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Introduction and Objectives

" Problem: performance of flexible and rigid
pavements shows low sensitivity to
subgrade/unbound layer properties

® Objective: propose enhancements needed to
better reflect the influence of subgrade/unbound
layers (properties and thickness)
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What do we need to emphasize? (1/2)

= Unbound layers

> Modulus: moisture-sensitive, stress-dependent,
cross-anisotropic

» Permanent deformation: moisture-sensitive,
stress-dependent

> Shear strength: moisture-sensitive
> Erosion
> Thickness
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What do we need to emphasize? (2/2)

= Subgrade
» Modulus: moisture-sensitive, stress-dependent

» Permanent deformation: moisture-sensitive,
stress-dependent

> Shear strength: moisture-sensitive
> Foundation
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Level 1:

> Laboratory-measured
> SWCC

lierarchical Input Level

kl’ k2, k3

> Equilibrium suction and its depth

1.2

0.0

P 200PI =P 299 x PI

P250PT=0.1 \
3 :S
0 15 20 30 40
P20oPI =50
nm

1.5E-2 1.5E-1 15E+0 1.5E+1 1.5E+2 1.5E+3 1.5E+4 1.5E+5
Matric Suction (psi)

SWCC in Pavement ME Design




TEXAS A&M*ENGINEERING

A Family of Generated SWCCs
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Variation of mean Subgrade pF and TMI
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Some Characteristic Curves

water characteristic curve
dielectric characteristic curve
= Soil conductivity characteristic curve

® Soil osmotic suction — evaporable water content
curve

= Soil osmotic suction — electrical conductivity
curve

" So
" Sol
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Soil Water Characteristics Curve
(SWCCQC)
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A Family of Generated SWCCs
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Filter Paper Suction Test Setup

Two filter papers
for total suction

Ring support

One filter paper
in between two
protective papers

measurements
<— Soil sample
Bring the samples
e —— together for an
H <+ iIntimate contact in
e i — matric suction
\“""—-—-—-_
T —— |  measurements
<+— Soil sample
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Soil Water Characteristics Curve (SWCC)
Fredlund and Xing Equation (1994)

Saturated volumetric
_ water content _

HW = C(h) X 95 b—|
{In {exp(l) +(Dj ﬂ
a) ||
Volumetric Four soil parameters
water '
content i ]
In (1+:)
c(hy=|1- Y
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Four Parameters

Correlations for parameters a; and b :

3.5020
R?=0.9154

3.5015

3.5010

3.5005

a (psi)

3.5000

3.4995

3.4990
0.00 5.00

10.00

15.00
MBYV (mg/g)

20.00 25.00 30.00

a, =3.4994MBY *°2

2.008
2004 . R2=0.7719

2.000
& 1.996

1.992

1.988

1.984
0.00 5.00

10.00

15.00
MBYV (mg/g)

20.00  25.00  30.00

b, =2.0044MBV °%®

20




TEXAS AxM*ENGINEERING

Four Parameters

Correlations for parameters c; and h,:
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¢, =0.4956MBV > h, = 20.00xMBV *%-
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Soil Dielectric Characteristics Curve
(SDCC)
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Soil Dielectric Characteristics Curve
(SDCC)
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A Standard Percometer Device with
Surface Probe
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Dielectric Constant Measurements

Process with a Percometer

) Dielectric

Material
Constant

Air 1.0
Water 81.0
Asphalt 4.0-6.0
Concrete | 8.0-12.0
Clay 4.0-40.0
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A Family of Generated SDCCs
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Minimum Dielectric Value

Correlation for minimum dielectric vs MBV

Minimum Dielectric Constatn (&)

&g

min

1.60
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0.90

R?=0.7642

® Minimun dielectric
constant points

0.00

5.00 10.00 15.00 20.00 25.00 30.00

Methylene Blue Value (MBV)

= 0.1243log(MBV )+ 1.0668
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Saturated Dielectric Value

Correlation for saturated dielectric vs MBV

40.0

35.0

30.0

25.0

20.0
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10.0

Saturated Dielectric Constatn (&)

5.0

0.0

0.0

5.0

R?=0.9311

® Saturated dielectric

constant points

10.0 15.0 20.0 25.0 30.0

Methylene Blue Value (MBV)

£, = 0.0334(MBV?)- 0.1086(MBV )+ 12.569
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Base Course Aggregate

AASHTO T 330-07 Methylene Blue Scale
AASHTO T 330-07 MBV
(mg/g)

Failures

4 18

Problems / possible
failures
—1 - 12

Marginally
acceptable

Excellent

= =
29
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Methylene Blue Equipment

e ol
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Weigh 20g of sample***and 30g MB. Mix them
and shake for 5 min.

Take solution into syringe that has 2 micrometer
filter.

Replace the plunger and push solution to filter
into a 1 mL plastic tube.

Dilute the 130 mL aliquot with distilled water
to accurately total 45 g.

Fill the glass tube with the diluted solution
and place in the colorimeter.

Place cover over the glass tube and take a
reading. MB Reading will display in couple
seconds.

Determine the percent clay based on MB from the
chart.
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IORIBA Particle Size Distribution Analyzer

HORIBA

LASER scarTeninG P
DISTRIBUTION AN

LA-910

less than 10 min

 Total measurement time is

* Particle size distribution curve
of passing No 200 sieve

f é'IIIIIII
- =
] § ;
 Typical test result of a Z £
soil sample N :
E [
- Determine size of 2 ym | | _
particle ik : ]
0.02 0.1 1.0 10.0 100 1020
Farticle size / um
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What is pfc?

Percent Fines Content

33
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The Relationship Between MBV and pfc

Methylene Blue Value (mg/g)
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35.00
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0.00
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® Measured Data Points
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Percent Fines Content (%)

—pfc Modeled Plot - --MBV=7.0 Critical Point Line
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“C” Shaped Curve Equation

Coefficient parameters
depend on soll type

(MBV)
Percent fines Methylene Blue
content Value

Typical Values

a 28.014
b 0.8131
0.6288
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A Good Quality Base Course
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A Poor Quality Base Course

Methylene Blue Value, MBV
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Base Course Aggregate
Grace Methylene Blue Value Scale

Grace MBV
(mg/g)
28 1

Failures
21 1

Problems / possible
failures
14

Marginally
acceptable

7 —1—

Excellent
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Matric Suction and Water Content
Measurements _,

|
!

Percent fine content

Methylene blue value

measurement Predict ' Percent fine clay, pfc
Soil Dielectric €sat, €min, a, A ‘-‘L‘———'_ af, bf, cf, hr
Constant Curve l l

|

Suction, pF
Suction, pF

!

Water Content, O

Dielectric Value, e, I

ﬁ-—-—-J

Dielectric value Soil Water
measurement

Characteristic Curve
39
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Resilient Modulus

Saturation factor Octahedral shear
stress

Volumetric water
content

. —36th T
E — P 1 m oct
y @ a( P @ Pa

a
First invariant of Matric Atmospheric
the stress tensor Suction pressure

k,,K,,K, — Coefficients of resilient
modulus model

40
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Aggregate Properties and k Values

900

600

300

Predicted Resllient Modulus (MPa)

A Proposed Model (With Suction)
Generalized Model (Without Suction)

0 300 600 900

Measured Resilient Modulus (MPa)
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Aggregate Properties and k Values

Aggregate Property > k Vilues :
1 2 3
vq (Dry Density) v
w (Water Content) v
MBV v Z v
pfc
v
Gradation e
Ag
Angularity W o 4
as v v
Shape v 4 _
ar v
Texture o
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Compaction Curve Equation

Three fitting parameters change with soll type

Dry unit weight
(y—dj = a, csch( OOz ] —Db, csch[ O s j
Yw Gs (Qsat _Hw) Gs (gsat _ew)

Unit weight of Specific  Volumetric Saturated
water gravity water volumetric water
content content
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Saturated Volumetric Water Content
Predicted and calculated saturated volumetric

water contents

0.300
0.280
0.260
0.240
0.220
° .
0.200 &
0.180 oo°
o

0.160 o

Calculated ©sat

0.140
0.120

0.100 =
0.100 0.150 0.200

R?=0.9916

@ Saturated volumetric
water content data
points

0.250 0.300

Predicted Bsat

sat

Hlesat ! Hzgsat ’and H395at - f (MBV and pr)

0. =0.214926485H,, + 0.27640261H,, -0.12511932H,, + 0.30045553

44
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Typical Compaction Curve as Tested In
the Laboratory and as Modeled

144.00
142.00

140.00

=4=Model

=@=_Laboratory

Gamma dry (pcf)
= = =
w w w
E (9)] o
o o o
o o o

132.00

Optimum Moisture
Content
130.00

128.00 )
0.030 0.040 0.050 O 0.070

Water content (wc)
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Optimum Moisture Content

_ : -
1-nq —ii; 1-n —1+ny
GO, In 1 1+\/1+4£2 by j (2 D, )
2 a Ny a, N,
0, = = =
> 2 1
1-n ~1+ny I-n ~1+ny
0., +G,In 1 1+\/1+4(2 b, ) LZb"j
2 a, N, a N,

Optimum Moisture
Content
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A Family of Compaction Curves

Generated compaction density curves
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Stress-Dependent Mechanistic-Empirical
Permanent Deformation Model

® Proposed model (Gu, Zhang, et al. 2015)
£, =goe{ﬁj (\/Z)m (al, +K)'

o 2sin ¢ K — c-6cos¢
ﬁ(B—singb) J3(3-sing)
" Model components
> Laboratory test design
> Laboratory verification
> Numerical verification
> Hierarchical input level
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Repeated Load Permanent Deformation Test

Test Equipment

Stress Confining Deviatoric, Bulk Stress, Second Invariant Test
State Pressure, o3 Stress, ga I (kPa) of Shear Stress Purpose
(kPa) (kPa) Tensor, J: (kPa?)

1 276 1929 2756 12406.0

2 482 1309 2756 57125

3 689 68.9 2756 15824

= Model

4 2919 ] 2756 0 Calibration

5 482 1929 3376 12406.0

6 689 1929 399.6 12406.0

7 896 1929 461.6 124060

8 345 172.3 2756 9890.0 Model

9 103 4 1929 503.0 12406.0 Validation

Test Protocol
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Proposed AASHTO Standard for Permanent
Deformation Test

Standard Method of Test for

Determining the Permanent Deformation Properties of
Geosynthetic-Reinforced and Unreinforced Granular
Material

AASHTO Designation: T xx-xx

L SCOFPE
1.1 The test method described iz applicabls to unbound gramular materizls and geozyathetic-
reinforced granular materials prepared for testi v compaction in the laboratory.
1.2 The vales of permanent deformation properties determined from| this procedure recognize the
stress dependent nonlinear characteristics of granular material.
1.5, Permanent deformation properties can be used with structural rezponse analysis models to predict

the permanent deformation of anbound baze courses and geosmtheatic-reinforced baze courses

m.det cartzin mumbsar c-fL.ad. rApe‘mLaLa

1.4.

2. EEFERENCED DOCTUMENTS

11 AABHTO Standards:
= T 307, Determining the Fesilient Moduliz of Soils and Aggrezate hMaterials
= T 294, Unconsolidated, Undrained Compressive Strength of Cohesive Soils in Triaxial

Compression

i SIGNIFICANCE AND USE

ER N The permanant deformation test provides a basic relationship between stress and permanent
deformation of pavement materials for the structorsl analysis and performance prediction of
layerad pavement systems.

3.2 The permanent deformation test provides a means of characterizing pavement comst icmn
materizlz, including unbound granular materials, and g=ozynthet .
geotextile) Erammlar materials, under a variety of conditions {; moizmre, denzity, etc.) and
stress states that simmlate the conditions in 8 pavement subjected to moving wheel loads.

4. APPARATUS

4.1, Trimial Pressure Chamber-The pressure chamber is used to contain the test specimen and the

confining flnid during the test. £ for nse in permanent
deformation test of granular materizl shall be a3 described in T 307,

50
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Repeated Load Permanent Deformation
Test Results

g0 p B m n 0.8
10 - |_0148 72.4 0.247 1.70 -2.16 ——— Granite 51
——— Granite 52
. 0.6 — =
0.8 | S1:RMSE=0012 S2: RMSE=0.002 Granite 53 = ——— = c=0 kPa
$3: RMSE=0.002 S4: RMSE=0.004 —— Granite 54 - = == c=10kPa
Granite 55

S5 RMSE=0.012 S6: RMSE=0.016 _
&7 - RMSE=0 018 - m— Granite 56
m— Granite 37

06

o R c=20kPa

—
-
-

Accumulated Plastic Strain (%)
[=]
P

Accumulated Plastic Strain (%)

0a L - == Predict 51 ==~ c=30kea
=== Predict §2 0.2 f c=40kPa
=== Predict 53 I
0z === Predict 54 | f
Predict 55 0 : ' ' '
0.0 . . . , === Predict 56 0 2000 4000 6000 8000 10000
1 10 100 1000 10000 T Predicts7 Number of Load Cycles
Number of Load Cycles in Logarithm Scale
1 | Proposed Model: RMSE=0.031 (58) RMSE=0.011 (59)
K-T Model: RMSE=0.048 (58) RMSE=0.038 (59) .
. UIUC Model: RMSE=0.069 (S8) RMSE=0.056 (S9) Granite 58 PfOpOSGd model is
£ 0.8 | MEPDG Model: RMSE=0.216 (S8) RMSE=0.065 ($9] " .
< ¢8) U, Crante 9 sensitive to cohesion.
m N .
7ol —  Proposed Model 53 Moisture change results in
2 — - Proposed Model 59 change of cohesion.
R S~ ot P PP K-T Model 58
204 |
5T T A T L e K-T Model 59
5 — = UIUC Model 58
<02 = = UIUC Model 59
— .- PME Model 58
0 | ' | ' —.- PME Modelss  Korkiala-Tanttu (K-T) model (Korkiala-Tanttu 2009)
' - i om UIUC model (Chow et al. 2014
Number of Load Cycles in Logarithm Scale Aol ( OWEL al. ) 51
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Role of Shear Strength Model

Erosion Enablers:

¢ [Mechanical shear
stress due to
deflection

« Hydraulic shear stress
due to pumping

« Permanent
deformation (causing

voids between slab &
base)

—

Water infiltration through
joints & cracks

I Pumping water &
" fines out

- F Concrete Slab

Erosion Eesistors:

Saturated material

st N Unbound Base

Deﬂectlnn due to
traffic & tem perature

.:F"z—
.lt

TR FAse
} _t q-:h""rl

l...-!u-\.

":T‘n-—*-, ;"‘-.“'-
7‘::-."-"’ ﬂfr--..‘. }{ gﬂ%g

A
"'"‘" Foastn .-rl.-‘"

Interface shear
strength
Interfacial bonding
Resistance to
permanent
deformation

Fermeability
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Hamburg Wheel-Tracking Device (HWTD) to
Measure erodibility

Sample Diameter = 6 inch
<—1>

s Lk B

158 Ib
KM/
Concrete ~1 % 1inch
EN 1inch
Subbase — < 33 inch

Subgrade (Neoprene Pad)

Deflection
Measuring .

Points 1234567891011

bdoddydbddy
[UNIT 0T 10




Deflection(mm)

Erosion Depth (mm)
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HWTD Test Results

-3.0

-3.5

-4.0

Number of Passes

2000 3000

4000 5000

Dry Test

—e—#2_SP-SM

Unbound M

Jom @ og o
! ]
\ _|,1_J__E|j!;r':|:|
L1 O

A Stabilized

2000 3000 4000

Mumber of Load

#4_SM =#5 s(CL)

_LI:'T'_l'
=0

—=—#8 CH

CORCD
{Untreated)

A RC-2
(2%cement)

~ RC4
(4%cement)

8 RC-H
(6%cement)

Deflection(mm)

Erosion Depth (mm)

Number of Passes

0 1000 2000 3000 4000 5000

: ol
_7 A o

—e—#2_SP-SM #4_SM —%—#5 s(CL) —=—#8_CH

O Flex-0
5o (Untreated)

4 4 i Flex-2
Unbound Stabilized (2%cement)

< Flex-4
(4%cement)

® Flex-6
(6%cement)

0 1000 2000 3000 4000 5000

Mumber of Load
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Critical Erosion Depth Model

Hamburg Wheel-Tracking Device (HWTD) Test Data

F 3

D. (Erosion Depth)

Pointof Inflection (P.1.) «« (Numberof Load

s

yclesto
gilure due to

-

D.. (Critical Erosion [ ____________

-—
i

Positive )
Depth) ! curvature Erosion)
Negative |
curvature i
Mz (Mumber of Load Cycles at N {Number;anad Cycles)
Point of Inflection)
Erosion depth curve: Critical erosion depth:
1
_[/’e}ﬂe 5 - B\~
N — Nooe De ce_pe ,Be+1
Number of load cycles at the point of inflection:
(ﬁlj
N, =N_e"”*

55
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Validation of Erosion Model

Erosion, mm (Model)

3.0 -
R? = 0.90 dl
2.0 ‘ "',-4.::) ‘
rf{{f'ﬁgm
O O © f )

1 o e

1.0 oo
RD £

D78

&7 -
0.0 - . : !

0.0 1.0 2.0 3.0

Erosion, mm (Test)

Model prediction vs. lab

measurements from HWTD

Average Faulting Depth
12 -

R? =0.93
10 -

Faulting, mm (Model)

0 2 4 6 8 10 12
Faulting, mm (Observed)

Model prediction vs. observed
performance from 17 LTPP sections
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LTPP Pavement Sections with
Faulting Data

Unbound Base Course 351
Stabilized Base Course 359

Total 710
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A Case Study: Verification GPR and FWD
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Test Location

* =t L T .- . Delta county in

” Texas
) .: VR, £k Total length 4.5
o 4. Jb) | END PROJECT miles (~24000 ft)

BEGIN PROJECT ar s
[ " ,;L' RS A ST S 3 l,:",:{j..;;.‘-'?_..:.,-.-.. ";5 ‘._J — : _ _ ;

M ate rl al I n ‘Base Course Layer | Thickness ~12.0 inch T
O kI ah O m a f—“"}‘ .::}f,,'\é{;_(‘ ‘;:‘:\!,‘.Té:«( TRy Ry -:',\&.‘A.;;:ﬂ; :‘:-?{"“’Té,::‘yi_;';i
[

{Subgrade Layer

I

;,‘ YA e L AT S e = v ¥ =T

¥ Izi\/-_..e,v;?"' A s A Il Py A L'J';-i?,", S0 A
:,,a‘- '._‘;\i (R e LN A ‘;“i (SN oo
% N N SUELN T L
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Ground Penetrating Radar Van
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Return Reflection at Interfaces
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Radar Hyper Optics Animation
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Falling Weight Deflectometer (FWD)
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Information from GRP
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Information from GRP

Matric Suction
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Information from GRP
Dry Density
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Location of Identified Pavement Sections
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* : only done by lab characterization;

Y : done by lab characterization and field FWD
and GPR testing;
* : on-going lab characterization.
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Relationship between MBV and pfc
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dentified Pavement Sections from S

Hunter Base
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Resilient Modulus of In-situ Base

Model-Predicted Mr Vs. FWD-Calculated Mr
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Location of Identified Pavement Sections
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* : only done by lab characterization;

Y : done by lab characterization and field FWD
and GPR testing;
* : on-going lab characterization.
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Water Content Determination from
Conductivity
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Osmotic Suction vs Water Content
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Osmotic Suction vs Conductivity
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Conductivity vs Water Content
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Some Characteristic Curves

water characteristic curve
dielectric characteristic curve
= Soil conductivity characteristic curve

® Soil osmotic suction — evaporable water content
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= Soil osmotic suction — electrical conductivity
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