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Introduction to the 21st Ralph B. Peck Award Lecture

Rodrigo Salgade, Ph.D., F.ASCE'

Abstract: Dr. Anand Puppala delivered the 21st Ralph B. Peck Award Lecture on February 28, 2020, at the ASCE GeoCongress eventheld

in Minneapolis, This
the highlights of the coresponding paper. DOT:

iefly reviews Dr. Puppala’s contributions to geotechnical engineering and discusses some of
10106 {ASCE)GT. 1943-5606 0002519, © 2021 American Sociery of Civil Engineers.

Dr. Anand Puppala delivered the 21st Ralph B. Peck Award Lec-
e on Febmary 28, 2020, at the ASCE GeoCongress event
held in Minncapolis, Minnesota. The conference was spansord
by the ASCE Geo-Instinte. Dr. Puppala submitted the corre-
sponding paper for publication in the ASCE Joumnal of Geotech-
nical and Geoenvironmental Engineering, and we are delighted to
see to its publication together with this brief introduction.

Dr. Anand Puppala is presently the A. P. Wiley and Flarence
Chair of Zachry Civil and Environmental Engineering depanment
a1 Texas A&M University (TAMLU) and is also an Associate Direc-
tor of the Center for Infmstracture Renewal (CIR). Before joining
TAMU. he also served as Associate Dean for Research and was a
Distinguished Scholar Professor in the Civil Engineering Depart-
ment at the University of Texas at Adington (UTA). Dr. Puppala
received his bachelor’s and master's in Civil Engineering from
Andhra University and Indian Institute of Technology, Madras,
and his Ph.D). in Civil Engincering from Louisiana State University,
Baton Rouge, under the supervision of Professor Mehmet Tumay
and the late Professor Yalcin Acar.

Dr. Puppala has taken on severl leadership roles in geotechnical
engincering, including serving as President of the United Stais
Universities Council on Geatechnical Education and Rescarch
(USUCGER) from 2007 to 2009, Chair of the Soil Mechanics
section (AFSO0) of the Transportation Research Board (TR B) from
2014 to 2020, and Co-Chair of the nowly formed Geology and
Geotechnical Engineering section, also at TRB. He has partici-
pated consistently and extensively in ASCE technical commitice
activitics

Dr. Puppala’s msearch has included wmpics in transponation
geotechnics such as stabilization of expansive soils, the use of un-
manned acrial vehicks (UAVs) for transportation infrastructure

on Composites in Civil Infrastucture (CICE) at TAMU, College
Station, Texas, with a focus on geosynthetics and polymer additive
treatment studies.

Dr. Puppala has published more than 450 papers, over 200 of
which in joumnals. He has supervised 35 doctoral and 52 master's
thesis students and & currently advising several doctoral students.
Dr. Puppala & an editorial member of the ASCE Joumnal of Geo-
technical and Geoenvironmental Engineering and scveral others.
He is a registered professional engincer in Louisiana, an ASCE
Fellow and Institute of Civil Engineers (UK) Fellow, and a Diplo-
mate of the ASCE Academy of Ceo-Professionals. Dr. Puppala
rceived many swards including the 2019 Fredlund Paper Award
from the Canadian Geotechnical Joumal, 2013 UTA Distin-
guished Researcher award, 2010 UT System's Regents Teaching
Award, and 2017 TRB Best Paper Awands in Geotechnical and
Geoenvimnmental Engincering sections.

Dr. Puppala’s paper, “Performance Evaluation of Infrastucture
on Probematic Expansive Soils: Characterization Challenges,
Innovative Stabilization Designs, and Monitoring Methods.” ad-
dresses practical studies with a focus on ground improvement
technologies of problematic expansive soils, For the past three
decades, Dr. Puppala and his research group have been working
on poblematic expansive soil issucs related to chamcterization
challenges, sulfate-tich soils and their stabilization methods, inno-
vative tools and technalogies for better visualization of subsurface
characteristics, and the health monitoring of civil infrastructure
built on problematic soils.

The paper begins with a review of expansive soil characterization
and their limitations, followed by the presentation of research results
dealing with advanced expansive soil characterization models using

monitoring and infrastucture surveying, and asset
studics. He has also done research on dam and embankment slope
treatment studics, in situ intrusive methods for site characterization
and visudlization, and infrastructre resilience, among others
topics. Dr. Puppala has been a recipient of many esearch grants
fmm federal, stat, and local government agencies md industries
and he serves as director of the Mational Science Foundation's
(NSF's) Industry Univemity Cooperative Rescarch Center Site

'Charles Parkow Professor in Civl Engineering. School of Civil
Engincering, Purdie Univ., West Lafayette, IN 47%07. Email: rodrigo®
eenpuniue adu

Noie. This manusesipt was sbmitied on Decemiber 2, 2000; spproved
on January 20, 2021 ; published online on May 17, 2021 Discussion period
open until October 17, 2021; separaie discussions must be submitied for
ividual papers. This paper is pant of the Journal of Geaechnical
and Geoenvironme ntal Engineering. © ASCE. ISSN 1090-241.

clay . pore void distril , and sail me-
chanics. Three case studies are presented, in which advanced sail
stabilization and screening tools are used I design pavements on
expansive soils withor without sulfates and strengthen carthen dams
with stronger surficial slopes. The last two sections cover innova-
tions in subsurface site chamcterization and health monitoring of
infrasructure using kriging-based analyses of scismic cone penctra-
tion studies and unmanned aerial platforms.

@ ASCE 040210521 J. Geotech. Geoenviron. Eng.

1. Geotech. Geoenviron. Enz., 2021, 147(8): 04021052
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Performance Evaluation of Infrastructure on Problematic
Expansive Soils: Characterization Challenges, Innovative
Stabilization Designs, and Monitoring Methods

Anand J. Puppala, PhD., P.E., D.GE, F.ASCE'

Abstract: This paper describes key research on expansive soils and the methods emplayed to characterize them; fallacies in the cumrent
characterization of ex pansive soils are also explained. Novel swell characterization models that account for hydro, chemical, and mechanical
behaviors of soils are introduced and used to demaonstrate in case studies to improve expansive sail stabilization practices. The first two case
smdies present the results of expansive soils stabilized by incorporating clay minerslogy md soluble soil sulfate measurements. An innovative
design method for successful stabilization of cxpansive soil is introduced in the first case study, which incorporated both basic clay min-
eralogy and unsaturated soil behaviors as well as performance-based dursbility studies. Sulfate soil stabilization works on medium-to-high
sulfate soils, including rigorous laboratory and field validation studies, are presemed in the second case study. The third case study, which
involves a steep carthen embankment built with expansive clayey soils and experiencing recurring surficial slope failures and maintenance
issues, is also discussed. Forensic studies explaining the causes of slope failurcs and their mitigation methods are also included. All case
stdies reveal the need for detailed data about scil chemistry, including clay mineralogy and sulfate studies, to improve the curent field
subilization and infrastructure design on expansive soils. The list section summarizes recent innovations for better health monitoring
and management of civil infrastructure built on expansive soils using unmanned acrial vehicle platforms and visualization tools, which

will be valuable for validating the application of new materials, designs, and construction pmeesses. DOL 10 1061/ASCE)GT.

S606.0002518, © 2021 American Society of Civil Engineers.

Author keywords: Expansive soil; Swelling;

Slopes: Vi ion ;. G

Introduction and Background

Expansive and unsaturated soil also refermed to in the literature
as swelling soil, is a problematic soil that has severely distressed
civil infrastrocture for decades. Expansive soils are primarily con-
trolled by their soil chemistry; in particular, clay mineralogy and
clay-water interactions (Chittoori et al. 2018; Puppala and Pedarla
2017). Mast expansive scils contain smeetite minerals (predomi-
nantly dioctahedmal Montmorillonite minerls), which are prone
to swelling when subjected to hydmtion and undergo shrinkage
cracking during dry conditions, The volumetric strains of these
soils arc larger than 10%, and such large volume changes induce
differential movements that cause surface cracking distress to infra-
structures, especially to lightweight infrastructures such as highway
infrastructures and residential single-story dwellings. Anmual -
pairs to address the infrastructure distresses cost billions of dollars,
and hence they arc reganded as a worldwide problem, as cxpansive
scils are distributed across most continents (Puppala and Cerato
2009)

This paper describes key rescarch works on expansive soils,
novel characterization methods, stabilization practices, and field
implementation swidies as well as innovative health monitoring

af civil infrastructure built on challenging soil conditions, The first
section of this paper addmsscs practical challenges and fallicies
of current expansive soil characeerization practices, and this is fol-
lowed by a description of newer methods that emplay day miner-
dlogy and unsaturated soil pmperty concepts. Professor Peck
espoused that “In soil mechanics, no evidence can be considered
reasonably adequate wntil there s sufficient field experience to
determine whether the phenomena observed in the laboramory
areindeed the same as those that are encountered in the field™ Ac-
cordingly, three case studics of expansive soils for which stabiliza-
tion methods were imp to reduce shrink-swell
af expansive soils and Fills are described

These case studics cover the stabilization design of expansive
sails, with an emphasis onsil chemistry, unsaturated soil mechan-
ics, and macroengineering behaviors to enhance the performance
of transportation and civil infrastructure, including pavements,
highway cmbankments, dam slopes, and others. An anfhmpogenic
expansive soil problem, known in the literature as caldum-based,
additive-treated sulfate soils, is then briefly presented. Field instru-
mentation and data collected were used to address the efficacy of
field stabilization methodclogies in reducing both natural and
heaving issues. Lessons leaned from these case

"AR. and Florence Wiley Chair Professor, Zachry Dept. of Civil and
Environmenial Engireering, Texss A&M Univ., College Staion, TX
TI840. ORCID: hitps: forcid orgH000-0003-0435 6285, Email: snandp@
tamu edu

Note. This manuseript was submited on August 10, 2020; spproved on
January 20, 2021; published online on May 17, 2021 Disclssion period
open until Oetober 17, 2021; sepasaie discussions must be submined for
individusl papess. This paper is part of the Journal of Gearechnical
and Gesenvironmenial Engineering, © ASCE. ISSN 1090-0241

studies are briefly presented.
The paper ends with a section that highlights Professor Pock's
wision and his insights into the observational approach as a way
to better understand the performance of civil infrastructures built
on challenging expansive soil conditions. Infrastructure. mon-
itoring using a rich visual format that employs new and innovative
technologics, from unmanned drone technologies to geospatial
kriging models is discussed i detail (Congress et ol 201%;

® ASCE 040210551 J. Geomch. Geosnviron. Eng.

1. Geotech Geoenviron. Eng., 2021, 147(8): 14021053

ournal of Geotechnical and Geoenvironmental Engineering
Appear in August Issue, 2021




2020 Peck Lecture My Presentation Outline

l. Introduction to Problematic soils

v Expansive soils — Natural and Man-Made Soils

“In soil mechanics, no evidence can be considered
reasonably adequate until there is sufficient field experience
to determine whether the phenomena observed in the
laboratory are indeed the same as those that encountered in

the field”
— Prof. Ralph B. Peck

IV. Visualization — Novel Monitoring Methods

V. Summary



l. Introduction Problematic Soils: Expansive Soils

« $Billions$ of dollars of infrastructure damages caused by

I i TRUCTURE OF
natural expansive soils STRUCTURE O

v Pavements, Dams, and Embankments

v Residential and Industrial Dwellings

 Montmorillonite-rich clays, over-consolidated clays,
shales

« Simple Plasticity Index (Pl) based characterization — Still
current practice

« Clay mineralogy (less focus) — Montmorillonite (MM)

MODIFIED FROM GRIM (1962)

v Smectite group
v Specific surface area — 600 to 800 m?/g
v Cation Exchange Capacity (CEC) — 47 to 162 meq/100g



Natural Expansive Soil:
Infrastructure Distress

l. Introduction

Longitudinal Cracking

O 5 e

Paris District, TX




l. Introduction Natural Expansive Soil:

Infrastructure Distress

Source: Oregonfoundationrepair.com




Natural Expansive Soil:
Infrastructure Distress

Grapevine Dam, Texas o —— e
e & ' Service Road along US 75

l. Introduction

Joe Pool Dam, Texas

iy E-




| Introduction Man-Made Expansive Soil — Sulfate Laden Soil

- Sources of Sulfates in Soil

Distribution of
v Gypsum (CaS0O,.2H,0) : .
v Sodium Sulfate (Na,SO,) SO F—.‘-ypsum Rlctl Szis " USA}N;;;,

v" Magnesium Sulfate (MgSO,)

‘ |

g

Gypsum in Natural Soils

Calcium Based Treatments of Sulfate Soils: Sulfate-induced Heave - Ettringite Formation
(Mitchell, Hunter, Little and Many Other Researchers) ’



l. Introduction Sulfate Soils: Infrastructure Distress

Heaving on Joe Pool Lake Road,
Grand Prairie, Texas

Heaving on US 67, Midlothian,
Texas

" -Source: Les Perrin, USACE

Subsoils Near DFW Airport
Sulfate Contents > 30,000 ppm

2]

o

Perrin, USACE)

Joe Pool Lake (Le 10



Il. Characterization Characterization Challenges with

Expansive Soils

Soil Characterization Issues ~ Soils with similar Pl are not the same
type of expansive soil!

Premature Failures

Soil Liquid Plastic | Plasticity
Source | Limit (%) | Limit (%) Index (%)
" Bryan 45 14 31
_Fort Worth 61 32 29 )
" Paris 60 24 36
. Pharr-B o0 19 37 )

*Chittoori, B.S., and Puppala, A.J. “Quantification of Clay Mineralogy” ASCE, Journal of
Geotechnical and Geoenvironmental Engineering, 2011, Vol.137, No.11, pp 997-1008.




Il. Characterization Linking Micro to Macro Scale Properties:

Understanding Swell Behavior

JMicro-scale measurements with macro-scale properties
= Clay Mineralogy
= MIP - Porosimetry
= Soil Water Characteristic Curve
= Swell Properties

dModels based on unsaturated soil mechanics principles
facilitate better simulation of heave behavior of expansive soils




ll. Characterization Swell Characterization Models

Soil Composition Environmental & Climatic
Factors i




ll. Characterization Expansive Soil Composition

Strong basis for the understanding of swell behavior of a clay
specimen

= Clay Mineralogy
= High Affinity for Water

: | I]]ité_' )

il

-Kaolinite

14



Il. Characterization Quantifying Clay Mineralogy

Cation Exchange Specific Surface Total Potassium
Mineral Type Capacity (CEC), Area (SSA), (TP), %
meq/100gm m2/gm > 70
llite (1) 15-50 80-120 6
Kaolinite (K) 1-6 5-55 0
Montmorillonite (M) 80-150 600-800 0

The final chemical compositions of different soils can be related to their mineral
percentages by the following three equations:

%M x CEC,, + %K x CEC, + %l x CEC, = CEC__, (1)
%M x SSA,, + %K x SSA, + %l x SSA, = SSA__, (2)
%M x TP, + %K x TP, + %l x TP, = TP, (3)

Approximate Mineral Percentages ~ obtained by solving three equations

*Chittoori, B.S., and Puppala, A.J. “Quantification of Clay Mineralogy” ASCE, Journal of Geotechnical and Geoenvironmental Engineering,
2011, Vol.137, No.11, pp 997-1008.



ll. Characterization NSF Study: Swell Prediction Model |

dChemical Mineralogy Related Parameter (C )

p — (& XZSF*]”,;
=

Where CF is Clay-size Fraction; f. is the mineral content in the clay fraction;
and SF is Swell Factor (Montmorillonite — 90, lllite — 9, Kaolinite — 1)

dMechanical/Hydro Parameter (a)
—_lgam)
(10g(1/)final ) T 10g(lpinitial ))

X

dMechanico-hydro-chemical parameter (MHCP)

MHCP =n(a,C)= aX C, .




ll. Characterization

" ' | ' I ' |

€ 4.0 swet MHC model

| & Experimental Data
—— MHC Fitting model

-
(=]
I

[= -]
I

L 2

RZ2 =073

1-D vertical swell strains, €, ; g, (%)
T

: . | . | ]

€ 1.0 5wen = 6.12 x MHCP 0.263

0 1 2 3
Mechanical Hydro Chemical Parameter, MHCP

NSF Study: Swell Prediction Model |

Volumetric swell strains at different confinement, €, ., (%)

12

-
[=]

1 1 I I
MHC Mod]els | ! X
- % 7kPatestdata 7
—_— T kPa Fitting Model =
[~ @ 50kPatestdata , == = ]
— =— 50 kPa Fitting Mode! 4 z  E= %
~ A 100 kPa test data . = 7' 7
100 kPa Fitting Model ~ — 5 - -
= . - ; %
= X -~ . -
’ A

€y, 7pa = 7-53 X MHCP 0.25
RZ2=077

€y, sokpa = 6.01 x MHCP 0-25
RZ=0.75

RZ = 0.81

1 I 1 I | I |

Ev. 1ompa = 449 x MHCP 0.34 ™

1] 1 2 3

Mechanical Hydro Chemical Parameter, MHCP

Puppala et al. (2016). A semi-empirical swell prediction model formulated from ‘clay
mineralogy and unsaturated soil properties. Engineering geology, 200, 114-121.

17



ll. Characterization NSF Study: Swell Prediction Model I

1 I I I 1 I 1 I I I I
— . . A mis
" TSAR Correlation with
- | Vertical Swell Strain R
12 p— e
€ 95% MDUW MDUW

® | A wmbuw y
=10 p—
W r
g E -
8 s *_
i 95% MDUW _
S
w 6 —
©
9 = A =
5 TSAR Fitting Models
e b e € v os% mouw = 1.11 X TSAR + 2.53

[ e—a:s R?=0.93 s

‘s € =1.98
v. Mouw = 1.98 x TSAR + 2.59
2 T" R? = 0.86 T
4 Hypothetical curve -
0 | 1 I 1 I 1 I 1 I 1 I 1
0 1 2 3 4 5 6

Total Surface Area Ratio, TSAR

MDUW - Max Dry Unit Weight — Wet of Optimum

Pedarla, A., Puppala, A.J., Hoyos, L.R., and Chittoori, B. (2015) “Evaluation of Swell Behavior of Expansive clays from
Internal Specific Surface and Pore Size Distribution”, ASCE Journal of Geotechnical and Geoenvironmental 18
Engineering, Nov 2015. Vol. 142 (2).



ll. Characterization

Better swell characterization models are possible...

However, their application into real practice is still a
challenge!

“Translating the findings of our research into simple
concepts and procedures for the guidance of the practicing
engineer is, in my opinion, a duty and worthy activity of
our profession...”

— Prof. Ralph B. Peck

19



lll. Case Studies

Innovative infrastructure design by integrating soil
characterization:
Three case studies — involving expansive solls

Two on pavements and one on embankment slopes

“The most fruitful research grows out of practical
problems”

“No theory can be considered satisfactory until it has been

adequately checked by actual observations”
— Prof. Ralph B. Peck %



lll. Case Study 1 Pavements built on Expansive Soils

Current Practices
1 Remove and replace the top-soil

d Mix with chemicals

= Lime
= Cement
= Chemical Stabilizer

O Application of Geosynthetics

s ya—
R s 1 2

Burce: hitplwww: f&a’l}s ca:m R T




lll. Case Study 1 Test Soils: Clay Mineralogy

Soil Stabilization Design Incorporating Clay Mineralogy

m %lIllite %Kaolinite %Montmorillonite

Austin
Bryan 23 40 37
El Paso 63 14 23
Fort Worth 16 23 60
Keller 18 62 20
Paris 13 17 70
Pharr A 26 26 48

Pharr B 28 54 18



lll. Case Study 1 Characterization Challenges with

Expansive Soils

Soil Characterization Issues ~ Soils with similar Pl are not the same

type of expansive soil!

Premature Failures

Soil Liquid | Plasticity | Dominant
Source | Limit (%) | Index (%) | Mineral
" Bryan 45 31 Kaolinite
_Fort Worth 61 29 MM
" Paris 60 36 MM
. Pharr-B 56 37 Kaolinite |

Note: MM - Montmorillonite




lll. Case Study 1 Stabilization Design Guideline

Sieve Analysis
and
Atterberg Limits

A 4

Subgrade > 25% P

assing # 200 Sieve

Pl <15 15<PI<35 Pl > 35
Lime
¥ Lime-Cement Y
Cement Cement Lime
Asphalt (Pl < 6) Fly ash Lime-Cement
Lime-Fly ash Lime-Fly ash Lime-Fly ash

TxDOT: Additive Selection Criteria for Subgrades

Lime Treatment — 6 to 8% Selected

24



lll. Case Study 1 Durability Studies

Wetting/Drying Studies: ASTM D 596

= Wetting Cycle - 5 hours

* Drying Cycle -42 hours in an oven

Wetting Cycle Drying Cycle



Untreated

At the start After Wetting After Drying After 1 cycle of wetting and
drying

Treated
(6% lime)

At the start After 3 cycles After 7 cycles After 10 cycles

Fort Worth Montmorillonite

Durability Studies — Untreated and Treated Fort Worth Clay



lll. Case Study 1

Durability Studies:
Keller Soil (Kaolinite Dominant)

160 . . —T— 30 . - .
- Keller Soil - —, Keller Soil J
s —@— Wetting - Control
120 A EDEFEE_II:G" — . 204 —&— Drying - Control
- & I —h— Watting - 8% Lime
N 1 e R —A— Drying - 6% Lime |
® |
8 |
80 — E 10 -||— —
i 1e | )
e = | Swell
[ Y A, S hkh—A—h—A—A T
..' _ﬁ_ ﬁ-_ ﬂ SI'I'I'-IWI:
J".I _y Specimen Falled ]
ﬂ _I- i | ] | | | ] - ]
0 5 10 15 20 25 20 25

Number of wetting/drying cycles of wetting/drying cycles

No Issues with 6% Lime Treatment

27



lll. Case Study 1

250

200

-t
1%
o

UCS (psi)
=
o

50

A

Durability Studies:

ustin Soil (Montmorillonite Dominant)

50

| ! |
Austin Soil

4~ Control soil
-~ 6% Lime (Standard)
¢ 6% Cement

Specimen Failed

30

20

10

|
Volumetric strain (%)

Number of wetting/drying cyc

T [ [ ] 1 ]

Austin Soil

—@— Wetting - Control
—&— Drying - Control

—ae— Wetting - 6% Lime (Standard)
—2— Drying - 6% Lime (Standard)

—— Wetting - 6% Cement
—>&=— Drying - 6% Cement

Swell ||

*

X| %
X| %X

Specimen Failed

v

Shrink |

15 20
ber of wetting/drying cycles

Issues with 6% Lime Treatment

25
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lll. Case Study 1 Summary of Durability Studies:

Lime Stabilizer Dosages

Amount of # of
Dominating additive, cycles
clay mineral sample A
i survived

Volumetric | Retained
strain strength

(%)

Austin Montmorillonite

e laA 1l Montmorillonite

Montmorillonite

Pharr-A ontmorillonite

Kaolinite 8%

m Kaolinite 6% 21* 5 80
Kaolinite <3% 8 > 18 0
| ElPaso lllite 8% 21 12 80

* - Maximum cycles tested is equal to 21

29



lll. Case Study 1

Recommended
modifications in
stabilization chart

% MM — Percent Montmorillonite

Obtain samples from each project in
accordance with Tex-100E

l

E
§ Perform Soil Classification (Tex-142-E), Sieve Analysis
E_ i (Tex-110-E), Atterberg Limits (Tex-104, 105, 106 and 107-
.1% E Er. and sulfate content (Tex-145-E and Tex-146-E)
83
g c
1]
= ¥
7%
a8 Sulfate content Refer to guidelines
E > 3000 ppm on treatr’nent .Of
sulfate rich soils
NO
Perform chemical analysis (to obtain clay
s mineralogy)
h
. . Use 6% cement or
g %MM<50% %MM250% dosages greater
£ s Use 8% lime Montmorillonite than 6% cement
E g or 6% cement presence and 8% lime
[T}
: |
| NO
Select initial additive(s) using additive
selection criteria described in Step 2
A 4 v
* Evaluate the overall improvement and
B durability of theenhanced-engineeringand—*
1) material bronerties.
£
.g
& YES
E Do the improved NO
& properties meet min

v

project req?

Proceed with
construction

30




lll. Case Study 2 Sulfate Heaving:

Man-Made Expansive Soil

4 High sulfate soil when treated with calcium-
based stabilizers by Mitchell (1986) and
Hunter (1988):
= Soil Distress
= Heaving

geoweb.princeton.edu

Chemical interaction between
calcium and aluminum existing

: ‘\:‘*\ 4 B s N
/ aeaa&uqs kv x38@Bik ‘16,
" Sl 3 N .gb : A —

. __ within the soil mineralogy in the
Source: https://alchetron.com/Ettringite ' o Jewell taI. (014) presence Of Soluble Sulfate and
water produces Ettringite 31




lll. Case Study 2 Gypsum or Sulfate Rich Soils

10~ AI203 ]

§ a9~ — A

8 - C

o 7 | LS| ©® HO
E . _ S4| @ ca
= 1 | ~| © OH
= | sio—1_ TL|m¢=:—H|gh pH “| O Al

pH CaO + H,O > Ca? + 20H-
(Hydration of Lime — Free Calcium)
Al,Si,0,,(OH),enH,0 + 2(OH)- + 10H,0 -> 2AI(OH),” + 4H,SiO, + nH,0O
(Dissolution of clay mineral at pH>10.5, Free Alumina)
6Ca* + 2AI(OH),” + 40H- + 3(SO,)? + 26H,0 > Ca,[Al(OH)],*(SO,);#26H,0
32

(Formation of Ettringite, expansive mineral)



lll. Case Study 2 Sulfate-induced Heave - Literature

Reaction products i
Location Soil Type P Lime(L)) Sulfate Content Heave Appearance

Cement(C) % (mg/kg) after Construction
Parking Lots, Kansas, ..
Southern California N/A Ettringite NA NA NA
Stewart Avenue, Las Vegas, Nevada Silty clay Ettringite §nd 4.5% (L) 43,500 6 months
Thaumasite
Lloyd Park, J°$e';‘a"s" Lake, Dallas, OC Clays Ettringite 5% (L)  2,000-9,000 Immediately
Auxiliary Runway, Laughlin AFB, Clays Ettringite 6-9% (L) 14,000 — 25,000 2 months
Spofford, Texas
Cedar Hill State Park, Joe Pool Lake, ng_hly plastic Ettringite 6% (L) 21,200 2 months
Dallas, Texas residual clays
DEVELT [ ETEW ST ATEER, MEWOD (g mefir @ Ettringite NA (L) 2,775 NA
Colorado
i Clayey N 4% (C)
SH-118, Alpine & SH-161, Dallas Subgrades Ettringite 6-7%(L) >12,000 6 to 18 months
2clcOegl Al UL U UL Clay Ettringite 5% (L) 320 —13,000 3 months
Airport, Irving, Texas
Near Shreveport, Louisiana Aggregates Ettringite NA NA NA
Holloman Air Force Base, NM GBI Ettringite NA NA Several years
Concrete
U.S.82,TX N/A Ettringite 6%(L) 100-27800 Immediately
Baylor Creek Bridge, Childress, TX All soils Ettringite 5%(L); 3%(C) 6800-35000 Several years
33

Western Oklahoma Clays Ettringite 0-5%(L) 194-84000 NA



lll. Case Study 2 Problematic Sulfate Levels - Research

Treatments for Sulfate Soils

- Sulfate Levels < 8000 ppm * P = \\
{'; Eo?v Els_k_< 5050 ________ - * Ground Granulated Blast Furnace Slag (GGBFS)\
: v Medium Risk: 3000 to 5000ppm v" Shown to be Successful in US and UK
| v Moderate to High Risk: 5000-8000ppm » Sulfate Resistant Cements: Type Il and Type V
D i X v' Laboratory Results Show Successful
\ Stabilization
. >
Sulfate Levels > 3000ppm \ - Class F Fly Ash — Co-additive
v' High Sulfate Soil: Severe Concern \ -Double Lime Treatment
v" Lime/Cement Stabilization to be Avoided \ v Mixed It
v R d Repl Sulfate Soil \ TR
emove and Replace Sulfate Soils or \ v Reappearance of Heave
Blend in Non-Plastic Soils \ _
i v Improved Tensile and Shear Strengths /
> Economic and Sustainability Impacts \ /
» High Sulfate Soils — TxDOT Research Y - = - o e ee———— -7

* Sulfate Studies — NSF, US Army Corps of Engineers, NCHRP IDEA, USDOT - UTC, & Others 34



lll. Case Study 2

 Lime Treatment: Extended Mellowing Period

v Laboratory and Field Studies

Sulfate Levels >8000 ppm

Description Variables
Stabilizer 1 (Lime)
Dosage 1 (6%)

Compaction
Moisture
Contents

2 (Optimum-OMC and
Wet of optimum-WOMC)

Soil Atterberg’s USCS | Soluble
Source Limits % | classific | Sulfates,
LL | PL | PI ation ppm
Austin 76 | 25 | 51 CH 36,000
Childress| 71 35 | 36 MH 44,000
Dallas 80 35 | 45 CH 7,000
Sherman| 72 | 30 | 42 CH 24,000
Riverside| 35 11 | 24 CL 200
US-82 75 | 25 | 50 CH 5,200

Mellowing
Periods

3 (0, 3 and 7 days)

35




lll. Case Study 2

3D Volumetric Swell

Sulfate Levels >8000 ppm

v" Volumetric Swell reduced with Mellowing in Treated Soils

Volumetric Swell Strain (%)

30

25

20

15

10

omcC

Sherman
] Untreated
I 0 day
[ 3 days
B 7 days

womMmC

Sherman Soil
(‘CH’; 24,000 ppm sulfates)

Volumetric Swell Strain (%)

30

25

20

15

10

Riverside
. Untreated
I 0 day
[ 3 days
B 7 days

oMC

woMC

Riverside Soil
(‘CL’°, 20,000 ppm sulfates)

Volumetric Swell Strain (%)

30

N
a

N
o

-
()]

-
o

a

Childress
. Untreated
I 0 day
7] 3 days
B 7 days

oMC

womMC

Childress Soil

(‘MH’; 44,000 ppm sulfates)s



lll. Case Study 2 Sulfate Levels >8000 ppm

a Effects of Mellowing
= Swell Behavior

o Effective in 4 of 6 soils (Dallas/Sherman/Riverside/US-82)

o Reduced swell magnitudes at 3- and 7-days mellowing
« All 4 soils have sulfates < 30,000ppm
o Ineffective in Austin and Childress soils

- Sulfate levels > 30,000ppm = Effect of Void Ratio

o Low Void Ratios in
Austin/Childress

o Less space to Accommodate

Low reactive pozzolanic compounds

37

Ettringite



lll. Case Study 2

Reactive Alumina (Al) and Silica (Si) Measurements in ppm

Sulfate Levels >8000 ppm

Compaction Void Ratios

_ Natural 0-day mellowing | 3-day mellowing Sulfate Void ratio. e
Soil Al Si Al Si Al Si Soil Type | ¢ ntent, opm| @ oMC
Austin 58.9 15.4 22.8 6.1 18.9 5.1 Austin 36,000 0.54
Childress 75.8 12.6 28.1 5.9 32.2 7.2 Childress 44,000 0.52
Dallas 289.9 231.2 87.6 68.2 122.2 69.2 Dallas \ 12,000 0.84
Sherman 279.2 137.3 115.9 471 131.9 50.3 Sherman \ 24,000 0.86
Riverside 297 379.8 108.8 42.8 183.7 49.4 Riverside \ 20,000 0.61
US-82 323.3 187.1 94.2 19.9 135.6 27.3 US-82 \ 12,000 0.82
\

Relatively Lower Reactive Alumina/Silica in Austin and Childress Soils Low Compaction Void Ratios — Less Space for

Ettringite

38




. Case Study 2 Field Validation Study
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lll. Case Study 2

Mitigation of High Sulfate Soils in Texas

Anand J. Puppala, Ahmed Gaily, Aravind Pedarla, Aritra Banerjee

Texas
Department of Civil Engineering, The University of Texas at Arlington, Arlington, Texas, 76019 Department
of Transportation
p— T — = — = -
Concept | | Laboratory Testing Program | | Performance Evaluation Studies
> Pavement distress in chemically stabilized sulfate bearing soils is a growing > Experimental Variables: Soils (Childress, MH & Sherman, CH);
concern for highway agencies Mois ture Contents (OMC & WOMC); Sulfate Conte nts (24,000 & 44,000
ppm); Stabilizer (Lime); Dosage (6%)
» Chemical and Mineralogical Tests Performed: Cation Exchange

Capacity (CEC); Specific Surface Area(SSA); Total Potassium(TP) and
Reactive Alumina & Silica

> ‘Mellowing Technique’ is used in stabilizing the soils with lime;
Mellowing Periods Considered: 0, 3 and 7 days (swell tests only)

» To compe nsate mois ture loss and early dissol ution of Gypsum during
mellowing additional 3% moisture is provided

» After the mellowing period, the soils are remixed and compacted

T rtation R h Board
ra n s p o a I O n es e a rc oa r > Engineering tests were perfor med on the treated mell owe d high s ulfate
1 Source: Les Perrin, USACE soils
An n u al M eetl n g [ > Researchers have conducted studies on heave mechanisms in chemically > Engineering tests data from treated soils is compared with the

untreated data

W h - D C 2 1 treated soils containing sulfate levels below 10,000 ppm 2 2
as I n g to n L] 9 0 8 > Inmost of the heave cases the sulfate contents were reported to be as high as Childress 1 r Sherman 1

|l Untreated |l Untreated
0da n - 0 day i
Y
[ 3 days i L [ 3 days ]
I 7 days [ 7 days

AASHTO RAC Showcase Poster

»
&
T

50,000 ppm

> The main intent of the research is to understand heave mechanisms in soils

N
S
T

with sulfate contents above 10,000 ppm

§ackground & Innovation

» Sulfate Bearing Expansiv e Soils

FWD and Surface Profiler Studies

Volumetric Swell Strain (%)
3 >
T T
1 1
Volumetric Swell Strain (%)
7
1

o 7 Conclusior

o
T
1
o
T
1

» Mell owing technique 1

volumetric swell incre

omc womc omMc womc

» Childress soil showe«

:jion — US 82 Bells compared to Shermai

observed in Childress

Recent Paper in ASCE JGGE
2020:
Talluri et al. 2020 —_— High Sulfate » Lime/Cement treated bases are used to support the pavement infrastructure

> Some of these expansive soils contain sulfate minerals such as Gypsum

» Low initial reactive alt

ineffectiveness of mell

S L I (CaS04.2H20) in their natural formation
OI S > 6Ca*+2Al(OH)*+40H+3(SO4)2+ 26H,0 > Cag[Al(OH)g]ze (SO4)ze 26H,0
(Formation of Ettringite)

Acknowledgements |

< Joe Adams, Wade Odell, Wade Blackmon & Richard Williammee, Texas
: Department of Transportation 4 O
Gypsum Crystals in Natural Soil T N < Pat Harris, Sam Houston State Univ ersity




lll. Case Study 3 Embankments, Dams and Slopes

Surficial Slope Failures: Expansive Soils

Shrinkage

' US Army C&ps
of Engineers.-



lll. Case Study 3 Embankments, Dams and Slopes

Grapevine Dam
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lll. Case Study 3 Embankments, Dams and Slopes

Typical section

Inclinometer casings

Five Sections

Control

20% compost

4%Ilime + 8%Ilime +
0.30%fibers | 0.15%fibers

8%
lime

Treated soil

Surface with
vegetation

Surface elevation pegs

2 60 ft.

Moisture sensor Total Station Slope Indicator

S

Instrumentation

1.5




lll. Case Study 3 Embankments, Dams and Slopes

Joe Pool Dam

Control section

24 ft crack




lll. Case Study 3 Embankments, Dams and Slopes

Slope Stability of Grapevine Dam- FOS

Control Section (FOS = 0.8)
Contour Of Displacement
1.5351E+01
1.5000E+01
1.4000E+01
1.3000E+01
1.2000E+01
1.1000E+01
1.0000E+01
9.0000E+00
8.0000E+00
7.0000E+00
6.0000E+00
5.0000E+00
4.0000E+00
3.0000E+00
2.0000E+00
1.0000E+00
0.0000E+00
Factor of Safety
Value = 0.84
Lime + Fiber Treated (FOS = 4.9)
Lime Treated (FOS = 4.2)
Factor of Safety
Value = 494
Factor of Safety Contour Of Displacement
Value =4.18
g 1.7033E+00
Contour Of Displacement 1.7000E+00
1.6861E+00 y
1.6000€+00 1.6000E+00
1.5000E+00 1.5000E+00
1.4000E+00 1.4000E+00
1.3000€+00 1.3000E+00
1.2000E+00 ~
=
1.0000E+00 ;
9.0000E-01 1.0000E+00
8.0000E-01 9.0000€E-01
7.0000E-01 8.0000E-01
6.0000E-01 7.0000E-01
5.0000£-01
4.0000E.01 6.0000E-01
2.0000E-01 4.0000€E-01
1.0000E-01 3.0000E-01
0.0000E+00 2 0000E-01 45
1.0000E-01
0.0000E+00




lll. Case Study 3

Vertical Inclinometer Readings
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Dam Safety Factsheet- USACE

CESWF Dam Safety Factsheet on
. Embankment Stability Research and Development

il

U5, ARMY CORPS OF ENGINEERS

BUILDING STRONG.

Embasbment Sobiliry has kissoncally been an mase for
public miasmcrore mendme dams. leyeas and hisboays
that prowide vast fiood risk and transportation masapement
benefits o the Mation. Joe Pool Dam suffered a sability
Euhge dunng empeundmess Sue fo Coniucton defach
with properly compac ting the high placticiry emsbankment
soils Joe Poal Lewnsville Grapesine mnd sevenal ather
dams. 25 well as levess, in the area have expenenced
excessive number shallow mstabilities. or surface slides,
whick ocly muildly threates the integriry, but dove up O&M
cosn for monnening and repairs. Floods in 2007 consed wp
to 20 dides along the Dialls: Flaodway and similar exirems
stomes in 2009 camsed abour 10 slides at Fo= Pool that cost
around §1M o moitor, repar and mamtain

Backgrousd and Owverview

Eeiearch Objectives and Concluaons

Emhankeens §abibiy 5 cumestly under svatuanon for fise Poal
nd Grapevipe Dams by the Fort Worth Dasmict m cooperation
with the Unnrersity of Texas af Aslingion (UTA). Ressarch
ffons commanced m 205-2008 by Mr Fmoath McCleakey and
Mg Sarwensj Ashrad of the Gestechnical Brnch whale o pursus
of thier Musrers Depree in Crvil Enginssnns  Recearch concluded
thaet the remonal soils were suseptible to shallow insmbilites
induced by volume chanpes dae w sexsonal moistare vanation:

Addinonsl Seld revearch was conducoed by UTA pradasme
smuctents in 200E-1014 the undey direction of Dr Ansnd Puppals
o determine the Best Manapement Practices (BMPs) fior repaining ; -
the induced slides using admixiues in the embankment soils; sack  Joe Pyl 2008
s lime, composite fibers and compost to improve enginsering -
properties fof imength, darability, cracking snd molttare
conmel  Frve it secnoes were prepared with defferent
meament methads and iEsmamensyean was msmalled o
OMIBOT Varsous propertss that are known to affect the
em‘aekemet stability Dstruments &e read meashly and
labaratary testng has bies conducted o svalste m‘m
properies of the differsss meatments with regpect 1o shope
sivmbiry, as well as )-dumersinnal medeling re amalyse the
& Factor of Safety for 2 seriss of moisams conditions. This
8 research has resulsed in BMPs which kave besn wsed to
S bopeove repadn for mone thas five Fort Warth Destrict
| s ms wedl a4 alemg the Dallas Floodway Levess

WLS. &R CORPE OF ENGMEERS - FORT WORTH DISTRICT. JOUTHWESTERN DRVISION
219 TAYLOR STREET, FOAT WCHTH TR TEI02



lll. Case Study 3 Summary of Stabilizers’ Performance

4% Lime+0.30% Fibers

8% Lime+0.15% Fibers
8% Lime

Performance Indicators Considered
20% Compost * Moisture Holding Capacity

* Elevation Surveys

* Inclinometer Surveys

* Desiccation Cracks

* Vegetation Growth

« Strength Properties

« Analytical Modeling

47



lll. Case Study 3 Failed Highway Slope Sectio

bactal

44/ Anters

n Details

I

Bﬁfkb}lrneti il
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Bo:\rie *
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D 2%
Mt Pleasant
Gralﬂ‘sam z
Pittsoburg
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@ i el i - 5
iy o o @
@ W Canton 3 ;
. : Lindale Lonaview oz

Highway Embankment Slope Failure Along US75
Texas DOT - Paris District
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lll. Case Study 3 Failed Highway Slope Section Details

Randell lake

December 2017 December 2018 0



lll. Case Study 3 Failed Highway Embankment Details




lll. Case Study 3 Failed Highway Embankment Details

Stability Issues: Potential Moisture Movements

Adjacent farmland\ Rainfall

Saturated soil zone due
to precipitation

Pavement

Surficial layer &
desiccation crack:

_/l/

« Coefficient of permeability of surficial layer ~10-'to 10-3cm/s

 Accumulated rainwater — Reduction in shear strength of soil

* Drainage is a problem

51



lll. Case Study 3 Highway Embankment Slope Modeling

Driveway 2ft treated soil layer
/ for pavement

Slope Stability:

subgrade Min 6 inche_zs top-soil Lime Treated Section
3:7 for vegetation cover _
H 2 feet 8% lime treated
® , soil layer
O
~ T 1:1
— ———
6 to 12 feet
(variable) Treated layer:
(8% Lime - 3 days cured)
c’ = 89.8 psf
-100 50 0 50 100 150 200 250 ¢o'= 29.0°
s00 | | | | | | | 690 Fully Softened Strength
680 Factor of Safety Pore-Water Pressure 680
- B 2.688 - 2.888 O -1,000--700psf || 670 .
2w e simm Snewe’ Lw | Deeplayer:
=~ 650 — [0 3.288-3488 | | O -100 - 200 psf — 650 c =280 psf
8 640 — W >3.488 [J 200 - 500 psf | 640 , o
=630 — B 500-800psf | | 630 ¢'=23.6
uij oo T1 a0 Peak Strength
600 — — 600 . .
590 [— | | 590 « 2 ft - 8% Lime treated soil
58(-)1 00 -50 0 50 100 150 200 250580 ° FOS > 1 52
Distance (ft) - Safe




lll. Case Study 3 Embankment Reconstruction Details

Pavement Treated soil layer for
pavement subgrade

Topsoil for vegetation cover

8% Lime treated
soil layer

Adjacent farmland

1"

~
S .
~o
~

Perforated PVC Pipes

4/1/

Purpose of Drains Purpose of Benching
* Prevent accumulation ||+ Ease of constructability
of rainwater * Interface locking

 Prevent reduction in  Prevent slickened slide
shear strength plane




IV. Visualization

Visualization of Critical Infrastructure for
Performance Monitoring

“An instrument too often overlooked in our technical
world is a human eye connected to the brain of an

intelligent human being”
— Prof. Ralph B. Peck

54



IV. Visualization Introduction

Visualization in Geotechnical Engineering is

primarily used for graphical presentation of
geotechnical data

* Provide insight into the nature of the problem

3D Visualization Geological Model

e.g. conceptualization, risk identification
* To develop potential solutions to complex projects

e.g. ground improvement, reduce uncertainties

55

Source: Autodesk
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IV. Visualization Visualization of Critical Infrastructure

Vulnerability of Earthen Structures — Hydraulic Fill (HF) Dam Construction

Source: Hsu 1988



IV. Visualization Typical CPTu Log along the Dam

CPTu Record Collected on Dam Crest Robertson (1986) Soil Behavior Type Chart

CPT Data 100 , . T =
—F-'B“u Job Mumber_ 04.1508-0011 CPT Mumber LCCE.5 — Location Fort Worth-Tix E 1 1 :_
Client Parsons Brinkerhoff "'E" :
. -
“*Firat 0.59 fi hole. ’n: E‘.
- CHT DATA / gm\‘ & 10 .
E & TP FRICTION PRESSURE Lz RATIO Q é E \ aQ ~
ST = BT - S T .
= T T il 2 :
sl S | 111 == += -
W g i din = 3 3
TR | [ VT | L g 5
R | (Y ] s | o ]
40 E‘._' . ihs u in :{:_—_ |_ |__..:~_.f | | = B
T T T lW T r R 3
IV R ] 1 ]
1 ||L'-~+. R ] ] [ T 2
T T TR LT T L Sleeve | I——— '
LT T T4 1] | {0 Fricti i 2 3 4 5 68 7 8
RERERERNI | NEEE TN~ 1|l riction Eriction ratlo (%
| ——;-—.—i——-———1—|—ﬂ—~!—’~~~~~|h|.|||| | riction ratio (%)
IR 1] Rl
IRRRRA N EERRE R SBT Classification - 1: sensitive fine
R R e e e Bt BT e | LI : : . :
A EEEn 1] 1[I Tip grained; 2: organic material; 3: clay; 4: silty
CELELE] LT RERRE | {0 . E. : : . @
SRR RS E SN 0 O S R SRS UM ‘ I Resistance clay to clay; 5: clayey silt to silty clay; 6:
L IREE R | i ‘ sandy silt to clayey silt; 7: silty sand to sandy
ol LLLLLLLLL 101 EENEN LLL il silt; 8: sand to silty sand; 9: sand; 10:
il v e g gl b e gravelly sand to sand; 11: very stiff fine
57

Robertson et al. 1986 " Overconsolidated or Cemented g ra i ned ; 1 2 : Sa n d to CI ayey Sa n d



Length along crest of dam (ft)
SBT classifications - 1: sensitive fine grained; 2: organic material; 3: clay; 4: silty clay to clay; 5: clayey silt to silty
clay; 6: sandy silt to clayey silt; 7: silty sand to sandy silt; 8: sand to silty sand; 9: sand; 10: gravelly sand to sand;
11: very stiff fine grained; 12: sand to clayey sand

Key Observations: 4 zones
Along Dam’s Crest: 0 to 500ft ; 500 to 1200ft; 1200 to 3800ft; 3800 to 4000ft >




IV. Visualization 3-Dimensional Visualization of Dam

N =
Tarrant
Regional
r W Water
District

Hvdraulic fill - Material variability

|dentified the presence of
clean sands in the core
section (Zone 3). They can
cause seepage problems or
can be liquefied 59




IV. Visualization 3-Dimensional Visualization of Dam

Seismic evaluation of dam (Hypothetical)
 Sand - Cyclic Liquefaction

« Clay — Cyclic Mobility

Boulanger & Liquefaction i Robertson
Idriss (2014) e e (2009)

LCG13.5 |
Lty SLCT-{kzn
.
Upstream e i o
EEc-T7.5 . L
o ' i
s ” g
v 1t L CT-16 3

Upstream

Downstream orsie = Downstream

L=}
o8 1.0 1.3 1S 18 20 0.5 0.8 1.0 Gz s
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IV. Visualization

UAV-CRP Technology

\
I - Y B\ No. Type Name lsitce longhude i

i A\ 1 @ we1 327848010 972199521 3000
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IV. Visualization
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V. Visualizatio_nr
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IV. Visualization Rock Cut Monitoring and Data Analysis
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IV. Visualization Rock Cut Area — 2D Slope Stability
__Analysis

E.
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IV. Visualization Rock Cut Area — 3D Slope Stability

Morgensterf:s—mbrice Method

Analysis

Legend

ce Safety Map
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Emergency Response NSF Rapid — Data Fusion between

Aerial and Social Media Technologles
JEmergency operation centers (EOCs) are tasked to | HumfaneBarmzm?
= Rapidly and accurately collect and process data s A
* To make informed decisions
QFusion between technologies is envisioned to Help EOCs
= Better preparedness
= Efficiently conducting tasks during natural disasters

Hurricane Harvey (2017)
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V. Peck Lecture: Summary

** Problematic expansive soils can be well characterized with more additional
testing and better models, and this can be integrated into practice; Though
field acceptance is slow for various reasons, but with time, this might
become reality...

+» Geotechnical case and validation studies are essential for evolution of best
field practices...demonstrated with three case studies

** Visualization and Construction 4.0 — To Address Grand Challenges of
Today’s Engineering

= UAVs, Sensors, Robotics, 3D Printers

= Digitization and Automation
v' Enhance Virtual Reality
v Restore Urban Structure
v' Artificial Intelligence and Machine Learning Modeling

> Integration of Geotech & Technoloqy — ‘Ground’ Breaking and Exciting!
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