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Learning Objectives
• Identify unsaturated geomaterial
mechanisms

• Discuss the impact of moisture/matric 
suction on geomaterial performance

• Identify implementation options during 
pavement foundation design

#TRBwebinar



Questions and Answers
• Please type your 

questions into your 
webinar control panel

• We will read your 
questions out loud, and 
answer as many as 
time allows

#TRBwebinar
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Aggregates (AKM80)

Mechanics & Drainage Saturated Unsaturated Geomaterials (AKG40)



Upcoming Tech Transfer

TRB Webinars

• Best Practices for Unsurfaced Road Evaluation and Rating
August 25 (1pm eastern time)

• Light Weight Deflectometers for Construction Quality Assurance
Date/time TBD

Workshop during TRB Annual Meeting

• Environmental Product Declarations for Pavement Materials
Date/time TBD



Today’s Agenda

Thesis
The performance of flexible and rigid pavements is closely 
related to properties of the base, subbase and subgrade. 

Introduction and Opportunities (5 minutes)

Principles of Unsaturated Soil Mechanics

Impact of Matric Suction on Geomaterial Performance 

Influence of Moisture Content on Compaction Quality

Discussion (20 minutes)



MAP-21, FAST and INVEST are federal laws and bills 
that require transportation investments to be 
based on performance based measured outcomes.
• Moving Ahead for Progress in the 21st Century (2012)
• Fixing America’s Surface Transportation (2015)
• INVEST in America (2021)
• Performance Based Professional Standards

Federal Highway Administration
American Association of State Highway Transportation Officials
American Society of Civil Engineers

Opportunity to Address National Priorities



Code of Federal Regulations FHWA 2012

A state asset management plan includes:
1. Summary of assets on NHS including condition;
2. Asset management objectives and measures;
3. Performance gap identification;
4. Lifecycle cost and risk management analysis;
5. Financial plan; and
6. Investment strategies.

23 U.S.C. 119(e)(4), MAP-21 § 1106



Opportunity to Improve Condition 

Construct better foundations 
using improved specifications 
and construction methods.

Opportunity to extend 
service life by 5 years.
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2.5 is end of service life.



Opportunity to Demonstrate Performance
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Seems that future 
performance may 
be better than what 
was estimated.

Courtesy of Chris Kufner
Deputy State Aid Engineer 

TH36, North Saint Paul, 2007



New Law in Minnesota 2021

Minnesota Statutes, 174.03, Subdivision 12.
Trunk highway performance, resiliency, and sustainability.
(a) The commissioner must implement performance measures and 
annual targets for the trunk highway system in order to construct 
resilient infrastructure, enhance the project selection for all 
transportation modes, improve economic security, and achieve the 
state transportation goals established in section 174.01.
(b) At a minimum, the transportation planning process must include:
(1) an inventory of transportation assets, including but not limited to 
bridge, pavement, geotechnical, pedestrian, bicycle, and transit 
asset categories;
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What the &@#! Is Soil Suction and 
Why Should I Care?
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Unsaturated Soil Mechanics and
the Great Pyramids?



Wall painting from 1880 B.C. on the tomb of Djehutihotep in 
southeastern Egypt (Newberry, 1895). 

Colossal statue of Djehutihotep (7 m high) transported by
172 workers using ropes and a slide.

Water being poured in the path of the sled.

Ritual or Unsaturated Soil Mechanics?



(from Fall et al., 2014, Phys. Rev. Letters, 112, 175502) 



University of Missouri - Columbia

Topics for Discussion

• What is an unsaturated soil?

• What are differences between saturated and unsat. soils?

• What is the relevance to pavement performance?



University of Missouri - Columbia

Soil is a multiphase system
S = Solids
W = Water
A = Air

Relative amount of each phase will affect behavior

“block diagram”



University of Missouri - Columbia

• 2-Phase System

• Pore Fluid Pressure, uw

uw (+)

•Volumetric Water Content, θ 
θ = Vw/Vt = Vv/Vt = n

• Degree of Saturation, S
S = Vw/Vv = 1.0 (100%)

• Conductivity (hydraulic, thermal) is constant at constant state (volume, temp.)

Saturated Soil



University of Missouri - Columbia• 3-Phase System

• Pore Fluid Pressure, uw and ua

ua = 0 (atmospheric)
uw < ua

ψ = ua – uw  (matric suction)

•Volumetric Water Content, θ
θ = f(ψ),  0 < θ < n

• Degree of Saturation, S
S = f(ψ), 0 < S < 1.0

• Hydraulic Conductivity, k
k = f(θ)

or k = f(ψ)

Unsaturated Soil

Soil-water characteristic curve
(SWCC)

Hydraulic conductivity function
(HCF)



University of Missouri - Columbia

S ~ 20% S ~ 40% S ~ 80%

Hydraulic Conductivity

Thermal Conductivity

Strength and Compressibility ?? ?



University of Missouri - Columbia

Unsaturated Soil Mechanics and Pavement Performance

1) Material Properties (Permeability, Water Retention Characteristics) 

2) Pavement System Design (Layering, Slope, Drainage Boundaries)

3) Environmental Conditions (Precipitation, Temperature)



University of Missouri - Columbia

Qualitative Rating System for Base Drainability [NRRA TPF-5(341)]

• Measured Ksat and SWCCs for representative base materials

• Established correlations between grain size properties, Ksat & SWCCs

• Proposed rating system to qualify base material drainage performance 

16 Base Materials
Grain Size Distribution

SWCC

Ksat

Correlate

MnDOT
MoDOT
WisDOT

D10    D30    Cu

Smin



University of Missouri - Columbia

Estimated from Grain Size Distribution

#6 (GP)

#15 (GM)

Drainability Performance Criteria: Ksat > 0.35 cm/s, Smin < 0.10
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COMPACTION
• Compaction is the densification of a soil by the use of mechanical energy

• The process of expelling air  from the soil

• Improves strength  

• Increases bearing capacity of foundations

• Increases stability of embankment slopes

• Reduces compressibility

• Decreases settlement of foundations

• Reduces  permeability



Compaction Principles
• The basic principle of densification is the re-arrangement of 

particles into a denser state, which results in 

Modulus

Strength

Resistance to liquefaction

Permeability 

Collapsibility 

increase

decrease



Dry Unit Weight  vs. Moisture Content Curve

Dry of 
optimum

Wet of  
optimum



Particle 
rearrangement 
inhibited due to
capillary tension

Effect of Soil Type



Dry:

Wet:

(more parallel orientation)

(less parallel orientation)

STRUCTURE OF COMPACTED CLAY SUBGRADE 
WITH MOISTURE

flocculated

dispersed



Effect of Moisture on Soil Properties

Stress-Strain

and strength



Effect of Moisture on Soil Properties
Stress-Strain and strength
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Effect of Compaction on Soil Properties

Permeability



Strength of clayey soils
EFFECT OF MOISTURE ON SOIL PROPERTIES

Flocculated Dispersed

Moisture content 
during compaction

Moisture content 
during compaction

Effect of Compaction on Soil Properties



Effect of Moisture Content on Resilient Modulus of 
Granular Aggregate Base Materials

(Haider et al. 2014)



Effect of Freeze-Thaw Cycles on Moisture/Resilient 
Modulus

(Cetin et al. 2010)

BS: Brandon Shores Power Plant Fly Ash
PS: Paul Smith Power Plant Fly Ash
DP: Dickerson Precipitator Plant Fly Ash
LKD: Lime Kiln Dust



Relationship between Matric Suction and Stiffness 

Properties of Materials 

(Ngoc et al., 2019)

• Effect of wetting and drying cycles on Maximum shear modulus



Relationship between Matric Suction and Stiffness 

Properties of Materials 

(Mendoza and Colmenares 2006)

• Relationship between Young’s Modulus and Matric Suction



Relationship between Matric Suction and Stiffness 

Properties of Materials 

• Relationship between Resilient Modulus and Matric Suction

(Ba et al. 2013)



Relationship between Matric Suction and Stiffness Properties of 

Materials 

• Correlations between Resilient Modulus and Matric
Suction

Lytton, 1995

Khoury et al., 2009

Ceratti et al., 2004

Ba et al., 2013



Matric Suction - Modulus

(Chu 2020)



Matric Suction - Modulus

(Nokkaew et al. 2013)



185 186 188 189 127 227 328 428 528 628 728

9 in
LSSB

9 in
LSSB

9 in
LSSB

9 in
LSSB

6 in
Class 5Q 
Aggregate

6 in
Class 5Q 
Aggregate

6 in
Class 5Q 
Aggregate

6 in
Class 5Q 
Aggregate

6 in
Class 5Q 
Aggregate

Clay LoamClay LoamClay LoamClay LoamClay LoamSand Sand

Clay Loam

18 in
LSSB
(1 lift)

18 in
LSSB
(1 lift)

12 in
Coarse 
RCA

12 in
Fine
RCA

Clay Loam

6 in
Class 6 

Aggregate

Clay LoamClay Loam

3.5 in
S. Granular 

Borrow

3.5 in
S. Granular 

Borrow

3.5 in
S. Granular 

Borrow

9 in
LSSB

3.5 in
S. Granular 

Borrow

6 in
Class 6 

Aggregate
12 in

RCA+RAP
12 in

Limestone

3.5 in
Superpave

3.5 in
Superpave

3.5 in
Superpave

3.5 in
Superpave

3.5 in
Superpave

3.5 in
Superpave

Recycled Aggregate Base

3.5 in
Superpave

3.5 in
Superpave

Large Stone Subbase Large Stone Subbase with Geosynthetics

3.5 in
Superpave

3.5 in
Superpave

3.5 in
Superpave

TX TX+GT BX+GT BX

TX = Triaxial Geogrid
BX = Biaxial Geogrid
GT = Nonwoven Geotextile

S. Granular Borrow = Select Granular Borrow

Determining Pavement Design Criteria for 
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Matric Suction - Modulus

(Cetin et al. 2021)



• Determination of the Resilient Modulus for various matric
suctions / water contents / saturation degree has a significant
effect on the design process of long - lasting pavement
structures.

• The effect of various climate and traffic conditions

• The moisture-sensitive models

Improved Prediction of the Pavement Response 

✓

SUMMARY



• In various engineering designs such as compacted subgrades
and support fills for highways, railroads, airfields, parking lots,
earthquake resistant structures and foundations the Soil
Modulus is required.

• Soil Modulus (Gmax, E, MR) which represents the stiffness of
geomaterials for different cases is related to Matric Suction.

Knowing the Effect of Matric Suction will Increase the  
Accuracy of the Design of Engineering Structures!

SUMMARY



Center for Earthworks 
Engineering Research
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Center for Earthworks 
Engineering Research

In practice, specifications for earthwork are fixated 
on Proctor compaction test results for QC/QA.

2

Relationship between moisture content and density of geomaterial 
(from White et al. 2010)



Center for Earthworks 
Engineering Research2

An important consideration for compacted materials 
is moisture content-strength-modulus relationship.

Seed et al.1960



Center for Earthworks 
Engineering Research4

Moisture content 
affects volume 
change as a function 
of overburden 
stresses.

Holtz (1948)



Center for Earthworks 
Engineering Research

Compaction energy and moisture content change density 
~10% and strength/modulus ~500%.

(White et al. 2005)



Center for Earthworks 
Engineering Research

Isobars overlain on M-D plots show changes in 
strength and stiffness. 

6

White et al. (2009)
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Center for Earthworks 
Engineering Research

Moisture Content (%)

5 10 15 20 25

D
ry

 U
ni

t W
ei

gh
t (

pc
f)

95

100

105

110

115

120

125

130

Lab Proctor
Nuclear Gauge QC

ZAV Line
Gs = 2.7595% RC

Acceptance
Zone

Traditional (limited) density-based 
specifications indicate bias during QC testing.

Missing third test point?

White et al. 2013



Center for Earthworks 
Engineering Research

Moisture Content (%)
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White et al. 2013

Closer examination shows variability not 
captured with traditional testing.



Center for Earthworks 
Engineering Research

QC/QA nuclear testing showed lack of 
reproducibility and did not capture the wide range in 
stiffness values measured.

9

Source: White, D.J., Becker, P., Vennapusa, P., 
Dunn, M., and White, C. (2013). “Soil Stiffness 
Assessment of Stabilized Pavement Foundations.” 
Transportation Research Record, Journal of 
Transportation Research Board, 2235, 99-109. 
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Center for Earthworks 
Engineering Research

Acknowledgment of problems is 
difficult… 

 they are an essential part of 
experimentation and a prerequisite for 
innovation. So don’t worry. 

(Harvard Business Review, 2014)



Center for Earthworks 
Engineering Research 11

Innovation: Geospatial mapping 
captures the “weak” spots.
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Center for Earthworks 
Engineering Research

The primary problem is not so much to 
determine the average conditions, as it is to 
make reasonably certain that possibly the most 
unfavorable conditions are known over a given 
area that may give rise to soft spots.

Donald M. Burmister (1948).



Center for Earthworks 
Engineering Research

“Weaker” underlying layers contribute to rutting on surface.
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Center for Earthworks 
Engineering Research

 Always make things as simple 
as possible, but not simpler 

Albert Einstein



Center for Earthworks 
Engineering Research

Geospatial mapping technology 
is here and a game changer!

Could based 
computing and 
real-time analytics

Mobile 
real-time 
data

Stress-dependent 
modulus 
measurement

Intelligent 
inspection

100% mapping



Center for Earthworks 
Engineering Research

Compacted Subgrade
(No Cement Modification)

Dubuque County, US52 (08/12/2020) – Cement Modified 
Subgrade



Center for Earthworks 
Engineering Research

Entire map area needed to be
re-worked and remapped 



Center for Earthworks 
Engineering Research

Area reworked by 
discing the subgrade 
2x’s and recompacting 
with sheepsfoot then 
smooth drum roller

Would this area have been reworked/improved with traditional spot testing?



Center for Earthworks 
Engineering Research

Reliability, R = 95%
St. Dev., So = 0.29
PCC Layer Thickness, D = 11 in.
Elastic Modulus of PCC, Ec = 5 million psi
Initial Serviceability Index, po = 4.2
Terminal Serviceability Index, pt = 2.5
Joint Coefficient, J = 3.2
Coefficient of drainage, Cd = 1.25
Modulus of Rupture, Sc = 600 psi
Design Life = 40 years
Design ESALs = 21.8 million
Loss of Support, LOS = 0

Design Life – delta (No LOS) 

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



Center for Earthworks 
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Modified Subbase

Cement Stabilized Subgrade

No cement
Stabilization
performed

“Weak” layers in the 
underlying subgrade 
reflect on the overlying 
subgrade. 
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Center for Earthworks 
Engineering Research

Improved pavement foundations extend pavement 
life and decrease project costs over time.

Thank you!
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Other TRB events for you
• August 25: Best Practices for Unsurfaced Road 

Evaluation and Rating

• August 26: Use and Design of Low-Density Cellular 
Concrete 

https://www.nationalacademies.org/trb/events

#TRBWebinar

https://www.nationalacademies.org/trb/events


• Subscribe to the newsletter for the most recent 
TRB news & research

• Previous subscribers must resubscribe

https://bit.ly/ResubscribeTRBWeekly

https://bit.ly/ResubscribeTRBWeekly


TRB’s New Podcast!
• Have you heard that we have a new 

podcast, TRB’s Transportation Explorers?
• Listen on our website or subscribe 

wherever you listen to podcasts!

#TRBExplorers

https://www.nap.edu/trb/podcasts/


Get involved with TRB
• Receive emails about upcoming webinars: 

https://mailchi.mp/nas.edu/trbwebinars

• Find upcoming conferences: 
https://www.nationalacademies.org/trb/
events

#TRBWebinar

https://mailchi.mp/nas.edu/trbwebinars
https://www.nationalacademies.org/trb/events


Get Involved with TRB

Be a Friend of a Committee bit.ly/TRBcommittees
– Networking opportunities

– May provide a path to Standing Committee membership

Join a Standing Committee bit.ly/TRBstandingcommittee

Work with CRP https://bit.ly/TRB-crp

Update your information www.mytrb.org

Getting involved is free!

http://bit.ly/TRBcommittees
http://bit.ly/TRBstandingcommittee
https://bit.ly/TRB-crp
http://www.mytrb.org/
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