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Response To A Need



County Pavement Constructed in 2009



The Journey Toward Performance 
Engineered Mixes  (PEM)

• Near the millennium, concerns about 
concrete durability and poor 
pavement performance became a 
common topic of discussion in many 
concrete intensive states.



The Discussions . . . . 

• Aggregate Durability/Gradation
• Chemical Reactions ASR/ACR
• Poor Air Entrainment
• Poor Consolidation- Workability
• Sawing Practices
• Effects of Deicers and Deicing 

Practices
• SCM/Admixtures
• ??????????????



What’s Changing?
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1967 2017

No. of ingredients Cement, water, 
rock, sand, AEA

Add SCMs, Non-
Portland cements, 
admixtures, 
intermediate 
aggregates, limestone…

Opening Weeks Days (or hours)

Curing Weeks Days

De-icing Sand, NaCl Other chlorides, 
formates, acetates

Design life 20 years 50 years

Knowledge base In house Contracted out



The Journey Toward Performance 
Engineered Mixes  (PEM)

• 2013 – NC2 established an Expert 
Task Group (ETG) to further discuss 
and explore an action plan 
responsive to the concerns.



The PEM Initiative

• A partnership of agency and industry:

✓Understand what makes concrete “good”
✓Specify the critical properties and test for them
✓Design the paving mixtures to meet those 

specifications



Critical Properties for Durable 
Concrete

➢Transport properties (everywhere)
➢Aggregate stability (everywhere)
➢Strength (everywhere)
➢Cold weather resistance (cold locations)
➢Shrinkage (dry locations)
➢Workability (everywhere)



Standard Practice For Developing 
Performance Engineered Concrete 
Pavement Mixtures (PP 84-17)

• Standard Practice –
guidance for FHWA-State 
DOTs-Industry

• A dynamic “work-in-
progress” that initiates 
our endeavor to embrace 
Performance Engineered 
Mixtures 





PEM Pooled Fund Partners
TPF-5(368)

17 States + FHWA + Industry 



The PEM Team

• FHWA - Gina Ahlstrom, Mike Praul

• Researchers – Jason Weiss, Tyler Ley

• Consultants – Tom VanDam, Cecil Jones

• CP Tech – Peter Taylor, Gordon Smith, 

Jerod Gross

Diversified 
Engineering 
Services, Inc



A Modernized Specification

✓Require the things that matter
✓Measure them at the right time

✓Develop test methods
✓Refine the “Guide Specification”  (AASHTO’s PP-84)
✓Develop tools to proportion mixtures

✓Conduct Shadow evaluations

✓Later
➢Guide/monitor Pilot projects
➢Develop PWL models/PRS
➢Guide in Q/C Programs



What is Concrete?

• Rock +
• Sand +
• Portland cement + 
• Other grey powders +
• Water +
• Chemicals =

• Artificial rock
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What is Good Concrete?

• Gray?
• Cracked?
• Hard?

• Strong 
• Lasts forever

• Cheap
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What is Good Concrete?

• Constructable (Workable)
• Dimensionally stable

✓Aggregates
✓Shrinkage

• Impermeable (Transport properties)
• Cold weather resistant

✓Freeze thaw
✓Salt attack

• Strong (enough)
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How do we know it is good?

• Set the recipe
• Watch the process
• Poke it occasionally
• Break a sample
• Wait and see when it dies
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The Perfect Test

• Fast
• Cheap
• Representative
• Repeatable
• Right
• Meaningful

24



The perfect test
on a material that:

• Is mixed from variable ingredients
• Starts as a liquid and ends up holding up 

civilization
• Changes over time
• Changes with the weather
• Changes under load
• Changes when attacked

• Perfection is tricky
• “Good enough for engineering purposes” is not
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But I have been doing it this way for 
40 years…

• Current approaches
✓May not measure critical parameters
✓Are often built around previous failures –

thereby introducing unintended consequences
✓Limit innovation

Need to deliver mixtures
that meet needs, reliably
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How Do We Stay Safe?
• Some things we measure during prequalification

✓Workability
✓Aggregate stability
✓Shrinkage…

AASHTO PP-84

Concrete 
property 

Test description Test method Comments  
 

Workability Aggregate gradation ASTM C 136 / 
AASHTO T 27  
ASTM C 566 /AASHTO 
T 255 

 Use the individual gradations and 
proportions to calculate the 
combined gradation. 

 Combined gradation Tarantula curve  Adjust combined gradation to 
achieve optimum workability 

 Paste content Batch sheet  Adjust paste content to find 
minimum paste needed while still 
workable 

 Confirm that total is below 
maximum permitted for shrinkage  

 VKelly or Box TP129 / PP84 X2  Confirm that the mixture responds 
well to vibration 

 Slump at 0, 5,10,15, 
20, 25, & 30 minutes 

ASTM C 143 / 
AASHTO T 119 

 Look for excessive slump loss due 
to incompatibilities. This is more 
likely at elevated temperatures. 

 Determine approximate WRA 
dosage 

 Segregation   Look for signs of segregation in the 
slump samples 

Air void system Foam drainage -  Assess stability of the air void 
system for the cementitious / 
admixture combination proposed 

 Air content ASTM C 231 / 
AASHTO T 152, T196 

 Determine approximate AEA 
dosage 

 SAM AASHTO TP118  < 0.2 target 
 Clustering Retemper a sample and 

use optical microscopy 
to assess clustering 

 Can affect strength,  
 Air content can also jump with 

retempering 
 Hardened air ASTM C 457  Calibrate SAM limits 
 Mortar content Vibrate a container (air 

pot) for 5 minutes.  
Measure depth of mortar 
at the top surface 

 Provides information on the coarse 
aggregate content – maximum is ~ 
¼” 

Unit weight Unit weight ASTM C 138 / 
AASHTO T 121 

 Indicates yield the mixture and a 
rough estimate of air content 

 Establish basis for QC monitoring 
Strength 
development 

Compressive or 
flexural strength 

ASTM C 39 / AASHTO 
T 22 and/or ASTM C 78 
/ AASHTO T 97 at 1, 3, 
7, 28 & 56 days 

 Calibrate strength gain for early 
age QC  

 Calibrate flexural with compressive 
strengths 

 Maturity  ASTM C 1074   Calibrate the mixture so maturity 
can be used in the field to 
determine opening times 

Transport Resistivity / F factor Soak  /store samples in 
salt solution 

 Determine development of F 
Factor over time 

 Sorption ASTM C 1585  Determine time to critical 
saturation 

 w/cm Microwave  Calibrate microwave test with 
batch data 

Other  Hydration Semi-adiabatic 
calorimetry 

 Determine hydration rates of 
mixture. 



How Do We Stay Safe?
• Some things we measure during construction for 

acceptance
✓Transport
✓Air void system
✓Strength

28

Concrete 
property 

Test description Test method Comments  
 

Workability Slump  ASTM C 143 / 
AASHTO T 119 

  

Air void system SAM AASHTO TP118   
Strength  Compressive or 

flexural strength 
ASTM C 39 / AASHTO 
T 22 and/or ASTM C 78 
/ AASHTO T 97 

  

Transport Resistivity / F factor Soak samples in salt 
solution 

  

Other  w/cm Microwave   
 



How Do We Stay Safe?
• Contractor also needs to watch how things are developing

✓Workability
✓Unit weight
✓Maturity…
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Concrete 
property 

Test description Test method Comments  
 

Workability Aggregate gradation ASTM C 136 / 
AASHTO T 27  
ASTM C 566 /AASHTO 
T 255 

 Use the individual gradations and 
proportions to calculate the 
combined gradation. 

 Combined gradation Tarantula curve  Monitor uniformity 
 Aggregate moisture 

content 
ASTM C 29  Affects w/cm and workability 

 Slump  ASTM C 143 / 
AASHTO T 119 

 Indicates uniformity batch to batch 

Air void system SAM AASHTO TP118  Indicates uniformity batch to batch 
 Unit weight ASTM C 138 / 

AASHTO T 121 
 Indicates uniformity batch to batch 

Strength 
development 

Compressive or 
flexural strength 

ASTM C 39 / AASHTO 
T 22 and/or ASTM C 78 
/ AASHTO T 97 

 Indicates uniformity batch to batch 

 Maturity ASTM C 1074  Opening times 
Transport Resistivity / F factor Soak samples in salt 

solution 
 Monitor over time 
 Indicates uniformity batch to batch 

Other  Hydration Semi-adiabatic 
calorimetry 

 Indicates uniformity batch to batch 

 



Workability

• Not too wet
• Not too dry
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Workability

• Slump
✓Great for uniformity
✓Cheap, fast and familiar
✓Does not tell about response to vibration

✓QC
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Workability

• Box
✓Does tell about response to vibration
✓Adjust aggregate gradation and paste content 

to achieve desired numbers
✓Subjective

✓Prequalification
✓QC

Ley



Box Test

• The edges of the box are then removed and 
inspected for honey combing and edge slump

Ley33



Workability

• VKelly
✓Does tell about response to vibration
✓Adjust aggregate gradation and paste content 

to achieve desired numbers

✓Prequalification
✓QC

Taylor



VKelly

• Measure initial slump (initial penetration)
• Start vibrator for 36 seconds at 8000 vpm
• Record depth every 6 seconds
• Repeat
• Plot on root time
• Calculate slope = VKelly Index

Taylor



Workability

•What if it is bad?
✓Aggregate gradation (Tarantula)
✓Paste content
✓Admixture choice and dosage
✓Cementitious system

✓Don’t add water!



Workability
•Better concrete!



Aggregate Stability

• If aggregates expand = damage

• Prequalification
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Aggregate Stability

• Alkali aggregate 
reaction
✓AASHTO R80 /

ASTM C 1778
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Aggregate Stability

• D-Cracking
✓Iowa Pore Index Test
✓Freeze thaw test
✓Ledge control
✓State practice

✓Pick one…
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Aggregate Stability

•What if it is bad?
✓Change aggregates
✓If alkali reactive, investigate 
SCM dosage



Shrinkage

• Influences cracking risk
• Controls warping
• Takes time

• Prequalification
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Shrinkage

• Paste content (read the batch sheet)
✓Easy
✓Fast

Taylor/Weiss

Project Gravel 1" 5/15/2017

Mixture Proportions
Targets Actual

Pounds R.D. Volume
Cement Type I 342 3.15 1.74
SCM 1 F Ash 86 2.65 0.52
SCM 2 Slag 0 1.00 0.00
Coarse Agg A85006 1753 2.72 10.33
Fine Agg A25518 1318 2.66 7.94
Intermediate A85007 340 2.43 2.24
Water 180 1.00 2.88
Air % 5.0 1.35

4019 27.00

Cementitious 428 428 pcy
Volume of paste 24.0 %
Volume of aggs 76.0 %
Volume of voids 19.2
vp/vv 125 125.0
w/cm 0.42 0.42
% SCM 1 20 20 %
% SCM 2 0 0 %
Mass aggs 3411 3411 pcy
Excess paste, % 4.8 %



Shrinkage

•What if it is bad?
✓Reduce paste content
✓Check clay content of aggregate
✓Consider internal curing
✓Consider shrinkage reducing admixtures



Transport Properties (Permeability)

• All deterioration mechanisms involve fluid 
movement

• Keep water out = longer life
• Measurement has been difficult

• Prequalification
• QC
• Acceptance
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Formation Factor
•Resistivity

✓Store a cylinder in a fixed salt solution
✓Pull out at desired age
✓Read and put back
✓Repeat
✓Calculate formation factor (x10)

➢F = Resistivity (bulk)
Resistivity (solution)

Weiss



Transport

•What if it is bad?
✓Review w/cm
✓Review SCM type and dose



Cold Weather

• Freeze-thaw
✓Saturation 
✓Entrained air 

• De-icing salts
✓Sufficient SCM

Ley/Weiss



Is the Pressure Pot Sufficient?
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Super Air Meter

• Reports air content and SAM number
• SAM number correlates with freeze thaw testing

Ley

Ley



Super Air Meter

• Correlation with spacing factor is being reviewed
• Training and machine maintenance are critical

• Prequalification
• QC
• Acceptance (later)

Ley



SAM

•What if it is bad?
✓Review AEA type and dose
✓Review WRA interactions
✓Review SCM interactions



Salts can cause chemical attack
•Calcium oxychloride

✓Reaction between Ca(OH)2 and calcium or mag 
chloride
✓Expands 30%
✓Forms above 32F

•Prevention
✓Enough SCM

CaCl2 @ 40°F
Sutter

Weiss



Tests for Oxychloride

•Low temperature differential scanning calorimetry 
(LT-DSC)

•Expansion 

•Prequalification

Wiess



Oxychloride

•What if it is bad?
✓Review SCM type and dosage



Strength

• Strong enough to carry loads
✓Cylinders
✓Beams
✓Maturity

• Prequalification
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Put it all together into 
A Better Specification

✓Measure the right things at the right time
➢Prequalification
➢Process control
➢Acceptance

✓Appropriate limits
✓Appropriate remedial actions / bonuses

57



But…

•Too many tests!
✓Acceptance testing is actually reduced
✓QC testing is increased, but can you afford 
not to do it?

•That variability!!
✓Use the data to watch trends and react early

•Too much change!!!
✓OK please turn in your smart phone, 
flatscreen TV, and fuel efficient truck



But…

•My mixtures will be changed!!!!
✓Most of the time:

➢Quality aggregates
➢w/cm = 0.42
➢Air as you have been doing
➢Enough SCM

• IA, PA, SD,MN, WI, MI, NC experience



Quality  in  the  Concrete  Paving  Process

 PEM:  It’s our Superpave
 Most significant field‐level 
advancement in decades
 Answers the question “With our 
loss of staff and resources, how are 
we going to be able to get the job 
done in the future?”
 Collaboration with industry (It’s 
more than just the tests!)

Why We’re Excited
Concrete Evolution



Quality  in  the  Concrete  Paving  Process

Prescriptive vs. Performance Specifications

Prescriptive

• Agency dictates how the 
material or product is 
formulated and 
constructed

• Based on past experience
• Minimal/uncertain ability 
to innovate

• Requires agency to have 
proper manpower and skill 
set to provide oversight

Performance

• Agency identifies desired 
characteristics of the 
material or product.  

• Contractor controls how 
to provide those 
characteristics

• Maximum ability to 
innovate

• Reduced oversight 
burden on the agency



Quality  in  the  Concrete  Paving  Process

Quality Control
 PEM acknowledges the key role of QC in a 
performance specification
 Requires an approved QC Plan

• Testing targets, frequency, and action limits
• Equipment and construction inspection
Mirror design‐build experience

 Requires QC testing and control charts
• Unit weight
• Air content/SAM
• Water content
• Formation Factor (via Surface Resistivity)
• Strength



Visit the PEM website:

www.cptechcenter.org/PEM

PEM Publications
One sheet test descriptions
Videos showing each test method
Progress Updates
Calendar of Open Houses/Demos



Resources
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Coming
Soon
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PEM - DELIVERING CONCRETE TO 
SURVIVE THE ENVIRONMENT

•Performing to and beyond agency 
need/expectation

•A partnership of agency and industry
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