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Father of Modern Soil Compaction Principles VIE @
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“Pioneer of soil compaction whose work has left a lasting legacy in
geotechnical engineering”

Modern Soil Compaction A Civil and Transportation

Principles Infrastructure Applications
B’“ MDD
(] \
E, \
a oMC
Moisture Content
_——

= Compaction energy
= Field compaction needs

Ralph R. Proctor, PE = Soil behavior patterns
(1894-1962)

= Expected engineering performance
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“From compaction control to transportation infrastructure resilience and risk-

informed planning”

Proctor’s Test Objectives

\(

Transportation infrastructure needs
sound and stable subgrade
foundation support

What moisture and dry density
condition gives best support to
infrastructure?

AN

Objectives

( Transportation Infrastructure Asset Management ]
<

.
(

How can soils be improved to develop
robust infrastructure?

How can materials, monitoring, and tools

improve sustainability and resilience?

Proactive infrastructure asset monitoring and

management

J




From Proctor’s Test to Transportation Asset Management VIEN
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informed planning”

Proctor’s Test Objectives

Transportation infrastructure needs
sound and stable subgrade
foundation support

What moisture and dry density
condition gives best support to
infrastructure?
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“From compaction control to transportation infrastructure resilience and risk-

(]

Objectives

.
/

J

(¥

How can soils be improved to develop
robust infrastructure?

How can materials, monitoring, and tools

improve sustainability and resilience?

Proactive infrastructure asset monitoring and

management

( Transportation Infrastructure Asset Management ]
<

J

“Modern transportation geotechnical asset management extends Proctor’s legacy
from basic compaction test results to better infrastructure performance”
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Transportation Geotechnics (TG) - Core Research Areas VIEN
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roblematic ilience
Soils: Stabilized gainst Extreme
Geomaterials Weather

ovations:
Tools and
Technologies

oastal
ransportation
Infrastructure
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Thrust in Four Thematic Research Areas

Presentation Outline VIENN

2026 ..

AN)

A

A.

Novel Stabilization Methods
I. Calcined-Clay Based Geopolymers (CCBGPs) and Recycled Lime Sludge (LS)
Il. Wicking Geotextiles

Extreme Weather Resiliency Studies
I.  Novel Durability to Screen Stabilization
ll. Bridge Deicing Using Shallow Geothermal Energy

. Coastal Transportation Infrastructure

I. Artificial Mangrove Systems — Wave Induced Erosion
Il. Erosion Resistant TRMs for Highways

. Tools and Technologies

.  Remote Sensing (UAV and SAR) and Unmanned Ground Vehicles
Il. Additive Manufacturing or 3D-Printing for Rehabilitation



Thematic Research Area - A
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_ Geopolyme

O

Lime Sludge

Reinforcementwarp

Wicking warp

Source: (Zhang & Galinmoghadam, 2020)
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Novel Stabilization
Methods

. Calcined-Clay Based Geopolymers &
Recycled Lime Sludge
Il. Wicking geotextiles

DEPARTMENT OF
TRANSPORTATION
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Materials and Stabilization Techniques VIENNA/
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] Traditional stabilizers — Problematic Soils — Mixed Results
1 High Carbon Footprint
] Seek Novel Stabilizers and Geosynthetics

2o

https://colonial-materials.com/

www.britpave.org.uk https://mintekresources.com/

B :
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Need for Novel Stabilization Methods... YAy,

Innovative Materials
Development
q and
Research Recycling and Reuse I. Calcined Clay Based

Geopolymers (CCBGP) &

2
- Lime Sludge (LS)

gl Il. Wicking Geotextile

Financial Sustainability

Social
[ sustainable Sustainability
Infrastructure

Environmental Sustainability
And Climate Resilience
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S
( [ Aluminosilicate Source ]
Dissolving [ ! ]
KOH into H,0
UPF (U) TNKY (T)
= o Kaolinite: 91% || o Kaolinite: 75%
_ oog
Mixing KOH solution C?'Cig(i)“g_c'ay o Quartz: 0% o Quartz: 24%
with silica fume or 56 mins
l o Anatase: 2% o Anatase: 1%
& o Muscovite: 7% o Muscovite: 0%
Alkaline Activator Aluminosilicate ( 1 H )
SolutioifAAS) source (clalcined clay) ACtlvatolr Catlon H OISO"dS
I 2
S e + K53
w { = e = (“‘ = { = L cationia
Adding required  Adding AAS Adding Mixing for Geopolymer \ SiO,/Al,04 y

H,O calcined clay 5 mins solution

9
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= 6 hours — 7 days with

at room temperature o , -
Geopolvmer Gel 5 100% relative humidity,
i p . = Geopolymer — Hardened
_eraledliEs Snes Mixing Soil Mixture Curing Geopolymer -
i Caicined Clay | Soil Specimen

Alkaline Activator Solution

| Alkali metal cation |
§ (KOH) g
: + |
. Additional Silica Source
(Silica fume) |
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Optimize lime
dosage
with soils
(ASTM D6276)

of GP

i P .

! Select 8% and :.—--'} : :

Eades & Grim | ! 20%GP 7T :
1

pH test e e L e - ! :
B \ l I
11 I 1 1 1

11 1 1 1 1

L — ~_ 1 Selectd3%  1q--f | :
Nemmmee 2’ | Lime 7 ‘ !
] ! i Optical i

] . 1

Note: Lime was studied as a comparison. i____________________________!\’_Iic_:[?_s_(:_?f’_e_____________________________;
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UNCONFINED COMPRESSIVE STRENGTH (UCS)

Unsoaked UCS Soaked UCS
8T-S2 [7]20T-S2 | Unsoaked UCS of untreated specimen: 471 kPa (S.D. = 44.8 kPa) []8T-S2 []20T-S2 Soaked UCS of untreated specimen: 0 kPa (S.D. = 0.0 kPa)
=| 8U-S2 D 20U-s2| Unsoaked UCS of SL-S2: 926 kPa (S.D. = 64.3 kPa) B 8U-S2 D 20U-S2| Seaked UCS of SL-S2: 707 kPa (S.D. = 122.2 kPa)
XY-S _—_—— XY-S

X: Dosage percentage X: Dosage percentage

Y: Stabilizer types Y: Stabilizer types
U: UPF based geopolymer U: UPF based geopolymer
T: TNKY based geopolymer T: TNKY based geopolymer

L: Lime L: Lime
S: Soil Type S: Soil Type
S2: Soil $2 $2: Soil $2
1500 1500
g 1200 = 1200
< g
@ 900 7 900
= 8
T 600 8 i
% % 600 18136) L) ’ 20U~Sz
2 = 8 112(37.5) »
£ 300 @ 300 9(12.2) m 20+
= /r% 137013.3) 7] 015,
0 0 3 @ 65(49.1)
" 8U.s,

Effect of Strength Enhancement: 20% GP > 5% Lime >> 8% GP

. .




2026 AUSTRIA

la. CCBGP - Results VIE

100

Resilient Modulus, Mp (MPa)

Deviatoric Stress, 6 (psi)

2 4

6

RESILIENT MODULI (Mg) STUDIES

E WHERE IT ALL BEGAN )

—0— 03=13.8kPa
—— 03=27.6kPa

-0 o03=414 kPa

/

1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0

20

Deviatoric Stress, ¢ ; (kPa)

40

Deviatoric Stress, o (psi) Deviatoric Stress, g (psi)
0 2 4 6 8 10 11.6 0 2 4 6 8 10 11.6
8 10 116 300 T T 17T | T T T | T T T | T T T | T T T | T 17T ] 300 L I LI | T | LI I L | L B
Untreated S2 — 40 i 5L-s2 40 I 20T-S2 —140
N = o ] —~ = - ] —_
1l = £ D/D/D/—D/D 17 £ 1
s ol A\MA/A—/A 10z ol 130 i
30 &« 200 1 E&E =200 MA/A-/A 30 3
17 57| o——=—° o ° 1= =71 1=
1 4 4 1l 5 £ 1l 5
] E 2 | = E B O’lo_/o———cf”'o E
] = 5 - ] 3 3 = _ 20 -§
—120 ° S —20 § S 1 =2
17 = 1 = = 1 2
- N N 1 = b
1 2 Eor ] 2 Ewor | 2
1.2 % " | —o— 03=13.8kPa di10& % " | -0 063=13.8kPa 110
102 " | & 03=27.6kPa 17 = T | & o3-27.6kPa 1
§ " | -3~ 03=41.4kPa i " | -3- 03 =41.4KkPa ]
N O 1 1 1 | | | | 1 1 | | | | 1 | 1 | | | ] 0 0 1 1 | 1 I | | | 1 | | | 1 1 | | | | 1 0
60 20 0 20 40 60 80 0 20 40 60 80
Deviatoric Stress, o7 (kPa) Deviatoric Stress, o; (kPa)

Untreated soil (Softening), Lime treated soil (Hardening, My 1)

20% GP treatment has a comparable performance to lime treatment

B
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FREE SWELL & SHRINKAGE STRAIN RESULTS — Volumetric Stability

Elapsed Time (days)
0.001 0.01 0.1 1 10 42
25 |||||| LI ||||||| UL ||||||| LI ||||||| L ||||||| LI
- | = Untreated —©— 8T-S2 -
| —@— 20T-S2 %= 8U-S2 7]
20 L] - 20082 —A- 5L-S2 b
[ XY-S .
N | X: Dosage percentage i
E s —_Y: Stabilizer types h
= U: UPF
Z [ T:INKY i
— . L:Lime 11.1% |
i - S: Soil Type v
& 10F sasails2 '
@ B ']
-7} - | I
= L OHE
5 —pl
- A : ]
i v
0
0.0 1000

Elapsed Time (hours)

2026 AUSTRIA

E WHERE IT ALL BEGAN )

20
n XY-S _
[ ] Untreated | | 8T-S2
L X: Dosage percentage -
n I:I SL-82 20U-52 Y: Stabilizer types -
~ W[ ]su-s2 20T-S2 | 'y UPF i
J
S 15 T: TNKY —
k= - L: Lime —
s - S: Soil Type .
R 4, $2: Soil S2 :
go | —
S10- 9.0% .
= - = .
o: B i
=
) L A
L]
5 i A
£ 5 ]
'4 | -
i 2.2% 1.8% 1.7% |
0 B 0.1% 0.1% 7
—— @ |

(]

Vertical Free Swell Strain for Problematic Soil:
5% Lime > 20% GP

Linear Shrinkage Strain in Problematic Soil :

5% Lime >> 20% GP

B
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FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM) IMAGES

YD 2 = e X 2 ~if ' & . 5 ¢ { o ey '\““ s M LA S TR
JEO / — 1pm /14/ —-— 1pm JEOL
X 500 Vacc=3.0kV Signal=LEI Mode=SEM WD=15.0mm 17:03:22 X 5,000 Vacc=3.0kV Signal=LEI Mode=SEM WD=15.0mm 17:04:41 X 500 Vace=3.0kV a W X 5,000 Vace=3.0KV Signal=LEI Mode=SEM WD=15.0mm 17

Untreated soils showed open pore structures with flaky particles.
After stabilization, the clay particles were observed to be coated with a layer of
geopolymer matrix, resulting in reduced macro pores and a smoother surface.
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Human health

= Chemical burns
Respiratory system irritation

&g

Lime sludge landfill in the city

A& wxselime s|‘0dge~g;f’~ Z Change in Soil and water pH
e e e of Mount Vernon, OH Ai .
_—r aggs . - Ir emission

O Water utilities generate million tons of lime sludge = Contaminants

per year, with estimated disposal costs of millions

of US dollars annually s
L Without recycling, lime sludge poses serious waste Environmentallconcems andiregulatory @

and environmental challenges. Research on recycling LS for engineering applications

[ Potential for soil stabilization due to its abundance and calcite-rich content
LS — plasticity |, UCS 1 when mixed with cement, or other additives
[ Careful dosage and strategic pairing with other stabilizers is essential for optimal results

Can lime sludge be reused in soil stabilization?

s 0 - B
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DOSAGE SELECTION AND ENGINEERING STRENGTH PERFORMANCE

= [nsufficient pH level of LS (pH < 12.4) — Needed Hydrated Lime (HL) mixture

»a 15 T T 171 | L L | T 11 | T 11 B 218 —
400 — E i —a— Untreated CH | — 200 é
| 8% Treatment I:I 7 days | < L L SL ] 8
z [ [ Jliadays| ] HL:LS <(50:50) did not meet S T —e— 4L4S {1 B
= : i 6L2S Tieq T
=] B HL:LS (100:0) at 28 days ]| the reqU"'ed UCS §n1.0 il - 150 20
80300 |—------- - oo T oI - = 1§
St - E T 1 %
F NCHRP 144 - 130 psi 1 Selected mixes (8% treatment): % 100 %
% i ] = ] s,
£r — | 1 50:50 [4L4S], 75:25 [6L2S] 205 1 E
S [HL:LS(100:0) at 14 days — i . y e E 1e S
S T——FT 7"~~~ 111n71T1 3 z 1°° g
T . : : g 1 §
‘E 100 |- B LS (high calcite content) — : | | | | 1 2
B 7] 0.0&+- 0
S = Untreated - S ; ; 0 1 2 3 4 5
£ F . plasticity |, enhancing lime Axial strain (%)
0 stabilization = UCS 4 4s= UCS 4 after 14-day curing
r\Qx N x A
ENE [N\E - . .
HL: LS ratio = 6L2S achieved the highest UCS

B s 00 T
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RESILIENT MODULUS & FREE SWELL STRAIN
Elapsed Time (days)

0.0001 0.001 0.01 0.1 1 10 42
500 | L L L | rrrd | rrTTe 73 25 |||||| T T ||||||| T ||||||| T T ||||||| T |||||I| T T ||||||| T T

i —0— o : 41.1kPa _ ~ | =©— Untreated .
- - —&— o¢:27.6kPa| _]¢( | 0= 6L2S ]
£ 400 - —m— o,:13.8kPa| 4 Z 20 | % 4L4S _|
2 B — é — B ]
~ - & L L ]
& i 1 = St ]
= 300 - 1S E.sh N
Z - —40 2 g - i
I 173 s 0 i
S 4 S = 0 ]
= 200 - ] 2 Z 10 -
gL 6L2s 4§ 8 s T ]
% : = 229 - e— — f -0 % =t §: ]
& 100 - _ :_ & _a-— -8 Untreated: -2 s 25_-
: i I~ /\: -
0 _ . . . . | . . . . | . . . . | . . . . | . . . . _O 0 B |||||||| | |||||||| | ||||Iw

0 20 40 60 80 100 0.001 001 0.1 1 10 100 1000

Deviatoric Stress (kPa) Elapsed Time (hours)

Increase in resilient modulus
Reduction in swelling potential — can be effective as a co-additive

0 -
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MICROSTRUCTURAL ANALYSIS

16000 _I TTT TTTT TTTT | |~|| T | TTTT TTTT | TTTT | TTTT | TTTT TTT I:

C (@) & Untreated CH _:

~ 12000 - I: Tllite, Q: Quartz ]
& n .
2 - -
£ 8000 - .
s B _‘
3 B §
= - ]
4000 [ E

- - - o 7 oo ;

16000 AR FRERE ;'...|....|....|L“.:‘.;}|\;;;*.ﬁr...:f

- ®) 6L2S E

@ 12000 L - C: Calcite, I: Illite, Q: Quartz 7
5) N ! ]
£ 8000 -
= i -
3 L ]
= - ]
4000 {— ]

- o 4 =

- U -
0_-"'|"+4MH1—W"3"";

10 15 20 25 30 35 40 45 50 55 60
20 (degrees)

Reduction of Quartz and lllite —
Formation of pozzolanic products




2026 AUSTRIA

Ib. Lime Sludge (LS) — Co-Additive VIEN
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MICROSTRUCTURAL ANALYSIS

16000 _I TTT TTTT TTTT | IMII T | TTTT TTTT | TTTT | TTTT | TTTT TTT I:
C @) g Untreated CH _:
~ 12000 - I: Tlite, Q: Quartz ]
=% - ]
) B =
£ 8000 - 1
s B -
8 N .
= - ]
4000 [ E
- l o ]
i - o Co
16000 HeHRRRREE R L ;'...|.... ....h:’.;{\;;;.“..ﬁ
- ) 6L2S E
@ 12000 L - C: Calcite, I: Illite, Q: Quartz 7
5) N ! ]
£ 8000 - -
= B -
2 - .
= i .
4000 n o o E
- U -
0_ "|"+4MW"g"";

10 15 20 25 30 35 40 45 50 55 60

20 (degrees)

Reduction of Quartz and lllite —
Formation of pozzolanic products

25000
L 6L2S
L Si
20000 —
- O
= 15000 —
E -
2 [
= L Ca
= 10000 -
C | Al
5000 [
K
M Pt c
L WD L Ly Pd a Fe
o™ mr o 163 a2 oﬁ S AT O
0 9 4 6 8 10

Spectrum (keV)

hd

Formation of Cementitious Binding Gels

¥

Improved Engineering Performance

19.2
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Frequency of Expansive Soil

SITE DETAILS

Reinforcement warp

Wicking warp

FM 1807,Venus 7
Texas g : FREQUENCY OF EXPANSIVE SOIL

Channel

Source: (Zhang & Galinmoghadam, 2020)

Visible cracking and rutting

0 Wicking geotextile — Made of Hydrophilic Wicking fibers
0 Facilitates lateral drainage — Grooves for moisture

transportation
Q Capillary Drainage — Effective for both saturated and

unsaturated soils
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Il. Wicking Geotextile Applications VIEN

TEST SECTIONS

a Three test sections were constructed
= Control Section (CS) - Unreinforced

« Test Section -1 (TS-1) > Wicking GTX + RAP Aggregate Layer

= Test Section — 2 (TS-2) > Wicking GTX + Flex Base (FB) Aggregate Layer

Control Section 4 in. HMA

2 in. HMA
15 in. RAP

Wicking GTX

Section TS-1 Section TS-2

HMA: Hot Mixed Asphalt

2 in. HMA
15 in. FB

Wicking GTX

E WHERE IT ALL BEGAN

Wicking Wicking GTX
GTX with with RAP in reinforced
FB in Base Base

—

RAP - Reclaimed Asphalt Pavement Aggregates, FB - Flex Base,

GTX - Geotextile
21




2026AUSTRIA
Il. Wicking Geotextile Applications VIENN/

WHERE IT ALL BEGAN

INSTRUMENTATION
le— TEST SECTION w—] le— CONTROL SECTION — |
SURFACE LAYER :‘— 15 ft. _’: ' ' :4— 15 ft. —_—l I
_— 2i.n.

BASE X REESIEC PAEFR A D, 15 in.

SUBGRADE

WICKING GEOTEXTILE (H,Ri) @S EARTH PRESSURECELL C MOISTURE SENSOR mmmmm SHAPE ARRAY ACCELEROMETER (SAA)

SAA installation Earth pressure cell

22
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CONSTRUCTION

Preparing FB section Levelling Surface course

0 s
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FIELD MOISTURE CONTENT VARIATION
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Subgrade Base
205 . , |
= oL I I ] E 05 | |
g —~ 04 N ] £ 04 PPy SO OO P OO Dpd  _
= S 03 | $e0tetedadeotapudtodtee | =~ ]
A ] L So03 | N
53 sEaRResRTIITERIRIIIIA £S03 1 :
= B — s
5 = 02 i —0— 1¢1 ] g g 02 wiw ]
$301 = 152 =z 3 - @ Ts.1 -
>' ‘ B - ¢s . >° © 01 @ TS-2 —
g 0 1 | 1 | | ] a]) B _<>_ -
Q \} Q
o o> v v Qv < S
> ¥ & > O ¢
N v 0 S S R
0.15 T — 20 X
i 20
-~ i ~ _ 1
= 010 1, 3 S 1% &
= i i = = —H12 8
2 ~ 8 E 3 17 £
% 005 | 18 3 3 1s &
= N - P i H
S i ] 4 o g 14 9
0 00 | I | I | | 0 |
| 0
B Rainfall |
Temperature B Rainfall
Temperature

Wicking Geotextile Reinforced Sections Showed Lower Moisture Content in Base and Subgrade Layers

0 o T
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MOISTURE VARIATION AFTER RAINFALL EVENTS

L)
2
VMC m*m?)

Center

<€ 11 ft. <€ 11 ft. >

8 hours after rainfall 8 hours after rainfall
0.4 T ¢ 0.4
+ o Nl W

T 0.3 & T g / & % S ° 0.3 &
c E = 5 oY /\0\‘0 N =
= 02 B = 02 E
hed [e0] 6o 0 G0 2 &)
2 0.1 % T \7 { / ¢ éﬁ?\% 0.1 E

J 0 I 2 % 8 &N 0

Center Edge Cent<er 1 ft. ;dge

<€ 11 ft. >

Wicking GTX + RAP Wicking GTX + FB

FB section showed faster redistribution when compared to RAP section
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2
LIFE CYCLE ANALYSIS (LCA) I T5-1 B TS-2 [ CS
r -
ST G;‘\ 15} - I —
Naic)) B - . —
1 » N}’IOH Industrial Production of E i ..._ — | 7
Raw Trmsportaggn Wicking GTX - I
Materials . — * Electricity S 1 B B __ _ _
i L] Mac‘h%neﬁ' g
r/E’___I __i\ Polyeﬂlelelle e Additional resonrces E
mmision =) I~ 7
o E“m‘m—lsw - e ]
Other Raw 051 7 )
Materials |
I//En;r;; h ) '.:_{3
N 8 0 : / 7
%u Emission Energy Cost
)
r"‘\__

o TS-1 with RAP showed lowest impact across all categories,

Raw I o  Crushed Y, ‘._:/T"r';por‘t;{g;‘_-:: ,
Materials l Stone/ RAP T~

—

indicating superior environmental performance

. 0 Control Section: Exhibited the highest impact in emissions
( Energy )

T

Rav >
o l Asphalt

and energy due to thicker asphalt layer

Materials o Cost Comparisons: TS-1 is more economical than TS-2, as

TS
( Emmision )
~ -

—

TS-2’s thicker flex base layer combined with geotextile

significantly increases construction costs
Sustainability analysis using OpenLCA software

T T o T
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Role of calcined-clay-based geopolymers for effective
stabilization of expansive soils
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lime-treated sulfate-rich soils ©
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+ Author & Article Information
Geotechnique (2022) 72 (5): 438-454.
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Role of Nano- and Crystalline Silica to Accelerate
Chemical Treatment of Problematic Soil

Nripojyoti Biswas, Ph.D., AM.ASCE"; Anand J. Puppala, Ph.D., P.E., D.GE, F.ASCEZ and
Sayantan Chakraborty, Ph.D., AM.ASCE?
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A Transportation Geotechnics
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Insights into the Influence of
Environmental Stressors on Expansive
Subgrades Stabilized with Different
Calcium-Based Stabilizers for Resilient
Transportation Infrastructure

Sopharith Chou' 7, Jianxin Huang' 0, Balaji Lakddmsesi' 0,
Anand | Pupoala’ . and Raul Velasouer®

Engincening Advance
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Number of US Billion-Dollar Weather
and Climate Disasters [

Major Extreme Weather Events in the
Last Decade

L R RN

35
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o« 30 f
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o .0 [ /
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Flooding After Hurricane Harvey in Severe Winter Storm in Houston, TX v E 20 ¢ A
(2021)1 Y 35 : A
5% 15 1 AT
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o 2 i ’
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ES : -1
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> ears Amid Flooding , 0 0 oo
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[l Sprague, K., (2017), 24 Jolles, W., (2021) , 81 Keeling, B., (2017), [l Reuters (2022), 51 NOAA
National Centers for Environnemental Information (2025)
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I. Novel Durability to Screen Stabilization

‘Four-Season’ Climatic and Extreme
Weather Conditions

Durability Conditioning Protocols

2026 AUSTRIA

VIEN

E WHERE IT ALL BEGAN

FTWD WDFT FTWDe

F: -23°C, W: 23°C, F: -23°C, W: 23°C, F: -23°C, W: 23°C,
24 hours 5 hours 24 hours 12 hours 24 hours 12 hours
T: 23°C, D: 70°C, T: 23°C, D: 70°C, T: 23°C, De: 20°C,
RH 95%, 42 hours RH 95%, 36 hours RH 95%, RH 50%,
23 hours 24 hours 24 hours 36 hours
W: 23°C, F: -23°C, W: 23°C, F: -23°C,
12 hours 24 hours 12 hours 24 hours
D: 70°C, T: 23°C, De: 20°C, T: 23°C,
36 hours RH 95%, RH 50%, RH 95%,
24 hours 36 hours 24 hours

= F: Freezing = W : Wetting

= T:Thawing = D : Drying

B - Extreme Weather Resiliency Studies
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Durability Screening Plan

Environmental Conditioning

23°C, RH 95% 12 hours | 70°C

| —

e [

-

—

-23°C ‘ ‘ ‘

S E—
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Durability Screening Plan

Environmental Conditioning

DIAMETER
)

—— LA ' Mass & Volume Repeated
ID Records Load Triaxial
B Engineering Tests
K
-23°C 1A N
e k il [ 36 hours |
?)

S E—
31.2
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Durability Screening Plan

Environmental Conditioning

-~
(=]
O

23°C, RH 95%

Mass & Volume Repeated UCS

ID Records Load Triaxial
B Engineering Tests
K
23°C 19N
e k . ! | 36hours |
-
— FESEM-EDS TGA-DSC
|24 hours

_— Micro-studies

31.3
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Unconfined Compressive Strength (MPa)
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<
o
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CH Soil — 6% Lime and 2% Lime Sludge

- 6L2S

gth

Cycle

Cycle

=2 =

(@] [&]

> >

(& (@]

s s

~ ~
" Initial B 54
_______________"_N__Cﬁ_
L 150 psi 3 32
i & ®m&
FT WD FTWD WDET [FTWDe WDeFT

870
800

o)
S
(e}

400

[\©)
()
(e}
Unconfined Compressive Strength (psi)

Degree of Saturation (%)
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OFT

OFTWD *FTWDe

Void Ratio
k3
2 S
g3 o1
5 ot FT
g3 Wvo=1 1 @
. 0|65. , L, 0[751 L
- ' WDFET'
] @FTWDe
- m Ht o —
Decreased Void Ratio or Increased Void Ratio or
Increased Dry Density Decreased Dry Density
TS
I @FTWDS ST
2 3 After 8 cycles
@wp £ _1
Olnitial AWD “WDFT <“WDeFT

e-S, assessment framework

321



2026AUSTRIA
I. Novel Durability to Screen Stabilization VIENNA!

E WHERE IT ALL BEGAN )

CH Soil — 6% Lime and 2% Lime Sludge

Void Ratio
6.0 870 -
- 6L2S A - 7
7 | _4thcycle| 7800 EE
At 1 2 S s —
=500 gthcycle| | & 52 v 31 1 @FT
= | A = Q e
s [ o _ o0 < 0.65
= L | ; ; , e
4.0 1600 £ g ! DFT @WDeET
s [ ] < = i
) B > o
R } T E
@ | A = 1
£3.0- 2 | «— 1 + : —
B i —400 = ‘= |Decreased Void Ratio or 1/ Increased Void Ratio or
=) L o o I § o | Increased Dry Density " Decreased Dry Density
Saol t g o & A
=L 5 & H = ) 1
g | -- g £l 2 =
= D = =
€ [ Initial E po 5 11200 5
g 10__ [ A1 5 I eren | 5 I 50| I G L N N 8 g g
. . o © g .
E - 150 psi i % a S § g @FTW
- | = N g 2
i l _ | | 12 L5 H 8 After 8 cycles
0.0 ' ' ‘ =L H @WD 4 o1
FT WD FTWD WDFT FTWDe WDeFT

Olnitial AWD ZWDFT  <WDeFT
OFT OFTWD *FTWDe

e-S, assessment framework
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CH Soil — 6% Lime and 2% Lime Sludge

- 6L2S

gth

Cycle

Cycle

=2 =

(@] [&]

> >

(& (@]

s s

~ ~
" Initial B 54
_______________"_N__Cﬁ_
L 150 psi 3 32
i & ®m&
FT WD FTWD WDET [FTWDe WDeFT

870
800

o)
S
(e}

400

[\©)
()
(e}
Unconfined Compressive Strength (psi)

Degree of Saturation (%)

Void Ratio

VERINA
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Increased
Saturation

Decreased
Saturation

— I

Decreased Void Ratio or
Increased Dry Density

@wp X _1

Increased Void Ratio or
8 Y Decreased Dry Density

After 8 cycles

OFT

Olnitial AWD

“WDFT
OFTWD *FTWDe

“~WDeFT

e-S, assessment framework
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CH Soil — 6% Lime and 2% Lime Sludge

Void Ratio
6.0 870 -

- 6128 ] - ¥
=  |4th cycle| 1800 ERC
A - ; 1 @ S = o
=500 gthcycle| | & _ 52 v 21 1 @FT
= 1 £ S - |
W ! 1 - = < 0.65 1 0,75
st | | 5 b ——
a0 ;_ 1600 2 £ | T

I - B ~N -— e = =
2 {’ : 1 = FTWDe
z [ : } i 5 E
§ 3.0 g - é S| —— 1 1, —
= i :-' i 1400 = “= |Decreased Void Ratio or 1/ InCreasediVoldiRAHOIOK
= i £ | § 3 Increased Dry Density ;{ Decreased Dry Density
S - S sH © o |
E-; 2.0 ~ i } & % i = :S'JJ I__
: | T I U E
= = - —
© [ Initial -‘ _ 3 5 5 11200 Z
S 1ol — —rTrETTEErTAr TS TS 8 T E
S |82 mEH P E

L . | ‘ |z |§| s | 8& After 8 cycles

0.0 ' ' SIS e 110 @WD A _{
FT WD FTWD WDFT FTWDe WDeFT

Olnitial AWD ZWDFT  <WDeFT
OFT QOFTWD *FTWDe

Modified coupled durability condition resulted in greater damage than the initial coupled condition.
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Global map of highest recorded temperature Global map of snow fall

OO e

nnnnnnnn

around the world
W Over56°C(1328°F)
W 54-56°C(129.2-1328°F)
W 52-54'C(1256-1292F)
W 50-52°C(122-1256°F)
48-50°C (1184-122°F)
46-48'C (1148-1184 °F)
44-46°C(1112-11487F)
42-44°C(1076-111.2°F)
40-42°C (104-107.6°F)
38-40°C (100.4-104 °F)
36-38'C (96.8-1004 °F)
B 34-36°C(932-968°F)
W 32-3¢°C(896-932'F)
W Under 32°C (896°F)

NG /GEse - Countries with
AHQONES) &%) bt regular snowfall

e ' reported in areas:
B Under 500m
i ) @ Only over 500m

R y LU Only over 2000m

https://vividmaps.com/where-snow-falls/

4 phase durability protocols cover four-seasonal environment & extreme weather patterns

O e-S, framework establishes a mechanistic link between soil structure and engineering performance
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0 Snow and ice storms across the U.S. create a formidable test for resilience of
transportation networks

0 Effect of ice storms — Icing of road systems — Loss of productivity and livelihood

ssssss

P, R
Lt A
* q @R T
Ice Storm Risk X B :; ";&1 s ,‘\ b0
. Very High ¢

. Relatively High

D Relatively
Moderate

. Relatively Low

. Very Low

C] No Rating

D Not Applicable

. Insufficient Data

Source: Federal Emergency Management Agency (FEMA)
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Bridge decks must be kept ice-free in snow events due to elevated risk of bridge pavement
icing compared to pavements constructed on the ground

a4

Frozen overpass in Flint, Michigan (2019) I-35 accident on frozen bridge pavement in Dallas, TX (2021)
Image courtesy: Issac Scharrer (weather.com) Image courtesy: Dallas morning news

Need a sustainable and effective system for bridge deicing

B - Extreme Weather Resiliency Studies 35
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SYSTEM DESIGN

Segment 1: Bridge

0O Energy is harvested from the subsurface .
heating loops

layers and transported to the bottom of the [ T Sepmentss | |
Control system

Drive lane

,,,,,,,
— e e ——————— c———

| Segment 3:
Ground heat

] exchanger

|

=

0 Shallow geothermal bridge deicing system

|
|
|
bridge deck using hydronic loops |
|
|
|
|

(SGBDS) can be divided into three components:

> Bridge heating loops
» Control system
Geotherma
» Ground heat exchanger (GHE)
Geothermal
heat flux

B - Extreme Weather Resiliency Studies 36
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Legend

Ice Storm Risk
. Very High
. Relatively High
D Relatively

Moderate
. Relatively Low
@ veryLow
() No Rating
D Not Applicable
. Insufficient Data

SITE LOCATION

Site location

Arlington, Texas

Bridge deicing area 557.4 m?
Bridge length 64 m
Bridge height 3 m
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05-31-2022, 13:58:00
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Il. Bridge Deicing Using Shallow Geothermal Energy

INSTRUMENTATION
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(1]
Q|
g
2
0 v
2
o L
£
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5 w
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@y, T
N o
A =
. (o]
dv ml
. =
q 4
v,

< - :
. Hot fluid
inlet

" Cold fuid
.. outlet

;- circulating fluid . . 7 #
a < a -

to install pipes 2. .

. 4 LA 4

Top of bridge deck

Snow
melting/evaporation

| Pete’s Plug

Flow Meter

Cold fluid
outlet

circulating fluid
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PERFORMANCE ASSESSMENT

Max = 3/.2
Avg = 35.7
_Min = 30.9

— Max*="36"7

Min = 33.8

Ice Free Bridge Deck during Snowstorm Thermal Image of Bridge Deck during Winter 2024

SGBDS Provided Effective Deicing on Bridge Infrastructure
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1 1 Auska IR <0/

Growing Challenge of Coastal Region: Florida [ 5,436 mi.
O U.S. coastline - Home to 40% of the nation’s Louisiana [N 7,721 mi.
Maine [ 3,478 mi.

lation - :
population - Spans over 95,400 mi California [ 3,427 mi

O Sea levels are rising at 0.1 in/yr, with projections of | North Carolina [/ 3,375 mi.

0.9 to 3.3 ft rise by 2100 threatening coastal Texas || 3,359 mi.
Virginia || 3,315 mi.

infrastructure Michigan . 3,288 mi.

0 Annual storm damage in the U.S — $ 5.3 Billions Maryland | 3,190 mi. _
N J U.S. Coastline

Extreme Weather 1 + Coastal Urbanization 1 = Heightened Risk 1

G
5

N

B
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Impact on Coastal Highways:

O 60,000+ miles of coastal highways at risk

O Repair costs exceed $ 2 Billions annually

i
Flexible \ Non-l
Solution Needed > j Rapid
calable

Deployment

C - Coastal Transportation Infrastructure 43
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Why Artificial Mangroves?

O Artificial mangroves - Designed to replicate the hydrodynamic

benefits of natural mangroves
O Scalability — Adaptable to different linear infrastructure

0 Immediate functionality — Fully operational as soon as they are

installed

O Easy integration — Can be easily integrated with existing coastal

infrastructure

O Rapid implementation —Time required for implementation is

=% 3 3 o : i e

significantly reduced Rhizophora Mangle (Red Mangrove)

C - Coastal Transportation Infrastructure 44
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Wave Flume Tests
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Wave Maker
Laser Scanner ~ Capacitance L i,
Cart Wave Gauges Flume Width = 0.6 m Embankment
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Mangrove Design

Diameter at Breast

Height (DBH)
0.02 m
e Roots
Highegt Root Root Diameter
Height 0.006 m
0.12m

Spread Distance
0.006 m

Trunk — Polyethylene Terephthalate Glycol (PETG)
Roots — Crosslinked Polyethylene (PEX)

C - Coastal Transportation Infrastructure
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Mangrove Design

Diameter at Breast Scaled down - 1:15
Height (DBH)

0.02m

J -~L.- Embankment

| ’a Roots
Highegt Root Root Diameter
Height 0.006 m
0.12m

Spread Distance
0.006 m

Trunk — Polyethylene Terephthalate Glycol (PETG)
Roots — Crosslinked Polyethylene (PEX)

C - Coastal Transportation Infrastructure
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E WHERE IT ALL BEGAN

Erosion of embankment under regular wave loading (Without Mangrove)

Start of

' I
Cycle 1 During Cycle 9

Cycle 10

C - Coastal Transportation Infrastructure 471
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E WHERE IT ALL BEGAN

Erosion of embankment under regular wave loading (With Mangrove)

—~—~r ]

Artificial Mangrove — Wave Interaction End of Cycle 10

C - Coastal Transportation Infrastructure 48.1
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Artificial mangroves
provided resistance to
erosional forces and
scarp progression and
showed reduction in
eroded volume
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Embankments and Road Network — Erosion from Rainfall and Storm Surge

Embankment and roadwork distress from soil erosion — rainfall and
extreme flooding

Events — Major disruptions and fatalities
Can we protect embankments and road networks?

C - Coastal Transportation Infrastructure Images Source: Getty Images, Komonews.com, OPB.org AF’[
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Turf Reinforcement Mats (TRMS) Protection
Vegetation Studies

Credit: ERDC Study (Pl — Briaud, TAMU)

C - Coastal Transportation Infrastructure
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E WHERE IT ALL BEGAN

Flume Erosion Tests on TRMs at SEC Lab of TTI - TAMU

New Projects with the support of USDOT UTCs and Texas DOT — We are studying these TRMs on Highways

Credit: ERDC Research Study (Pl — Briaud, TAMU)

T

C - Coastal Transportation Infrastructure
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Tools and
Technologies

Remote Sensing (UAV and SAR) and
Unmanned Ground Vehicle (UGV)

Robotic Inspections

Additive Manufacturing or 3D-

Printing

U.S. DEPARTMENT OF

ENERGY
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TRANSPORTATION NETWORK IN THE U.S.

National Highway System source: NHS usDOT

U.S. transportation network has

O ~ 220 thousand miles of highways [']

¥ AU : a0 ~3.26 trillion vehicle miles annual travel [']

|\

ey oo g o ~ $5 trillion replacement values

[*] USDOT. 2021. National Transportation Statistics 2021. Washington, DC.
[#] AASHTO. 2020. AASHTO Transportation Asset Management Guide: A
Focus on Implementation. Washington, D.C.

| = sy | Traditional Inspections:

Transportation Network in the U.S. b | * Labor-intensive and costly
« Periodic inspections ~ not helpful!

Embankments, cut-slopes, and bridges are critical to support « Reactive or Forensic works!

the vast transportation infrastructure

[ Remote Sensing = Scalable and Proactive Monitoring = Prevention of Slope Failure ]

D - Tools and Technologies 55
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Orbital - Satellite Based Techniques Sub Orbital - Aerial Based Techniques
0 Synthetic Aperture Radar (SAR) capable of  Variety of sensors mounted to Uncrewed Aircraft
screening surface regardless of weather or time = System (UAS)

INSAR = Phase difference = Deformation O Optical imagery (PS) used to assess surface

estimation .
conditions

O Multispectral Imagery = NDVI, NDWI=» surface ] . ] .
O Thermal imagery (PS) used to identify potential

condition, vegetation and surface moisture content

Flight path 2

seepage areas

Satellite at t, 2.4 Satellite at t,

Flight path 1

Line Of Sight (LOS)
(A, @)

o=
Ground-pixel A’

_ - Radar image credic: DLR

NDVI - Normalized Difference Vegetation Index, NDWI- Normalized Difference Water Index, INnNSAR- Interferometric SAR

D - Tools and Technologies
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E WHERE IT ALL BEGAN

IH-35 Slope Failure

Site Details:

 Slope Location: IH-35 corridor, near Hillsboro, Texas i 97°5'30"W

U Slope geometry: 15 ft. high embankment with 1V:5H
slope

O Failure extent: Surficial sliding along a 180 ft. section

1 Site conditions: Adjacent agricultural field contributes

runoff toward slope 322N 4 32°2N

50 100 2O|9|e ters
N —

LB : .
97°5'45"W 97°5'30"W

NAIP imagery, 2022

D - Tools and Technologies 571
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E WHERE IT ALL BEGAN

IH-35 Slope Failure

Site Details:

O Slope Location: IH-35 corridor, near Hillsboro, Texas WEEW SR

U Slope geometry: 15 ft. high embankment with 1V:5H

e

slope
O Failure extent: Surficial sliding along a 180 ft. section
1 Site conditions: Adjacent agricultural field contributes

runoff toward slope 32°2N

Failed Slope

_—

0 50 100 20’9Ie ters

: vl | .
97°5'45"W 97°5'30"W

NAIP imagery, 2022

D - Tools and Technologies o57.2
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SLOPE CONDITION MONITORING (Using INSAR-NDVI)

 Time series INSAR analysis can detect very slow ground movements (<1 mm/year)

U Settlement of the embankment detected using Small Baseline Subset (SBAS) INSAR

L NDVI time-series shows moisture-driven vegetation stress

97°545"W 97°530"W 30 400
i [ | Total Weekly Precipitation L

—#— Displacement at S1 | 350 E
20 -|-—e— Displacement at S2 £
—_ —&— Displacement at S3 r ~
£ —w— Displacement at P1 11300 &
g 10 1 I .2
= T
= 1250 8
T 0 AR I a
Q
% 1200 9]
© o
L -10 1 L150 >
oy =
32°2'N - N o | %
O -201 100 §
_an I ©
30 . 50 5
: H =

01l . ] - r T T T 0

S L m l 3 I&eters 40 'q - . 5
97°545"W 97°5'30"W & s F W LW @
o o

Time series displacement for
ascending orbit

D - Tools and Technologies
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SLOPE CONDITION MONITORING (Using InNSAR-NDVI)
 Time series INSAR analysis can detect very slow ground movements (<1 mm/year)

U Settlement of the embankment detected using Small Baseline Subset (SBAS) INSAR

L NDVI time-series shows moisture-driven vegetation stress

97°5'45"W 97°5'30'W 30 1.0 —— 400
1 [ | Total Weekly Precipitation || Total Weekly Precipitation .
—m— Displacement at S1 —— NDVI at S1 350 €
20 | —e— Displacement at S2 0.8 - —&— NDVI at 82 £
— —&— Displacement at S3 —A— NDVI at S3 300 —
£ —w— Displacement at P1 —w— NDVI at P1 - [
e 10 A g
= 250 8
: - 3

m —_ -5

g 10 150 =
w x
322N % @ 3
Q -20 100 é’
~30 50 g

- 0

“ AN SN 100. eters 40 '\\ '\ ) '(\ ) |
97°545"W 97°530"W \&'z’ \3\“’% NG DT A S o F @ 3
q? g D
Month
Time series displacement for Time series NDVI

ascending orbit
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SLOPE CONDITION MONITORING (Using INSAR-NDVI)

 Time series INSAR analysis can detect very slow ground movements (<1 mm/year)

U Settlement of the embankment detected using Small Baseline Subset (SBAS) INSAR

L NDVI time-series shows moisture-driven vegetation stress
z 97°5'40"W 97°5'30"W

97°5'45"W 97°5'30"W

1.0 400
|| Total Weekly Precipitation
—#— NDVI at S1

| —e— NDVI at 52
0.8 —&— NDVI at S3

w
)
o

m

Total Weekly Precipitation (mm)

T
W
o
(=]

—v— NDVI at P1

|

N
[4)]
o

T

N
o
o

—_
[42]
o

N
o
IS

[4)]
o

0_50 100 20 e . 0
S A o — o z 9 W o S RS @
97°545"W 97°530"W N N Fp T F W R S R 3
&N : 8 P P ®
97°6'40"W Month
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UAV SURVEY =k

O Provided ground truth for satellite-based deformation and vegetation analysis

 UAV-derived photogrammetric DEM and 3D model = Localized elevation changes

o

Orthoimagery of the failure 3D model of the slope
from Skydio X10D

[Integrated INSAR and NDVI = Continuous Monitoring =» Detection of slope distress]

D - Tools and Technologies 59
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Bridge Inspection Using UAVs

Transverse Tie-Plate:
Fracture critical
Member on the South-
West leg of bridge

Deteriorated Plate
due to corrosion
caused by clogged
water outlets

Collapse of Fern Hollow Bridge, Pennsylvania

360° Bridge Inspection Framework and
Development of ML Models to Extract Bridge
Condition Information

D - Tools and Technologies
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Bridge Inspection Using UAVs

Transverse Tie-Plate:

Fracture critical Real-time Distress Detection

______________________________________

Member on the South- i 1. Data Collection Stage . i 2. Defect Detection using ML Models :
- 1 L B N B N N BB N B B N NN B N N N N E K 1
West leg of bridge ! b Annotation h
I Qualitative |} i Im;i;es frlom | using Al P (Ij)ataiget : |
: Inspection L :_ HES assisted tools Heation 1!

1 = s === | b e e o oo o oo e e e o e e e oo -—— —— -
: 1 Processing - :

— - _7 - - = -

: 3D Models YQLOVSn e
I i trained model | |
: : + |
I 1 1
; Orthomosaics | | :
i i Color-based 1
i : Thresholding | |
1 1 1
1

Deteriorated Plate | 4. Real-Time Damage Detection Implementation | | 3. Automated Corrosion detection with human-in-loop |
due to corrosion Clond Sk Bounding !
caused by clogged i
water outlets = | RUSELSEES" 04 PES N LHUIET @ Al 2P (&) T -

Validation
and
correction

Segmentation on
Bounding Boxes
using YOLOvV8n-
seg

Real-Time
Detection

Collapse of Fern Hollow Bridge, Pennsylvania

360° Bridge Inspection Framework and
Development of ML Models to Extract Bridge
Condition Information

D - Tools and Technologies 60.2
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Distress Detection using ML Techniques

In Concrete Elements

In Steel Elements

Anomalies
1 - Exposed Rebar
2 — Deck Joint

3 - Spalling

4 — Deck Joint

Corrosion and
Concrete Surface
Detected by
Segmentation
Algorithm

D - Tools and Technologies 61
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E WHERE IT ALL BEGAN

UGV - Robotic Platform

Major Distresses:

O Pavement longitudinal and
transverse cracks

O Plastic Deformation or Rutting

O Water ponding area and Potholes

O Shoulder edge drop-off locations

Robot-1

D - Tools and Technologies
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Ib. Unmanned Ground Vehicle Robotic Inspection

UGV - Robotic Platform

Major Distresses:

O Pavement longitudinal and
transverse cracks

O Plastic Deformation or Rutting

O Water ponding area and Potholes

O Shoulder edge drop-off locations

T ol =

|
|
|

Robot-1
. . )
Robotic inspection can be
extended for:
e Culverts
- Embankments and Levees
o \_ J

D - Tools and Technologies
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ROBOTIC PAVEMENT CONDITION ASSESSMENT

ML-based Detection Severity
Crack e Pothole e Rutting Assessment

Scan Asset

RGB e Thermal o LiDAR

< 46.5°C
47.4

Cracks (RGB) Cracks (Thermal)

Spalling (RGB) Spalling (Thermal)

D - Tools and Technologies
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E WHERE IT ALL BEGAN

ROBOTIC PAVEMENT CONDITION ASSESSMENT

Scan Asset ML-based Detection Severity

RGB e Thermal o LiDAR

Crack e Pothole e Rutting Assessment

= © 46.5°C

47.4

Concrete Anomaly Heatmap
Blue = normal; Red = Anomalous

—

Anomaly detection

Spalling (RGB) Spalling (Thermal)

63.2
D - Tools and Technologies :‘F’[
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E WHERE IT ALL BEGAN

ROBOTIC PAVEMENT CONDITION ASSESSMENT

Scan Asset ML-based Detection Severity

RGB e Thermal o LiDAR

Crack e Pothole e Rutting Assessment

Concrete Anomaly Heatmap
Blue = normal; Red = Anomalous

—

Anomaly detection

Spalling (RGB) Spalling (Thermal)

Two New USDOT Funded Studies: Researching on Automated Robotic Transportation
Infrastructure Condition Assessment

63.3
D - Tools and Technologies :‘F’[
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ADDITIVE MANUFACTURING

O Additive manufacturing: Layer-by-layer fabrication

3D concrete printing: Controlled material extrusion

to form complex geometries

O Advantages: Precise control, faster construction,

waste and labor reduction

D - Tools and Technologies
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Il. Additive Manufacturing or 3D-Printing VIEN

ADDITIVE MANUFACTURING

O Additive manufacturing: Layer-by-layer fabrication

3D concrete printing: Controlled material extrusion

to form complex geometries

O Advantages: Precise control, faster construction,

waste and labor reduction

3D-Printing Using Local Soils

1 Develop Novel 3D-Printable mixes with adequate
strength for infrastructure rehabilitation

1 Utilization of Local Soils

O Adequate Printability & Mechanical Performance

D - Tools and Technologies

] Robotic A

E WHERE IT ALL BEGAN

Screw Assembly

Printed Sample
64.2
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Demonstration of 3D Printing using local soils

E WHERE IT ALL BEGAN

Printed Samples

D - Tools and Technologies



Il. Additive Manufacturing or 3D-Printing

Application Areas

Controlled low strength

material - trenches

Prefabricated 3D printed elements

E WHERE IT ALL BEGAN

Quick repair of distresses

in the field

Backfill for approach
slabs?

D - Tools and Technologies
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Contents lists available at ScienceDirect

Transportation Geotechnics

ELSEVIER journal homepage: www.elsevier.com/locate/trgeo

Original Article

Transportation bridge infrastructure asset condition monitoring using

uncrewed aerial vehicles (UAVs)

Surya Sarat Chandra Congress ™ , Anand J. Puppala b Jesse Escamilla ITI©, Raja Jaladurgam ', E

Prince Kumar°

of Civil and i Michigan Stae University, East Lansing, MT 48824, United States
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Research Article

TRR

Assessment of Wicking Geotextiles for
Enhanced Drainage and Reinforcement
in Flood-Prone Coastal Highway Slopes

Puneet Bhaskar' , Jaime Suarez? , Darlene Goehl'
and Anand J. Puppala®

Foundations special collection

Transportation Research Record
2025, Vol. 2679(12) 498-513

© The Author(s) 2025

Article reuse guidelines:
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Application of Unmanned Aerial
Technologies for Inspecting Pavement
and Bridge Infrastructure Assets
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Surya Sarat Chandra Congress'* , Anand ). PuppalaI

Md Ashrafuzzaman Khan’(, Nripojyoti Biswas' (), and Prince Kumar

Transportation Research Record
2025, Vol. 2679(1) 529-543

© The Author(s) 2022

Article reuse guidelines:
sagepub.com/journals-permissions
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journals sagepub.com/home/trr
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Durability and Permanency Studies in Sulfate-Laden [&]3¥[u]
Soils Treated with Nano- and Crystalline
Silica-Based Admixtures [=]x

Nripojyoti Biswas, Ph.D., AAM.ASCE"; Anand J. Puppala, Ph.D., P.E., D.GE, F.ASCE?;
and Krishneswar Ramineni, S.M.ASCE?

*Canadian

Geotechnical
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Micro-mmechanical behavior of nanosilica-treated =
high-sulfate soils [=]
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Transportation Research Record
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Application of Satellite-Based Remote
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Pavement Infrastructure Assets

Research Article
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Concluding Remarks on Ralph Roscoe Proctor’s Legacy... %,(}26“’““"4‘
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= Sulfate Soils — Traditional Calcium Treatments -
Ettringite Heaving — Major Distress

Sulfate Soil Stabilization

= Threshold sulfate levels — started from 5000 ppm to
3000 ppm to 2500 ppm to around 2000 ppm

= Heave comes from crystal growth and ettringite
mineral heaving due to hydration

= In NSF funded study — certain treated clayey soils
45°VEYe S 3 with 1000 ppm of soluble sulfates heaved as
. (Hunter, 1988 e 28 compaction void ratios are low!
. JGGE)

-~ = Proctor’s contributions are important in

3 fundamental understanding of soil behavior,
TaX|way T

,.shoulder fabric links, strength, volumetric stability,

‘#/é/ S'Heavmg

drainage, erosion and vegetation growth!
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