13™ INTERNATIONAL CONFERENCE ON
CONCRETE PAVEMENTS (ICCP)

ENGINEERING THE PAVEMENT
FOUNDATION LAYERS WORKSHOP

August 27, 2024

Authors
Leif Wathne, P.E.
Ells T. Cackler, P.E.
H. Thomas Yu, P.E.
Jeffery Roesler, Ph.D., P.E.
David J. White, Ph.D., P.E. (orcid.org/0000-0003-0802-1167)



WORKSHOP SUMMARY

The National Concrete Pavement Technology Center (CP Tech Center), with support from the Federal
Highway Administration (FHWA), sponsored a workshop at the 13th International Conference on
Concrete Pavements (ICCP), held in Minneapolis, Minnesota from August 25 — 29, 2024. The Pavement
Foundation Workshop was presented on August 27, 2024, from 1 to 5 PM. The workshop showed how to
engineer and field-control the construction of pavement foundations using currently available advanced
technologies to meet design requirements reliably. Ingios was responsible for planning the workshop,
identifying appropriate subject matter experts, and developing technical content.

The workshop focused on the FHWA's 2019-2020 report to Congress on the Accelerated Implementation
and Deployment of Pavement Technologies, AID-PT program. The report identifies that “Foundation
design is a key aspect of pavement structural design that needs to be considered in design processes.”

Current practice for owner agencies typically consists of a detailed pavement structural design without a
similar process for the foundation system that the pavement structure is built. In addition, the construction
process commonly does not include any meaningful verification that the pavement design assumption for
the foundation system is achieved in the field, leading to foundations being a significant cause of early
pavement distress.

The intended outcome of the workshop was to help owner agencies understand that pavement foundation
layers can be engineered and field-controlled to meet the design intent. The presentations were

coordinated to address the following objectives:

e Understand the critical design inputs or lack thereof for pavement performance relative to the

foundation,

e Understand that typically, what is built is not accepted on engineering criteria assumed during the
design of the pavement,

e Understand there are intelligent technologies available to measure design inputs during
construction,

e  Mechanistic modeling needs to be confirmed with performance over time,
o A technical pooled fund (TPF) is proposed to assist SHA’s with building pilot projects.

Leif Wathne, CP Tech Center moderated the workshop which was organized into five presentations.

1. Why is this important?
Tom Cackler, General Manager for Ingios and former Chief Engineer for the lowa DOT, discussed why
building quality foundations is a strategic decision for being able to manage an agency's pavement
network fiscally.

2. The Ideal Pavement

Tom Yu, FHWA, discussed the elements of an ideal pavement that will have a long life and low
maintenance requirements.

3. Pavement Foundation Design 101



Prof. Jeff Roesler, University of Illinois Urban-Champaign, overviewed key foundation inputs for a
successful pavement design and why they are important. Prof. Roesler also addressed shortcomings in the
current design methodologies related to foundations.

4. How to Achieve Engineered Foundations

Dr. David White, Chief Engineer for Ingios, discussed how currently available technologies enable the
engineer to design and control the construction process to ensure pavement foundations meet the design
requirements.

5. Advancing National Practice.

Tom Yu also reviewed the objectives of a proposed TPF project by the Iowa DOT to further advance
pavement foundation design and construction practices.

On Thursday, August 29, the ICCP offered an optional MnROAD pavement test track tour. As a follow-up
to the workshop, Ingios demonstrated advanced technologies for Automated Plate Load Testing (APLT)
and e-Compaction Mapping, allowing workshop attendees to experience the technologies discussed in the
workshop firsthand. Approximately 80 meeting attendees, including participants from multiple
state/federal agencies and research institutions, participated in the field demonstration.

This summary report's appendices include the workshop handouts, presentation slides, attendee list, and
photos from the workshop and MnROAD tour.



APPENDIX A: WORKSHOP HANDOUTS

e AID Survey — Pavement Performance
e Jowa DOT innovations Solutions
e Roadmap for Long-life Pavements



National DOT Survey Findings & Results
Accelerated Innovation Deployment (AlD) Demonstration Project
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Increasing Pavement Performance through Pavement Foundation Design
Modulus Verification and Construction Quality Monitoring

Of all responding agencies:

Want more effective quality

L P W 2cceptance (QA] for pavement
foundation construction.

Want data reports to suppaort
field process conbrols during
foundation layer constnuction.

Are interested in leaming
more: aboul lowa DOT'S AlD
implementation eforts to
bring improved solutions to
pavement foundation kyers.

Want to field verify the
engineering properties wsed
in pavement design for the
foundation layers.

‘Want real-time QA data to
determine if design and
specification requirements
are achieved.

e-Compaction Keeps Traffic
Moving by Exending Pavement Life
{a TSMO Strategy)

When every minute counts to keep traffic
miavirg, DOTS can count on e-Compaction to:

 Accelerate quality inspection
documentation x 1,000wx's in real-time

» Increase pavement life by S0-50%

= Aywobd costly delays by as much as
$10,000+f per day
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INNOVATION SOLUTIONS

Advanced technologies ensure lowa’s
pavement foundations are built as designed

Eeneath every pavement are foundational layers of aggregate, soil, and other materials designed
to suit the road's location, fraffic demands, and other factors. When roadway foundations are
propery constructed, the finished pavement should perform well for decades. Undil recently,
however, inspection methods and tooks have not been able to defect certain problems within the
foundation until afier the road i complete, making cracks and other premature distresses difficult
to prevent. Through a demonstration project, lowa DOT piloted innovative new technologies at
several project sites that make it possible to assess and remediate issues during construction,
leading to stronger foundations and better-performing pavements.

THE NEED

Foad malniznance and repalr acihv-
RisE are not Just & financial expenss
for transponanon agencles: they can
3l§0 be hazardous for crews working
near irame and fnistratng Tor rav-
elens who experencs road closures
and delays. To help pasements 36t

langer and require less malntenanca,

{(#10WADOT

lowa DOT—Ike other ransportaticn
apencles across the United States—
has reevaluated neany every 3spect
af road bullging, Implementng 3 va-
riety of Innovabions related to design,
COMETUCIoN, 3nd Matenials. Despie
real progress In this area. some pave-
ments continue ta deleriorate faster
than thay should.

In 2017 |owa DOT Inttiated a
research project evaluating the
foundatanal layers of 10 ighways In
the state and found that most wers
not conetrected exactly 25 sesigned.
YWhilie Ghuties have conslstently
Ehown & direct comelaion betwean
the comgaction unifanmity of 3 road's
foundation and Fs long-berm perfor-
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mance, raditional testing equipment
and Inspeciion methods have not been
capable of datecting under-compacted
areas qunng the consinucion procaEs.

Mo, recent stides In techinology ans
miaking & possibie for inspeciors and
constnuction teams o ass2ss the qualty
and uniicemity of pavement fourdations
on-sie and In real ime. allewing comrac-
tors o flx @ny proglems befone the road
ls completz and assunng transporiatbion
agencies that foundations are being bulk
35 Intended. With 3 grant from the fad-
eral Accelerated Innovation Deplayment
[AID) Demansiration program. which
alms 12 Nelp states puft Innovations

Intd pracice, kowa DOT and a team af
enginears ploted e new state-of-the-
art iechnalogles at five road constructon
projects across the state fo gain hands-
O eXparience and 1o develop specca-
ticns for using these baoks In the future.

PROJECT APPROACH

The project team t2stad two naw cam-
mercially avalable technoiogles: roiler
mapping. which me3asurss 3 foungaion's
unHormlty, and Automated Plate Load
Testing, @ proprietary Innovation used o
gauge the foundatian’s ablity 1o suppart
heavy rame loads. Project panicipants
leamed how 1o use and calibrate the
equipment, a5 well 35 how data should
b= Inferpreted and applled.

Im 00N, 3 Customized reparting

tool was developed for lowa DOT that
analyzes e coliected d213 and gener-

a%ee digital compaciion reports whnin
minuies to help contraciars, englneers,
and INEpeciors make imformed declskns
In real Bme.

WHAT IOWA LEARNED

The new mapgping and data analyels
technoiogles successtully measured and
reported foundztion compaction values
in real Bme a5 expected, revealing areas
of noruniormity at me five test sites izt
oihersise might have gone undebacted.
The reporting toal, whizh cantinues

1o ewolve to meet lowa DOT'E neads,
helped parlicipants share compaction
nesulis effecthvely,

The demanstration project slsa sarved
o provide the project ssam with 3 better
ungarstanding of the Inkemelationships
babwesn speciflc procadures and
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PUTTING IT TO WORK

lowa DOT has develnped 3 detalled
Imglemeniation plan with @ Erget o
Incarporate the new technoiogies Into
standard practice sEiEwide Dy 2025,
Steps Incute brnging key stakahald-
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Roadmap for Long-Life Pavements

Sustainable Pavements are only possible by starting with quality foundations.

Our nation needs pavements that will last longer. The key to improving pavement performance is
building quality foundation=s and ensuring that they meet the design requirements at the time of initial
construction. Integrating direct measurement of crtical pavement design inputs into the pavement
construction workflow reduces the owner's risk and eliminates unnecessary repairs in the future.

5 Steps to G implement

inte=nance practices in your state.

Build Better  —=o=omtmnnT
Foundations % & [ #. = ORI

Define
D=velop performanc=-bazad regquirem=nts and
specifications that emphasize uniform, stabl=,

and longHasting pavement foundations.

Test
. IV £ N B P G MECALTRTRTE
ww"hmulmﬁmmm [prctioas 0 cannECt RS Wi ConstLtion.

Critical Needs

want more effective quality acceptance (QA) technologies

ingi¢ s

GEOTECHHICE




APPENDIX B: WORKSHOP AND DEMONSTRATION PHOTOS

Why is this important?

Tom Cackler, Ingios







Photos of workshop speakers, audience, and equipment used in demonstration.
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APPENDIX C: PRESENTATION SLIDES
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Pavement Foundation Workshop

13 ICCP | Minneapolis, MN | Aug 13, 2024

Welcome and Introductions

Federal Highway
Mmlnismlghn Fancise Pawicen Mol

slido Attendees

What type of organization do you
represent?

@ Start presenting to display the poll results on this slide.

FHWA Report to Congress Objectives and Outcomes

Understand that pavement foundations layers can be engineered
and field controlled to meet the design intent.

* Foundation design is a key aspect
of pavements structural design 2019 » Understand the critical design inputs or lack thereof for pavement
2020 performance relative to the foundation,

i i i ARNL
that,needs fo be considersd i AN, » Understand that typically what is built is not accepted on
design processes. engineering criteria assumed during the design of the pavement,

» Understand there are intelligent technologies available to measure
design inputs during construction,

» Mechanistic modeling needs to be confirmed with performance over
time,

» TPF is proposed to assist SHA’s with building a pilot project.

cPM




Agenda

» Why is this important?

» The ideal pavement

» Pavement foundation design 101

» Break

» How to achieve engineered foundations
» Advancing national practice

» Recap and adjournment

cPM

9/30/2024

Why is this important?

Tom Cackler, Ingios

7
Quality Foundations Are Strategic For DOTs What is the problem?
* What is the problem? + Condition of the national system is not good and there is not enough
- How did we get here? funding to address the needs.
* Quality pavement foundations * ASCE Report Card — 2021
K trat f hievi o Roads rated D
as a key stralegy for achieving o 42% Good; 15% Fair; 23% Mediocre: 20% Poor
a sustainable network. o $786 billion backlog
* The cost of restoring pavements accelerates in relation to condition
cPM cPM
9 10
What does this problem look like to agenc
What The Gap Means To An Agency " P gency
managers ¢
+ lowa Analysis « Disinvestment in lower end of system to allow funding to go higher traffic
o Pavements need to last 100 years to match revenue portions.
* Less than acceptable pavement condition, ie: rough pavements
* Rehabilitation cycle
o 16 years for HMA « Higher maintenance costs
o 32 years for PCC « More traffic disruptions
- ~3 time current performance « Public perception/opinion of the agency
‘ cPM cPM
11 12
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How did we get here? What are our options?

+ Overly focused on the pavement

* Unlikely to fund our way out of this gap.
» Geotechnical design has not kept pace &

with pavement design o Highway funding is a public policy decision, not an engineering decision
« Lack of recognition/urgency

o Last federal fuel tax increase was 1994
o Problems don’t show up for 10-20 years
« Pavement maintenance costs become

o NHCCI 2003-2023 = 317.8%
institutionalized

cPM cPM
13 14

Improve Professional Practice Improve Professional Practice

+ Pavement ~40-50% total roadway costs

» Move from specified to engineered foundations
o Can't afford poor foundations

* Measure and control what is important
o Design assumptions

» Address misconceptions
o Just make the pavement thicker
o Soft and uniform is ok
o Better foundations cost too much » Become familiar with currently available intelligent technologies
o Direct measurement

cPM ,‘ cPM
15 16

Build Better through Good Engineering slido

« National sustainable system requires well engineered pavements and

foundation layers. In your experience, what is

the #1 reason for premature

+ The normalization of long-life pavement is possible. pavement failure?

* Let's get started.

f.‘—— @ Start presenting to display the poll results on this slide.
4
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The ideal pavement...

Tom Yu, FHWA

3 |
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The Ideal Pavement

H. Thomas Yu, P.E.
Program Manager, Pavement Design
Federal Highway Administration

Image Source: FHWA

Office of Infrastructure

b s 13" International Conference on Concrete Pavements August 27,2024

Disclaimer

Except for any statutes or regulations cited, the contents of
this presentation do not have the force and effect of law and
are not meant to bind the public in any way. This presentation
is intended only to provide information to the public regarding
existing requirements under the law or agency policies.

FHWA Mission Statement
FY2022-26 Strategic Plan

“To deliver a world-class system that advances safe,
efficient, equitable, and sustainable mobility choices for all
while strengthening the Nation’s economy”

(emphasis added)

22

Pavement-Design Program

Vision

FHWA should lead the way to providing durable, long-life pavements that
remain in excellent condition throughout their service lives

Approach

= Demonstrate performance and sustainability advantages of long-life,
distress-free pavements

= Provide technical resources needed to improve long-term, pavement
performance

State-of-Good-Repair vs. Good Pavement

State of Good Repair
= Condition: Fair

= M&R: high

= Cost: $$$9$

Image

Good Pavement

= Condition: Excellent
= M&R: very low

= Cost: $$
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What is needed

= Design pavements to last as long as the materials
» Pavements should remain distress-free within the design period
> Utilize design features that ensure good long-term performance

= Build it right
= Apply preventive treatments to preserve the pavement structure

Keys to achieving well-performing pavement

= Effective structural design
» Good foundation
> Adequate structural section
> Appropriate design features
= Durable material
» Durable surface
> No material-related problems

= Quality construction

e
25 26
slido Structural Model
Plate on Elastic Layers
lastic foundati
Does your agency have a pavement el %,j"E
s foundation design procedure?
° -
PCC Pavements AC Pavements
@ Start presenting to display the poll results on this slide.
27 28

Pavement Design

= Structural design
» Focus on strength and stiffness
> Surface thickness dominates the design; foundation layers have
minimal impact
= Foundation
> Not designed systematically in current practice
> Different design requirements than the surface
v Uniformity, adequate stiffness, and drainage
v Must retain integrity throughout the life of the roadway
> A separate design procedure is needed for pavement foundation design

Pavement Foundation Design

= Practices vary from agency to agency
= No standard exists

= Best-practice needs to be established
> Ensure uniformity at the time of construction

> Prevent deterioration over time that leads to non-uniformity and localized
failures
v Pumping and loss of fines
v Contamination
v' Decompaction
> Include consideration of resilience
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Ideal Pavement Design Process Pavement Foundation Design Procedure
= Foundation Design = Can be established based on existing knowledge
> Engineer the layering of materials from natural subgrade up to the surface layer » Priority is in formalizing the process
> Design to remain in good condition (i.e., no degradation) throughout the life of > A comprehensive research program is not needed
the roadway > Research needs can be identified for improvement over time

v Use of chemical or mechanical stabilization as appropriate = Refine over time throu gh research
v Consideration of compatibility of adjacent layers to prevent decompaction

v Incorporation of drainage features as appropriate

= Structural Design
> Based on the layers defined in the foundation design
> The layers can be abstracted in any manner appropriate for structural analysis

Summary Roman Road

= An ideal pavement is a long-life, distress-free pavement

» Pavement should be designed to last as long as the material and remain
distress free over the life of the pavement

> Good foundation design is essential to achieve ideal pavement 250 mm

100 mm Lime-grouted polygonal slabs

Fine concrete
(sand and lime)

An ideal pavement is one that can be preserved
> Preservation treatments address functional and material issues
» No structural degradation is prerequisite for preservation

Coarse concrete

400 mm (gravel & lime)

Pavement foundations have different design requirements

> The key requirement is to remain in good condition throughout the life of
the roadway Image Source: FHINA

> A separate design procedure is needed for pavement foundation

125 mm Rubble stones

Pavement foundation design 101

Jeff Roesler, University of lllinois

Tom Yu
tom.yu@dot.gov
202-366-1198 Rmintaon ! G s




Concrete Pavement Foundation Basics

Jeffery Roesler, Ph.D., P.E.
University of lllinois
Dep: of Civil and

13t ICCP Workshop: Engineering the Pavement Foundation Layers
August 27, 2024

L s
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O Improving the Foundation Layers for
Concrete Pavement
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How are concrete pavement
foundations generally
characterized?

38

Concrete Pavement Foundations

O Idealized dense liquid (spring) foundation
0O Modulus of Subgrade Reaction or k-value
(psi/in or MPa/m)

m Uniform, stable, non-erodible, and full contact w/
slab

k

39
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Concrete Pavement Foundations (2)

O Base/subbase layers
= Layer thickness (h;) and stiffness (E;)
O Interface (bond, no bond, friction)
O Keomp = composite stiffness of support layers
o Other - CBR (DCP), E;, My

40

Should foundation inputs
affect the structural design of
concrete pavement?

41

42



Effect of Foundation on Westergaard Solution
Slab Edge Stress

Single Wheel Load = 10,000 Ibs.
Tire Pressure = 100 psi
Subgrade k-values = 50,100,500 psi/in
Concrete Modulus = 4,000 ksi
Poisson’s Ratio = 0.15
Slab Thickness (h) =8 in.

k

Edge Load Stress Deflection
k =50 psi/in 450 psi (h=8.0) 0.0412 in.

k =100 psi/in 415 psi (h=7.6") 0.0285 in.
k =500 psi/in 333 psi (h=6.6") 0.0118 in.
Stress - ¥ 8% (k=50 to 100 psi/in); ¥ 26% (k=50 to 500 psi/in) P wmars eruren o

(R

9/30/2024

What are foundation inputs
for concrete pavement
design?

ILLINDIS CENTER EOI
TRANSPORTATION
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Foundation Inputs for Design

O Soil k-value (k) or K,
O Base/subbase layers
= Layer thickness (h;) and stiffness (E;)
O Interface conditions (bond, no bond, friction)
o Erosion factor
= AASHTO 1993 — Loss of Support
= PCA/ACPA — Erosion damage

= AASHTO Pavement ME — erodibility for CRCP, slab-base friction-
JPCP

44

How do we determine k-
value of foundation?

45

[ ——
Determination of K-value

o Direct — Plate Load Test
= See NCHRP 1-30

Alliance Geotechnical

Testea N
Dot & Velows o Coment:

e T —
= Te e =

HEETE
= === =
= |=|s |8

PCA (1984)

46

[ ——
Determination of K-value

O Indirect — correlations
= CBR (DCP), Soil type, or E-value

-2 pe v
-

PCA (1984)
E’Emlnms cruren eo

47

48



How sensitive to k-value are
design methods like
AASHTO (1993) or
Pavement ME?

(L RS

9/30/2024

Design Sensitivity to K-value

o AASHTO 1993 vs. AASHTO Pavement (PCC thickness)
sensitive to k-value
= 10M ESALs, MOR=650 psi, R=90%,...

O k=50psi/in — D=11.0in.
o k=100 psi/in — D=10.5in.
o k=500 psi/in - D=10.0in.

ILLINDIS CENTER EOI
TRANSPORTATION
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AASHTO Pavement ME

Effect of Subgrade Soil Type 1
121 o, Gt bane

resn

AT
Subgrade Soil Type

LiSksi wllksi @10ksi m4ksi

AASHTO Pavement ME suggests
foundation layer is generally not

= that important? —

50

S
Recall k-value Assumptions

O k-value — modulus of subgrade reaction
O Uniform spatial distribution
O Stable
= no plastic deformation or fails
O Non-erodibility
= Doesn’t change or deteriorate w/ load-+climate

O Do these guarantee long-term performance?

51

How do we know if a
foundation layer is non-
erodible?

52

Erodibility Measurements

O Minimum foundation CBR or k-values
= Stabilize soil or undercut + aggregate
= Density requirements
O Base/Subbase layers -
= Hamburg Wheel Tracking Device (HWTD)

o Other

53

54



How do we know if a
foundation layer is uniform?

9/30/2024

Foundation Layer Spatial Measurements

O White et al. (2007-2021) FHWA study:
Improving the Foundation Layers for

Concrete Pavements

o Li,J.,D.J. White, and P. Vennapusa. 2018. Improving the Foundation
Layers for Pavements: Field Assessment of Variability in Pavement
Foundation Properties. National Concrete Pavement Technology Center
and Center for Earthworks Engineering Research,lowa State University,
Ames, TA.

O Does non-uniformity affect stresses and
performance?

= Analysis of non-uniform support on concrete

- slabs "
(@ B d ok
= ")
255,00 @ 92770
I C O 287:00 @ 06 BTSN N U 'f A I i A i
utput e oo on-Unitorm Analysis Assumptions
o 8 o]’
2l sicowss — 1
£ 2 %
3 Range (m) - 3.0
25100 H 0 om0 e
° 3 % 100 150 20 250 1 IC Roller makes longitudinal passes over subgrade
Lag Distance (m)
. .
e 278400 012 ft by 15 ft single slab
b ¢ 1 Modulus of subgrade reaction (k)
om0
e 050 and 500 psi/in
) < ool . : 3
705,00 ndex =29 mon | s O @l 272000 1 Subgrade is a Winkler foundation
e | B P . )
¢ aE = 1o PO B SETT 11 Test various axle types and locations
o5 \| 8& g [moore o ; s
R S p——— 160 (SRR Bl H q
. a0 o Ea P 0 Vary temperature differentials
boe 270400
s 6 DU 100 200 300
277400 -0- og Dltoe ) 1. Brand, A. and Roesler, J. (2014), “Finite Element Analysis of a Concrete Slab under Various Nonuniform
Proof 14 Prootis g o Support Conditions,” International Journal of Pavement Engineering, V. 15, pp. 460-470.
White ef al. 2008 bisened 4 L Aakial 2. Roesler, Chavan, King, Brand (2016), Concrete Slab Analyses with Ficld-Assigned Non-Uniform Support
. TTEm isw b
Conditions, Journal of Pavement Engiy ing, Vol 17.pp_S78-589

57

58

Full Factorial 2-D Analysis
|
o Axle Type (3)
o Single, tandem, steer-drive combo
0 Longitudinal positions (10, 11, 4)
o 10-single, 11-tandem, 4-steer-drive
0 Lateral offset (2)
o Edge(0 in) and wheel path (19 in.)
) Temperature Differential (3)
0-20°F, 0, +20°F
1 Subgrade conditions (12)

Fixed Slab Properties
[
o1 Slab Thickness: 8 in.

01 Elastic Modulus: 4.0x108 psi

01 Poisson Ratio: 0.15

0 Coefficient of Thermal Expansion: 5.5x10¢/°F
1 Unit Weight: 0.087 Ib/in®

59

60



Slab Loading — Axle Types

uge

Steer-
Drive

] Single

9/30/2024

TH

Case 1 Case 2 Case 3
Quadrant Cases
Cased Cases Case 6 Case 7

Random Cases

3 Lane Cases

nla.'

Cases

Case 9

Case 10a

ILLINDIS CENTER EOI
TRANSPORTATION

i-\

Case 10¢

61

62

Case 1: Uniform Soft (50 psi/in)

1 I —
1 The 7 ft roller makes

two passes
Lane 1 Lane 2
m] Bo.1h passes are of E oy
uniform modulus at
50 psi/in

Case 2: Uniform Stiff (500 psi/in)

01 The 7 ft roller makes
two passes
1 Both passes are of

uniform modulus at
500 psi/in

63

64

Case 3: Nonuniform Soft Edges

1 I —
1 The 7 ft roller makes
three passes

o Passes are nonuniform

Lane 1
50 psi/in
Lane 3
50 psi/in

o Lane 1 is 50 psi/in
o Lane 2 is 500 psi/in
o Lane 3 is 50 psi/in

15 ft

w
>
w
=+

12 ft

Case 4: Nonuniform Stiff Edges

01 The 7 ft roller makes
three passes

1 Passes are nonuniform e 2
50 psi/in
o Lane 1 is 500 psi/in
o Lane 2 is 50 psi/in
0 Lane 3 is 500 psi/in
u

] 12t

65

66
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Case 5a: Nonuniform Random

o 3 ft by 3 ft sections
are randomly
assigned a modulus of
50 or 500 psi/in

1 Half of the sections
are 50 psi/in and the
other half are 500

psi/in

Case 5b: Nonuniform Random

1 Same principle as in
Case 5a, but with a
different random
assignment

12 ft

67

68

Results — No Temperature Differential

700
650
Z 600 -
2550 -
£ 500
F 450
F.400
2350
£ 300
£ow
£
2150
=100
50

Location of Center of Rear Axle (in)

=#=Case | Uniform Soft -#-Case 2 Uniform Stiff=#=Case 3 Soft Edges
«=Case 4 Stiff Edges =#=Case 5a Random 1 «@=Case 5b Random 2

o

Results — Temperature Differential +20F

700

Z 600
Esl a7

£ 500
3 450 -
= 400

2350 -
Faoo | =¥
= 250
H
E fgg Tandem Axle |
Z 100 || Edge Loading |

50

0
0 10 20 30 4 50 6 70

Location of Center of Rear Axle (in)

«#=Case 1 Uniform Soft ##=Case 2 Uniform Stiff-#=Case 3 Soft Edges
«=Case 4 Stiff Edges ~=#=Case 5a Random | «@=Case 5b Random 2

69

70

Results — Temperature Differential -20F

700 i
_650 ;‘ Tandem Axle

Z 600 + Edge Loadi

&350 ge Loading

£ 500

2 150
= 100

0 10 20 30 40 50 60 70 80 90
Location of Center of Rear Axle (in)

~#=Case 1 Uniform Soft -Case 2 Uniform Stiff-s-Case 3 Soft Edges

—Case 4 Stiff Edges =#=Case 5a Random | «#=Casc Sb Random 2

Spatial Data Test Bed: MI 1-94

White et al. 2011

71

72
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Slab Configuration (7mx7m) MI 1-94: 121 k-values (Field Correlated)
' P e aTTnT
| | . 5 | o || o [w|o]|s] s]|a| el * k-value range:
f= 5 i o i e e el oo (32 t0 202 psifin)
= - 1
_'__ »..l‘..‘.l.P "_“____ oo T=]=TeT=]=]"=]] | - Mean=63psisin
— 1.1 ul 02 | w o | o w ¥ * Std Dev =25.58 psi/in
beoed @ | | o wo| rom
e | '9 s s % | & |n w | w o e
voe] = S JianEnononn:
Y-axis ] :,_._.'.m.‘.; cauenr Y-axis [0 NSRRI

9/30/2024

73

Case 2: 1 k-value (Uniform)

(194) 36 values
(1-94)
63 70m -
~ -lm 81 values
=|= 196,
X-axlsﬁ ==l=[=]= (%)
7. - - -
— = =
Yeais S ET— s i e - - g
= 1 YaRNSroRiATION = - [ FRRNsRdRTaTION

74

[ ——.
1-94 & 1-96 (Michigan)

121 values

75

[ ——
Tensile Stress for [-94

121
values

76

[ ——
Summary of Field Non-Uniformity

Roesler, Chavan, King, Brand (2016), Concrete Slab Analyses with Field-Assigned Non-Uniform Support
Conditions, International Journal of Pavement Engineering, Vol. 17, pp. S78-589.

77

78
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What does this all mean?

O Is k-value input important? YES, but..

O Is performance of foundation important to
concrete? YES

O Are foundation strengths are important? YES
O Is knowing non-uniformity? It seems YES
O Is erosion resistance important? YES

9/30/2024

[ —
What does this all mean?

o Looking forward:
= K-value measurement for Design Input

= “Uniformity” verification

o Uniform weak or strong; Strong and variable; or Min
k-value with some variability

= Stability (minimum strength)
= Non-erodible test (all foundation layers)

O We do need accelerated pavement testing
(APT) of non-uniform support!!!

Pzl imors seuren eor 2l imors cenren e
| = TRANSFORTATIO! | =1 _TRANSPORTATION

79

Foundation Layers - Design Framework

O K-value measurement (stiffness)
= Stability (minimum strength)
O K-value “Uniformity” verification

= Uniform weak or strong; Strong and variable; or
Min. k-value with some variability??

o Non-erodible test (all foundation layers)

O We do need APT of stiffness, stability, and
non-uniform support performance!!!

80

[ ——
Relevant Publications

o NCHRP 1-30 by Darter, Hall, Kuo (1995)

Iowa State Reports (Dr. White et al. 2007-2021)

O Brand, A. and Roesler, J. (2014), “Finite Element Analysis of a
Concrete Slab under Various Nonuniform Support Conditions,”
International Journal of Pavement Engineering, V. 15, pp. 460-
470.

O Roesler, Chavan, King, Brand (2016), Concrete Slab Analyses with
Field-Assigned Non-Uniform Support Conditions, International
Journal of Pavement Engineering, Vol. 17, pp. 578-589.

o DeSantis, J. and Roesler, J. (2024) Erosion Potential of Stabilized
Support Layers for Concrete Pavements and Overlays,” accepted to
Transportation Research Record.

O Brand, A. and Roesler, J. (2012), “Effect of Nonuniform
Foundation Support on Concrete Slab Responses,” International -

o

Conference on Concrete Pavement, Quebec City, Canada. [=1 fRRNSRaRTaTIoN

81

Uniform Cases

Case2 Case 3

Quadrant Cases

Cased ase 5 Case6 Case 7

3 Lane Cases Random Cases

Case8 Case 10a Case 10b

Case 10c

82

Coffee Break

83
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How to achieve engineered
foundation

David White, Ph.D., P.E., Ingios

97% of state DOTs
want more effective

quality acceptance
- } (QA) technologies.

National DOT Survey Findings |

M Responded

No Response

’\ - "AIDDe

Accelerated Innovation Deployment

uS. Depa ot
" Federal Highway

Administration

87

e-Compaction Tools

» Automated Plate Load Testing

« Integrated Mobile Accelerate test System (IMAS)

* COMP-Score RT (roller) kit

« Software — web application to generate e-Compaction Reports
» Mobile — inspector tool

ZPM

9/30/2024

Important information is not being collected -
for compaction verification.

“...current practices for pavement foundation
quality inspection, specifically mechanistic
characterization, are limited by the methods of
measurement and frequency of testing.
Ultimately, important pavement foundation
parameters are not being measured or
controlled...”

IMPROVING THE FOUNDATION LAYERS
ICRi TS:

Roadmap for
Long-Life
Pavements 5 Steps to ®
Sustainable Bu"d Better iy bl

Pavements are Foundations % PR QA
only possible by

starting with quality )
foundations. (@) pefine

ingles,

88

ingies

Automate with E-
C t ti

319,073,699+ 139+ 205+ 2,613+

YY) CEraRruent o
TRANSPORTATION

Ji: g2 Q8 (K AlbDemo

90
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Automated Plate Load Test (APLT)

93

Moxa] Sab

Reactive pressure = & x Deflection

Unit load on plate —»

Piate deflection —»

Pk
Where: P = reactive pressure to support deflected slab
k= spring constant = modulus of subgrade reaction

& = slab defisction

Figure 2. Relation of load, deflection and modulus of subgrade

reaction (k)

The reactive pressure to resist aload is thus proportional to the spring deflection (which is a -
ion of slab deflection) and k (Figure 2

cPM

What does modulus look like ...? ©

Subgra_de Composite Subbase/Subgrade Composite
M, = 3,293 psi M, = 25,162 psi

CBR=2.6  subgrae

Example...APLT Experimental Plan

12in. diameter
Losd:

TXT Googrid
38in
Stabiized
CBR=44  Granutar
il Layer

181, diamter
Loading Piste
500Cycl Test
(Testpoints)

FG7 Geogrid + Non-Woven Fabric Composite

18in, diameter
Loacing Plate
0 ot

cPM

95

96
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Group G. 2023 As Built Cross.

[Berton 181-2023] [Berton 181-2023] [Dales 80]

2023 BEN_30_GSRP

2022 BEN_30_SEL

2023 BEN_30_GSRP

Geogrid 181

2023 DAL GSSTO

Mirafi RS3801

2023 BEN 30 S 2023 DAL_80_SG1

o
G1-2PC-1GS. G2:35G-G-16S  G3-ICT-F-25B-1GS

[Berton 181-2023] [Berton 181 - 2023]

Retest G1 with G:
2023 PLY_75_GSRPCC 2023 PLY 75 GSRPCC

Geogrid 181
2022 BEN_30_SEL

2023 BEN_30_S

G72PC-1GS. G8-35G-G-1GS

G1 Retest w/ Subbase

2023 DAL GSSTO

Tenax B0 170 Geogrid
P

2023 DAL_80_SG1

[Dales 80) {Phymoutn 75] [Pymoun 75)

2023 PLY 75 GSST

2023 PLY 75 GSST
E

Tensar TX 120

2023 DAL 80_5G1
2023 DAL _80_SG1 °
)

G2 Retest w/ Subbase

‘ 1GI Test Designation L-100-1 (Static Test)

saturation) for a 30 in. diameter loading plate (corrected for plate size)

Modulus of subgrade reaction for first loading cycle (uncorrected for futurs

a6
Zao )
21 Jowa DOT o 2o
200 Designk-value v 192

154 : has

his 121 150" 35y |

102 | | 103

100 H N d

! e ' |

| ! 44 25 '

118 I H I I '

N i | i i
g £ £2£23988%8 gge §888%
o > s Egg P % 2200
g g §368838883 geg REE oy
& 8§ 8 g2 = 2¢g Gggds
& ged p 8820
58 vgs 88 8
o & 8 &
8 s =

Poor
N =164 tests.

34% of measurements meet the
minimum design requirement for
foundation support.

Permanent Deformation, 5,

101

Modulus of subgrade reaction (k-value)

FHWASTIC Project 20172018,
1AAID Project 2015.2020.
1ADOT Implementation Projects 20412022

300 B

b 15 00 o
Wodulus of Subgrade Reaction, k, (psiin.)
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e-Compaction COMP-Score RT Kit

\

Automate with e-Compaction | Build Better from the Ground Up

COMP-Score RT real-time remote engineering support allows operators
to determine compaction quality and make process improvements.

cPM

9/30/2024

e-Construction is enabled with COMP-Score RT roller kits and
in situ calibration using Automated Plate Load Testing (APLT)

: ct/ Design

nspection Modulus
!

QADatal workfiow Geo-spatial ———

106

Automate with e-Construction | Build Better from the Ground Up

COMP-Score CONNECT
Professional Engineering Calibration Record

o Pt e

. Actual K valve Satstics Rogression Equation
3 o 75 s value = 1,000 x VC K-value + 0
H S
H Ve 175 pein
iz [ro 39 ot Regression Statistics
23 Std. Dev. 995 psifn. N 14
a2 Conf.of Var =3 N T
i Yok sustes_ oo | e
H e 3198 poiin. RMSE 182 psifin
3 o 1173 pin 4SE| 15.56%
H Mt B4 st Foaoe] 5439
St de 985 paiin § -
Cont of v 3 povalie] 0.0001

¥

05 w0 s 0z %0 380

VIC-Moculus of Subgrade Reaction kvalue psn]  Does the calibration meet the IL.
Tollway 174688 specifcation
requirement of minimum R? 2 0.857

YES

M

108
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COMP-Score CONNECT is an end-to-end loT
system designed to bring compaction quality
information to the digital world in near real-time.

Upload images to
Select and view information o displayed

for any of your projects.

Provide report review

directly in a report status and comments Easy access to compaction

/ reports in pdf format

(P e Ao g e @eeed G

Track assets and

e view live stream
/ Analyze performance over

time across key metrics

M M A

109

+-e  Information
é-n WORKFLOW:
COMP-Score®
INSPECTOR Mobile

9/30/2024

Automate with e-Construction | Build Better from the Ground Up

Blackhawk County, US20 (09/05/2019) — Modified Subbase
Delta Design Life Map 1

,¥]

Design Life— deta (No LOS)

111

What design value would you select...? -

Traditional Methods

N

. Reduced ride

Non-uniform support value quaiity and
g service Non-uniformity
] i T eading to stiess [
£ ac QA test Under- concentration
5 design, $55, .. &
a premalure 3
S failure 2
w 5l >

Distance

The AASHTO design methodology requires
the mean k-value, not the lowest value
measured or some other conservative value.

from calculating the mean k-
value...values that appear to be si cantly
out of line with the rest of the values. —

(MEPDG Design Guido from NCHRP 1-37A Part l, March 2004)

19



What design value would you select...? -

Reduced ride
Non-uniform suppert value auality and

3 service Non-uniformity
= P o leading to stress Pavement
T comaes /\ e it il poieme
5 X . design, $SS, . £ Design Value
g : pramatre ) H
5 failure S £
L2 < =

Over-design, § \'{' Cansenvative design value (7)

Distance

9/30/2024

Better questions: -

(1) how field control and verify design assumptions?
(2) how design foundations that meet design requirements?

Precision construction requires new INFORMATION!

Improved ride quality and service:

Field target range

Uniform support value

Justifiabletarget design value

Modulus

Values too low for long- l
term suppon

Distance

5

Subgrade: Spatial Map of Resilient Modulus

COMP-Score Connect

T
-‘\ Calibrated e-Compaction | s

Aggregate Base: Spatial Map of Resilient Modulus

COMP-Score Connect

J ky =26 pei
B k; =212 po}

k; = 185 poi
kp = 1,847 pei

Passed QC/QA process?

120

20
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Nm

mﬂ"—\ Compacted Subgrade !
\ezrers s (No Cement Modification) (15

Bl s i oNy

e S

PM
122

Thick pavements can’t cover up bad foundations!

Picture from 06/1512022 a1 211 pm

Source: Google Earth (Date Nov. 2021)

125 126

21
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s
Cell #2239
w3 ‘
TZisscreswnRUBBET BB R
Pass Number

Cell #2239

I I R TR TR T R PR TR TR T ot v 2m
Pass Number

g o 1630

cPM

27.6% of Total rea
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® rotecamens
@ vowames

= oo foamm]

nese) ooy

‘ ‘ADesign Life, Years [Calculated design lfe - target design Iife, 40 years]

,,,,,,,

The effective modulus of subgrade reaction is a direct input in the
AASHTO design procedures for rigid pavements.

The subgrade, base, and subbase resilient moduli values are the
direct inputs in the NCHRP 1-37A design methodology. These

values

are adjusted internally within the NCHRP 1-37A Design

Guide software for environmental effects and then converted into
an average monthly effective k-value for structural response
calculation and damage analysis.

Correct the effective modulus of subgrade reaction k. for loss of
support due to subbase erosion. This corrected k. is the value
to be used for design.

“Typically, large changes in ky; have only a modest impact on
PCC slab thickness.”

142

Type of Material

Typical ranges of loss of support LS factors for
various types of materials (AASHTO, 1993).

Loss of Support
[5)

Conversion from
Modulus to k-
value (/56)

subgrade materials

(E =3,000 to 40,000 psi)

Cement treated granular base| 0010 1.0 | 17,85210 35,714
(E = 1,000,000 to 2,000,000
psi)
Cement aggregate mixtures | 001010 | 892910 17,852
(E = 500,000 to 1,000,000 psi)
Asphalt treated base 00to10 | 6250t0 17,857
(E = 350,000 to 1,000,000 psi)
| Bituminous stabilized mixtures| 0.0 to 1.0 714 to 6357
(E = 40,000 to 300,000 psi)
Lime stabilized 10130 357 to 1250
(E = 20,000 to 70,000)
Unbound granular materials 101030 268 t0 804
(E = 15,000 to 45,000 psi)
Fine grained or natural 201030 5410714

Chapter 5 (continued) - NHI-05-037 - Geotech - Bridges &
Structures - Federal Highway Administration (dot.gov)

Suggested ranges for modulus of subgrade
reaction for design (AASHTO, 1993).

Range for keff (pci)

Roadbed Soil Quality

Very Good > 550
Good 400 - 500
Fair 250 - 350
Poor 150 - 250
Very Poor <150

143

0,600

0.500

0.400

0.300

8, (in.)

0:200

0.100

0.000
0

INSITU APLT RESULTS
30IN. PLT

y = 17.067x"
R*=0.8838
N=164

Modulus of Subgrade Reaction, k,; (psiin.) (corrected)

50 100 150 200 250 300 350 400 450 S00 S50 GO0 G5O VOO 7SO
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Correction of effective modulus Potential
a _ n
of subgrade reaction for G D =11.5inch ‘ AASHTO For Early
potential loss of subbase (1993) Age
support (AASHTO, 1993) = — B QA DESIGN Foundation  Design Distress
k-valuemp LOS =P k. (pci) Quality Life (yrs) (<10 yrs)
. 581 0 581 Very Good 53.4 NO
o
l‘fﬁé I 580 1 205 Poor 424 NO
§§ w = = 21 1 150 Poor 200 NO
== = ~
§ H ” 150 1 56 Very Poor 344 SOME
@
ik 2l 108 2 18 Very Poor 30.0 YES
o L1
H H LA 58 3 7 Very Poor 275 YES
gs wE—
it
g s - '. b -
- = ==
// 1540 o -
.
45 0 RS
al axil

145

146

Suggested ranges for modulus of subgrade
reaction for design
(=] " .
3 Engineered Foundation
Good 400 - 500
Fair 250 - 350
& | Poor 150 - 250
Very Poor <150
)
s
g g
£
= Increase foundation Poor Foundation
5 2 quality to extend
8 pavement life.
o]
< Increase thickness
and pavement cost to
compensate for poor
foundation?
)

10 " 12 13 14
Pavement Layer Thickness [inches]

147

See you Thursday at MnROAD!

148

Sustainable Pavement Systems

5) il )

Pavement

Pavement i Pavement Pavement
Design (=5 Construction ~ Management  higsopvation&

Foundation Geotechnical Long-term
Design ance Uniformity. Asset Behavior

DON’T OVERLOOK THE FOUNDATION LAYERS

Foundations are Critical to Performance and
to Achieving Sustainable Pavements
d

The gely igs Itsin sh
proj yel i dollars. 95%

N
U
=

ngioscom —

Contact Infc
1-877-325-6278
Thank you!

David J. White, Ph.D., P.E.
5

U.s. Department
of Transportation

Federal Highway
Administration

Concrete Pavernan! Malerials

25



Advancing national practice

Tom Yu, FHWA
Ecl

151

F Proposal

Engineering the Foundation Layers for
Y Long_-Life, Low-Carbon Pavement Systems

9/30/2024

152

Objective

= Demonstrate intelligent construction technologies (ICT) for
ensuring quality of pavement-foundation construction
» 100% modulus verification with roller mapping
> Automated plate-load testing

Develop guidelines for pavement foundation design to
ensure good, long-term performance

> Design guidelines for long-life pavement foundation

» Consideration of resilience

Proposed Project Activities

= Technology demonstrations and implementation support

> Demo projects for 100% mapping using ICT and validation testing using
automated plate-load testing

> Technical support for pilot projects
» Establish process for QA, including draft specification

Guidelines for pavement-foundation design
> Establish best-practice to ensure good, long-term performance
v"No deterioration over time — prevent pumping, loss of support,
contamination, de-compaction
v Use of geotextiles and soil stabilization
» Address resilience

153

154

Proposed TPF

= 5-year program
> Up to 3, SHA pilot projects per year
» Seeking 10 SHA commitments

Contact

Chris Brakke, P.E.

Pavement Team Lead

. Funding Construction & Materials Bureau
> $30,000/yr for SHA lowa Department of Transportation
> FHWA Chris.brakke@iowadot.us

155 156
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Wrap-Up and Recap

157

Don’t Forget....
Pooled Fund Planning Meeting... 9

MnROAD

Pooled fund is still i JE) Thursday, August 20, 2024 | BAM-12 PM
¢ Fooled tund is still In process

* Web-meeting planned
* Interested....?

Attendees of the field
use during t

ill be provided a reflective vest for

o Demo of equipment at MNROAD during filed visit on Thursday
o Please visit Ingios in the exhibit hall (booth #112) for more details.

159 160

vement Materials
oG

RA M

161
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