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Much of the Current Sustainability Focus is on EPDs, Reducing “Embodied
Emissions” & using Low Carbon Construction Materials
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Cement & Concrete are
not the end products

Cement is used to make concrete.

Concrete is used to make the:
Homes
Buildings
Hospitals
Schools
Bridges
Pavements & other infrastructure
Etc.

...that make our lives & society better.



A Pavement’s GWP is Impacted by what Happens After Initial Construction
The “Use Phase” can drive the Pavements Sustainability Profile

78% 84%
22,796 22,966

Global Warming m Use Phase
Potential EOL
(MgCO2/mile) B Maint/Rehab 559
B Construction
11,043
72% 76%
10% 6,441
Rehab & Use Phase % = 66% 17%
3,233
2,199 ——r
1,435 i
e
Pavement Type > AC PCC AC PCC AC PCC AC PCC AC PCC
Location > Missouri Arizona Florida Arizona Florida
Roadway > Local Street State Highway (Rural) Interstate (Urban)

Sources: Role of the use phase and pavement-vehicle interaction in comparative pavement life cycle assessment
as a function of context, Journal of Cleaner Production, https://doi.org/10.1016/j.jclepro.2019.05.009 "

Total GWP by phases for 1 mile of pavement with Design life'=30 years and analysis. period = 50 years. Use phase
includes Pavement Vehicle interaction (Fuel efficiency), lightening, carbonation and albedo (asphalt = baseline)




Strategies to Lower a (Concrete) Pavement’s Life Cycle CO2

« Optimizing Concrete Mix Designs

@ Improving concrete mix design by using Portland Limestone Cements; increasing use supplementary cementitious materials
k=) like slag, fly ash, silica fume, and other additives; improving aggregate gradation, etc.
g
> « Optimizing Pavement Designs
> Optimizing can remove “over design” to lowers the Environmental Impact of the Pavement System and it allows one to look at
g different features it improve the pavement'’s long-term performance, which can reduce life-time CO2 emmsions.
£
 Improving Resilience and Durability
Durable, resilient pavements need less repair; withstand storms, fires and other natural disasters better, and reduce future
rehabilitation and reconstruction activities (and associated traffic disruptions)
 Improving Fuel Efficiency
o 2 Fuel consumption of trucks on concrete is improved because concrete pavements are stiffer and stay smoother longer.
S8
= £ | + Increasing the Pavement's Albedo
g P Concrete’s light color and higher albedo increases Radiative Forcing Impacts & lowers Urban heat Island impacts
g8\ /
@ a . Take advantage of Carbonation

Carbonation is the reabsorption CO2 into concrete. Once absorbed, CO2 is not re-released, which reduce Concrete’s overall CO2




OPTIMIZING DESIGNS
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There are Many Design Features that can be used on Concrete Pavements
Each Design Feature must balance Performance and Cost (both initial & long term)

Concrete Pavement Type Jointed, Jointed reinforced, Continuously reinforced, RCC, Overlays
Optimize Thickness Reduces overdesign, lowers costs and environmental impact

Shorter joints reduces curling & warping stresses (& thickness) but does

S EREETE increase joint sawing and dowel costs

Use >13 ft Widened Lanes Shifts loading to “interior loading” (reduces thickness)

Dowels / Increase Dowel Size / No Dowels Increases load transfer, reduces bearing stress reduces faulting

Tied Concrete vs AC vs RCC; reduced /tapered thickness;

SIS U AL S no dowels; different mix, etc. (improves edge support)

Optimized aggregate gradation Reduces cement content, creates denser mix, less shrinkage
Use different concrete mixes Mainline vs shoulder mixes, 2-layer construction

Granular vs asphalt treated vs cement treated, reduce thickness, dense

GBI EED WL graded vs permeable; subgrade / chemical stabilization

Use single 1/8”-wide single saw cut and

. Removes second sawing operation and reduces noise
filled (not sealed) gop

Use Longitudinal tining or Next Generation

Concrete Surface (NGCS) Reduces noise

“Features” have a significant impact on performance, cost & GWP




Pavement Structure has a Large Impact on the Initial Pavement CO2
Estimated Material CO2 for a 10-inch Concrete Pavement with different base types

10-JPCP / 6-Gran base / SG I 1,347

W Est kgCO2e

10-JPCP / 4-HMA base / SG I 1,560
(1,000s)

10-JPCP / 4-HMA base / Gran subbase / SG I 1,578
10-JPCP / Geofabric / 6-CTB subbase / 6-Gran subbase / SG [IIIIIIIIEINIEGEGEGNGEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN 1534

10-JPCP / 1-HMA interlayer / 6-CTB subbase / 6-Gran Subbase / SG NN 1,610

10-JPCP / 1-HMA interlayer / 6-CTB subbase / SG

10-JPCP / 6-Gran base / 12-Cem Stab SG / SG NN 1,656
10-JPCP / 4-HMA base / 12-Cem Stab SG / SG NG 1,369
10-JPCP / 4-HMA base / 6-Gran subbase / 12-Cem Stab SG / SG I 1,337
10-JPCP / Geofabric /6- CTB subbase / 6-Gran subbase / 12-Cem Stab SG / SG NG 1,893
10-JPCP / 1-HMA interlayer / 6-CTB subbase / 12-Cem Stab SG / SG I 1,001

10-CRCP}/ 1-HMA interlayer / 6-CTB subbase / 6-Gran subbase / 12-Cem Stab SG / SG HIIIIIIIIEIEIENENENENEGEEENENEGENENEEEEEEEEEEEEEEEEEEEEEEE 2,033 <

Need to account for the performance differences that these structures will provide

Pavement = 1 mile, 4 lanes (2 12-ft lanes / direction), no shoulders. CO2 / GWP values for materials
based on IW Average EPDs (cement, concrete, & steel); EC3 median values (asphalt); EU Ecoinvent
(aggregate); or representative company EPDs (lime, geogrids and geofabrics)



Tools for Optimizing Designs of a Pavement System

TOOLS

0 AASHTO Pavement-ME Design Procedure
Predicts pavement performance over the analysis period

@ Life Cycle Cost Analysis (LCCA)

Determines which pavement design is most cost
effective over the analysis period

@ Life Cycle Assessment (LCA)

Determines which pavement design is most
“sustainable” over the analysis period

Combining performance with the LCCA / LCA allows
designers to make trade-offs that balances costs,
sustainability, & performance over the full life cycle

Analyze
and
balance
trade-offs

Environmental
impacts



Pavement-ME is the Most Advanced Design Procedure

Covers a wide range of applications, including nearly all new & rehabilitation options
Can account for new and diverse materials and various failure mechanisms

State-of-the practice design procedure based on
advanced models & actual field data collected across
the US and Canada

» Adopted by AASHTO in 2011

+ Calibrated to more than 2,400 asphalt & concrete
pavement test sections, ranging in ages up to ~40+

(B8 AASHTOMWare Pavernent ME Design 1.3 e

years
Database] Enterprise Login About ME Design
Based on mechanistic-empirical principles that account CRORTE ettt S SR
H H 178 Lo - 5 e sl une 29 0e4)
for Slte specrﬁc' Password Vermion 1.3 Buld 1328 Diabe: 27122013 H
. Instance =l ME Design 1o defat soreen position
* Traffic s
QK Cancel
 Climate - -
° Materials New Pavement

* Proposed structure (layer thicknesses and features)

Provides estimates of performance during the analysis
period

« Can match rehabilitation activities to performance

« Asphalt Concrete (AC)

» Jointed Plain Concrete Pavement (JPCP)

» Continuously Reinforced Concrete Pavement (CRCP)
Overlays & Restoration

* AC over AC

* AC over JPCP / CRCP (w/ & w/o fracture)

* Bonded PCC over JPCP / CRCP

* Unbound PCC over JPCP / CRCP

+ JPCP /CRCP over AC

* JPCP Restoration



Pavement-ME Defines a Specific Pavement’s Performance
Predicting performance of key distresses allows for trade-off analysis with Life Cycle Analysis
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Pavement Age (vears)

Red Line — Predefined Distress Threshold Value. When major rehabilitation is needed (i.e. patching & DG or overlay).
Black Dashed Line - The 50% Reliability (most likely) level of distresses predicted

Blue Dotted Line - The predicted distresses at the Specified Reliability Level (i.e. 90%). Designs are based on when
this line hits the defined distress limit

Design life is when the Blue Reliability curve hits red Predefined Threshold Value (~33 years in this case)




Pavement-ME Defines a Specific Pavement’s Performance
Predicting performance of key distresses allows for trade-off analysis with Life Cycle Analysis

Cracking PCC
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Pavement Age (vears)

Red Line — Predefined Distress Threshold Value. When major rehabilitation is needed (i.e. patching & DG or overlay).
Black Dashed Line - The 50% Reliability (most likely) level of distresses predicted

Blue Dotted Line - The predicted distresses at the Specified Reliability Level (i.e. 90%). Designs are based on when
this line hits the defined distress limit

Design life is when the Blue Reliability curve hits red Predefined Threshold Value (~33 years in this case)




Pavement-ME Allows for Comparisons of Different Designs

Original Concrete Optimized
Design Concrete Design
LH
8.5” JPCP i iph
; it Joints = 12-ft.
Joints = 15-ft. ®
w! 1.25” Dowels w/ 1.25” Dowels
; 13-ft. WL
. "3.0”ACBase . -
(SuperPave 19:0) - - 6” Agg Base

12” Agg Base

Subgrade A-7-5

Subgrade A-7-5

Pavement ME gives a repeatable, un-biased process that
shows how a specific pavement design will perform
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Standard
1 ~ 24 Yr to 1st Rehab

—8.5" JPCP /3" AC M2" Agg -15JS

=-=-8.5"JPCP /3" AC 12" Agg - 15 JS -90% Reliability
—8" JPCP /6" Agg -12JS

- -8"JPCP /6" Agg -12 JS - 90% Reliability

—IRI Limit

0 4 8 12 16 20 24 28 32 36 40 44 48 52

Pavement age, years

Predicted Cracking

—38.5" JPCP /3" AC/1M2" Agg -15JS

---8.5" JPCP /3" AC 12" Agg - 15 JS - 90% Reliability
—8" JPCP /6" Agg -12 JS

- -8"JPCP /6" Agg -12 JS - 90% Reliability
—Distress Limit

0 4 8 12 16 20 24 28 32 36 40 44 48 52

Pavement age, years




Shorter Joint Spacing Reduces Wheel Loads Stresses

15 Ft Slabs
< |

—— —=

Loading the slab at each end creates additional top down stresses and
causes earlier top down cracking

>

<
12 Ft Slabs

—= —=

Reducing slab length means only one end is loaded by an axle, which
reduces top down stresses and extends life




Currently Design is Done in a “Static” Mode
Designs are developed and then compared to select the final pavement design

Design 000 JPCP Final
Proposal & w/XX"D|aDoweIs Analyze USlng Design
Context XX” Subbse

10.0” JPCP
w/ 1.25” Dia Dowels

Basic Design Process

6.0” Agg Subbse

Layers

. Subgrade
Traffic
Climate

N _ dequa S Y Subgrade
SeJormanec

Apply Lifecycle Bill of

Activities

Evaluate
LCCA/LCA

Doing a LCCA/LCA at the end misses opportunities to make design changes

Slide: Courtesy of MIT Concrete Sustainability Hub



Need to Link Design and Evaluation in an Iterative Process
Assures that performance, costs and CO2 impacts are representative of the actual pavement

Design
Proposal &
Context
Layers
Traffic
Climate

XXX JPCP
w/ XX” Dia Dowels

XX’ Subbse

Subgrade

Analyze Using P-ME
‘ Design Principles i

Develop Lifecycle Bill
of Activities

Evaluate
LCCA/LCA

Designing pavements in
an iterative procedure
provides a Feedback
Loop

* Improves performance

* Lowers cost

* Lowers environmental
impacts

Final
Design

8.5" JPCP, w/ Wide
Lane & 1.25” Dia Dow

6.0” Agg Subbse

Subgrade

Slide: Courtesy of MIT Concrete Sustainability Hub



Route 67 in Ramona, Ca
Falls within the South Coast CALTRANS climatic region

Route 67 in Ramona, CA (at Route 78 junction)
* Moderate volume road:

CALTRANS CALTRANS

+ 35-mph urban road Concrete Design Asphalt Design

« 2lanes in each direction (+ middle turn lane) : 6_6,, Ty-AYHMA '
9.6” JPCP i »
w/ 1.25” Dia Dowels

7.2” Agg Subbse

2 inner/2 outer shoulders

Daily traffic: 23,400 ( ADTT = 1,357)

Initial ESAL = 335,000 / year

» 20-year Design Life / 55-year Analysis Period

8.4” Agg Subbse

Subgrade

Subgrade

JPCP new construction: HMA new construction:
Design life = 20-years Design life = 20-years

Highway Design Manual 6th Ed. Sacramento: California Department of Transportation, CALTRANS, 2010.
Life-Cycle Cost Analysis Procedures Manual. Sacramento, CA: California Department of Transportation, CALTRANS; 2010.

Maintenance Level =1,2,3

* 2% Patch & DG at year 25,

* 4% Patch & DG at year 30

* 6% Patch & DG at year 40

* 3" Asphalt overlay in year 45
(10-year life)

Maintenance Level = 1,2

* 3” AC Overlay in years 20,
Mill / 4" ACOL in year 25
Mill / 3" ACOL in year 35
Mill / 4" ACOL in year 45
Mill / 3" ACOL in year 50
(5-year life)




Estimated Cost and Environmental Impact for

Standard Caltrans Pavement Designs
Route 67 - Ramona, CA

CALTRANS CALTRANS
Concrete Design Asphalt Design
LCCA LCA S— p— LCCA
(NPV $/mile) (tons CO,e/mile) 66" Tv-AHMA (NPV $/mile)
9.6” JPCP : = rlie i
w/ 1.25” Dia Dowels Initial Const. $3,147,585 3,954 ' Initial Const. $2,278,102
Pavement  $2,229,803 2,860 Pavement  $1,437,480
_ LCB  $644,902 781 AB-Class 2 $522,262
s “G N Agg Subbase $272,880 313 Agg Subbase $318,360
727 Agg Subbase | poipilitation  $911,663 479 Rehabilitation  $1,104,504
Carbonation (123)
PVI-Deflection 604
Subgrade
PVI-Roughness 1,912 Subgrade
Total $4,059,248 6,826 Total $3,382,606

Asphalt is 38% lower in Initial Costs and 20% lower in Life Cycle Costs

Caltrans Concrete Design: From Table 623.1E (South Coast/Central Coast, Type Il SG
Initial AADTT = 1,357 / day, 4% Compound Growth (Initial ESAL = 335,000 / yr)
20 Yr ESALs = 10,650,000;-50 Yr ESALS = 51,151,000




Route 67 Pavement-ME Predicted Performance is High
Faulting, Cracking, & IRI are well below terminal levels for the entire analysis period

0.14

0.10

=
o
=)

Faulting, in
o
(=4
(-1

0.04 4

0.00

Predicted Faulting

=—06"JPC/48"LCB/7.2"AS

4 ==:96"JPC/4.8"LCB/7.2" AS - 90% Reliability

— Distress Limit

CALTRANS Terminal Faulting—"

____________

Predicted — 50% reliability

T
12 16 20 24 28 32 36 40 44 48 52

Pavement age, years

%o

Percent Slabs Cracked,

2% |

20 +

Predicted Cracking

Predicted IRI

Pavement age, years

180
—9.6" JPC/4.8" LCB/7.2" AS CALTRANS Terminal IRIT™
==-9,6" JPC/4.8" LCB/7.2" AS - 90% Reliability L
. e —96" JPC/4.8"LCB/7.2" AS
— Distress Limit
140 1 ==2:96"JPC/4.8"LCB/7.2" AS - 90% Reliability
—IRI Limit
120 |
K
£ 1% 1 90% Reliability =
B oo s om0 ' e o = R .5
»— CALTRANS Terminal Cracking Z 80
60 7] - - T
Predicted — 50% reliability
90% Reliability _  ___ eeeremmme==mTTTT 40 1
. o - 20
Predicted — 50% reliability
: ‘ ; ‘ : : : ‘ : ‘ ‘ ‘ : 0 T T T T T T T T T T T T T
0 4 8 12 16 20 24 28 32 36 40 44 48 52 T Y N E T E

Pavement age, years

Pavement is over-designed because it does not need rehabilitation for the entire 50-year analysis period
Creates the opportunity for project specific optimization




Over-Design Creates the Opportunity for Optimization

Each design feature needs need to balance performance, cost & environmental impact

CALTRANS Concrete
Design

Optimized
Concrete Design

Features Evaluated

9.6” JPCP
w/ 1.25” Dia Dowels

R s

7.2” Agg Subbse

Subgrade

8.5” JPCP
w/ 1.25” Dia Dowels

6.0” Agg Subbse

Subgrade

Iterated Concrete Thickness
- 9.0”
- 8.5”
- 8.0

Removed 4.8” Lean Concrete Base
— Accounts for 20% of the initial construction costs &
GWP
— Performance history shows that aggregate bases have
worked in similar applications

Iterated Aggregate base thickness

Develop rehabilitation activities based on Pavement-ME
distresses




8.5” Jointed Plain Concrete Pvmt w/ Dowels meets the Performance Criteria
Good balance between long term performance and low cost / low GWP

» Performance curves show all the pavement options
evaluated exhibited good performance

+ Cracking not an issue until the pavement is at
8.5-inch or less.

+ Faulting and IRI are well below unacceptable
levels for all cases

+ 8.0-inch pavement met the 20-year design life
+ 8.5-inch JPCP design chosen as optimized design
« Cracking hits terminal level at year 45

+ Good balance between long term performance
(and a hedge against increased traffic) and low
cost / low GWP

Optimization does not mean choosing

the Thinnest (cheapest) Pavement
It's about selecting the Most Effective

Pavement-ME Predicted Performance

24 |

N
o

Percent Slabs Cracked, %

-
(=]
!

-
N
!

o
!

Predicted Cracking

—9.6" JPC/4.8" LCB/7.2" AS - 90% Reliability

—9.6" JPCP / 15.6" Agg Base - 90% Reliability

—9.0" JPC/4.8" LCB/7.2" AS - 90% Reliability
8.5" JPCP / 6" Agg Base - 90% Reliability
8.0" JPCP / 6" Agg Base - 90% Reliability

—Distress Limit
Design Life
~ 45 Yr Design

Note: MEPDG Cracking Default limit is 15%
10% Cracked slabs is CALTRANS limiting value for rehabilitation

0 4

8 12 16 20 24 28 32 36 40 44 48 52
Pavement age, years

Arrows indicate year of predicted
1st rehabilitation for that given pavement




Project Specific Pavement Optimization Lowers Cost & Environmental Impact

CALTRANS Concrete Optimized Optimized
Design Concrete Design Original CALTRANS Schedule Pavement-ME Design
LCA LCCA LCA LCCA
(tons CO,e) (NPV $) (tons CO,e) (NPV $)
9.6” JPCP 8.5” JPCP
w/ 1.25” Dia Dowels w/ 1.25” Dia Dowels Initial Const. 3,954 $3,147,585 3,063 $2,256,638
Pavement 2,860 $2,229,803 2,803 $2.021,307
6.0” Agg Subbse LCB 781 $644,902 - -
e Agg Subbase 313 $272,880 260 $235,331
7.2” Agg Subbse Rehabilitation 479 $911,663 54 $315,798
Carbonation (123) (87)
S TT A PVI-Deflection 604 704
Fubgiade PVI-Roughness 1,012 2,110
Total 6,826 $4,059,248 5,844 $2,572,437

Optimization reduced the initial construction GWP by 890 tons (22.5%) and the life cycle GWP by 980 tons (14.3%)

Optimization reduced the initial construction costs by $890k (28.3%) and the life cycle cost $1.48M (36.6%)

Caltrans Concrete Design: From Table 623.1E (South Coast/Central Coast, Type Il SG
Initial AADTT = 1,357 / day, 4% Compound Growth (Initial ESAL = 335,000 / yr)
20 Yr ESALs = 10,650,000; 50.Yr ESALS = 51,151,000
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Transportation is the Largest Source of GHG Emissions
Specifically, it’s from the Vehicles that use Fossil Fuels on our Roadways

U.S. Greenhouse Gas
Emissions in 2019"

(o]
@ NitrousOxide(NQO) A 1 tO 2 /0
Vi mrinated Gases improvement in fuel

Methane (CH,) . .
efficiency due to

2

=]

8 better pavements
é:‘_’, Carbon Dioxide (CO,) can W|” have a

¢ 8 bigger impact than
38 materials.

: "

¥l 7%

58§

3 :

-y

Transportation Electricity Generation Agriculture Commercial Residential

Agencies have big opportunity to reduce the Transportation Sector’'s GHG Emmsions by improving pavements

Source: Improving the U.S. Greenhouse Gas Emissions Inventory, https://Www.erg.com/project/improving-us-greenhouse-gas-emissions-inventor:




Pavement Vehicle Interaction Impacts the Excess Fuel Usage (EFC)

* Roughness/smoothness*:

* Higher roughness “bounces” the cars & increases -
fuel usage Every 10% decrease in IRI

« Absolute value = vehicle dependent. increases fuel usage by 1 to 2%

+ Changes / evolves over time & is material specific

P

M » Deflection/dissipation induced PVI**: .
* Vehicle deflects the pavement & it drives up a hill Stiffer pavements have
« Pavement materials, stiffness & thickness matter 0.5 - 3% better fuel efficiency

v

« Pavement texture:

* The micro-surface of the pavement “grabs” the tire, Rough surface texture
which increases friction and lowers fuel efficiency. .
increases fuel usage

. Tn'.e.-pavement contact area. between 0.4 to 1.6%
 Critical for safety.

—WW{- !
W for inter-city pavement systems high temperatures.

Wa T + Speed and temperature dependent, especially Important in heavy truck corridors /

Q

*Zaabar, |., Chatti, K. 2010. Calibration of HDM-4 Models for Estimating the Effect of Pavement
Roughness on Fuel Consumption for U.S. Conditions. TRR-No. 2155. Pages 105-116.

** Akbarian M., Moeini S.S., Ulm F-J, Nazzal M. 2012. Mechanistic Approach to Pavement-Vehicle Interaction and Its Impact on Life-Cycle Assessment. TRR 'No. 2306. Pages 171-179.



On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

Rough (IRI = 180 in/mi)

Smooth (IRI = 60 in/mi))

Stiffness

Il EFCyuq (Truck) 1
\ | EFCg4q(SUV) :

|,

____________________

Smoothness

5% Trucks (50 trucks)

[
[
I
I
I
I
[
Smooth Pavement / Low Trucks : Rough Pavement / Low Trucks ~“o—-—————--—-----1 .
I
I
I
I
|

Excess Fuel Consumption (1/1000km)

Smooth Pavement / High Trucks Rough Pavement / High Trucks

30% Trucks (300 trucks)




On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

Smooth (IRI = 60 in/mi))

Excess Fuel Consumption (1/1000km)

30% Trucks (300 trucks)

P 12,000

)

X

)

S

= 8,000

o

2,

2

g 4,000

= 1,360
|-° 730 966

°\ 0 I T T

1)

Concrete Composite Asphalt

Rough (IRI = 180 in/mi)

Smooth Pavement / Low Trucks

+ Stiffness & pavement type
influences fuel consumption
somewhat (few heavy loads)

* Roughness has minimal influence
& is the same for all pavement

types

1
1

1
1
1
|
\

‘M EFC, (Truck) 1

Stiffness

EFC,.; (SUV)

___________________
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1
1
1
\
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On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

Smooth (IRI = 60 in/mi)) Rough (IRI = 180 in/mi)

= 12000 — Stiffness
% ‘Il EFC.q(Truck) 1"
-} = : :
g § 8,000 | [ EFCgeq(SUV) i
ol S T T T vy
| S | Bl EFC o0 (Truck) |
S| = 4,000 ! :
=] ~ ! 1
sl g 730 966 1,360 L EFCroun SUY)
2 ‘g E— Smoothness
ln Q 0 I T T 1

£ Concrete Composite Asphalt

3 Smooth Pavement / High Trucks

c
’_@ 8 12,000 * As the amount of trucks increases,
Sl = Stiffness becomes important & separates
o . .
= D 8,000 how pavements impact fuel consumption
o

"4 . . . .
5‘% 4 4,385 * Roughness still has minimal influence &
S| S 4000 2328 is not affected by pavement type
E L 1,082
°\° 0 I T T 1
8 Concrete Composite Asphalt




On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

Smooth (IRI = 60 in/mi)) Rough (IRI = 180 in/mi)

— 12,000 Stiffness
) R it
< | Bl EFCueq(Truck) 1
= . |
g 8,000 \ | EFCg4q(SUV) |
0 5,100 5,291 5,648 —
" ‘Il EFC,qn (Truck) |
e 4,000 ! !
> 1 1
= 730 966 1,360 | EECroun BUV) )
2 0 E— Smoothness
m I T T 1 I T T 1

Concrete Composite Asphalt Concrete Composite Asphalt

Rough Pavement / Low Trucks

* Roughness induced fuel consumption dominates, but is the same for all pavement types (e.g. it
is a function of how well the pavement is maintained)

» Stiffness & pavement type influences fuel consumption somewhat, but there are few heavy
loads so not a big impact

Excess Fuel Consumption (1/1000km)

30% Trucks (300 trucks)




On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

Smooth (IRI = 60 in/mi)) Rough (IRI = 180 in/mi)

| . Stiffness
< ‘Bl EFCyeq(Truck) 17
2| E | =
; x I‘ EchefI (SUV) /:
ol 8 5.100 5,291 5,648 —
® = M EFC,, (Truck) |
3] = I :
E| L EFCaugn (SUV)_ }
e 9 Smoothness
5| B | | | |

£ Concrete Composite Asphalt

=

0

c
[ 3 Rough Pavement / High Trucks 10,708
S| o oL . 8,700
s E « With increasing number of trucks, 7,507
§ " stiffness again becomes important &
;;; § separates pavements .
[T) X . .
3| w * Roughness induced fuel consumption
|_ u .
2 remains high for all pavement types
° I T T 1
(3]

Concrete Composite Asphalt




On Which to Focus on Depends on the Context
Example: 1000 Vehicles, Speed = 55 mph, Temperature = 86°F, Baseline IRI = 40 in/mi

5% Trucks (50 trucks)

30% Trucks (300 trucks)

Excess Fuel Consumption (1/1000km)

12,000

8,000

4,000

12,000

8,000

4,000

0

Smooth (IRI = 60 in/mi)) Rough (IRI = 180 in/mi)

5,100 5,291 5,648

730 966 1,360

2,328
1,082

Improving Smoothness always help lowers EFC and GHG
Concrete | Improving stiffness is important when truck traffic is higher | Asphalt
(and while it can be small, it is what differentiates pavements)

10,708

T T 1 I T T

8,700

7,507

4,385

I

Concrete Composite Asphalt Concrete Composite Asphalt

Stiffness

___________________

¢l EFC,,n (Truck)

1
1 EFC,ougn (SUV)

____________________

Smoothness




Albedo — the Measure of Solar Energy Reflected by Surface

reflected

Albedo =

reflected solar
radiation

radiation

|

Increase

Temperature H

Albedo Values
« Concrete = 0.40 (new) to 0.2 (old)

_ J Concrete with PLC &/or Slag = 0.45 to 0.55
« Asphalt = 0.05 (new) to 0.15 (old)

IAlbedo =0 Albedo = ﬂ  Earth Avg = 0.3 to 0.35




There are Many Ways to Change the Albedo of Pavements

One Easy Way is to change Pavement Types

1) Reflective coatings 2) Reflective Aggregates 3) Alternative binders

-

Asphalt a=0.11 |

L
B

155

60% slag, a=0.56

Boriboonsomsin, K., & Reza, F. (2007).

4) Change Pavement Type

Changing Pavement Type can have other Co-Benefits for addressing Climate Change

Slide courtesy of MIT Concrete Sustainability Hub



Pavement Albedo Changes Throughout the Pavement’s Life
lllustrative Albedo Profile for Pavements

0.50

0.45 Typical Concrete Albedo

\ (and range) Concrete

0.40 Rehabilitation
(Diamond Grind)

Albedo
0.35

0.30

0.25

Albedo

0.20
Albedo

0.15 (and range )=

0.10

0.05 ¥~ Rehabilitation

(Asphalt overlay)

0.00

25 30 35 40

Concrete Pavements have a consistently higher Albedo
Range = 0.10 to 0.26

Sources:

Earth Albedo — NASA, https://earthobservatory.nasa.gov/images/84499/measuring-earths-albedo
Pavements - FHWA, Towards Sustainable Pavement Systems: A Reference Document. FHWA-HIF-15-002 and Quantifying Pavement Albedo, ‘national Center for Asphalt Technology (NCAT) Report19-09

I
|\\ Earth’s Average

45 50
Pavement Age




Pavement Albedo Impacts Climate Change by 4 Mechanisms

Urban Heat Island (UHI) Radiative Forcing Building Energy Demand Pavement Vehicle Interaction
c 9
s Top Layer: Bound asphalt, concrete, composite
ull i
Pavements BED E;ls / E \ Substrate: Unbound base, sub-base, subgrade P
Ambient Temperature Earth’s Energy Balance Incident radiation Excess Fuel Use
Increasing pavement albedo *
* Reduced Temperature * Negative RF * Increased Radiation Co-Benefit of switching
» Cooling Benefits » Cooling benefits * Mixed Benefits | pavement types

| » Decreased Deflection
* Reduced CO2

These phenomenon do not occur in rural areas. ¢ COOImg Benefits




Concrete’s High Albedo Reduces Urban Heat Island Impacts

Example of Heat Island effect

°F oC
92 - Increasing pavement albedo
i by 0.20 (asphalt to concrete)
39 can reduce city temperatures
by :
-31

—————— * 0.3° C (Boston)
A 30 « 2.1° C (Phx)

LATE AFTERNOON TEMPERATURE

Rural Suburban Commercial Downtown Urban Park Suburban Rural
Residential Residential Residential  Farmland

Sources: http: : i ip. i i .jpg & http://cshub.mit.edu/pavements/albedo



Global Warming is Caused by Excessive Radiative Forcing

The Greenhouse Effect

some sunlight that hits Earth
is reflected back into space.

while the rest becomes heat

Greenhouse gases absorb <
and reflect heat radiated :
by Earth, preventing it

from escaping into space

https://en.wikipedia.org/wiki/Greenhouse_effect

For more information, see https://www.climateresolve.org/shine-on-white-paper/
https://climatechangetracker.org/global-warming/monthly-earths-energy-imbalance

As of April 2025, the Earth’s energy imbalance was 1.04 W/m2

Global warming is due to more solar energy
arriving than leaving the planet (Earth’s
energy balance)

» Called Radiative Forcing

Radiative forcing can be changed by
influencing two different mechanisms:

1. Minimizing Greenhouse gases (GHGSs) -
traps less heat

2. Increase surface reflectivity (albedo) —
changes the amount of solar radiation
leaving

Current Policies and actions have
only focused on Reducing GHG




Increasing Pavement Albedo is Meaningful and Low-cost / Low Risk
Endeavor to Address Climate Change

Earth’s E Bal Increasing pavement albedo on all U.S. roads by 0.2 would reduce CO2-eq by
arth's Energy Balance 17.45 Mton / year due to radiative forcing—equivalent to ~ 4 million cars

310 105
Energy In WA 1‘14.? ND 336
MN
Energy Out 405 547 43 “;
. s 190 SD wi VT
OR D 86 358 551 JI-II S8
wy 137 M NY 1
145 1A S, o
NE 672 cT o
204 g31 532 PA 200
171 253 L IN OH 18
Radiative Forcing T co i 450 - o om0 3
438

KY VA 6
e 688
Switching Pavement types saves B 302 ™ NC
g yp o s P

approximately 0.5 kgCO2 / yd2 / yr
Range = 0.34 — 0.77 kgCO2 / yd2 / yr

428 568 SC
MS AL %ﬁﬁ

305

Total Annual GWP
Saving (kton CO.eq)

740
0 1,600

& http://cshub.mit.edu/pavements/albedo




Pavement Albedo Offset’s Concrete’s High Initial Embodied CO2
Phoenix AZ - Urban

KgCO2 / SY of Pavement with & without RF Impacts

) 34.5%
m 3-in ACOL Matlr KgCO2e (3x over 50 yrs) B
Conc Pvmt Matrl KgCO2e 82.3
- Conc Pvmt Matrl KgCO2e w/ albedo impacts 75.5
1) 68.6
s Off """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" BT 7 T T T R
ts or
o se 69.1%
(&) avoided F 54.9 53.9
g w emmisions 48.0 47.0
- -
5 = 41.2 40.2
=2 33.3
?_v S 26.4
T o 19.6
Q>
® © 12.7
=
T
o
g Asphalt 6-in 7-in 8-in 9-in 10-in 11-in 12-in
g Conc Pvmt Conc Pvmt Conc Pvmt Conc Pvmt Conc Pvmt Conc Pvmt Conc Pvmt

Assumes 247 kgCo2 / 1 CY of concrete — NRMCA industry Average for Pacific SW Region
Albedo Increase = 0.20 with GWP Saving from 0.01 increase in Albedo = 1.7 kgC02e/m2

Over a 50-year period, albedo offsets 34% to 70% of the embodied CO2
for the concrete used in pavements (depends on thickness)

Sources:
http://www.cleanairpartnership.org/files/urbanheatisland.j

http://cshub.mit.edu/pavements/albedo



Increasing Pavement Albedo can Increase Incident Radiation on Buildings
Increased Incident Radiation MAY increase Energy Demand and act in opposite ways as Radiative
Forcing & Ambient Temperature (UHI)

Urban Heat Island (UHI) & CE b
Radiative Forcing (RF) Radiative Fording
[ 1 Effect |

Building Energy
Demand Effect
____ (incident radiation)

Ambient Temperature

19943 opaq|y

O O O 0O
|
|

Increasing pavement
Building Energy Ibed .
Energy Out Demand effect , a e_ O can Increase
(Cooling) cooling needs or
| decrease heating
needs

Energy In

Earth’s Energy Balance

Slide courtesy of MIT Concrete Sustainability Hub



GHG saving (ton CO.eq)

High Albedo Reduces Urban Heat Island Impacts
But it can increase / impact Building Energy Demand (BED)

Estimated Temperature reductions due to 0.2 increase in pavement albedo

Central industrial district S o
35,000 I AT SUmmer=-19t0-2.1" C | I AT, Summer=-0.3to-1.7" C |
30,000 14801 Rosindale

25890
25,000 ] 1,200
—
20,000 y B 1,000
1787 1 : H

15000 £ e EeECmE Phoenix 00 Boston
5.5 -12876 WWF=TEE 600

' ErAN

=N Financial Disrtict

30,000

5
LAl
= 1
|
Lrf
g
 :
[
[

0
[[TTH Downt 200 -177
X O O - owntown .
(pa\‘a ‘f\e’a‘% 0 }—J- S 30,000 5 % 25,000 12067
== il 10,000 32 & o o© P S 20,000
| IEEEANE =N D ﬁ . LA ° 20,
I_L HT[T ;‘1\\ | \}_% & 10,000 z; 15,000 3899 -
= B = ‘!’—j S 20,000 3 10000 BL O -1743
] > -30,000 11634 3w
“J_l H A =] & -40,000 & 5000
o . -54611
[ I ] | l: ¢ -50,000
L [ i) @ 60,000 5 . \
-70,000 -33251 & o\Q’@ %.Lg& <@
-80,000 — (SN
Total albedo savins E o0 o0 g ool aibedo )
f etseay ving < 00\%\,\@‘6 0 saving nn- oq)

|
-30,000 30,000 Y N a 15,000

Red areas are show where albedo impacts are negative (burden)

In some dense, urban downtown neighborhoods, higher albedo can leads to a net GHG burden
(Reflective pavement coatings do not significantly change pavement stiffness)




Changing Pavement Type means adding PVI to the Evaluation
Must quantify the NET effects of Radiative Balance, Ambient Temperature, Building Energy Demand &

Pavement Vehicle Interaction

Need to account for the interconnection
effects of built environment elements

Shading Surface/Structural
’ \ ‘Detenoranon

Urban Heat Island  Traffic Speed
Effect

Slide courtesy of MIT Concrete Sustainability Hub

Q Radiative Forcing |
]

Effect

Building Energy
Demand Effect
(incident radiation)

?é}

/ PVI Effect

Extra Fuel
Consumption Effect
= (Surface Roughness)

10943 opaq|y

Building Energy
Demand effect
(Cooling)

=E]
HHEI
Ell:l
EEI

Materials Production
and Construction




When Concrete’s High Albedo & PVI are Evaluated Together

Replacing asphalt with concrete pavements results Net Life cycle GHG Savings

Net GWP Emissions after accounting for all Life Cycle Phases over a 50-year Analysis Period

I AT o SUMmMer=-1.9t0-2.1" C I | AT o SUMmer=-03to-1.7 " C I
= Materials & Construction ® IREFC = DEF-EFC = Albedo-RF m Albedo-BED m Eol. @ Total 7 l ® Manarials & Constriction. 8IRKEFC @ DEF-EFC mARedo-AF B Albedo-5ED @Eol. @ Total W Matecals & Construction’ WIRFEFC M DEFEFC W Aledo-RF B Albedo-BE0 M Eol. @ Total
1 / I g 20 g, 12000
oo . o) S 10000
!
g m Phoenix y g s Boston <
#1000 / 2 19 g so00
G o / B g g B 6000
E / £ = & a000
, &
] / L i o 0 v
g Vs : / b g 9 3 2000
2 r"‘; 1 1 2 5 | Asphalt (a=0.1) Concrete ta=03) Reflective Asphalt SR & 0
o ; o i ” _
2 200 _ G0 Ln il Ec G 2000 Asphalt(a=0.1) Concrete (a=03) Reflective Asphalt
% i Asphalt (a=0.1) Concrete (a=0.3) Reflective Asphalt < . - S @ o a P} 2 & (0=04)
(a=0.4) | ] P - = s ), K 3
Road type: Arterial o / Road ty.pe.Cuilectar & A ‘w< o,
Length: 198 m ;T[?_Fh 235m i - & Road type: Interstate
AADT: 18,390 (10.9% Truck) o ’;:éginfz_?" Tuc !t et Road type: Local . &l Length: 901 m
Neighborhood: Sparsely built sighborhoad: Compack Mid-itse Letgtn:0m -\ AADT: 71,180 (10.9% Truck)
M-DT, 635 (10.9% Truck) . N ' Neighborhood: High-rise dense
Neighborhood: Sparsely built ¢ \ .

e &
l . . t‘—\/
. et Asphalt (a=0.1) Concrete (a=0.3) Reflective Asphalt 7 Total life cycle saving
>, (a=04) (kg COeq/m?)
b /
——— P i = Materials & Construction ® IRI-EFC = DEF-EFC = Albedo-RF 200 200

A m Albedo-BED mEol @ Total
" Total life cycle saving
= (kg COzeq/m?)
= E
-200 200

Red areas are show where asphalt savings are higher

In most other urban neighborhoods, using concrete almost always results in net benefits




MIT STREAMLINED LCA PLATFORM

In “Beta” development phase

» Generalized tool to enable rapid analysis of the
whole-life implications of pavement alternatives

» Uses Neural Network of based on Pavement- * == I ' s sueaminea 7

Pavement LCA Tool

ME to predict pavement performance

» Estimates the whole-life LCA using whatever level
of detail is available to the user (limited or detailed)

» Uses a process called “structured data under-
specification” to provide a range of results

* [Includes both Embodied Emissions and Use Phase

Impacts
* Initital construction, rehabilitation & MIT CSHub Streamlined Pavement
maintenance, and End of Life activities LCA Tool (Online)

» PVl Albedo, carbonation http://pavementica.mit.edu




P
P\
M IT ST R E AM LI N E D @ SosamanY \ MIT CSHub Streamlined Pavement Life Cycle Assessment Tool Dashboard ~ Welcome, JMack -
QF o
7

LCA PLATFORM
First 2 sheets define the
Pavement Context for the project

* Location
* Climate

* Functionality
» Traffic
» Basic Design Info

Road Example
State California ~
Annual Precipitation Days 40
Precipitation Threshold (ia/hr)
Solar Radiation 22152
Urban-Rural Class Urban v
Functional System Interstate v
Reliability Medium v

Traffic Volume Medium v
Truck Percentage Medium v
Traffic Direction Two-way b
Traffic Spaed Medium v
Traffic Growth Medium v
Number of Lanes 4 ~
Pavement Length (mile) 1

Lane Width (£) 1 v
Shoulder Type Tied PCC v
Shoulder Width () 1 v

* Length,

» Shoulders

* No. of lanes ) _
i [ &l MIT CSHub Streamlined Pavement Life Cycle Assessment Tool
5 P
7 e

2nd sheet allows for more
detailed Traffic information
(optional)

Context Parameters

Distribution

Parameters Min. Mean
S E e o 7225 1156
ODEAS s 269 4524
Truck Percentage (%) -

L 36125 59.6
AADTT All Lane e i
Tratfic Growth (%) 3

Traffic Speed (mph) g 7S
Kallabakiy %) ) 925

Max.

158!

635

9.5

S

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Dashboard ~ Welcome, JMack -




MIT STREAMLINED
LCA PLATFORM

Embodied Emission sheets
provide material properties

« 31 Sheet = Concrete
« 4t sheet = Asphalt

Both start with a “state wide”
pre-populated average data,
but can be adjusted with EPD
data for specific mixes

 Material data covers
A1-A3 Stages

State California v POC Compressive Strength (psi) 4000 v
Portiand Cement 2048204 kgm' Purchased Electricity 461 KWhe
Fly Ash 433036 kg’ Nanwral Gas 0031714816
Slag Cement 0 kgm® Secondary Fuels - Liquid 3 kg
Mixing Water 1945696 kgm* Secondary Fuels - Solid 3 msh
Crusked Coarse Aggregate 4449 kgm® Fuel Otl (other than dissel) 0 le
Natwal Coane Aggregate 4229516 kgm’ Diesel 1.8548509
Crushed Fins Azgregate 105.5896 kgim’ Gasoline 0 Ie
Nztural Fine Aggregate 75158 kgm' - c] 0 Ie
Air 6
Air Entraining Mixture ] kgm' Total Emission (A1+A2+A3)
Water Reducer 003 kgm’ : 5
> = Material (A1) Transportation (A2)  Energy (A3)
High Range Water Reducer 0.09 gm' | 55307 18522 7167
T 044 b Total Emissions 294087 e
Transportation (A2)
Transporation Emission 14522 kg COseg/ m*
Same California v

Bitumen content 0.04

Bitumen impact 637.00 Lt U2 tagpay
Gravel impact 321 kg(0ym asphali
Sand impact 381 kg0 asphalt
RAP and WAP Modification

RAP Content 0.16

WAP Content 024

T [

Transportation GHG 1443 kgC0;m asphalt
Asphalt heating impact 4343 kgCOm asphalt
Material (A1) Transportation (A2) Energy (A3)

69.72 1443 4843
Total Emissions St




MIT STREAMLINED
LCA PLATFORM

Pavement Desing sheets
provide Initial & Rehab
Activities

Initial designs can be input if known

If unknown, can estimate
thicknesses based on AASHTO
93 or Pavement-ME procedures

* Only allows for 1 base type

Uses ranges & a probabilistic
distribution for material & other
inputs

Has pre-populated rehabilitation
activities for both pavement types.

Min Mex
Thickness () g
Thickness (in) 4 4
Dowel Gameter ()  1.25 125
Subgrade Kevelue (pci) 150.49 15024
m@() fw P AR cuomDeiz: (@)
PCCE&E:M(W‘G;N’) 5 Uniform v
PCC Comp Strength (psi) 3500 4000 4500 Uniform v
PCC Modules of Rupture (ps) 850 690 3 Unform v
gﬁmﬁwmtww 5 6 _— G
Jomt Spacing (%) 3 13 orm v
Base Resilient Moduln (ESBY psi 20000 30000 4 niform v
Subgrade Resilien Moduius AR) psi 2000 14000 | 20000 nform v
Depth to Rizid Foundation (2) 8 nform v

m idioini J\;g

Afs
25

40

2

40

Timing (years)

Aax

- Maintenance and Rehabilitation (M&R) Schedule

Maserial

100% Diamond Grinding w/ Full Depth R
100% Diamond Grinding w/ Full Depth R
Unspecified v
Unspecified v
Unspecified v
Unspecified v

Maintenance and Rehabilitation (M&R) Schedule

Thickness (i) 10 10 AGs Max Treatment Type Removal | Addicion
10 10 AC Mill and Fill Gin v |3
Thidmess () 6 6
20 20 AC Mill and Fill (in) v 3
Kazlue (pd) 150.48 15024
30 30 AC Mill and Fill (in) v 3
Custom Design (\! n)
40 40 AC Mill and Fill (in) v 3
Parameters Afis | Mesa | Max Dauribution 0 Unspecified v 0
AC Binder Type: Viscosity Grade AC20 v Uniform ™ Unspecified hd
Effective Binder Contert (%) 82 16 14 niform v
AC Air Voids (%) 10 orm v
AC Elastic Modulus (ps) 20000( 35000( 70000 orm v
Base Resilient Modulus (ESB) psi 20000 30000 40000 orm v
Subgrade Resiliont Modulus ARy pii 3000 14000 20000 orm v
Depth to Rigid Foundation () 6 8 10 orm a7
Design Specification Design Life (yean) Nuzber of [teration. Analysis Period
SHTON% Run Pavement Lifecycle Analysis




MIT STREAMLINED LCA PLATFORM - OUTPUT

http://pavementica.mit.edu

Cumulative GHG Emission vs. Analysis Period Life Cycle GHG Emission
I 9.0° JPCP / 4® Agg Median 9.0" JPCP / 4" Agg 95% C| 1 10" HMA/6" Agg Median 17.92 kt
10"4MA/6" Agg 95% CI " o

154

T 204 =

s Shaded — GWP Range &,

S HMA Rehab Activities s

c ¥ 8.8 kt

8 6§ 91 I

5 10 = &

> Line — Median GWP T

% O

E 5 _)‘ =
e
= _ [y

JPCP Rehab Activities 0 ‘
!:\
: 10 5 20 25 30 35 40 45 50
Analysis Period (Years 9.0" JPCP / 4" Agg 10" HMA/6" Agg
@ nitial M&R PVI Deflection [} PV! Roughness

Radiative Forcing (j Carbonation End of Life
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For Additional Information, see
ACPA's Publication

Concrete Pavement’s Role in a

Sustainable and Resilient Future

Jim Mack, P.E.
jimmack1566@gmail.com




