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Currently
Testing concrete has not changed much the 

last half century
Performing the same tests for over 60 years
- Slump
- Air Content
- Strength
- Slab Thickness
These test are not directly evaluating 

concrete durability



Currently
What about strength and air content
Need some strength to resist stress caused by freezing 

water
Total air content is not the whole story



Currently
Each air bubble protects a portion of the paste



Why PEM
Around the country, concrete not performing as well as in 

the past
- Utilizing very aggressive deicing salts
- Cement fineness and chemistry have changed
- Utilizing numerous admixtures to enhance concrete properties
New test methods have recently come on-line
Need to monitor the right properties impacting durability



What is PEM
New specification that focuses on critical concrete 

properties needed to achieve satisfactory performance
This involved the development and advancement of new 

test procedures
 In 2022, specifications adopted as an AASHTO 

Specification (R 101)
Specification allows agencies to select prescriptive methods 

or performance measures
- Possibly a combination of both



What is PEM
Six critical properties identified:
1) Strength
2) Shrinkage
3) Cold weather resistance
4) Transport properties (permeability)
5) Aggregate stability
6) Workability



Strength
Strength has three important functions:
1) Support the load
2) Fatigue resistance
3) Durability
Performance
1) Flexural Strength (AASHTO T 97) - Min. 600 psi
2) Compressive Strength (AASHTO T 22) - Min. 4,000 psi
MoDOT specifies 4,000 psi compressive strength



Shrinkage
Controlling shrinkage reduces cracking potential
Prescriptive
- Volume of Paste - Max. 25%

Performance
1) Unrestrained Volume Change (AASHTO T 160) - 420 µε @ 28 day
2) Unrestrained Volume Change (AASHTO T 334) - No cracking @ 180 days
3) Restrained Volume Change (AASHTO T 363) - Max. 60% f’r @ 7 days

MoDOT has no requirements
- Control volume of paste



Cold Weather Resistance
Ensuring the concrete (i.e., paste) can survive in a 

freeze/thaw environment and exposure to deicing salts
Three ways for achieving paste freeze/thaw durability:
Option No. 1 (Prescriptive)
- Water to Cementitious Ratio - Max. 0.45
- Fresh Air Content (AASHTO T 152) - 5 to 8%
MoDOT has max. 0.50 water to cementitious ratio and 

requires the air content to be 4.5 to 7.5%
- Considering lowering the maximum water to cementitious ratio to 0.45 



Freeze/Thaw Durability
Option No. 2 (Performance)
- Water to Cement Ratio - Max. 0.45
- Fresh Air Content/SAM (AASHTO T 401) - Min. 4.0%

SAM Index - Max. 0.20
What does SAM stand for?
Commonly referred to as the Super Air Meter
MoDOT does own a SAM



Freeze/Thaw Durability
The SAM provides information about bubble spacing
AASHTO TP 118
How does it work:



Freeze/Thaw Durability
 How accurate is the SAM  Test is very 

sensitive



Freeze/Thaw Durability
Option No. 3 (Performance)
- Time of critical saturation (ASTM C1585) - 30 years
Why look at critical saturation?



Freeze/Thaw Durability
Phases of concrete saturation



Freeze/Thaw Durability
Critical factors



Cold Weather Resistance
Three ways for preventing damage from deicing salts 

containing calcium chloride or magnesium chloride
Option No. 1 (Prescriptive)
- Utilize at least 30% SCM’s (e.g., fly ash, slag, silica fume, metakaolin) 
Option No. 2 (Prescriptive)
- Utilize a topical treatment to seal the pavement
Option No. 3 (Performance)
- Determine calcium oxychloride limit (AASHTO  T 365)
- Less than 0.15 g CaOXY/100 g paste



Deicing Salts
What in the world is calcium oxychloride?
During the hydration process a by-product called calcium 

hydroxide is produced
Calcium hydroxide reacts with deicing salts
- Calcium Chloride
- Magnesium Chloride
 Form compounds called calcium oxychloride or magnesium 

oxychloride
- These compounds expand approximately 30% in 40 to 50 deg. F
Causes concrete to severely deterioration around the joints



Impact of Deicing Salts
Research presented in 2008 by Dr. Larry Sutter, Michigan Tech 

23% solution



Impact of Deicing Salts

17% Solution 15% Solution



Impact of Deicing Salts
Joint Deterioration

Indiana

Iowa



Deicing Salts
Deicing Salts are hydrophobic



Transport Properties
Ensuring concrete has a low permeability
Help keep water, deicing salts, and other harmful materials 

from entering the concrete
Three ways of evaluating transport properties
Option No. 1 (Prescriptive)
- Specify a water to cementitious Ratio
- Freeze/Thaw Conditions: Max. 0.45
- Non Freeze/Thaw Conditions: Max. 0.50
- MoDOT currently specifies Max. 0.50
- MoDOT has used Rapid Chloride Permeability test 



Transport Properties
Option No. 2 (Performance)
- Determine the Formation Factor
- Soak sample in calcium hydroxide for 6 days
- Determine resistivity using AASHTO T 358 or T 402
- Divide by 0.127 ohms-m (resistivity of pore solution)
Formation Factor =      Sample Resistivity

Pore Solution Resistivity
- Freeze/Thaw Conditions: Min. 1000
- Non Freeze/Thaw Conditions: Min. 500
- MoDOT does use surface resistivity testing 



Transport Properties
Option No. 3 (Performance)
- Determine Ionic Penetration
- Criteria: 25 mm at 30 years
- Determine the Formation Factor and enter into a model
- AASHTO R 101 recommends the model discussed in the following 

report:
Weiss, W.J., Ley, T., Isgor, O.B., and Van Dam. “Towards Performance 
Specifications for Concrete Durability: Using the Formation Factor for Corrosion 
and Critical Saturation for Freeze/Thaw”, Transportation Research Board, Paper 
17-02543, Washington, DC, 2017.
- Other models can be used 



Aggregate Stability
Testing to ensure the coarse aggregates will perform 

satisfactory
Evaluating for two aggregate issues
1) D-Cracking (AASHTO T 161, Procedure A)
2) Alkali Aggregate Reactivity (AASHTO R 80)
MoDOT performs freeze/thaw durability testing to assess 

coarse for D-Cracking
- Utilize AASHTO T 161, Procedure B
- Perform for 300 cycles
- Min. durability factor of 75%



D-Cracking



Aggregate Stability
Limestone and dolomite formations 

utilized by MoDOT are not prone to 
alkali silica reactivity (ASR)
MoDOT does have some limestone 

and dolomite formations prone to 
alkali carbonate reactivity (ACR) 
MoDOT follows protocol outlined in 

AASHTO R 80 for ACR
- Chemical testing
- Concrete prism testing (ASTM C1105)



AASHTO R 80

Follow chart being utilized to 
assess aggregate formations 
for ACR.



Chemical 
Testing



Alkali Silica Reactivity



Alkali Carbonate Reactivity



Alkali Carbonate Reactivity



Workability
Testing to ensure concrete will 

consolidate as desired
Two test methods available
1) Box Test (AASHTO T 396)
2) Modified V-Kelly Test (AASHTO T 403
Assessing concrete to see how it 

will respond to vibration



Workability
What about the slump test?
Does not measure how the concrete will 

respond to vibration
Only measuring the slump
Slump test good for measuring consistency
Box Test and Modified V-Kelly Test not 

intended for field use
Need to relate the Box Test or the V-Kelly 

test to the slump test 



Box Test
Less than 6.25 mm of edge slump (1/4 in.)
Less than 30% surface voids



Modified V-Kelly Test
15 – 30 mm/s1/2 (0.6 – 1.2 in./s1/2)
- Slope of line



What is PEM
What about the cement content?
The PEM specification does not address
No maximum or minimum amounts specified
Use enough cement to achieve desired performance
MoDOT has done in-house studies demonstrating less 

cement can enhance concrete properties 



MoDOT Study
Conducted by Research, Development, and Technology 

Division
Report titled, “Laboratory Testing of Bridge Deck Mixes”
Published in March 2003
Wanting to reduce bridge deck cracking to increase 

service life
 Investigating the use of different SCM’s and reducing 

cement amount
Maintain comparable slump and air content
Utilized high quality limestone (control aggregate)



MoDOT Study
Compressive Strength (AASHTO T 22)

Mix No. 1 2

Cement, lbs./cu. yd. 728 602

Fly Ash, % ---- 15

3-day, psi 3690 3410

28-day, psi 5630 5550

56-day, psi 6260 5980

90-day, psi 6540 6530



MoDOT Study
Permeability (AASHTO T 277)

Mix No. 1 2

Cement, lbs./cu. yd. 728 602

Fly Ash, % ---- 15

28-day, coulombs 3458 2855

56-day, coulombs 2547 2172

90-day, coulombs 2387 1747



MoDOT Study
Dry Shrinkage of Mortar (ASTM C596)

Mix No. 1 2

Cement, lbs./cu. yd. 728 602

Fly Ash, % ---- 15

Shrinkage, % 0.087 0.083



MoDOT Study
Salt Scaling Resistance (ASTM C672)

Mix No. 1 2

Cement, lbs./cu. yd. 728 602

Fly Ash, % ---- 15

Rating (0 – 5) 1 2



Reducing Cement Content
Utilize optimized aggregate 

gradation (i.e., well graded)
Two design methods available
1) Tarantula Curve
2) Shilstone



Sustainability

Involves balancing 
economic, social, and 
environmental needs:



Sustainability
Department of Transportation moving 

towards the use of Environmental 
Product Declarations (EPD’s) for 
procurement purposes
EPD’s like nutrition labels on food
How the product impacts the 

environment
Big focus on embodied carbon



EPD’s Are Just A Fad 
Department of Transportation and FHWA moving in this 

direction for several years
Europe already utilizing EPD’s
Recent events:



Developing EPD’s
Procedures developed by ISO
Cradle to gate at this time

Do not use 
EPD’s to 
compare asphalt 
and concrete 
mixes

Do not use 
EPD’s to 
compare PCCP 
mixes to PCCM 
mixes



Embodied Carbon
Why the big focus on the cement industry?
One ton of cement generates approx. 0.9 tons of CO2

 Industry contributes about 7% of the CO2 to the atmosphere
 Important to keep this in perspective:
1) Concrete used to build roads, bridges, and structures
2) Modern society uses concrete to build infrastructure
3) Concrete last longer than other materials (i.e., wood)
4) Concrete is one of the most used building materials in the world



Don’t Build Bridge With Wood Anymore



Embodied Carbon

Concrete and 
asphalt mix 
similar



Economics
Reducing overall cement content and utilizing more 

aggregate saves money
- Cement cost approximately $150 per ton
- Coarse aggregate cost approximately $25 per ton
- River sand cost approximately $17 per ton
Concrete quality not negatively impacted
Require less maintenance to maintain
Concrete last longer 



Summary
Utilizing Performance Engineered Mixes have several 

positive benefits:
1) Enhance concrete quality thereby extending service life
2) Reduced cost by optimizing cement content
3) Sustainable by reducing embodied carbon
4) Leads to the use by-products such as fly ash, slag, silica fume



Questions

Office: 573-751-1036
Email: Brett.Trautman@modot.mo.gov



MoDOT Study No. 2
Conducted by Construction and Materials Division
Performed in 2008
Wanting to see how concrete properties would be 

impacted by reducing the amount of cementitious 
materials
As cement amount reduced utilized fly ash, water 

reducers, and more river sand to maintain workability
Maintain the same water to cement ratio
Maintain comparable slump and air content
Utilized high quality limestone (control aggregate)



MoDOT Study No. 2
Compressive Strength @ 7 days



MoDOT Study No. 2
Compressive Strength @ 28 days



MoDOT Study No. 2
Permeability @ 28 days



MoDOT Study No. 2
Freeze/Thaw Durability @ 300 cycles



MoDOT Study No. 2
Salt Scaling Resistance @ 50 cycles



What is PEM
Three main areas:



Roman Empire
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