increase AS
XF3 and XF4 conc'en‘srati'on; Amarillo & Option 5 [29C6SF | and potential for
Lubbock and 35C10SF] early-age crack
formation

*Cyclic wet and dry conditions increase chloride absorption.
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Table 5-4: Selection of Aggregate THA Based on Aggregate Reactivity

AGGREGA | AGGREGA | AASHT [THRESHOLD ASTM C | ASTM C A?Sﬁlfzo
TE TE  |OT364,| ALKALI | THA, | 1260 1293 (ACCT)
REACTIVI | REACTIVI | KI/MO | LOADING | N(A) |EXPANSIO EXPANSIO | yn ocro
TY CLASS TY L [(TAL), LB/CY N (%) N (%) N (%)
RO Nonreactive | >60 4.0t04.5 >0.52 <0.1 <0.04 =0.04
R1 Moderately | s 6o | 35t040 | 045 | 0103 | 0.04-0.12 | 0.04-0.12
reactive
0.38
R2 Highly 1 30 45 | 301035 | ™M1 03045 | 012024 | 0.12-024
reactive range)
and 0.34
R3 Very highly | 5, <30 <034 | >0.45 >0.24 >0.24
reactive

Resistivity =* Formation Factor
Simulated Pore Solution Curing

C D

Estimated long term Pore Solution
Conductivity [PSC) of Concrete Mix

[TTI Model-2]

YES

67 -91 ms/

) 4

ASTM C 1876/ AASHTO TP 119

Check if PSC is
between

cm

NO

h i

Matching Pore Solution

Simulated [Standard) Pore
Solution {SPS) Curing /

l

YES

Mixes ?

A

Recommended Conditioning Regimen
Normal Conditioning upto 180d
AASHTO TP 119 Acc conditioning upto 28d

Binary Fly Ash

{MPS] Curing

NO

y

Recommended Conditioning Regimen
Mormal Conditioning upto 91d
AASHTO TP 119 Acc conditioning upto 28d

Figure 5-4: Selection of Curing and Accelerated Conditioning for 28-Day Resistivity

Measurements
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Table 5-5: Performance Evaluation for Shrinkage

Shrinkage Parameter Recommended Notes
Threshold
Performance
Limit
AS 28-day AS/DS <30% e If28-day AS/DS > 30%,
internal curing is recommended
DS 28-day DS <400 e If28-d DS >400 pS,
microstrains shrinkage reducing admixtures are
recommended
CP CP based on Low e For moderate and high CP,
28-day DS (Table 5-6) appropriate mitigation strategy
from above is recommended
Table 5-6: CP Classification Based On 28-Day CPI and CP
CPI CP POTENTIAL FOR CRACKING
CPI[>4.0 CP>1.5 High
3.0<CPI<4.0 1<CP<L1.5 Moderate—High
2.5<CPI<3.0 Moderate—Low
CPI<2.5 Cp<1 Low
Table 5-7: Precision Statements for BR and SR Tests
TEST METHOD SINGLE-OPERATOR MULTI-OPERATOR
(SPECIFICATION) PRECISION VARIABILITY
Single Test Two Tests Single Test Two Tests
BR 4.3% 12.0% 13.2% 37.4%
(ASTM C 1876)
SR 6.3% 21.0% 12.5% 35.2%
(AASHTO T 358)
Table 5-8: Performance Limits for (Saturated) BR and SR of HPC Mixtures
PERMEABILITY RCPT, BR LIMITS SR LIMITS 4X8 CYLINDER
CLASSIFICATION | COLUMBUS 4X8 CYLINDER (KOHM.CM)
(KOHM.CM) A= 38 MM; GCF=1.95
High >4000 <5.2 <10.2
Moderate 4000-2000 5.2-10.4 10.2-20.4
Low 2000-1000 10.4-20.8 20.4-40.6
Very Low 1000-100 20.8-208 40.6-403
Negligible <100 >208 >403
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Table 5-9: Performance Limits for (Apparent) BR and SR

SR LIMITS
PERMEABILITY RCPT, BR LIMITS
CLASSIFICATION| COLUMBUS (4 x 8 CYLINDER (KOHM.CM) 4> SAiY:;I;III\V/I];Il?IE((I;‘(lI'IIN;ZCM)
High >4000 <10 <19.2
Moderate 4000-2000 10-20 19.2-38.4
Low 2000-1000 2040 38.4-76.8
Very Low 1000-100 40-400 76.8-768
Negligible <100 >400 >68
Table 5-10: Performance Limits for SFF and AFF
PERMEABILITY RCPT, SFF AFF
CLASSIFICATION COLUMBUS (Pps =0.127 OHM.M) | (DOS = 72%, N = 2.0)
High >4000 <407 <810
Moderate 4000-2000 407-815 810-1620
Low 2000-1000 815-1630 1620-3250
Very Low 1000-100 1630-16299 3250-32500
Negligible <100 >16299 >32500

150




Table 5-11: Final Selection of HPC Mixtures for Construction

CRITERIA FOR
PERFORMANCE/ INPUT PARAMETERS SELECTION OR
PARAMETERS EVALUATION
Preliminary Table 5-2: Intensity of Chloride Exposure Conditions
Selection and Levels Table 5-3
Table 5-2: Anticipated Properties of HPC Mixtures
Use TxDOT Tool, Input Parameters, Table 5-4:
ASR Mitigation Selection of Aggregate THA Based on Aggregate TxDOT Tool Outputs
Reactivity
Use TxDOT Tool, Input Parameters
Material Composition
Mix Design Parameters
Shrinkage Test Conditions Table 5-5
Selective Experimental Validation Testing Table 5-6
AS: Experiment 0-28 days, ASTM C 1698
DS: Experiment 7-28 days, ASTM C 157
CP: Based on ASTM C 157 shrinkage
TxDOT Tool Outputs
Use TxDOT Tool, Input Parameters Very Low Performance
Resistivity and FF Concrete Mixture’s Resistivity Measurements Desired Based on
Check for precision statements in Table 5-7 Table 5-8
Table 5-9
Table 5-10
Use TxDOT Tool, Input Parameters Ti;{::?(?;;;(:rﬂ C(z)lizﬁgliton
Chloride Exposure Surface Chloride Exposure Initiation
Evaluation Rebar Type and Protection Level - .
Location and Month of Construction Probability Of. Fa.l l.ure Based
on Target Reliability Levels
F/T Service Life Use TxDOT Tool, Input Parameters TxDOT Tool Output
Critical DOS TTRCS
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CHAPTER 6: FIELD EVALUATION PROGRAM

This chapter covers the field evaluation of selective HPC mixtures to advance the project’s TRL
from 6 to 8. An overview of the evaluation approach and tasks performed are outlined in

Table 6-1. To achieve TRL 7, the program selected three field projects in Euless and Dumas,
Texas (Table 6-1). During the evaluation of these field projects, cylinder, and beam specimens
were cast using job concrete mix in the field (field-cast specimens) at the time of concrete
pouring, and additional specimens were cast in the laboratory (lab-cast specimens) using
ingredients collected from the ready-mix plants associated with the bridge deck construction.
These specimens were then evaluated at the TTI laboratory for resistivity under normal and AC

conditions and shrinkage (i.e., AS and DS).

Table 6-1: Research Overview of Different Activities Performed

CSJ: 2127-01-010

FIELD SPANS
DISTRICT HPC MIX VISIT COVERED TASKS PERFORMED
BRIDGE ID / CSJ DESIGN DATE DURING
EVALUATION
Collection of field-cast specimens.
Feb Span 9 and 10 . )
EULESS, TX 2? %azrgl ban = att Ingredients’ collection from the ready-
’ mix plant.
IH 820 SBGP SH 121 | 25% Class F August 8 e  Performing (nondestructive) SR tests.
and TRE Overpass |FA (Option 1) 2g023 ’ Al e  Visual assessment/ documentation of
(Follow (Spans 1-10) any potential shrinkage-related cracks
CSJ 0008-13-221 Up) on HPC deck concrete (for Spans 1—
2 10) ranging in age from 1 to 6 months.
e  Monitoring deck pour.
DUMAS, TX 29% Class C e Casting specimens in the field during
FM 119 Bridge o May 16-17,
FA + 6% SF All the deck pour.
(Sherman County) (Option 5) 2023 | dients’ collection fi h g
CSJ: 0702-02-023 P [ ngre 1ents’ collection from the ready-
mix plant.
DUMAS, TX 29% Class C e Performing (nondestructive) SR tests.
RM 2277 (Hutchinson 0 May 16— . .
County) FA + §A) SF 2023 Spans 3 and4 |e  Visual assessment/documentation of
(Option 5) any potential shrinkage-related cracks.

Field- and lab-cast beam specimens were measured for AS from 0 to 28 days and DS from 7 to
180 days. Subsequently, the TxDOT Tool was used to predict 28-day CP, which was validated
using the measured values in the lab. Additionally, it sought to confirm the 28-day 400
microstrain limit established for DS tests in ASTM C 157. After demolding, field- and lab-cast
cylinder specimens were subjected to the appropriate curing regimen determined using the
TxDOT Tool. Specimen conditioning procedures included 180 days of normal conditioning and
28 days of accelerated conditioning, as per AASHTO TP 119. Resistivity measurements were
evaluated for performance classification based on the applicable chloride permeability
performance limits, and FFs were determined using the TxDOT tool to predict the durability
performance in terms of corrosion and F/T potential.
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Advancing to TRL 8 involved utilizing the same projects to conduct regular site visits at 28, 56,
90, and 180 days to measure SR on bridge decks and monitor shrinkage-related crack
development. The TxDOT Tool was employed to monitor field property development for quality
assurance and control and to update and verify durability performance predictions using field SR
data. These predictions were compared with those predictions made for achieving TRL 7 using
both laboratory and field mix specimens.

6.1 Materials and Mix Design

Table 6-2 summarizes the bulk oxide composition (XRF) of cementitious materials, and
Table 6-3 summarizes the properties of coarse and fine aggregates obtained directly from ready-
mix plants used for respective cast-in-place bridge deck construction in Dumas and Euless, TX.

Table 6-2: Bulk (XRF) Composition of Cementitious Materials

29% CLASS C FA + 6% SF 25% CLASS F FA
XRF (DUMAS, TEXAS) (EULESS, TEXAS)
Phase (S;;?Lt) Class C FA SF ((Tj;gefﬁ) Class F FA
CaO 61.86 23.63 ] 62.3 12.78
Si02 18.91 35.56 97.9 20.82 5331
A203 4.40 20.69 0.18 5.35 21.32
Fe203 3.15 6.66 0.07 3.11 5.26
SO3 2.81 1.43 0.17 3.22 0.60
MgO 3.01 4.98 0.21 0.96 272
Na20 0.3 1.59 0.12 0.114 0.36
K20 0.56 0.55 0.59 0.732 0.91
Na20eq (Bulk) 0.67 1.96 0.51 0.59 0.96
C38 66.06 27.30
C28 437 39.09
C3A 6.33 N/A NA 8.93
C4AF 9.58 9.48
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Table 6-3: Coarse and Fine Aggregate Properties

29C6SF MIX (DUMAS, TX) 25F (EULESS, TX)
PARAM Coarse Agg | Fine Agg Coarse Agg |Fine Agg (1)| Fine Agg (2)
Big Creek Sand and Gravel Hanson Arcosa Hanson
Specific Gravity SSD
Tex-403-A 2.64 2.6 2.66 2.71 2.64
Dry rodded Unit Wt
Tex-404-A (Ib/fi3) 98.90 N/A 104.40
Fineness Modulus
Tex-400-A N/A 2.64 2.67 3.04
Absorption (%)
Tex-403-A 0.5 0.5 0.9 1.9 1.2
Unit Weight (SSD) 99.4 105.3

Mix design information (Table 6-4) was obtained from respective project engineers (mix design
sheets, truck tickets, etc.). The mix designs were later reproduced at the TTI laboratory to

prepare the corresponding lab-cast specimens.

Table 6-4: Mix Proportions for HPC Mixtures from Dumas and Euless, TX

Mix Designation 29C6SF (Dumas, TX) 25F (Euless, TX)
Total Cementitious Content (1b/cy) 565 494
Cement (Ib/cy) 367 371
FA, (Ib/cy) 164 (Class C) 124 (Class F)
SF, (Ib/cy) 34 -
Coarse Aggregate (1b/cy) 1884 1820
Fine Aggregate (Ib/cy) (Natural Sand) 1156 884
Fine Aggregate (Ib/cy) (Manufactured) 535
Mixing Water (Ib/cy) 240 (w/cm — 0.42) 215 (w/em ~ 0.43)
AEA, (fl. oz/ cy) 5.64 9.88
Type A-Water Red}lcer., (fl. oz/ cy) 4512 )
Chryso/Envriomix 144
Type A-Water Redycer', (fl. oz/ cy) 3384 i
Chryso/Envriomix 300
Type D-Water Reducer, (fl. 0z/ cy) ) 9.88
GCP/Recover :
Type F-Water Reducer, (fl. 0z/ cy) i 49 4
Mira 110
Fibers (Ib/cy) 0.5 -
Temperature, °F (ASTM C 1064) 70 71
SL, in (ASTM C 143) 4 4.5
Air Content (ASTM C 231) 5.0% 4.5%
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6.2 HPC Mix Evaluation—Dumas, Texas (29% Class C FA + 6% SF)
6.2.1 Field Visit

6.2.1.1 FM 119 Bridge Deck: May 16—17, 2023 (Pictures 1, 2, and 3; Figure 6-1)

On May 16, the deck concrete pour started at 6:30 am TxDOT and the consultant lab carried out
the SL and air content tests for each truck, with SL values around 5 to 5.5 inches and air content
around 4-5 percent. Next, TTI cast a total of eight 4 x 8-inch cylinders, four 4 x 4 x 12-inch
shrinkage beams, and one 3 X 6-inch cylinder (MSA ~1 inch, ACCT test). Field activities were
documented, and truck tickets were collected from the project manager. A follow-up site visit on
May 17 revealed that the deck was covered entirely with wet mats/burlaps as curing continued.
Therefore, visual assessment for early-age shrinkage-related crack development and SR
measurements could not be performed. Subsequently, raw ingredients (cement, FA, SF,
aggregates, and admixtures) were collected from the Vulcan Plant in Dumas, TX, and the field-
cast cylinders and beams were transported to the TTI laboratory for evaluation.
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Field o FM 119

SR tests on deck—FM 2277 Isolated cracks on deck—FM 2277
Figure 6-1: Field Work at Dumas, TX

6.2.1.2 Highway RM 2277: May 16, 2023 (Pictures 4, 5 and 6, Figure 6-1)

A field visit was performed to the FM 2277 Bridge Deck 14 days after the deck concrete pour.
Curing was still ongoing, with the deck covered by burlaps and wet mats (Picture 4, Figure 6-1).
Upon obtaining permission from the TxDOT project manager, we moved mats at two span
locations to perform 40-50 SR measurements along the 450-ft bridge length. Preliminary visual
inspection at these sections revealed cracks about 3—5 ft from the deck railing. Though they did
not appear to be shrinkage-caused, no other crack types were noted. All field observations and
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measurements were carefully documented, and the curing mats were returned to their original

position upon completion of the work.

6.2.1.2.1 Nondestructive SR Testing on RM 2277 Bridge Deck
SR measurements were conducted on a bridge deck covering Spans 1-5. For each span, readings
were taken at three horizontal locations: 1 ft from the left edge, at the center, and 1 ft from the

right edge. Within each span, one or multiple readings were captured at intervals of
approximately 3—5 ft spacing; these measurements were determined by accessibility (i.e., not
covered by curing mats). This systematic approach ensured comprehensive coverage of the entire
bridge deck during the field study and the results are summarized below:

e Variation within each span:

(@]

Span 1: The readings fluctuated, with a highest percent variation of around 34 percent
between the lowest (5.5 at the center) and the highest value (9.6 at the center). This
span sees the center readings sometimes surpassing both left and right, especially
with a 30 percent increase from 7.4 to 9.6.

Span 2: The center reading of 10.6 showed a 67 percent increase compared to the left
reading of 5.8. Overall, the highest percent variation within this span is about 82
percent (from 5.8 on the right to 10.6 in the center).

Span 3: The highest variation in this span is on the right side, with a percent variation
of 29 percent between its lowest (7.9) and highest (10.2) readings. Generally, the
readings on the right edge are higher than those on the left.

Span 4: The range is narrow, with only a 6 percent variation between the highest (10
at center) and the lowest value (9.1 on the right).

Span 5: The readings begin with a percent variation of 11 percent from left to right,
but this variation narrows down to near uniformity toward the end of the span.

e Overall variability across Span 1-5:

o

The SR measurements show a general increasing trend from left to right with a few
exceptions, such as the spike in Span 2. For instance, in Span 3, the rightmost
readings are consistently higher, with an average increase of approximately 7 percent
over the left readings. However, this trend is not uniform across all spans. Moving
from the initial reading of Span 1 (8.1 on the left) to the final reading of Span 5 (10.5
on the left), a gradual 30 percent increase occurs in SR.

Overall, the bridge deck SR readings exhibit considerable variability within and
between spans. The SR measurements, taken 14 days post-deck pour, ranged from 5.5
to 11.8 kOhm.cm, averaging 8.2 kOhm.cm and displaying a COV of 20.33 percent. In
contrast, SR values for specimens tested in the lab (field- and lab-cast) were noted to
be between 4-6 kOhm.cm at 14 days. This indicates that field SR measurements
might not align with lab-tested specimen results. Furthermore, despite the entire deck
(Spans 1-5) being poured in 1 day and undergoing consistent curing processes
thereafter, varied factors (structural, material, or environmental) or non-homogenous
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conditions across the bridge could influence field SR measurements, which need

further examination.
6.2.2 Laboratory Evaluation

6.2.2.1 Resistivity and FF

6.2.2.1.1 Curing Regimen Selection
The ingredient bulk oxide composition and mix proportions were used to estimate the concrete

mixture’s PSC, which was determined to be 119.18 mS/cm using the TTI Model-2 in the TxXDOT
Tool. Accordingly, MPS was adopted for specimen curing regimen following TxDOT Tool
recommendations, comprising of 15.4 g/LL NaOH, 12.8 g/LL KOH, and 2 g/L Ca(OH)2. Table 6-5
shows resistivity measurements for field and lab cast specimens subjected to SPS curing and NC
conditioning procedures from 7 to 180d. Table 6-6 provides a comparison of resistivity and FF
performance classification of field and lab cast specimens subjected to SPS curing and NC

conditioning procedures.

Table 6-5: Resistivity Measurements Using MPS Curing and NC

FIELD-CAST SPECIMENS LAB-CAST SPECIMENS
DAYS | BR (kOhm.cm) | SR (kOhm.cm) SR/BR BR (kOhm.cm) | SR (kOhm.cm) SR/BR
Avg | COV Avg Cov Avg COV | Avg Cov
7d 2.2 5.5% 1.93 7.3% 0.88 3.8 2.5%1| 3.5 4.7% 0.92
14d 4.6 5.3% 4.13 6.7% 0.90 6.1 54%| 5.8 4.4% 0.95
28d 8.9 4.8% 7.98 5.7% 0.90 8.6 53% | 7.7 4.2% 0.90
56d 142 | 3.5% 13.49 | 5.2% 0.95 13.9 2.6% | 13.1 4.0% 0.94
91d 21.1 3.8% 19.51 | 5.3% 0.92 22.8 3.5%| 21.9 3.8% 0.95
180d | 304 | 3.9% 28.7 6.7% 0.94 32.1 3.5% 31.0 3.5% 0.96

Table 6-6: Resistivity and FF (Performance Classification)—MPS Curing, NC, and

Age 91 Days
FIELD-CAST LAB-CAST
Permeability Classification (Value and Class) Permeability Classification (Value and Class)
Resistivity (Measured) Resistivity (Measured)

Ohm-cm 304 Low KOhm-cm 32.1 Low
Resistivity (Sat), kOhm-cm 18 Low Resistivity (Sat), kOhm-cm 19 Low
AFF 3611 Low AFF 3813 Low
FF 2146 Low SFF 2266 Low

Table 6-7 shows resistivity measurements for field and lab cast specimens subjected to MPS
curing and NC conditioning procedures from 3 and 28d. Table 6-8 provides a comparison of
resistivity and FF performance classification of field and lab cast specimens subjected to MPS

curing and AC conditioning procedures.
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Table 6-7: Resistivity Measurements Using MPS Curing and AASHTO TP 119 AC

FIELD-CAST SPECIMENS LAB-CAST SPECIMENS
BR (kOhm.cm) | SR (kOhm.cm) BR (kOhm.cm) | SR (kOhm.cm)
DAYS SR/BR SR/BR
Avg Ccov Avg Ccov Avg Cov Avg Ccov

3d 1.6 3.5% 1.5 7.3% 0.90 2.6 2.5% 2.0 4.7% 0.78
28d 32.8 4.7% 32 5.3% 0.99 35.8 5.3% 34.0 4.2% 0.93

Table 6-8: Resistivity and FF (Performance Classification)—MPS Curing, AC and

Age 28 Days
FIELD-CAST LAB-CAST
Permeability Classification (Value and Class) Permeability Classification (Value and Class)
Resistivity (Measured) Resistivity (Measured),
KOhm-cm 35.8 Low KOhm-cm 32.8 Low
Resistivity (Sat), kOhm- 24 Very Low Resistivity (Sat), kOhm- 2 Very Low
cm cm
AFF 4247 Low AFF 3891 Low
FF 2876 Very Low SFF 2635 Very Low

6.2.2.1.2 Observations and Conclusions
Based on the resistivity tests, the field-cast specimens demonstrated performance metrics similar

to those of the lab-cast specimens under both NC and AC. These observations suggest that, for
QA/QC purposes, contractors may utilize field-cast specimens to measure BR or SR per the
TxDOT Tool-recommended curing guidelines and achieve similar performance (values and
performance classification) as lab-cast specimens with a reasonable level of confidence.
However, further evaluation in several field projects through an implementation project is highly
warranted to establish a strong validation, which will lead to the inclusion of the Tool in

TxDOT’s specification.

However, it is also important to note that a comparison of the resistivity measurements and
permeability classification of a mix between NC and AC is not advisable. For example, at

180 days, both field and lab-cast specimens in NC indicated a low permeability classification
using the limits based on both measured and saturated resistivity measurements as well as FFs
(both AFF and SFF). However, under the AC regimen at 28 days, both lab-cast and field-cast
specimens are classified as low with resistivity (measured) in an AFF-based classification, but
both are classified as very low with resistivity (saturated) in an SFF-based classification. So,
based on resistivity (measured) and AFF-based classification, the mix is identified as low at both
91 days (NC) and 28 days (AC), which indicates that 28-day resistivity measurements with AC
provide the same classification that matches with 91 days NC. However, a significant amount of
further evaluation using several field projects through an implementation project is highly
warranted to validate if 28 days of resistivity measurements in conjunction with resistivity
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(measured) and AFF-based classification systems is acceptable and can reliably be used to do
performance-based mix classification.

6.2.2.2 Shrinkage Evaluation

Over the recorded period, field-cast samples generally exhibited lower AS values (e.g., 145
microstrains at 28 days) than lab-cast specimens (e.g., 165 microstrains at 28 days), possibly due
to specimens’ variability of w/cm ratio in field conditions. Table 6-9 and Table 6-10 summarize
the results from AS and DS measurements, respectively, for lab cast specimens for the mixture.

Table 6-9: AS Measurements for Field and Lab Cast Specimens

FIELD-CAST SPECIMENS LAB-CAST SPECIMENS
DAYS Microstrain Mass %mass Microstrain Mass %mass
(-10-6 strain) (2) change |(-10-6 strain) (2) change

1 0 6746.7 - 0 7021.7 -
18 6746.1 0.01% 27 7021.7 0.00%
40 6745.1 0.02% 65 7020.8 0.01%
14 68 6741.7 0.07% 88 7019.9 0.03%
21 123 6739.1 0.11% 113 7018.6 0.04%
28 140 6738.1 0.13% 125 7014 0.11%
COV (at 28 d) 6.2% 0.1% 4.4% 4.9%
Table 6-10: DS Measurements for Field and Lab Cast Specimens

FIELD-CAST SPECIMENS LAB-CAST SPECIMENS
DAYS Microstrain Mass % mass Microstrain Mass % mass
(-10°° strain) (2) change |(-10° strain) (2 change
7 0 6627.4 - 0 7041.9 0.00%
14 195 6606.5 0.32% 165 6971.5 1.00%
21 214 6597.8 0.45% 190 6957.4 1.20%
28 250 6591.3 0.54% 235 6943.3 1.40%
56 300 6579.5 0.72% 280 6939.8 1.45%
91 329 6587.7 0.60% 300 6937.7 1.48%
180 Terminated at 91d 329 6897.0 1.50%

COV (at 180 d) 7.3% ‘ 0.1% ‘ 15.3% 3.9%

During the ASTM C 157 DS tests, a malfunction occurred in the 23°C and 50 percent RH curing
chamber, leading to uncontrolled temperature and humidity levels in the chamber after that.
Consequently, the specimens were exposed to temperatures nearing 40°C and inconsistent RH
levels. This anomaly significantly skewed the DS measurements around the 91st day for field-
cast specimens and thus were terminated thereafter. Table 6-11 compares the shrinkage
parameters prediction from TxDOT Tool with measurements from field and lab cast specimens.
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Table 6-11: Shrinkage Strains—TxDOT Tool-Based Predictions versus Measured

TXDOT TOOL
VALUES AT 28 DAYS FIELD-CAST LAB-CAST PREDICTIONS
AS (uS) 140E-6 High 125.6E-6 High 121.7E-6 High
DS (uS) 250E-6 235E-6 227.9E -6
Total shrinkage (uS) 390E-6 | Moderate | 385E-6 | Moderate | 348.6E-6 | Moderate
Strain ratio (AS/TS-28 day) 32% 32% 35%
DS-based CP 1.1 Moderate 1.06 Moderate 0.93 Low

Based on the above 28-day data, the TxDOT Tool’s shrinkage predictions are slightly lower than
the field-cast specimen measurements, possibly due to the significant variability in mix design
parameters like the w/cm ratio, as seen in truck tickets. It is important to note that field samples
were cast across different pours, introducing variability. In contrast, the TxDOT Tool operates
under the assumption of normalized conditions for these parameters. While the tool’s prediction
for AS and DS strains displayed 1622 percent deviation from the field-cast specimens, the tool’s
prediction for the strain ratio was relatively closer, with only a 7 percent difference. In terms of
classification, both the TxDOT Tool and field-cast specimens exhibited consistent categorization,
which was especially evident in their close estimates for CPs. This result underscores that despite
quantitative deviations in some metrics, the tool predictions provide similar assessments for field
and/or lab-cast specimens.

6.3 HPC Mix Evaluation—Euless, Texas (25 percent Class F FA)
6.3.1 Field Visit

6.3.1.1 IH 820 Bridge Deck (Spans 9 and 10): February 21, 2023 (Pictures 1, 2 in Figure 6-2)

The deck concrete for Spans 9 and 10 was poured on February 20, 2023. Due to a scheduling
conflict, the project team could not visit the field on the day of the pour; however, the project
consultant, LJA Engineering, cast five 4 x 8-inch cylinders for evaluation. The project team
visited the project site the next day and observed the ongoing curing process. The deck surface
was completely covered with wet mat burlaps, preventing visual inspections and SR
measurements. Subsequently, raw ingredients (cement, FA, aggregates, and chemical
admixtures) were collected from the ready-mix plant used for deck construction. Field samples
(~ 24 hours’ age) were transported to the TTI laboratory for evaluation.

6.3.1.1.1 IH 820 Bridge Deck (Spans 1-10): August 8, 2023 (Pictures 3, 4, 5, and 6 in

Figure 6-2)
A follow-up field visit was conducted at the [H 820 bridge site (IH 820 SBGP SH 121 and TRE
Overpass) in Euless, TX, on August 8, 2023. Work comprised performing SR tests
(nondestructive) and visual assessment/documentation of any potential shrinkage-related cracks
on the studied HPC deck concrete (for different spans) ranging in age from 1 to 6 months. (Date
of concrete pour: Spans 9 and 10 on February 20, 2023; Spans 1 and 2 on May 21, 2023; Spans 3
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and 4 on June 30, 2023; and Spans 5, 6, 7, and 8 on July 19, 2023). Cracks were noted on Spans
9 and 10; however, their occurrence was isolated and did not appear to be shrinkage related.

Transverse cracks on eck, Span 5 (August
2023)

5 =
LA B i S 2L

Crackiﬁg !obsérved- on pan 9.(August 2023) Cracmg erd on Span 10 (Augu
Figure 6-2: Field Visit to Euless, TX

5t 2023)

6.3.1.2 Field SR Measurements

SR measurements were conducted on the bridge deck covering Spans 1-10. For each span,
readings were taken at three horizontal locations: 1 ft from the left edge, at the center, and 1 ft
from the right edge. Within each span, multiple readings were captured at intervals of
approximately 3—5 ft spacing, as determined by accessibility (i.e., not covered by curing mats).
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This systematic approach ensured comprehensive coverage of the entire bridge deck during the
field study. Based on a detailed analysis of the data, the main points are summarized below:

Table 6-12: Variation of SR within Spans for Bridge Deck IH-820

POUR AGE IN DAYS Avﬁ\} SR
SPAN DATE AT KORM. | SP COMMENTS/OBSERVATIONS
NUMEBER EVALUATION )
CM
| 2074 973 Higl.l variability (.i.fe., 73% between the
maximum and minimum center values)
2 05/21/23 79 162.1 32.9 Relatively lower variability (26%)
3 61.1 219 Lower average, 68% variability
06/30/23 39
4 93.4 20.7 Steady average, 35% variability
5 36.3 8.9 Relatively stable, 50% variability
, ; - PYAPT .
6 184 9.5 Minor fluctuations with a 44% difference in

the center readings

7 35.1 13.8 67% variation from left to right

66% variation between the minimum and

8 07/19/23 20 45.0 19.4 . .
maximum center readings
High variability (i.e., 88% difference
9 123.3 58.3 between the leftmost and rightmost
readings)
10 2/20/23 169 109.2 15.2 Uniformity in readings, 22% data

variability at the center.

6.3.1.2.1 Age-Related Variation

The spans poured in May and February showcase relatively higher readings compared to those
poured in June and July. Higher resistivity measurements indicate denser microstructure of these
spans with age. SR readings were also noted to stabilize (i.e., low variability) as the concrete
matures, but further research is needed to validate these observations.

6.3.1.2.2 Variation from Left to Right

For most spans, a definite fluctuation is observed when progressing from the left edge to the
center and then to the right. The pattern is not universally consistent across all spans, suggesting
local factors influencing each span’s readings.

6.3.1.2.3 Conclusion

Analysis of SR provides insights into the systematic variations both within individual spans and
across the 10 spans. The age of the concrete significantly influences the readings. Overall, the
bridge deck SR readings exhibit considerable variability within and between spans. When
compared with SR values for lab-cast specimens, SR measurements on the bridge deck show
significant deviation at similar ages. Furthermore, the spans that are typically poured at the same
time also exhibit considerable SR measurement variability. The high variability could be
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attributed to varied factors (structural, material, or environmental) or non-homogenous
conditions across the bridge that could influence field SR measurements; these factors need

further examination.

6.3.2 Laboratory Evaluation

6.3.2.1 Resistivity and FF

The ingredient bulk oxide composition and mix proportions were used to estimate the concrete
mixture’s PSC, which was determined to be 77.06 mS/cm using the TTI Model-2 in TxDOT Tool.
Accordingly, the ASTM C 1876 recommended SPS was adopted for the specimen curing regimen
following TxDOT Tool recommendations, comprising of 7.6 g/LL NaOH, 10,6 g/LL KOH, and 2 g/L
Ca(OH)2. Table 6-13 shows resistivity measurements for field and lab cast specimens subjected to
SPS curing and NC conditioning procedures from 7 to 180d. Table 6-14 provides a comparison of
resistivity and FF performance classification of field and lab cast specimens subjected to SPS

curing and NC conditioning procedures.

Table 6-13: Resistivity Measurements with SPS Curing and NC

FIELD-CAST SPECIMENS LAB-CAST SPECIMENS
DAYS | BR (kOhm-cm) | SR (kOhm-cm) SR/BR BR (kOhm-cm) | SR (kOhm-cm) SR/BR
Avg COoV Avg | COV Avg Cov Avg Cov
7d 2.7 5.5% 2.4 7.3% 0.88 3.0 2.5% 2.8 4.7% 0.94
14d 3.5 5.3% 3.1 6.7% 0.90 3.9 5.4% 3.5 4.4% 0.91
28d 4.8 4.8% 4.5 5.7% 0.90 53 5.3% 52 4.2% 0.98
56d 8.3 3.5% 7.9 5.2% 0.95 9.1 2.6% 8.9 4.0% 0.97
91d 9.0 3.8% 8.5 5.3% 0.92 9.9 3.5% 9.6 3.8% 0.97
180d 16.7 3.3% 16.0 | 3.4% 0.98 18.5 3.3% 17.8 | 43% 0.96

Table 6-14: Resistivity and FF (Performance Classification)—SPS Curing, NC, and
Age 180 Days

FIELD-CAST

LAB-CAST

Permeability Classification (Value and Class)

Permeability Classification (Value and Class)

Resistivity (Measured) Resistivity (Measured)
KOhmecm 16.7 Moderate Ohmecm 18.5 Moderate
Resistivity (Sat), kOhm-cm 14 Low Res1st1V1tyC(riat), kOhm- 15 Low
AFF 1315 Moderate AFF 1457 Moderate
SFF 1090 Low SFF 1208 Low
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Table 6-15 shows resistivity measurements for field and lab cast specimens subjected to SPS
curing and AC conditioning procedures from 3 and 28 days. Table 6-16 provides a comparison of
resistivity, AFF and FF performance classification of these specimens subjected to SPS curing

and AC conditioning procedure.

Table 6-15: Resistivity Measurements Using SPS Curing and AASHTO TP 119 AC

FIELD-CAST LAB-CAST
BR (kOhm-cm) | SR (kOhm-cm BR (kOhm-cm) | SR (kOhm-cm)
DAYS ) ) SR/BR ) ( SR/BR
Avg Ccov Avg | COV Avg Cov Avg | COV
3d 1.4 3.5% 1.5 7.3% 0.90 2.6 2.5% 2.5 4.7% 0.78
28d 18.8 4.7% 17 5.3% 0.90 19.2 5.3% 18.7 | 4.2% 0.97

Table 6-16: Resistivity and FF (Performance Classification)—SPS Curing, AC, and

Age 28 Days
FIELD-CAST LAB-CAST
Permeability Classification (Value and Class) Permeability Classification (Value and Class)
Resistivity (Measured) 18.8 Moderate Resistivity (Measured) 192 Moderate
kOhm-cm kOhm-cm
Resistivity (Sat), kOhm- 16 Low Resistivity (Sat), kOhm- 16 Low
cm cm
AFF 1480 Moderate AFF 1512 Moderate
SFF 1243 Low SFF 1270 Low

Based on the resistivity tests, the field-cast specimens demonstrated performance metrics similar
to those of the lab-cast specimens under normal conditioning and AC. These observations
suggest that, for QA/QC purposes, contractors may use field-cast specimens to measure BR or
SR per the TxDOT Tool-recommended curing guidelines and achieve similar performance
(values and performance classification) as lab-cast specimens with a reasonable level of
confidence. However, further evaluation in several field projects through an implementation
project is highly warranted to establish a strong validation, which will lead to the inclusion of the
Tool in TxXDOT’s specification. It is also important to note that while resistivity measurements
from NC and AC cannot be directly compared, both resistivity and FF for NC at 180 days and
AC at 28 days demonstrate similar performance classifications. Because 28-day resistivity
measurements with AC have provided the same classification that matches with 180 days NC,
performance classification based on 28-day resistivity measurements with AC was found to be
acceptable (time-saving) in this case. However, a significant amount of further evaluation using
several field projects through an implementation project is highly warranted to validate if
performance-based mix classification based on 28 days of resistivity measurements is reliably

acceptable.
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6.3.2.2 Shrinkage Evaluation

Table 6-17 and Table 6-18 summarize the results from AS and DS measurements, respectively,
for lab cast specimens for the mixture. Table 6-19 presents a comparison of TxDOT Tool
predictions for shrinkage parameters of the mixture with laboratory measured values.

Table 6-17: AS Measurements for Lab Cast Specimens

LAB-CAST
Days Microstrain % mass
’ (-10°8 strain) Mass () change
0 6813.1 -
3 9 6813 0.00%
4 6812.7 0.01%
14 18 6812.2 0.01%
21 33 6811.5 0.02%
28 41 6808.6 0.07%
COV (at 28 d) 3.4% 3.2%
Table 6-18: DS Measurements for Lab Cast Specimens
LAB-CAST
Days Microstrain Mass % mass
(-10°¢ strain) (2 change
7 0 6888.3 0.00%
14 90 6841.5 0.68%
21 145 6819.4 1.00%
28 175 6801.5 1.26%
56 260 6796.7 1.33%
91 330 6791.9 1.40%
180 350 6785.0 1.50%
COV (at 56 d) 17.3% 5.9%
Table 6-19: Shrinkage Strains—TxDOT Tool-Based Predictions versus Measured
VALUES AT 28 DAYS LAB-CAST gﬁ,ﬁg&%‘;
AS (uS) 41E-6 low 32.4E-6 Low
DS (uS) 175.6E-6 209E -6
Total Shrinkage (uS) 216.6E-6 Low 241.6E-6 Low
Strain Ratio (AS/TS-28 day) 18% 13%
CP 0.64 Low 0.68 Low
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Based on the above 28-day data, the TxDOT Tool’s AS predictions were ~ 20 percent lower than
the lab-cast specimen measurements, possibly due to the marginal differences in mix design
parameters used for TxDOT Tool analysis and variability in mix proportions for lab-cast
specimens. In terms of classification, both the TxDOT Tool and lab-cast mixtures exhibited
consistent categorization, which was especially evident in their close estimates for CPs. This
result underscores that despite quantitative deviations in some metrics, the tool predictions
provide similar qualitative assessments as lab-cast specimens.
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CHAPTER 7: INTERLAB REPEATABILITY AND COMPARISON OF THE
RESISTIVITY METHOD

This chapter presents an in-depth analysis of the repeatability and variability of electrical
resistivity test methods based on resistivity measurements using a single concrete mixture in two
different laboratories in order to ascertain within-laboratory variability and interlaboratory
repeatability.

7.1 Synopsis

Researchers at TTI prepared 24 4 x 8-inch concrete cylinders and divided them into four sets
with 6 specimens for each set. Concrete specimens containing 25 percent Class F FA (i.e.,
replication of the Class S HPC mix design (Option 1) used in the IH 820 project in Euless, TX—
details are in Chapter 6) were prepared. Concrete mix’s PSC, estimated using ingredients
composition and mix design parameters following TTI Model-2 ( TxDOT Tool), was determined
to be 75.43 mS/cm. Accordingly, ASTM C 1876 SPS was selected for specimen curing as
mixture’s PSC was within =+ 1-5% of SPS conductivity (=78.74 mS/cm). Concrete specimens
from each set were subjected to two different conditioning procedures, with half undergoing
normal conditioning at 23°C for up to 180 days and the other half subjected to accelerated
conditioning (i.e., 3 days at 23°C and 25 days at 50°C) as per AASHTO TP 119 guidelines. BR
and SR tests were conducted at 3, 7, 14, 28, and 56 days with normal conditioning and at 3 and
28 days with accelerated conditioning by two different laboratories (TTI and TxDOT), with Sets
1-3 evaluated by three different operators at the TxDOT laboratory and Set 4 assessed at the TTI
laboratory by a single operator. The resistivity measurement was to obtain 91 and 180 days of
data with normal conditioning. These data were used to evaluate within-laboratory variability
and multi-laboratory variability of the resistivity test method.

7.2 Background

Service life evaluation of concrete structures necessitates the determination of concrete transport
properties that control ion and fluid ingress into structures. However, the current performance
tests to measure concrete transport properties, such as ASTM C 1556 (chloride diffusion),
ASTM C 1585 (water absorption), etc., are labor-intensive, time consuming, and demonstrate
high variability/poor reproducibility of the measured properties and thus are not suited for rapid
performance assessment and quality control purposes (56, 68). Therefore, instead of direct
measurements by the above methods, resistivity measurement is recommended as an indirect
way to assess concrete transport properties (83). Recently, concrete resistivity tests such as
bulk/uniaxial resistivity (ASTM C 1876/AASHTO TP 119) and SR (AASHTO T 358) are
gaining interest as a rapid approach to characterize the pore network of concrete mixtures (49).

Because concrete resistivity tests are easy to perform and have better precision than ASTM
C1202, state DOTs and highway agencies have more recently been moving toward
using/implementing the resistivity tests in practice for mixture qualification, QA/QC, and
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durability evaluation of concrete pavements mixtures (AASHTO PP84) (83). However, the
current multitude of ASTM/AASHTO test standards for concrete resistivity tests, encompassing
two distinct test approaches and five different specimen curing regimens, creates a complex
range of options for selecting the most appropriate approach for practice.

7.3 Influence of Test/Measurement Procedure

Although resistivity is a material property, commercially available devices measure concrete
resistance, which is corrected for specimen geometry to obtain resistivity, as shown in Equation
7-1:

Equation 7-1 P = k.R yiinder

where R is the resistance of concrete, and k is a geometrical factor that depends on the size and
shape of the specimen and the distance between the probes on the testing device.

7.3.1 SR Tests

In both TTI and TxDOT labs, SR measurements for concrete specimens are performed using a
commercially available 4-point Wenner probe SR meter (example: Resipod manufactured by
Proceeq) shown in Figure 7-1.

Figure 7-1: SR Tests Using Resipod by Proceeq

The SR test device utilizes four equally spaced surface contacts to measure the resultant potential
difference (i.e., voltage [V]) between the two inner electrodes when a small alternating current
(D) is passed through the concrete between the outer pair of contact probes, as shown in Equation
7-2:

Equation 7-2 p= % * k

Where the geometric factor (k) is given by Equation 7-3:
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Equation 7-3 k=%

k2
Where the factor 41, defined as the probe spacing correction, represents the assumption of an
infinite half-space, meaning the spacing of the electrodes (@) is much smaller than the depth (d)

of the material being measured (e.g., slab evaluation in the field), as shown in Equation 7-4:
Equation 7-4 ki=2+mx*xa

However, the assumption of infinite-half space is not applicable for SR testing in the laboratory
when using cylindrical concrete specimens because probe spacing remains higher than the
evaluation depth (smaller specimen size) to prevent interferences with coarse aggregates (52).
Accordingly, a second correction factor—geometric factor k>—is employed to account for
constricted current flow through the lab cylindrical concrete specimen, and Equation 7-5 shows a
second-order approximation based on a previous research study (47) .

Equation 7-5 k, =1.10 - <0'd£> + (%)
Where a represents the spacing of the electrodes, and d is the diameter of the test cylinder. It
should be noted that this correction is only valid when d /a/< 6.0 and L/a/> 6.0, where L is the
length of the cylinder. For testing on a standard 100 mm x 200 mm test cylinder, the k> value
ranges from 1.8 to 1.9. The three primary factors that affect SR measurements are (1) concrete
homogeneity, (2) surface contact, and (3) size and geometry of the specimen. Accordingly, the
apparent SR is determined to account for geometrical correction, as seen in Equation 7-6:

Pmeasured

Equation 7-6 Papp = K

Where K is the GCF. Table 7-1 shows geometric factors obtained from different studies.

Table 7-1: Geometric Corrections Determined from the Literature

K VALUE FOR 4 x 8§ CYLINDER WITH
RESEARCH SPACING A = 1.5 INCHES (38 MM)
Morris et al (52) 1.96
Spragg et al (47) 1.86
Kessler et al (84) 1.8
Ghosh et al. (67) 1.95
Saraswatula et al.,(85) [HPC Project] 1.92

7.3.2 BR Tests

Uniaxial resistivity, or a BR test, measures electrical resistivity from a uniform current
distribution through the bulk of the concrete specimen using an alternate current at 1kHz AC
frequency. Commercial BR test devices measure resistance to current flow through concrete bulk
material as a function of the ratio of applied voltage (V) to resulting current (/), multiplied by
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geometric/cell constant k, where electric charge is carried through ions dissolved in the PS, as
shown in Equation 7-7:

Equation 7-7 p= ; x k

One of the critical requirements of this test is to establish a good electrical connection between
the test specimen and the electrodes, which is typically accomplished through the use of a
conductive medium (e.g., a sponge immersed in artificial PS or LW or conducting fluid gel).
Although the use of the above conductive medium greatly minimizes resistance to the current
flow, some resistance will still be there; Equation 7-8 has been proposed to account for this kind
of influence (47):

Equation 7-8 Rcylinder = Rmea - Rtop sponge — Rbottom sponge

7.3.2.1 BR Measurements using RCON

In the TTI laboratory, BR measurements were performed using a commercially available
resistivity meter RCON, manufactured by Giatech Scientific, at a frequency of ~1 kHz at 23 +
2°C as shown in Figure 7-2.

Figure 7-2: BR Measurement Using RCON by Giatech Scientific

RCON devices measure concrete resistance, which is corrected for specimen geometry to obtain
resistivity, as shown in Equation 7-9:

Equation 7-9 P = k.R yiinder
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Where R is the resistance of concrete, and k (Equation 7-10) is a geometrical factor that depends
on the size and shape of the tested specimen and the distance between the probes on the testing
device. A is the cross-sectional area of the specimen, and L is the length of the specimen.

Equation 7-10 k=7

An RCON device uses conducting fluid gel to prewet the sponges prior to resistivity
measurements and, accordingly, is noted to have a negligible impact on overall concrete
resistivity measurements.

7.3.2.2 BR Measurements using SR Resipod Device

In the TxDOT lab, BR measurements were performed using the same Resipod device that was
used to measure SR as shown in Figure 7-3.

:\__/

Figure 7-3: BR Measurement Using Resipod bSI Proceeq

However, unlike RCON, Resipod devices measure concrete resistance (R), which is corrected for
probe spacing correction (K.) and specimen geometry (k) to obtain resistivity, as shown in
Equation 7-11:

k
Equation 7-11 p= k—g * Reylinder
2

: : d%1
Where k. = Probe spacing correction = 2mta and k, = cell const corxn (geometry) = T

One of the critical assumptions of this measurement approach is that there is a good electrical
connection between the test specimen and the electrodes, typically accomplished through a
conductive medium. Accordingly, the influence of contact resistance is determined with
Equation 7-12 (47).

Equation 7-12 Rcylinder = Rmea - Rtop sponge — Rbottom sponge
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7.4 Materials and Mix Designs

Concrete ingredients obtained directly from the IH 820 Bridge Project (Euless, TX) and used for
the preparation of concrete specimens, as with the 25F mix design. Cementitious materials’
composition, aggregates properties and mix design/proportions are presented/discussed
previously in Chapter 5 and thus are not presented here.

7.5 Evaluation Methodology

Resistivity tests were performed in TxDOT and TTI laboratories. Operators 1 to 3 evaluated Sets
1-3 at TxDOT, while Operator 4 assessed Set 4 at TTI as shown in Figure 7-4.

24 — 4x8 cylinders
prepared at TTI Lab
Date: 12/14/23

Curing Regimen: ASTM C 1876 Std. Simulated Pore Solution (SPS)
Each Set 6 cylinders: Normal Temperature Conditioning (NC): Specimen conditioning at 23°C
Curing: SPS for all for 91-180 days
s ; | Accelerated Temperature Conditioning (AASHTO TP 119)
Conditioning Procedure: . e - A 5
3.NC&3-AC Specimen conditioning for 3 days at 23°C followed by 25 days at 50°C for
a total duration of 28 days.

Set4-TTI
Operator 4 (PS)

Set 1 :TxDOT Set 2: TXxDOT Set 3: TxDOT
Operator 1 (JB) Operator 2 (MR) Operator 3 (TH)

Figure 7-4: Approach for Interlab Resistivity Evaluation

7.5.1 Curing Regimen Selection

The bulk oxide composition and mix proportions were used to estimate the concrete mixture’s
PSC, which was determined to be 77.06 mS/cm using the TTI Model-2 in the TxDOT Tool.
Since the difference between the TxDOT Tool-based PSC prediction (i.e., 77.06 mS/cm) and
ASTM C 1876 recommended PSC (i.e., 78.74 mS/cm) for simulated PS is negligible, the SPS
curing was selected. Following ASTM C 1876, SPS was prepared by dissolving 102.6 g of dry
NaOH, 143.9 g of dry KOH, and 27 g of dry Ca(OH)2, in a 3.6 gal (13.5 L) of water. Test
samples were cured in sealed SPS buckets with a solution-to-sample ratio of 4:1(by volume) and
placed in a controlled environmental chamber (23 = 2 °C, RH 98 + 2%) for the duration of
testing.

7.5.2 Specimen Conditioning

Concrete specimens from each set were subjected to two different conditioning procedures, with
half undergoing normal conditioning at 23°C for up to 180 days and the other half subjected to
accelerated conditioning as per AASHTO TP 119 guidelines.
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7.5.3 Experimental Work

Replicate 4 x 8-inch concrete cylinders (4+0.08 inch diameter and 8+0.16 inch height) were cast,
demolded at the age of 2442 hours, and subjected to curing regimens, as described below.
Concrete specimens at each test age were removed from the sealed buckets, gently washed with
tap water to remove any adhered soak solution from the surface, and blotted off to SSD condition
with a clean damp cloth before resistivity tests. All resistivity test measurements were conducted
at room temperature (23+2°C) in compliance with standard specifications.

BR measurements were performed according to ASTM C 1876 /AASHTO TP 119
specifications. BR measurements at TTI were performed using a commercially available
resistivity meter, RCON, manufactured by Giatech Scientific, at an operating frequency of
~1kHz at 23 + 2°C. Before the BR test, the device’s end sponges were saturated with conductive
gel to ensure sound electrical contact with the cylinder ends. Based on the test cylinders’
dimensions (4 x 8 inches), a GCF of 1.57 inches (3.98 cm) was used for BR determination (47).
However, BR measurements at TxDOT were performed using Resipod, a commercially available
4-point Wenner probe meter manufactured by Proceq.

SR measurements at both labs followed AASHTO T 358 specifications using a commercially
available 4-point Wenner probe meter manufactured by Proceq. Based on the test cylinders’
dimensions (4 % § inches) and 1.5 inches (38 mm) probe spacing for the test device, the GCF of
1.92 was used in the SR determination (49).

BR and SR tests were run at testing ages of 3, 7, 14, 28, and 56 days under normal conditioning
(testing at 91 and 180 days yet to be performed) and for 3 and 28 days under accelerated
conditioning.

7.6 Results and Discussion

7.6.1 Part 1: Evaluation of Within the Lab Repeatability of Resistivity Measurements

Table 7-2 presents the average resistivity and COV for concrete specimens tested under normal
conditioning by four different operators from the two institutions (i.e., TxDOT and TTTI).
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Table 7-2: Average and COYV in the Resistivity Measurements (Normal Conditioning,

kOhm-cm)
TXDOT - TXDOT - TXDOT - TTI -
TEST OPERATOR 1 OPERATOR 2 OPERATOR 3 OPERATOR 1
Age | Param SR BR SR BR SR BR SR BR
3 avg 23 1.5 23 1.9 23 12 23 25
cov | 3.9% 22% 4.6% 0.9% 3.7% 7.9% 4.5% 5.4%
7 | avg 25 2.1 2.6 22 25 2.1 2.4 2.6
cov | 3.9% | 187% | 4.7% 6.4% 2.9% 9.3% 4.0% 5.1%
14 | avg 35 3.1 3.4 3.1 3.4 32 3.1 35
cov | 48% | 102% | 4.3% 3.9% 4.1% 3.1% 4.1% 4.4%
28 | avg 5.8 5.6 58 5.6 57 55 5.6 53
cov | 3.8% 2.0% 4.5% 3.6% 4.2% 1.3% 3.1% 3.1%
56 | avg 10.1 10.3 10.3 10.3 10.4 9.6 9.4 95
cov | 5.4% 1.9% 5.1% 1.3% 4.2% 2.5% 5.7% 1.7%

For both SR and BR, the averages tend to increase with the age of the concrete, indicating that
resistivity improves (increases) over time. At early ages (3 days), the averages for SR and BR are
low, ranging from 2.3 to 2.5 kOhm-cm and 1.2 to 2.5 kOhm-cm, respectively. By 56 days, the
averages have generally increased to > 9.4-10.6 kOhm-cm for SR and BR. The COV (measuring
the variability relative to the average) shows some differences between operators and test ages.
Notable high COV values are seen at 7 days for TxDOT Operator 1 in BR (18.7 percent) and at
14 days for the same operator in BR (10.2 percent). TxXDOT Operator 3 also had elevated COV
values at early ages (7.9 percent at 3 days and 9.3 percent at 7 days for BR). By 56 days, the
COV values are all relatively low, typically below 5.7 percent for both SR and BR tests,
suggesting consistency in the measurements at this mature age of the concrete. Under accelerated
conditioning, results shown in Table 7-3 exhibit a marked increase in both SR and BR from 3 to
28 days across all operators, suggesting enhanced concrete resistivity over time. Initially, at

3 days, the average resistivity values are low (2.3-2.6 kOhm-cm for SR, 0.9-2.6 kOhm-cm for
BR), but by 28 days, these values rise substantially (31.0-34.8 kOhm-cm for SR, 28.9-35.0
kOhm-cm for BR).

Table 7-3: Average and COV in Resistivity Measurements (Accelerated Conditioning,

kOhm-cm)
TXDOT - TXDOT - TXDOT - TTI -

TEST OPERATOR 1 OPERATOR 2 OPERATOR 3 OPERATOR 1
Age | Param SR BR SR BR SR BR SR BR
3 avg 23 1.4 23 1.5 2.4 0.9 2.4 2.6
cov | 6.5% 4.3% 42% 3.3% 6.1% 4.3% 7.3% 3.8%

28 | avg 31.4 28.9 31.0 29.6 325 29.0 34.8 35.0
cov | 6.7% 4.4% 7.5% 4.5% 6.4% 3.7% 3.5% 1.6%
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7.6.2  Part 2: Evaluation of Intralab (i.e., Within Lab) Repeatability of Resistivity
Measurements

Table 7-4 summarizes the average resistivity and COV for concrete specimens cured normally
and tested by TxDOT and TTI over a range of ages from 3 to 56 days for NC and 3 to 28 days
for AC. For TxDOT, the average SR and BR generally increase with age, from 2.3 kOhm-cm
and 1.6 kOhm-cm at 3 days to 10.3 kOhm-cm and 10.1 kOhm-cm at 56 days, respectively. The
COV decreases from initially high values (19.8 percent for BR at 3 days) to much lower values
(2.5 percent for SR and 3.8 percent for BR at 56 days), indicating more consistent results as the
concrete matures. TTI’s results show a similar trend, with average resistivities increasing from
2.3 kOhm-cm and 2.5 kOhm-cm at 3 days to 9.4 kOhm-cm and 9.5 kOhm-cm at 56 days for SR
and BR, respectively. The COV values are lower compared to TxDOT, with an initial 4.6 percent
for SR and 6.2 percent for BR at 3 days, decreasing to 4.1 percent and 2.7 percent at 56 days,
thus reflecting a very consistent testing outcome at that age.

Table 7-4: Average and COV in Resistivity Measurements Comparison (Within Lab)

TXDOT - TTI -
CONDITIONING TEST WITHIN LAB & WITHIN LAB &
3 OPERATORS 1 OPERATOR

Type Age(day)| Param SR BR SR BR

3 avg 2.29 1.6 2.3 2.5
cov 2.4% 19.8% 4.5% 5.4%

. avg 2.55 2.1 2.4 2.6
cov 1.8% 8.4% 4.0% 5.1%

Normal 14 avg 3.45 3.1 3.1 3.5
Conditioning cov 2.5% 2.7% 4.1% 4.4%

28 avg 5.77 5.6 5.6 53
cov 2.5% 2.6% 3.1% 3.1%

56 avg 10.28 10.1 9.4 9.5
cov 2.5% 3.8% 5.7% 1.7%

3 avg 2.3 1.3 2.4 2.6
Accelerated cov 4.9% 22.3% 7.3% 3.8%
Conditioning )% avg 31.6 29.2 34.8 35.0
cov 5.9% 3.7% 3.5% 1.6%

For AC conditioned specimens, the average SR and BR are low at 3 days (2.3 and 1.3 kOhm-cm,
respectively), with high COV, especially for BR (22.3 percent) for TxDOT. By 28 days, average
resistivity increases substantially (31.6 for SR, 29.2 for BR), and COV decreases (5.9 percent for
SR, 3.7 percent for BR), indicating improved consistency. TTI results start with a slightly higher
average SR and BR at 3 days (2.4 and 2.6 kOhm-cm, respectively) and lower COV (7.7 percent
for SR, 4.3 percent for BR). At 28 days, the average increases to 34.8 for SR and 35.0 for BR,
with a significant reduction in COV to 2.3 percent for SR and 1.7 percent for BR, thus showing a
more consistent measurement at this stage. In summary, both TxDOT and TTI observed
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increased average resistivity and decreased COV over time, with TTI showing higher average
resistivity and lower COV at both testing ages.

7.6.3  Part 3: Interlaboratory Comparison

Table 7-5 shows the interlaboratory comparison between TxDOT and TTI for concrete resistivity
testing under NC and AC conditions and reveals the following. For normal curing, the average
SR and BR increase with the concrete’s age, starting at 2.3 and 1.8 kOhm-cm at 3 days and
reaching 10.1 and 9.9 kOhm-cm at 56 days, respectively. The COV for both SR and BR
decreases significantly from the initial testing stage to the later stages, starting from a high of
27.7 percent for BR at 3 days and stabilizing at below 5 percent at 56 days, indicating more
consistent results as concrete cures over time. Under AC, there is also a notable increase in
average resistivity values from 3 to 28 days (2.3 to 32.4 kOhm-cm for SR, and 1.6 to 30.7
kOhm-cm for BR). However, the COV is substantially higher, particularly at 3 days, with BR
showing a COV of 40 percent. By 28 days, the COV for both SR and BR decreases to 6.7
percent and 9.1 percent, respectively, though it remains higher compared to normal curing.

Table 7-5: Interlaboratory Resistivity Evaluation (NC and AC)

TXDOT & TTI
CONDITIONING TEST INTERLAB &
ALL OPERATORS
Type Age(day) Param SR BR
3 avg 2.3 1.8
cov 2.9% 27.7%
avg 2.5 2.2
! cov 3.5% 11.7%
Normal 14 avg 34 3.2
Conditioning cov 4.9% 5.8%
)3 avg 5.7 5.5
cov 2.9% 3.2%
56 avg 10.1 9.9
cov 4.6% 4.4%
3 avg 2.3 1.6
Accelerated cov 5.3% 40.0%
Conditioning )8 avg 324 30.7
cov 6.7% 9.1%

7.7 Conclusions

This study concludes that resistivity testing, as a rapid and nondestructive method, offers an
efficient approach for quality control of concrete mixtures. The test minimizes time spent on
sample conditioning and allows for multiple age measurements from a small number of samples.
Unlike other tests that destroy samples, resistivity tests can be conducted on cylinders also used
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for compressive or tensile strength tests, thus enhancing mixture evaluation efficiency. However,
the accuracy of resistivity measurements can be affected by specimen geometry and testing
equipment, which necessitates geometry correction factors and careful preparation to ensure
minimal resistance from sponges used to establish electrode contact.

Precision statements for BR tests are specified under ASTM C 1876, with a noted single-
operator COV of 4.3 percent and a multilaboratory COV of 13.2 percent. No equivalent
precision statements exist for SR tests under AASHTO T 358.

Data from the above interlaboratory study involving two laboratories and tests of 3 replicate
specimens by each operator for each test (SR or BR) have quantified the operator and
multilaboratory precision for both BR and SR tests. This quantification was based on the average
COV and provided insights into the variability inherent to these resistivity test methods.

The within-laboratory and multilaboratory COV for SR and BR tests indicates a trend of
variability dependent on the age of the concrete and the curing method applied. Both within-
laboratory and interlab COV tends to decrease with the age of the concrete, suggesting that as
concrete cures, the repeatability of resistivity measurements improves. For multilaboratory
comparisons, the COV is generally higher than within laboratory, reflecting the variability
introduced by different operators and equipment between laboratories. Overall, the
multilaboratory COV also decreases over time—to 4.6 percent (SR) and 4.4 percent (BR) at

56 days with NC, and 6.7 percent (SR) and 9.1 percent (BR) at 56 days with AC (in compliance
with the multilaboratory COV of 13.2 percent), thereby implying that discrepancies between
laboratories lessen as the concrete ages.
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CHAPTER 8: CONCLUSIONS, FUTURE WORK, IMPLEMENTATION
RECOMMENDATIONS

This section summarizes the main findings of this study and offers recommendations for future
work and implementation.

The literature review highlights the industry’s transition toward performance-based
specifications for HPC implementation that emphasize durability, quality, and constructability.
Standard guide specifications have identified several performance characteristics and established
threshold limits for various durability requirements. Moreover, various highway and state
agencies’ adoption of performance-based approaches, including proprietary mix designs and
ERSs, underscores a commitment to meeting field durability requirements through innovative
and flexible specification strategies.

The study evaluated critical durability indicators for HPC mixtures through performance
evaluations of selected in-service bridge decks through visual inspections, NDT methods, and
laboratory testing of field cores, including service life evaluation with ConcreteWorks. It aimed
to assess if existing mix designs satisfied mechanical and durability criteria and whether current
specifications addressed durability effectively. The research further formulated a broad spectrum
of HPC mixtures covering Mix Options 1-5 (TxDOT specifications) and conducted detailed
durability property investigations. The investigation resulted in the following major findings:

e ASR Mitigation: The traditional method for optimizing SCM dosage for ASR mitigation
involves long-term performance testing across multiple replacement levels. This research
developed a Chemical Screening Tool (CST) for rapid estimation of optimal SCM dosage
within 1-2 days by leveraging the established concrete pore solution and aggregate
reactivity relationship. CST's scientific approach for dosage predictions diminishes
reliance on prolonged laborious ASR tests and offers substantial time and cost savings for
both industry and DOT stakeholders.

o Shrinkage: Analysis revealed that TxDOT’s HPC mix design practice (500—600 Ib/cy
cem content and 0.42 w/cm ratio) is optimized for DS. The research established 400
microstrains at the 28-day threshold limit for DS performance of HPC mixtures, though
further validation is needed. However, mixture practice of low w/cm ratio (0.40-0.42)
and aided by chemical admixtures (HRWR) to meet slump targets resulted in high AS,
especially with SF in binary/ternary mixes. Additionally, high AS coupled with large
thermal strains (i.e., thermal gradient from early morning placements), possibly
contributed to early-age cracking noted at certain bridge decks in Amarillo, TX (Mix 29
percent C+6 percent SF).

e Concrete Pore Solution Chemistry (PSC), Resistivity and FF: The use of SCMs such as
FA and SF in HPC mixtures improves durability by reducing permeability but also
significantly alters the mixture’s PSC through their soluble alkali contribution and alkali
binding. PSC impacts widely used concrete resistivity tests used for mixture qualification
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and QA/QC, while in contrast, the FF offers an accurate microstructural description
essential for predicting transport properties and enabling rapid durability assessments.
This research developed Resistivity, AFF and FF performance classification thresholds
for HPC mixtures.

o Resistivity measurements are reliant on PSC and microstructure, of which are altered
differently by SCMs like FA and SF in HPC mixtures, thereby complicating direct
resistivity-based comparisons for HPC mixtures.

o FF study reveals binary FA HPC mixtures display low early-age FF due to slow
microstructure development, potentially limiting their performance in harsh ambient
conditions like seawater exposure. Conversely, ternary HPC mixtures with SF show
enhanced early and later-age FF, indicating better early microstructure development
and improved resistance to transport properties, making them more effective in
demanding environments

o Resistivity and Curing Regimen:. Curing methods further affect resistivity through
changes in saturation, leaching, and microstructure development, challenging uniformity
in measurements.

o AASHTO TP 119’s SC methods can lead to self-desiccation in low w/cm mixtures,
affecting hydration and increasing resistivity variability.

o Recent specifications for concrete resistivity tests (ASTM C 1876/AASHTO TP 119)
advocate a single/std simulated pore solution (SPS) curing to simplify the FF
determination by eliminating the need for pore solution resistivity determination.
However, this study found that SPS does not uniformly represent the PSC across
various HPC mixtures. SPS curing regimen proved ineffective for certain Class C
HPC mixtures with higher average PSC [~ 20—40 percent higher than SPS], which
resulted in significant resistivity measurement variability and 22 percent error in FF
determination.

o The research prompted the development of an innovative Matching Pore Solution
(MPS) curing regimen. Under MPS, HPC mixtures were grouped based on SCM’s
impact on PSC (e.g., Group 1: no FA mixtures with an average PSC of 85.1 mS/cm;
Group 2: Class F FA mixtures with an average PSC of 73.5 mS/cm; Group 3: Class C
FA mixtures with an average PSC of 114.5 mS/cm, etc.) and thereby, cured using a
simulated solution that aligns with the group’s average PSC. MPS curing aligns
curing solutions closer to the mixture’s actual PSC, reduces variability in/between BR
and SR measurements, and notably improves FF determination accuracy and FF-
based transport property predictions, evidenced by enhanced predictive correlations in
HPC mixtures.

e Chloride Diffusion: The current performance test, ASTM C 1556, to measure chloride
transport requires laborious sample conditioning, is time-consuming, is slow in
implementation, and provides limited information on the measured properties. Moreover,

182



the transport of free chloride ions through concrete’s PS rather than total chlorides
(ASTM C 1556) triggers the initiation of corrosion in structures. The research findings
show that the effective diffusion coefficient, crucial for assessing corrosion risk in
concrete, is primarily influenced by concrete microstructure, pore structure, and
connectivity. The AFF-based approach for estimating effective diffusion coefficients was
found to be effective in providing results with reasonable accuracy. This study developed
a predictive model for AFF-based effective chloride diffusion prediction for HPC mixes,
incorporating chloride binding, offering a reliable method for determining corrosion
potential.

A simplified, user-friendly Excel tool known as the TxDOT Tool was developed to facilitate the
practical application and implementation of research findings into practice. TxDOT tool aids
DOT practitioners and contractors in conducting rapid, durability-based performance evaluations
of Class S CIP HPC bridge deck mixes, covering four critical aspects: ASR mitigation,
shrinkage, resistance to chloride ion ingress, and freeze-thaw durability.

With the goal of elevating the project's Technology Readiness Level (TRL) from 6 to 8, the
research conducted a field evaluation program followed by an inter-lab comparison of the
resistivity method. Three field projects in the Euless and Dumas regions of Texas were selected
to evaluate the performance of project-specific HPC mixtures by comparing laboratory
evaluations of field-cast and lab-cast specimens with predictions from the TxXDOT Tool for
durability performance. Results showed that HPC mixture performance classification using 28-
day accelerated conditioning (AC) resistivity measurements could serve as a viable alternative to
normal 91d or 180d conditioning periods, but it needs additional validation across various SCM
types. Initial field evaluations indicate that field-cast specimens align well with laboratory-cast
specimens in terms of performance classification and evaluation, suggesting that contractors
might rely on field-cast specimens for comparable QA/QC outcomes following the guidelines
provided by the TxDOT Tool. However, to confirm these findings, more extensive field testing
is recommended.

The Interlab program investigated concrete BR and SR measurements on a single concrete
mixture, subjected to different conditioning procedures in two labs to determine/establish the test
method's within-laboratory variability and inter-laboratory repeatability. Interlab evaluation with
a single HPC mix (subjected to different conditioning procedures across two labs) showed that
resistivity test methods met the lab's repeatability standards within and between labs.

8.1 Future Work

The current research indicated that the use of SF in conjunction with Class C ash (e.g.,

29 percent Class C ash + 6 percent SF, HPC mix with ternary blends) provided the required
transport properties for the Amarillo bridges. Similarly, 20 percent Class F + 5 percent SF mix
instead of the current 25 percent Class F mix can provide the required transport properties to
qualify as HPC for the Galveston bridge under the splash zone. However, the use of SF increases
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AS in general (especially under high ambient temperature), with AS of 29 percent Class C +

6 percent SF > AS of 20 percent Class F + 5 percent SF. The higher the AS, the higher the early-
age CP. To qualify a mix as an HPC mix in certain geographic locations with high-severity
exposure conditions, the use of a ternary blend instead of binary is recommended. Since ternary
blend with SF is being used in Texas, the use of the TxDOT Tool to evaluate the effectiveness of
commonly used mitigation measures (e.g., internal curing using lightweight aggregates) in
reducing AS potential should be considered in future research. This step will lead to the inclusion
of internal curing in performance-based specifications for HPC. If the use of other suitable SCMs
(e.g., metakaolin, colloidal silica, etc.) to make a ternary blend is justified based on supply and
demand criteria in Texas, durability evaluation using the TxDOT Tool will be very useful.

The use of SF may be discontinued in the Amarillo and Lubbock areas, and the use of mixes
with Class C ash alone may not be adequate to fully mitigate ASR and satisfy the transport
properties requirements (may reduce the resistance to chloride ingress and F/T cycles). The
evaluation of one Class C ash mix (35 percent Class C ash) in the current research has indicated
that this mix did not provide the required transport properties. Therefore, adding another suitable
SCM component (other than SF) to make an effective ternary blend could be a viable option that
can be evaluated by our TxDOT Tool-based approach. If making a ternary blend using another
SCM is not a practically viable option, the selection of appropriate steel to counteract the mix
design deficiencies needs to be considered as an important area of further research.

Change in materials’ availability and/or mix designs leads to changes in concrete transport
properties, which has a direct connection with the selection of the most appropriate reinforcing
option. The TxDOT Tool can be used to verify if a mix is adequate to provide high performance
under a particular exposure condition (geographic location) and provide recommendations on
mix design modifications whenever the current mix design practice is inadequate to meet the
major durability requirements. However, this tool can be extended to establish a link between
mix design controls (a performance indicator representing transport properties), selection of
reinforcements, and exposure conditions to develop this kind of performance requirement. This
kind of performance requirement will allow districts to optimize between the use of mix design
controls (needed to meet certain criteria) and the selection of the most appropriate reinforcing
option and decide where and when to use epoxy-coated steel. On one hand, this will ensure cost
optimization (cost savings), and on the other hand will ensure long-lasting durable concrete that
meets the exposure conditions.

As the need for alternative SCMs to make durable concrete increases, the research to modify and
update the TxDOT Tool to accommodate alternative SCMs (e.g., natural pozzolans) becomes
another important area of future research. The TTI Model-2 developed in the current research
presents a simplified approach to predict PSC of binary and ternary concrete mixes containing
SF, Class C, and Class F fly ashes to select curing regimens for the resistivity measurements and
to estimate FF effectively. TTI Model-1 is effective in estimating PSA and determining SCM
dosage rapidly for ASR mitigation using TTI’s CST method for conventional SCMs. Both
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models are built in the TxDOT Tool. However, the applicability of both TTI Model-1 and TTI
Model-2 for all potential alternative SCMs needs to be verified. Integrating thermodynamic
modeling with the current service life prediction models is the recent national trend. Therefore,
integrating GEMS modeling in the TXDOT Tool should be another area of future research to
increase the reliability of PSA, PSC, and PSR estimation and improve resistivity/FF
determinations for all the alternative SCMs.

Two slag grinding facilities are coming to Texas this year, and TxDOT expects slag to become
more common in Texas. These grinding facilities are going to get their slag granules from
different sources and will be able to blend to design slag with variable chemistry and particle
sizes to meet the project needs. Detailed research to evaluate the effectiveness of available slag
in Texas in making durable concrete through the necessary modification of the TxDOT Tool to
accommodate slag should be considered an important area of future research.

In the current research, the creep behavior of HPC mixes was estimated based on the existing B4
models to estimate CP. Future work is needed to investigate the creep behavior of HPC mixes
experimentally.

A recently published NCHRP report recommends using ASTM C1567 to determine SCM dosage
based on 0.10 percent at 28 days criteria if the aggregate reactivity is known with higher
reliability. In our performance-based approach, we compared CST-based dosages with the
dosages estimated by the C1567 (0.1 percent at 14 days) method and sorted out the ashes that
needed further validation by the ACCT method. Using C1567 with a 0.1 percent expansion limit
at 28 days may improve the comparison between CST and C1567, and the need for the ACCT
method (75-90 days) to validate the sorted-out SCMs can be greatly minimized, which can save
time and money. This approach needs to be evaluated.

8.2 Implementation Recommendations

The main item for implementation will be to apply the TxXDOT TOOL to evaluate the current
mix design practices for several field projects and examine if the current mix designs qualify as
HPC matching with the durability requirements in the field projects.

Based on limited field validation studies, the resistivity-based performance classification using
28-day resistivity measurements with accelerated conditioning was found to be acceptable.
However, a significant amount of further evaluation using several field projects through an
implementation project is highly warranted to validate if performance-based mix classification
based on 28 days of resistivity measurements with AC is reliably acceptable.

e During field validation, the research team went to the field during the day of concrete
pouring. The mix design selection and verification through trial batch operations were
already conducted by the contractors. In the proposed implementation plan, the research
team will work with the contractors of the selected field projects from the beginning (i.e.,
mix design and trail batch stages) and identify the deficiencies (if any) of the selected
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mix designs and provide recommendations on improving the mixes through
modifications (mostly minor). If the deficiencies are identified and the recommended mix
design changes cannot be implemented because of some limitations (e.g., an additional
ingredient cannot be accommodated in a batch plant or recommended materials may not
be available locally), the importance of better steel selection (an important area of future
work explained above) will greatly increase to overcome the mix design deficiencies.

e A connection between classification category and performance evaluation will be
established that is expected to be useful in selecting a particular class category (e.g., low
or very low) for a particular location meeting the requirement of severity of exposures. In
the future, TxDOT can use resistivity or FF-based performance classification (within
28 days) to verify if the selected mix is qualified as HPC for a project and avoid doing
performance evaluation through conducting long-term testing.

Based on evaluating one mix, the resistivity test methods have satisfied the within-the-lab and
between-the-lab repeatability requirements. However, various representative mix designs need to
be evaluated to establish acceptable within-the-lab and between-the-lab repeatability
requirements.

Resipod by Proceeq is a commonly used device for measuring SR, whereas Resipod by Proceeq
with a changed configuration and RCON by Giatech Scientific both are commonly used for
measuring BR. The raw data from different devices cannot be compared, and this feature needs
to be corrected (geometry corrections, minimal resistance from sponges, etc.) before using them
for performance classification and estimating different durability performance indicators. To
accommodate resistivity measurement by different devices, the research team has developed an
Excel sheet (preliminary level) to estimate corrected resistivity values from the raw measured
resistivity values. Further work is needed to improve the sheet and fill the gaps. The next step
will be to integrate this sheet into the main TxDOT Tool, which needs significant effort. This
integration will allow the users to input the raw resistivity values directly into the Tool (user-
friendly approach), and the Tool will calculate the corrected resistivity values, then follow with
taking the corrected resistivity values as input for estimating the other durability-based
performance indicators.
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