R&D / 19TLRP-C099510-05

University of Central Florida

2019.07.13.

4

Tl

.Alr —

= K

< Ho 5l =
&d o Ho LI

PO RERE S S

Tl X ol wof & & ~ &4

ir < & =S Ul o ol O

Ofl I or ar M K HO OF

< ol 0 ol XE KE KE KE




)

At

Or

43

97

150

204



di 51 OjH| 2955

(BT YN Y
T =¥ T2k ST H|2
SCl =& A 9 9 100% -
H| SCI =& XY 13 23 100% Eanl=oN
-2 Skt 19 63 100% E= s
=i 55 & 2 7 100% Enli=oS
I E5 52 4 100% B = S
S5 -75 e da= AT EL|0f 3 18 100% Eonl!=1o%
AEFE 1 7 100% Eon]I=Io%
AD|s E2 1 (1) 0 s=EF| B
oot 52 2 28 100% Eanl=o8
7|E}
=T} 1 14 100% ESnlI=7%
HIAEHE 75 5 10 100% Bl =SS
M= S5) 4 4 100% -
-




v
vl

x|
ZHRI2
Hol 5

O A
oo

=2138,39

|_|
O
<
@

100%

...ﬁi%ﬁ
%m%zw
R S
_.ﬁmae__.SW

L 0| 27 Fot

121

_

olzdoM -
LLToo -

SYSER

OB S F
Iollroy~

141.3 [HIAEH|

141.3

2,825

™

o Al

S|

ol w/__”_

1 0

hu o
|_ﬂ|

s | #F

o -

- | &
[aV}

Y

A g

.. i

b | °

=y

i =

< [9p)

o

@@ |

= | o | =

T3
E
B
@U
=3

!
DAl

St

=1
7

X|CH

=]
o
Lol

==

28p

27p
27p
28p

30p
31p
32p

1A
Page

z|

100%
100%
100%

100%
100%
100%

100%
100%
100%
100%
100%
100%

5

10
5

5
15
5

5
5
5
5
5

100

Slesl

=] v
=L

O

=

=

I

SIWSES

o
g ol P
7w/__”_ mnm_ —
o oll ol
T | T
e R| R
3 28
=y N -
g
RS T
zoKl | OF
oo_ﬂm Il P|w_
S | 2
< o
o) ™ (M »
w RS

EHH

ol jol”

iy

H.o_

Lo
Q ool o
o) D D] Q
oV q (N ®
X X[ &
Q S Q] &
S S (o] ©
= 0w || w
20
X% <

/%!

(
Ein/8!
i
/X

al
HE|

|

=

S

<O
Al

=

I1+I7£.*01¥

>
51

[

TR0t

=

=

it
=3

AL
AlLHA]

0
SIW 7He 244
OE:I

f

7
ZA
750

=)

H
2l
_xl/H_”_ _“_.__|
o |
Aok < |7 60%0
< || Box!

SH
ZAL
AlSelo

= DB 7=

HA]

[T

P
m:m_”_ K

[=
=

C=s

14
14

A
2
1

13

e 7=

S
=

5

:IPN|

=

==

=13
=
~EEgof

rzil
TR
<0

By

=ejof 7
.I

1

ANIT

i
3D GPR HO[&{ X2

7| w..mw |
AR L v L

ol
- I Tl
RS
. w0 |0 oo
oK W_ @_ m._mo
L P
= [e] |
HIn o= K| [o
BISI {20k (| )
oTMD ol w___ _mo._
o o

AR
2(2h

=

51

(=}
ol

DA
EYN:
HAT
PG

£
ESN

x|

CHs

ZAR| A2 o

®|GPR ALiA|

@
@
@| RS2

o el

5 Eix|
ool 42
e

=

=

oh

TN
(PMS) 24AI(

N
o

I

B-1

D-3

A==l
=

1
=
2]

il
A
bl
EOT =]

Ok

M0
el
__o_u_lArO
_._._“___g_.
U
I
O
T
A
E% _u.o N
OkFwm

—KTIHS®

A




[Eai1]

g8 C-2-0

Int. J Highwe Eng. Vel 17 Me 5§ 25—37 OCTORER 2013
Aftpa daleng 0L FRRSALIHE 2005 0 5 05

FEZ2 olARE HAo] o) AREZS FebAIA 40}
FWD €4 eh4 A5 o) AHaA 24

Analysis on Relationship between FWD Back-calculated Modulus and
Dynamic Modulus of Asphalt Layers for Exisung Asphalt Pavements

R
uEE

Paric. Hee Man
Fark, Hamg Joan

TEE - FRUEsRTE 20PN WA - S8 AEE-mail ; hparkiE kic e ki
[ eamessee Depariment of Trafaporstion, Asssant $aie Asphah Engincer (E-mail | Bong. paroiin gov)

ABSTRALCT
PURPSES : The ohpective of this study is o zralyee the relatonship belscen the FW D back-caliculated modulus znd dynamic modulus of
asphialn lavers for existing rphall pavemenss,

METHOS : To evaluate the dymanic medalus of e asphalt mivture i the existng and new asphalt layers, the uniasial direcl sension test
wies condocted on gl asphal specamens oblured fom Se exsting asphalt-covensd pavements. A dynane modulis masler clisye W
cgmimated by vsing the: eriaxial direct tension est for each ssphalt layer, The falling weighs deflecsometer (FWTY) dssting was conducied on the
test sectimns, i the mesdulus valoes of pavement layers were hack-ralculated using the peretic algosithen and the fnite element metiiod bassd
back-cabastaton progrant The relaticnehip bevsosn meatured and back-cabosdaed asphalt laver modull wes examingd in this sfody. The
rarmalizad dynammic modieios was adiopted to predict the stiffess characteristics of asphalt layers moes acourmshy,

RESULTS : Frum this study, we can conclude thal there is no close relationshan between dymamic muodidus of Grst Lyper and bk -caloulated
aspiialn modudos, The dynamic needali of secod and thied ssphel lavers bave some elanon with asphalt sxiffncss, Test resahs also shaooed thar
the rarmalized dymamic modules of the asphall mixture s dasely relmsd i the FWLF back-calozlated madulus with 0073 of R sgaars valee,

COMCLUSIONS = The back-caloalated modidas of asphall byper can be used as an emdicator of e @illness charactenstios ol ssphal livers
in the sspliadi-covened pavements.,

Keywords

Aspivat Pavemens, Faifing Welphy Deleciomerer, Dyvaamic Modulur, Genstic Alpaninhe
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Deterrmmng the Optimal Frequency of Ground Penetrating Radar

for Detecting Voids in Pavernents
2198 Kim, Yean Tae BEHH - HIHLIGNTH FEUFL BYHPH Fomail - kyuiict e ke
H2 Y  Kim, Boeall HEH - B#I2HEr @M TA E2RPs FPHAE - SERA Bamal ; bikimE ke ke
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284 Yoo, Jin Sung HYH - MESYA 2TAEL: =R EELE S2E Email: yoondi@ecul goke)
ARSTRACT

FURPOSES : The ahiective of this shudy is w0 delermine the optimal fregeency of groand penetrating mdar {GPR) iesling for detecting the
wiads under e pavemnent

METHOMS ; Tn order to determing the opeimal frequency of GPR testmg far woid detection, i fullscals t251 section was constructad 1o
simulale e 2chsil size of yoids under the pavement. Yaids of various sizes were crealed by nsering styrofoam al varying depths under the
pavemenl. Subsequently, 250, 500, and BOO-MH: gromd-coupled GPR lestmg was conducted i Be tesd secton and ihe resultisg GIPR
sigrals were reconfied. The change in the ampliude of these signals was evalossed by varsing the GPR frequency, void size, and void depih
The aplimum frequency was detesmmined from the ammlivede of the signals

RESULTS @ The capscity af GFR o detect vouds weader the paovenient was evalusied by using tree &lfeent growd-coupled GPR equescses.
[n the case of the B-scan GPR daln, 3 parabelie shaps ocered in the vicamity of the woids, The maamum GPR amplibede in the A-scan data was
used t questitatively determine the void-detection cpacity

CONCLUSIONS @ The 250-MHe GPR testing enablod the detectzan of 10 oot of 12 senubated woods, whensas e S00-MH: et alleaed
the desection of only five. Furhemmore, the amplitude of GPR. detscton associaled with 250uMHz tssting i= signaficantly higher than that of
A00-MT B testing. This indicales that 25Kz GPR testing s well-suited for the detection of vaids located al depths renging from 0.5-20m.
Testing al Freguencics kewer tian 2590 MHz is recorenended lor vood deteetion al depths grester than 2 im

Keywords

groand peastrating radar, festhed, asmhel paversens, rivmelaned void, ampiitude
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Evaloation of Strochersl Performance: of Anli-Fireezing Layer using Korea Pavemnent Hessssch Program

and Finite Elemeni Method
HEM Dowan Kim HEH- (FRiN SEAE JHEE-mal mdwillambwsang cobal
Ol ¥R Jurkyu Lea HEH- HEN S8R MM NN & EEE-mal dwerbBSeSnaver.com)
«BHE Sungho Mun HEH- HENY | SO0EE HAFHN BRSE-mal snrvll sosliechacio)

ABSTRACT

PURPOSES @ Cavity plenomenons are occurring more often fhese days in pavememt layers of dowmtown area becawse of
varkies neasond. I causes an incremert of the mumber of pothole, sinkhole and other failee on road. For various reasons
regarding cavily ocourence, a fundamental cause B bss of canh oand sand in il pavement. [t 5 relaied fo abnopi climede
change like heavy rain, heavy snow and frozen of underground water that can affect underground water level change In this
regards, the pupose of this siudy is to evaluate the perfonmance of peverment with application of andi-freczing laver besed on
Korean Pavement Design Guide To eovahsie the paverent  performance, KPRFKosca Pavement  Research Program)  and
KICTPAVE programes are wilized

METHODS : Perfonmance analysis and Finite-Element Amabysis ugsing KEPRP and KICTPAVE are focused on imvestigation of
the struciural performance. KPRP was developed for Borcan Pavemiend Design Guide which i based on Mechanical-Empirical
Paverment Diesign GuidelM-EPDGE. The previois design guide was on AASHTO Interim Guide  Bleilod] 1972) in Korea. 1t was
foumded upon ermpirical design guide and didnt atiract the intemal traffic and clinete conditions. In the process of development
of KPRFP, KICTPAVE was developed 1o demonsizate the reliability of EPRP resulis This peogram can solve e axial
aymmciry  problem  of  visco-clasticity nesterial wsing  Findte-Element Method (FEM). The fabigue fadlure and  Pesmoaneni
deformation baged on sivess and simin were evalhmied in previous paper.

BESULTS : In the resulis of performence analysis using EPREP with conditions regarding ami-freezing byer insiallation, all kind
of analy=ziz {Fabigue Crack, Pemaneni Deformation and  Intemnational  Boughness  Index{IRIG of 13 % 07 cm, 30m'km
respectively are satisfied with design standasds (Farigue crack @ 20 % Permanend deformetion @ L3 om, IRI @ 3.5m&m). The
resuls of FEM wsing KICTPAVE are indicated of Figuee 5-12. and Table 3-3.

CONCLUSIONS @ The porfmmance analysis results on KPRP are ssiisfied with s degign stardards withour  thickness of
anti-freezing laver. all the value of 13 %, 07 cm and 3.0m'km from analysis resulis are equally indicated under any conditions
regarding application of anti-freeeing laver. The valuwe of sirvess and strain oo imedayer berween subgrade and anti-freesing laver
are gradually decreazed when the thickmess of anb-freezing layer B incrcasing. On the condrary to this result, the value of strain
an the imerdayer betwoen sub-hase and andi-freezing bayer are gradually increased when the thickness of anti-freesing layer is
inCTeasing,

Keywords

Amii-Freezing  Layer, Korean Pavement  Fescasch  Program (KPRP),  AASHTO Interim Desien Guidel 1972), KICTPANE,
Perfrmance  Amalysis, Finite-Element Method (FEM), Fatigue Failure, RBuibting, Internatiora]l Boughness  Index (TR, Caviiy,
Sinkhole, Pothole, Mochanical-Engirical Pavermert Design Guide |(W-EPDG)
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Development of Evaluation and Analysis Technologies for Road Sink
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Development of Ewvaluation and Analysis Technologies for

Road Sink
_..'l:'l;r'lq-.q- _ﬂ__ﬂ*#i‘ n]%#t##
Kim., Ki-Deok Kim. Se-hoon Lee. Jong-lae
Abstract

A new rescarch project entitled Development of Evaluation and Amnabvsis Technologies for Boad Sink
was nittated last yvear under the sponsorship of Korea Agency tor Infrastructure Technology Advancement
and Minsiry of Land, Infrastrecture and Transport. In this ariicle, outlines of this project = bnetly mtrodoced
mcluding rescarch goal, scope, cument major activitics, ctc.
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with Cave-n Conditions

e E- Wiy wplg g
Kim, Yean—Ha - Park, Hyuns-Su - Park, Saong-Wan

2 X

EAHE 28 £R g v WA Yon 52 GRE U@ DA FEH2 U
weby w2e] shiEdol BEol WU E e BEwEAE Sy S Sl doluatch d2qhsa
Bell FRILAFE fYete] QNS TS FAP AYANYARE FAMML RU sNe
o, f7s) Z7le YEREFHE v slel Pk £d, YAe g A vhdzhe A g
i FUY e BES wAswEg

7lEe] WA E BB Y HAF YEASAARS sl SHHES se, B oy
AME HEUE MRS 4R, B, s BEe wASEE B BE W FT =) afE
4w WEE aels we

Thzbe) Al EA APNolA HFE E e 50 HHe o PrE Srbehs ATE uaT W
BEE& st Trleks WS LY 4R TR BEo] AAY dedls u]s@ 24es] 4
WEHE B ot shel BFe] §a s HE el MANPES] Toho A Gebdel T 27
7b Z7hs g el s FASA SebHE, BEr} i AN MAWYE] FTrises 2
FE nEeh B UPE B FEe arc AESS et s 31e 29 ¥ 5 uned,
Aol B $5R ARV MG @ 5 e S Fe AL B 5 Uk AEF o= ETol s
A @ ol Ao s Mol 2 4ol $A8 Wole = chebvhel shA g Ayks] B F
gEg A o] shtolA EAE wol §AFF uIRA ol fu, st FEe| UYL shelE BEA
Fr et qFhste] Ao ERol $2AT duc § Heksos S 9] A A FopAel
T R

g EREEE GIEsly, dEHuSAE, Wy

izl =2

2 PE 0EE SEREY REERRTAES CESEE Wg A 2 oAl 28 E
Yol S=e S 1STLRP-CO9511-01)p2) o, o]of Fhapm= g o}

—

C o ombE e R Rt Gy (E-maldadesghl 1 Snaser com]

Gradaie Shoer, Deparimen ol Ced & Emvironment Engineoring. Dlankiook Uneorsity

= ogbohEt e w2 w e wbal A E-mallsae 11 SEnaeor coml

Grad e Shoberni, Deparimen ol Ced & Ewinonment Enginearing. Dlankook Unfeorsify

= R ety oEEEE R F |Emalspark Boirkook ackrl

Comesponding Suthor, Prolessor, Coparimond of Ced & Esdonment Engineadng. Dorkook Linfeorsily

- 487 -

_10_



['='O|9]
o354 C-1-03

KEY Ypaing Naitilenal Feafeasnce I0FE 7 Naach FT-r1E,

FOFE S Xeaul / Karea

EeLEHE =8 HFELS OMF=E XEe] 2= It

Strength evaluation of micro—-structured soils under seepage flow

conditions by DEM

HHEY Yeon-Ho Kim, 9585, Scong-Wan Park

b gFditte SRS

* kol i BEYEE et 2, Professor,

ek AdalabAl Graduste Stodent, Dept. of Civil & Emviromment Enginecring, Dankook Ulndv.
Diept. of Civil & Environment Engincering., Danbook niv,

SYNOPSIS : Secpage-induced internal ercsion generally occurs in gap-graded granular and fine materials composed

of five different types of micro-stmcture. One type of the

with migration of fine particles from soil mairix under

micro-siructure, which have a resistance against collapse only

secpage, was selected and analveed wsing DEM{Dvscret:

Elemient Methad) analysis. The created gradations for analysis were based on micro-strecture identification diagram.

The relationship bebween deviator stress and diareeter ratio of the granular to fine was derived by numerical analvsis at

the same void ratio and fine content. It was found that the maximum deviator siress increased with a increase in

diamieter ratio and decreased from the specific dianseter ratio.

Kevwonds : Micro-struecture, DEM, Strength evaluation, Internal crosion
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New Approach to Construct Master Curve of Damaged
Asphalt Concrete Based on Falling Weight
Deflectometer Back-Calculated Moduli

Wan Phue Le'; Hyun Jong Lee®; Julius Marvin Flores™;
Won Jae Kim®; and Jongeun Baek®

Abstract: In this swdy. a frequency-temperaure correction model and an approach o construct the master curve of damaged asphalt
concrete based on falling weight deflectometer back-calculated moduli were presented. Falling weight deflectometer {FWD) testing and
ficld coring was conducted in 26 locations in Scoul City in which back-caleulated and laboratory measured modulus were compared.
A frequency-temperature eosrection model is developed based on the frequency-temperature superposition principle and was verified by
comparing to current emperature comection models. The proposed model has the lbowest prediction error of §.24% in comparing asphalt
concrete dynamic modulus, but is limited within the lincar range of the dynamic modulus and reduced frequency curve in a loganthmic
seale. A new procedure in eatablishing damaged asphalt concrete {AC) master curves is proposed considering a damage factor which is used
in determining damaged ¢ and o parameters. It is verified using laboratory-measured modulus curves and is validated using FWD data
obtained from literature. The validation study showed that the proposed procedurcs have an average error of 11.5%. Further study is rec-
ommended o enhance the proposed procedure to minimize error. IO TG LA ASCE I TE 1 943-5436.000088 1, £ 2006 Anerican Sociery

UL L TR T A
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of Civil Engineers.

Introduction

Understanding the cument asphalt concrete (AC)  pavement
propery-like stiffness is important for the evaluation of the struc-
tural capacity of the pavement. The stiffness of AC is responsible
for governing the overall Behavior of the pavement. In addition, to
predict or estimate the remaining 1ife of the pavement, detenmining
current the AC modulus of the pavement is essential. The falling
weight deflectometer (FWD test is a traditional way of determin-
ing the curmrent AC modulus of the pavemsent {Baltzer and Jansen
1994; Chen and Hugo 20001; Leiva-Villacorta and Timm 20013}
Since AC is a viscoelastic material, modulus changes with temper-
ature and freguency. With this, some rescarchers (Balizer and
Jansen 1994; Kim et al. 1995; Lukanen et al. 2000; Chang ot al.
2002; Fhou 2014y proposed temperature comection models to

'PhD. Camdulate, Depl. of Civil and Environmental Engineering,
Sgjong Univ., 98 Gunja-dong, Gwangjin-gu, Seoul 143-747, Republic
of Konea, E-maal: Ivphucg vl @ gmasl.com
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convert FWD back-calculated modulus obtained at different field
temperatures 1o a reference lemperaire.

Since most of these current temperature correction models were
developed by regression analysis of the FWD field data conducted
at different temperatures, they have not been fully validated using
lahoratory measured data. In addition, these emperature cormection
models could not consider the frequency dependence of the FWD
hack-calculated modulas.

In 2004, AASHTO introduced the mechanistic emparical design
guide (MEPDG), which is bazed on the damage accumulation con-
cept. Therefore, the AC modolus values at different temperatures
and frequencies must be determined through a dynamic modulus
master curve. Especially in the MEFPDG for AC overlay design, it
is cssential to determine the master curves not only of the new ma-
terial but also of the existing AC layer. Since FWD testing provides
only one single back-caleulated modulus at a specific temperature
and frequency. MEPDG recommended an approach in estimating
the master curve of a damaged AC laver by utilizing the master
curve of an undamaged material and PWD back-calculated modulus.

In the MEPDG procedure the damage ratio of the new and dam-
aged AC at high frequency was used to determine the damaged
miaster curve, However, in the maedified Witczak equation (Beown
et al. 20019, both the low and high frequency modulus are changing
due o the effects of binder aging and pavement damage. Therefore,
adjusting dynamic modulus at high freguency may not be sufficient
to describe the modulus behavior of damaged AC. Moreover,
Lowliz et al. (2007} performed a validation study of the MEPDG
procedure and found that the procedure is only accurate when
MEPDG level | analysis is used. while Se0 et al, (20013 modificd
this= approach by considering  temperature and  vehicle speed.
Another study by Varma et al. (2013) used FWD back-calculaied
data to develop the master curve. However, it reguires several FWD
data from different testing temperatures, which is not practical since
temiperature variation within a day is not that significant. Hence,
FWDr testing must be done on different days or even months

J. Transp. Eng.

_44_



[E8l2]
g3 A-1-0

SCI =£2

Armals of Muckear Emergy 101 (3017 31-311
Contanis lists available at Sciencelirect

Annals of Nuclear Energy

journal homepage: www.alsavier. com/locatefanucens =
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In arder to imvestigale the heating effects of High-Llevel radicactive Waste [HLW] on the intact rock, a
Buorehale Heater Test [BHT] has been conducted at KAER] Underground Research Tunnel (KURT]. In this
Study, coupled thermo-mechanical [TM)] processes carried owt at KUET main experiment were simulated
by a finite-element code, ABAQUS and its applicability to TM process is investigated. The model incorpo-

rates real test configurations by including all sive-specific infarmation of BHT. This study mainly describes

Keywards:

Barehnde Hearer Tast (BHT )

EAER] Undergrounsd Reseanch Tannel
[KURT)

Hugh Level radioactive Waste (HILW |
Thermeo-mechanical [T |

Genlogical reposstory

and discusses the thermal and mechanical behavior from numerical analysis and compares them with
experimental observations. A special focus has been on thermal stress analysis of selected stress-
meters around the heater and an the factors that affect the therme-mechanical behavior. The comparison
of results shows good integrity with the thermal-mechanical phenomena of geological medium

1 2016 Elsewier Lud All rights reserved.

1. Introduction

Energy demand has been significantly increased with the begin-
ning of modern industrialized era to accommeadate the needs of
industry, transportation and the society. Inidally, different types
of sources i.e. thermal, hydro, wind etc. were adopted to fulfill
the capacity. Later on, due to continuously increasing demand,
ather spurces of energy were also adapted o fll the exigency.
The nuclear energy became a major power resource in many coun-
tries aver a perbod of time.

Muclear power plants produce tons of radicactive waste each
year. The widely acceptable strategy for safe storage of nuclear
waste is the use of geological repositories; where the waste is
stored at hundreds of meters below the ground surface. Since the
waste packages have very high temperamure and are continwously
generating heat until reaching their half-life span, the repositories
are designed to last for long periods of time.

Due to continuous heat emission, the rock around the waste
package may experience thermal, mechanical, chemical and hydro-
logical pracesses and their interaction may impact the owverall per-
formance of the repository. These are the major challenges in
planning and designing projects for nuclear waste isolation which
require highly resilient structures to safely store the HLW.

* Corresponding author.
E-mall address: jongmin@sejongackr []. Kim)

barp: ) e dod org ML 1016 Lanucene. 200 E 11031
DA06-4543(¢ 2016 Elsevier Lud. All righes reserved

There are mainly twe approaches for predicting the perfor-
mance of HLW repositories in design; insitu tests and computer
simularion (Kwon et al, 2012). In many countries, the research
using hoth processes have been carried our during the last dec-
ades; including the insitu heater veses held ar Stripa mine in Swe-
den, APSE at Aspd in Sweden, insitu test at WIPF in US4, a full scale
hieater test at Hanford in USA, the Drift Scale Tesr in Yucca Moun-
taim in USA, an in situ THM test at Kamaishi mine in Japan, FEBEX
at Grimsel in Switzerland, heater experiment at Mont Terri in
Switzerland, THE ar UEL in Canada. BCE by AECL in Canada, Bac-
chus backfill experiment at the Hades URF ar Mol in Belgium, Comn-
wiall in England, and Amélie mine in France [Andersson, 2007;
Berchenko et al., 2004; Birkholzer and Tsang, 2000; Bourke and
Hodgkinson, 1985; Carlsson, 1978, Guo, 20011; Hocking er al,
1990; Munson et al., 1990; Meerdael et al, 1992; Raynal et al,
1993, Rutqvist et al, 2001; Schneefuss et al, 1989; Thury and
Bassart, 1999)

In Korea, nuclear energy is one of the vital sources of energy
production. According to the latest statistics, more than 11,000
tans of spent fuel has already been praduced from over 20 nuclear
reactors [Kwon et al.. 200 3). To keep the environment sustainable,
a safe and reliable storage i= one of the critical isswes for the
authorities. As practiced in other nuclear advanced countries,
Korea has decided vo store the HLW in gealogical repasitories. To
initiave this process, several studies were conducted including
the gealogical investigations, thermo-hydre-mechanical modeling
and tests of the natural and engineered barriers and the whaole
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Effect of Suction Stress on Critical State of Compacted Silty
Soils under Low Confining Pressure

Byeong-Su Kim'; Seong-Wan Park, A M.ASCE?; Yuji Takeshita®; and Shoji Kato*

Abstract: The critical-state behavior of an unsaturated dilative specimen under low confining pressure from 0 1o 50 kPa was examined by
conducting a constant water conteni—compression {CWCC) test on unsaturated compacted silty soil. Trends in the compressive strength and
deformation of specimens were measured from each testing condition. The experimental results were analyeed by assuming that the effective
confining stress can be calculated through the use of suction stress, which is defined as the product of the effective degree of saturation and the
muatric suction. It was found that the postpeak shear-strength states are arranged on the eritical-state line for saturated conditions by considering
the suction siress as a siress component in the (p,, + @, g) plane. The state boundary surface was observed in the relationship between the
stress ratio [gif p, + bl considering the suction stress, and referential specific volume (1), It can be concluded, therefore, that the existenoe
of a critical state for an unsaturated dilative specimen under low confining pressure is verfied through these resulis. DO 101G LAASCE)
G WL I 9d3-5622 000NGE. © 206 Ase pican Soclery of Chal Englneers.

Author keywords: Unsatarated dilative specimen; Critical state: Suction stress; Constant water coment—compression test; Low confining

Pressure.,

Introduction

The siudics done 5o far on the existence of a critical state for unsatu-
rated soils can be classified indo the following four catcgorics
according 1o confining pressure and the degree of saturation parame-
ters: (1) high confining pressure and high degree of saturation, (2)
high confining pressure and low degree of saturation, (3} low confin-
ing pressure and high degree of saturation, and (4) low confining
pressure and low degree of saturation. Most sindics have examined
the existence of a critical state for unsaturated soils on the basis of
test pesults obiained under cither high confining pressurcs or high
degrees of saturation (e, Cases 1 and 2; Toll 1990; Kohgo ct al.
1993 Maatouk et al. 1995; Sivakumar [993; Wheeler and
Sivakumar 1995 Sun et al 2000; Liv and Muralectharan 2002
Cunningham et al. 2003; Estabragh and Javadi 20104). In panticular, a
confining pressure of less than 100 kPa has been recognized as a low
confining pressure ( Tatswoka of al. 1986; Fannin et al. 2003). The ex-
istenee of a critical state for unsatrated soil under low confining
streas has not been fully cxplained {ie.. Cases 3 and 4). Therefore,
there is an urgent need for further study on these conditions.
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A thorough understanding of the mechanical behavior of un-
saturated soils under low confining stresses is imporiant for pre-
dicting the stability and deformations of the surface layer in natu-
ral slopes or embankments. Brand ( 1981) reported that there are
two extreme slope faillure patierns in the feld: (1) rapid failure,
which occurs under constant water conient conditions: and (2)
slow failure, which oceurs under approximately constant volume
conditions. Rahardjo et al. (2004} indicated that the consolidated
drained test condition does not always simulate the field condition
correctly because slope failures might ocour rapidly under
undrained conditions. They focused on constant water content tri-
axial tesis under undrained conditions that correspond with rapid
failure and compared the results with those of consolidated
drained triaxial tests. From a practical standpoint, it was expected
that the constant water content-compression (CWOC) test, which
ie a triaxial test under the water-undrained condition, and low
confining pressure would play an important role in understanding
the mechanism of the surface failure problems of natural or engi-
necred eanth slopes. The CWOC tests, which include unconfined
compression tests and unconsolidated undrained tests, have been
performed by many researchers (Bishop and Donald 1961 Satija
and Gulhati 197%; Shimizo and Tabuchi 1993; Ridley 19495
Cunningham et al. 2003} In paticular, Cunningham et al. (2003)
studicd the mechanical behavior for a contractive specimen of
reconstituted clayey silt through the use of constant-suction (riax-
ial tests under higher confining pressures. Their study showed
that the shear behaviors ebserved uniil the peak shear-strength
state were similar to the common behavior of normally consoli-
dated soil (Fig. |. Point B}, The critical state for unsaturated soil
on a4 contractive specimen, in which suction steess was conaid-
ered, §s examined in the following paragraphs through the wse of
the Cunningham ct al, {2003 ) data.

Although the soil-water retention (charactenstic) curve (SWRC
or SWOC) 18 affected by the confining pressure condition. it is
assumed that the degree of saturation does not change during the
consolidation and shear processes. This is becanse the degrees of sat-
uration of the contractive specimen during shearing were reduced by
legs than 1% (in case of the specific volume, approximately As =

InL J. Geormeach.
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Comparison of Supervised Classification
Techniques for Vision-Based Pavement

Crack Detection

Soroush Mokhtari, Liuliuv Wu, and Hae-Bum Yun

T this stly, the application of four classification techniques five eom-
puter visinn=hased pavemend orack debection sysbems wa investigaied,
The classificotbon methods—ariifcial menral network (ANN], decision
troe, k-nearcst nelghbor, and silaptive nearo-feszy inferece aysient
{AMNFIS—were selected on the basls of the complexity and clarfty of
their procedures. These methods were evaluated for (2) prediction per-
Formnsaice, () cosmipiabalion e, () stability of results e highly imbal.
aneced dlaitm seds, () stability of the chassifiers” performance for parvenenis
im different detericration stages, and (¢} interpretabdlity of resalis and
darity of the procedire. Acconding b the resalis, the ANN and ANFIS
methods ol vnly provide superior performunce but also wee more flexible
anel compatible fer the crack detectbon applbeatbon, The ANFIS method is
cailled s “whilte-hivx clussifien” aml Qs inferred knvabed ge from is nee-
bership functinms can he used o characierize the imagery properiies of
detected image componenis.

Bomd pavement plays an important sociceconomic role by prowvid-
img transportation for people and commodities; therefore, the main-
tenance and development of pavement are necessities. Collection
of disinass data 15 u mijor task in every pavement management pro-
grimn. However, cusrent data collection and evaluation methods are
msistly manual or semiautomatsd. Such methads are usually time-
consuming and can cause iroffic intesroption and safety hazards.
Mloreover, the resulis of manwal pavement evaluation are subjective
and mey vary because of personal judgment.

Imape-hased echniquees are considered & promising nondestractive
approach for evaluating pavement surfuce condstion, especially for
cracking, which is a major cause of pavement deterioration. Severnl
image-hased pavement evaluation sysiems have boen proposed in the
past decades. Some of the proposed methods aim o clossify pove-
ment crack pypes (e, bongitodinal, ransverse, hlock, and alligator
cracks), while others iry 1o detect and quanlify the pavement emcks.
Muoreover, severl pavement evaluotion studies use tile-based analysis
instesd of pixel-level analysis. In such methods, pavement images are
aivided into smaller regions (tiles), and then tiles are classified ino
crack and no-crack tles. Sasr and Talvik vsed neural perworks o clas-
sify pavement images into crack-free, longiudinal, ransvesse, block,
and alligator cracks and reporied an accuracy of 89.3% (1), Lec and

Deportment of Cial, Eminronmental, snd Construction Enpimering, College of
Engimearing end Computer Sclenca, Lraversity of Central Florice, 4000 Central
Fiorida Boulrvard, Orlandn, FL 32816 Corresponding authar: HL-B. Yun, Hae-Bum
RTL o T

Transmirielu Meaaarch Hacond” Jouwns of e Transpontetion Mesaarch Hosrg,
o, #5455, Trerepartation Fasesrch Board, Washingoon, 0.C,, 2018, pp. 119-127
DOI: 10.3141/2585-13

119

Lee divided the pavement images imio smaller tiles (12 = 15 pinels)
and used three differend neural network architectures to classify the
tiles inko ditferent crack types (2], They reporied an accuracy of #5.2%
om the by of their results. Mejad and Zaken used newral networks o
clasaify images of different types of pavement cracks and reported an
pocuracy of 94.41% (31, In anoiher shsdy, they also used decision rees
(L) anad clifferent wavelet ransforms for o similer sk amd could
acheve U3% w0 Y% accuracy (). Jnhanahahi et al. eompaed newral
metworks, support vector mochines, and k-nearest neighbar (E-NN)
classifiers for pavement crack detection (7). According 1o their results,
the anificial nevrsl network (ANN) outperformed the others, with
9557 accuracy. In another soady, Mowssa and Hussain proposed a
aysiem based on gragh cut sepmentation and support vector machines
to detect and classify pavement cracks {8), They schieved o 97.1%
sccurey for crack type classification and reported that the estirmated
crock guantifications were similar to fleld measurements at a 95%
confichence kevel.

In this study, & computer-vision framework developed by W
et al. () was nsed o detect crack image componends by removing
the randdom background of pavement images. However, the prob-
lem with the resulis of morphological bottom-lat transformation is
thai detected cracks are fragmented and have many dispoinis along
the erack path, T solve this problem, Yun et al. developed a sell-
adaptive crack grouping method based on morphological dilation
and thinning transformes, the so-calked MorphLink_C (5. The dedals
of computer-vision technigues are beyond the scope of this stwdy;
hovarever, a brief description of thess methods are provided in a later
section. Although the image processing techniques can efficiently
rermorve random background from the pavement images, the resulis
still inchude no-erack chjects. Machine leaming methods are com-
menly used o classily image components into cracks and no-cracks.
Different classification methods have been wsed to detect cracks from
pavement images, incloding ANNa (-3, 9, 10, the adaptive neuro-
fuzzy inference system {ANFIS) (1], 12}, support vector machine
(6, T3-15), 10 (160 &), ancl £-MM (5). However, limited research has
been caried oul 1o compare different classification algorithms and
discuss their advaniages and drewbacks for the imagge-based pave-
mient crack detection problem, The available ststies often focused
om classification perfonmance and disreganded the information and
knowledge inferred from the classification procedare.

PRELIMINARY IMAGE PROCESSING

The morphological image processing technigue is based on math-
ematical morphology, In this technigue, a binary image, o so-called
structuring element, is applied 1o inpul images, Diffesent region shapes.
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Estimation of Air Voids in Asphalt Mixtures Using Ground-Penetrating Radar
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ABSTRACT

PURPOSES : The ohjective of this shady was 1o determine the relaliceship beraeen the dieleciric characienistics of asphalt mistures amd the
air voids presen] in them using ground penelrting racdar (GPR) besting.

METHODS @ To measare the diekeciric propertes of the asphak mixhees, ghe reflecton coefficient methad and the appeoach based on the
actual thickness of the asphall kyer werne used. An ar-couple-lype GPR anlenma with a center freguency ol 1 GHE was wsaxd 1o measure the e
for refkection Eromm the asphaltfase laver inlerface. A piece of akominem fal was placed al the inlerface b be able ko determine the reflection tme
of the GPE signal wilh acouracy. An asphall pavement testhed was comstrocted, and asphall mimtones with @&fferemt compaction menbers wese
tested. Adber the GFR testx, the wpqphalt samnples were cored imd thear thacknesses and momber of air voids wene messamed inthe labonskory.

RESULTS = It was lonmd the dielectric constimt o asphall imixiunes bends o decnease with an incnease in the mmenber of air voicks. The deledric
constanl values estimaled GFom the relection coefficien! method exhibited a <light comelation e te nember of air voids. However, the dieledric
cist | srex] asing the appeoach based on the actual asphall laver thickmes were chisely reloted o ghe asphall mixbone deneity. Based
om B nesulls, o regresesin egusloon bo delemmine the peenber of 2 voids m asphall mixiures pang the GPR est method was propased.

CONCLUSIONS = It was comcloced that the pemmber of mir vaids in an asphalt misture can be calcubated baaed cn the dielectrc constant of
the mixiure a5 detemined by GPR testing. I8 was akeo found that the number af ar voids wirs exponenizlly related 1o the dielecrc constam,
with the coefBcent of delemmimiom, B, being 074, These recalls ssppesa that the dielectnic ool as defermmined by GPR lesling can be nsed
o imypronvve The comsiruction quality and mamlenmnoe of aspiall paements.
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Crround-penstranng rodar, dieflectric conranr, reflection canfficien!, air vaidy
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A Preliminary Study for Assessing the Risk of Road Collapse
Using Accelerated Pavement Testing
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ABSTRACT

PURPOSES @ The objective of this study is 10 evaluate the eifed of size mnd depth of cavites on the pavement fikore using the full-scale
arceleraled pavernent lesling.

METHODS @ A fulk-scale testbed was consinected by instalbing the artilicial cavities o a depth of 03 m and 0.7 m from the pavers:m
surface for acceleraled pavement lesting. The cavities were made of ice with a dimension of 0.5 m*™L5 m*03 m. and the thickness of
asphalt and base Byer were (L2 m and (03 m, respectively. The grnmed penetrating radar and endeseope testing were candscted o
determine the shape and locatian of cavities. The [alling weight defleciomeler lesting was also perfoomed oo the cavity and inlact sections
by estimalte the difference of stroctural capacily between the wo sections. A wheel loading of 300 kN was applicd on the pavement sedtion
with a speed of 10 kmih in sccelenmled pavenent lesting. The permanen! deformalion was measured pemodically ab a given number al’
repelitions. The correlation between the depth and size of cavilies and pavensent failure was mvestigaled using the accelenuled pavemsnt

beslimg resulls.

RESULTS : I s foumud fronm FWD lesting that the center deflection of cavity secln is 10% greater than thal of the intad secixm.
milicating the 25% reduction of modulus in subbase layer dse Woothe ooourrence of the cavity. The measened permanent deformation of
the intact section &= approximaiely 10 mm a1l LMD load repetitions. However, for 2 avity sedion of (L7 m depth, a permanemt
defarmation of 30 mm was measared 2t WL lozd repetitions., which is three tmes greater than that of the intact sectiaon. AL cavily
sectiom al 0.3 m, the permanen! deformation reached up o approximalely S mm and an elliptical hode occwmed al pavement surface
afler tesling.

CONCLUSIHOMNS = This study is aimed at delemmining the pavemnent faibure mechanizan due (s the scourrence of cavities wmder the
pavemenl wusing svelerabed pavemnent lesting. In the future, the acoelerated pavement testing will be conducied at a pavenent section with
diflerent depths and siees of cavites. Test resuhs will be uidlized 1o establish the criteria of risk in moad collapse based on the various
condilms.
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Accelermied Favemesd Text, Cavity, Testwed, Peromanent Dgfamuntion
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An Analysis on the Nonlinear Behavior of Block Pavements
using Multi-Load Level Falling Weight Deflectometer Testing
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ABSTRACT

OBJECTIVES ! The ohjective of this study is %0 analyze the nanlineis behawior of block pavemnents using mmilti-lised level falling weizhi
delectommeter (FWH dellec lones.

METHODS : Recendly, Block pavernents are erphvped not only in sidevalls, but aso in roadways. For the application of block pasvenents
m risxdwanys, the stiructural capacities of subbase and subgrade are mpormi Tactars thal suppert the comy traflc lesd. Muolie-koad level FWD
testing was conducled on block pavemnents to amlbyee their nonlinear behavior. The dellection rlio due e e morease m ol was analy oed
estmnaie the nonhnearily of block paverments. Findte element method with nonlimear soil mesdel was applied s simwlate the achsl noodimear
behavior of the hlock pavement under difforent levels of Toad.

RESULTS = The resudes of the FWID esling shaw that the center deflections in block pasensents ane approsimately ben mes grester than that in
asphall pavemnents. The deflection mitios of the block pavement due 1o ghe merease m the kad cmee foom 12 0 1.5, indicatmg that the deflecion
mereased by I0-501%. The material coeficients of the nonlinear sml made] wene determimed by comparing the measured dellections will the
predicted dellections wdng the finile element method.

CONCLUSIOMNS & In this study, the onlinear behanior of block pasements was peviewed using mulii-lisd level FWD esting. The deflection
ratior praposed in thas sy com estimale the nonlinearily of block pavements. The use of nonlinear soll model in sobhasee amnd subgrade moreases
the accuracy of prechcamy deflectvons in ke element method

Keywords

Hlock Povement, Falling Werght Deflecrommerer, ILLIFAVE, Finite Eleomest Method
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Condition Assessment of Various Types of Road Cavities Using DEM
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ABSTRACT

PURPOSES @ Rood subsadence accurs awing 1o rssd cavities, which case many socil amd enviremmental problems:, especially in oities.
Foecently, road caviies wene detected by vanous ground mdars and repasr waorks wene carmed oul agained the defecied cavilies. The conditon
usazssments related to the rosd cavities are necessary (o umderstand the polential risk of the cavibies. Theselore, in this study. o meamenscal study

was performed o assess the various conditims of moad cavilies.

METHODS : The mumerical method adopied in this ssody is the discrete clement approach, and it is suitable for analyzing e condition
because il cam consicder the movemnent of the soil particles m the surrounded cavity ameas. In skliton, the miasial lest was modebed and
perlommed umder various cavity comdilions insace the specimens.

RESULTS : The condtions of dfferent cavily localions and shapes were analysed o idenlify the elfed of cavily slate. Three general cases of
particle size distnbulions were formudated 1o afenbly the effed of surmounding groend condilione. Ax a nessll, the degree of decrement and
valumelric strain were varied depemding on the lecations and shapes of the cavily. Only mimar chamges wene ohserved when the particle soee
distributecans were akened.

CONCLUSIOMNS & The strengih recdluction was higher when the cavigy fommed was brger and bacuted in the wpper sane. Similar s the cavity
shape, strength reducion and yoleme deformation are more influenced by the wiadth than the lenglh ol the cavities. Thene s m indfluence oo
grour] concilions such as the paticle sire distnbtion, especially an the wide cavity.

Keywords

Eoad canivy, Canaitkon asressmrenr, Oirerese stemenrt medod, Serers-rsiram befurdor
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Basic Study on Mechanism of Cave-in in Road through Laboratory Model Tests
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ABSTRACT

PURPOSES : This study adentifoes the caes and the mechanism of the ocoumence of underground cavities.

METHOINS @ A case sbucy ancave-in sl 2 series ol muode] lests with 2 samall soil chamber wene comducied.

RESULTS : A hypothesis aboul the mechanism of the cave-in in nood was established. and the busic influencing fctors on emdergroamd
cavily expimsion wene identified.

COMNCLUSIONS = It was foumd that the dharacternistics of shear sirengih of soil and direction of water Plow had a brger nfluence oo cviky
formalem anid expansaan than the characieedics of inlemal aossn. Inaddition, lrge cavibies suddendy expamnded when civibes wene coused
owing lir breakage of buned sevwer pipe.

Keywords

carves i, cavily, sf chamber fest, sewer pipe, inleraal erosion
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FIELD INVESTIGATION OF ROAD CAVITY AND CAVE-INS IN SEOQUL, KORE
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cyvwomscoul go kr jhackiaiscoul go kr
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ABSTRACT

Recently road cave-ins and depressions due 1o subsurface cavities oceurred in Seoul, Korea. In this stady,
ficld investigations were conducted 1o discover the mechanism of subsurface cavity initiation. The location
of read cavitics werne identified using ground penetrating radar (GPR) tests and trench cutting. A total of 25
road cavitics identified from the GPR tests and 37 moad cave-ing were targeted for field investigation. From
the ficld investigations, it was revealed that most cavitics in urban reads are compascd of three parts which
are cavity head, body, and tail. Cavity head reached do an asphalt layer and cavity body occupies most pari
of the cavity. Long and namrow shape of cavity tail was originated from different locations which were
caused by defects of scwer pipes, insufficient backfill compaction, and improper groundwater management.
Management plans of Seoul metropalitan government o prevent read cavities and cave-ing were introduced.

Keywords: Road cave-in, subsurface cavity, management plan, damaged wiility pipes, ground penctrating
radar.

ROAD CAVE-IN PROBLMES IN SEOQUL

Sinkhole is land surface eollapse which results frorm a lack of bearing capacity due to cavity/voida developed
im limestone and carbonate rocks dissolved by groundwater. 1t had been recognized as a natural disaster long
time. Mowadays, sinkhole-like road collapse, cave-in, or sink has occurred in whan arca, including Scoul,
Korca. In China, significant change of groundwater table was reporied as the main cause of large scale
sinkholes (Gao et al. 2013 In Japan, the damage of overage underground wtility pipes resulied in the
development of voids under roads {Kuwano, B, 2011). S0, sinkhole-like road cave-ing developed in wrban
arca should ke recognized as man-made disasters. Compare to natural sinkholes, most road cave-ing are
simall, mot bigger than 5 m in diameters.

In Korea, road cave-ing have been serious problems in a couple of vears ago. In 2002, a large size of road
cave-in eccurted suddenly at a road construction site in Incheon, Korea {Figure Laj. The road cave-in was
Il m i lengih and 21 moin depth and was caused by the breakage of large water pipe during subway
construction underneath. Right before the accident, no road depression or abnormality was observed. In
Scoul, aoveral small sizes of subsidence were found in a read nearby a construction site for a high-rise
building im 2014, In addition, lods of road cave-ing, depressions, and potholes (Figure 1b, ¢, d) were also
reported as shown in Figure L, ¢, and d. Figure 1.b shows road cave-in (4 m in length x 5 moin width % 3 m
im depth) caused by the failure of drinking water pipes constrwcted in 1978 and neighbor sewer pipes. A
simeall opening on the surface shown in Figare e occurred again one month aficr patching smaller size road
depression at the same place. From trench-cut of the area around the hole, a big gize (1 m in diameter by & m

Proc. of the Eiginth int]. Conf. on Maintenance and Refabilitation of Pavements

Copyright & 1014 by Makrepavh 2016 Organizers.
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Deriving Strategic Agenda for Response of Road Sink Phenomenon

Joo Hyun Seong - Won Joo Park - Jong Gun Lee - Byoung Il Chaoi’

Korca Infrastructure Safety and Technology Corporation, KISTEC
(Received Oetober 4, 2016 0 Revised October 25, 2006 0 Accepted October 26, 2004)

Alstract @ Road Sink Phenomenon {BSP) is one of the najor ssues in South Borea. Mational and local govermments are irying to develop
cffective preventive measures against the RSP Developing the policy-oriented RSP management is most impontant oo minimize possible
losses induced by RSP, In this study, we employed the Futures Wheel (FW) method to derve influenee factors for RSP management. FW
mthod is widely used for predicting future social-cnvironmental condition: In addition, RAND Corporation’s method is wed to derive
potendeal strategic agenda based on denved influence factors by FW method. These derived sfrategic agenda can contribute 1o develog the

policies related with RSP management.

Koy Waords @ road sink phenomenon, influence factor, fitures wheel, strategic project
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The Road Subsidence Status and Safety Improvement Plans
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Abstract Ground subsidence can result in the formation of sinkholes, potholes, settlement of structures, and road
subsidence. Road subsidence is described as the sudden collapse of the road surface into subsurface cavities caused
by the loss of bearing capacity in the ground, such as the dissolution of limestone by fluid flow in the swrface causing
the formation of voids leading o subsidence at the surface, Road subsidence occurs about 665 times annoally, and
thiz incidence hag been increasing until 2003, Damaged wnderground facilities, management negligence, and bowering
of the ground water table have been the cauwses of road subsidence in Seoul. Seoul metropolifan government
anpounced special management counter plans to relieve the anxieties and make the rmoads safe for passing.
Construction sites, such as excavation works, need fo be managed properly bocause they have sirong potential o
induce road subsidence.

The airn of thiz study was to identify the main cauzes of road subsidence and suggeat management plans. Fiest, life
cyche cost analyais revealed the daytime construction to be more appropriate than nighitime, In addition, by analyzing
the limitations of using sand ag a backfill material, it is proposed o wse a flowable backfill material instead of sand.
Finally, to reduce the blind spots, which is a problem in surveying the road paverwent conditions of local governments,
the moad o be managed is divided into several sones, and a specialized agency is selected for cach zome and a methad
of surveving the blind spots through collaboration s suggested.

Kevwonds © backfill material, compaction, excavation work, road subaidence
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Applicability Evaluation of Similarity Principle
in Discrete Element Analvsis

Taevoung Yun' and Heemun Park

Abstract. The discrete element method {EM ) that has recognized as a powerful
mumerical analysia tool is uzed in many scientific and engincering ficlds because it
heas a great potential o analyze the dynamic behavior of solid, granular, and fluidal
materials in discrete manner. However, when DEM is applied o simulate massive
material handling cases, the computational cost of DEM becomes a critical isswe.
Therefore, there are growing mecds to reduce computational cost by finding mech-
anistically reazonable scale adjustment factor or method without losing the similar-
ity or similitude of discrete elernent analysis for given laboratory or field conditions.
I this paper, a mechanics-baged scaling method for static liguid bridge mode] o
reduce computational firme is suggested by utilizing the existing scaling facior de-
termination method with pariicle replacement concept. Although the method needs
1o be improved by introeducing contact model property adjusiment method for more
realistic sinlation, it can be applied for the static liquid bridge model to reasonably
simulate the fluidal behaviour of pamicles with reduced computational time in dis-
crete element analysis

Kevwords: similarity principle, dizcrete element method, liguid bridge model.

1.1 Introduction

The discrete element method (DEM) iz used in many engineering arcas because it
iz wery uscful numerical analysis tool 10 evaluate the modions and interactions of
granular, solid, and fuidal paricles in various scales. Howewer, even though DEM
haz distinguished advantages comparing 1o continoum mechanics-based numerical
analysis methods, the impractical computational cost of DEM is known as one of
critical obstacles that deteriorates the application of DEM.

T Wun (=0
Kaorea Instibne of Civil Engineering and Bailding Technology, (soyung-%i, Sowth Korea
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Deriving Influence Factors for Response of Road Depression Symptoms in
Urban Area

B. 1. Chai , J. H. Seang and M. H. Jung

fnfrastructire Pecformunce Tnstitule, Korea Infrasiraciure Safety Corporation, 16 Sadewl-ro, F23beon-gil,
Siafpes, yeongrangnoem-de, Kerea 2852

Ahstract

Aungust 2014 was halted vehicle passing 1o five road depression occurs in Seoul. As news
concems the road depression has become a social issue. Seoul city analyzed road depression
phenomenon the last five years. Causes include 1) sewage pipeline damage (84.5%), 2) water
pipeline damage (1.7%) 3) adjocent excavation work and other causes (13 8%). while other
sources present a wide mange of root causes, mcluding excavation work, water leakage,
subsidence of soft ground, land frosthite, pumping near subway stations, changes in
underground water level, loss of ground support, and the lack of water barriers in earth
retaining wall. Incidence also occurred in 2010 (435 cases), 2011 (573 cases), 2012 (6H9
cases), 20013 (BS54 cases), undl July 2004 (568 cases) and It continues to grow (Seoul, 2004).
As a result, the government and local autonomous bodies announce a varety of preventive
measures for against the road depression.

The most effective response of road sink phenomenon is preparing related policies, which
must be applied procedure of disaster management, There are several types of deriving a
predicted influence factors. In this study, we derived influence factors for response of road
depression using Futures Wheel method.
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This study focused on the analysis of the frequency spectra of impact seunding test performed on compesite dabs with different

interlayer condition, [Matindt and consistent characteristics of the frequency spectra were abserved from the impact signals, The
consistency of resulls for 'I:'und:intl' condilion ab varying temperalure wis als invesli.ﬁul-uﬂ. Fesulis of boratory lests were compared
L dilferent |:|r.|r|d:ir.||'|| condition ohserved in the field. Finally, a proposed decision matrix analysis was presented and suecesslully
identified the interface bonding condition. The proposed decision matrx is composed of four zones characteriving each interlayer
condition based on the features of impact signals. Field and laboratery asesment conform o decision matrix resule.

1. Introduction

Bonding between pavement layers is an important factor for
long term performance of asphalt concrete (AC) pavements
and for the durability of bridge deck slabs. A decrease in
the bonding strength at the interface between the AC deck
pavement and Fortland cement concrete (PCC) deck plate
and increase in pavement deflection cansed by traffic loading
may result in accelerated fatigue damage in the pavement
[1-3]. In addition. debonding between a water proofing
layer and bridge deck may cause more serious problems
to the bridge deck. Water andfor deicing salt could easily
penetrate into the cencrete deck resulting in deterioration
aof concrete slab and corrosion of reinforcements [3, 4]
Therefore, appropriate interlayer bonding is essential to
achieve the long term durability of the AC-PCC bridge deck
pavement.

Evaluating the amount of debonding area developed
in the bridge deck is very important to determine proper
timing and methods for repair or rehabilitation. However
it is not an easy task because debonding cannot be deter-
mined by visual inspection of the pavement, especially at
the early stages of deterioration. Therefore, nondestructive

tests (MIDTs) such as impact echo (IE), ground penetrating
radar (GPR), and sounding methods have heen applied o
determine the condition of bridge deck pavements. American
Society for Testing and Materials (ASTM) released guidelines
and methods for detecting delamination using sounding
[ASTM 4580), infrared thermograph (ASTM 4788), and GPR
[ASTM D8&0ET) [5-7]. These approaches focused on concrete
bridge deck condition but not on the interlayer debonding
problems. The second Strategic Highway Research Program
[SHRP-2)was recently conducted to evaluate the efficiency of
available NDTs in determining delamination and debonding
of pavement infrastructures [8]. GPR methods displayed
limitations on determining delamination in shallow depth or
on wet conditions and detailed boundaries of damaged area
at fast survey [9]. Previous study indicated that GPR tests
succeeded in detecting 33% of simulated debonded sections
and could only qualitatively identify severely debonded areas
with presence of moisture [10]. The limitation of IE/SASW
tests is greatly affected by the temperature of AC pavements
and the slow-walking speed limits [8]. The IE method was
also found to be limited to certain deterioration size and
shallow delamination which generates vibration frequency

[11].

_99_



[E8l2]
du5d C-2-0

H|SCI=&1

ff. JL Highw. Eng. Vol T2 Mo, 5 0 88750 QCTOAER 2007
hitps.ded ong M0 FRESANE 201 TS 506

257 &x o s GPR &Y A& H3t A
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ABSTRACT

PURPISES : The purpase of this siady is to evaluse dilferent types of Ground Penelrating Rador (GPR ) tesling for characierizing the rosd
cavily delection. The imgulse and slep-freguency-lype GFE lesls wene conducied on a lull-scile testbed wilh an araleczl vosd instalBwon, Adber
analyzing the responea: signals of GFR tess [or detecting the moad cavily, the charcienstics of cach GPR nesponse was evaluated For a sailahle
selection of GPER lesis.

METHOIS ! Twar different types of GFR tests wene perfommed kb estmmate the limilalion and accuracy for detectmg the covilies encderneath
the asphall pavement. The (PR signal responses wiene obitamed from the tesdbed with d@fferent cavily saees amd deplths. The delection Bmaation
was identified by a sigmal penetration depth 2l a given cavily for impulse and step-freguency-type GPE besting. The umigue signal
characiemstics was aloo ohserved al cavily seclms.

RESULTS : The ingpulse-type (PR detecied the 300-mem kength ol cavity 21 a depth of 10 m aud the siep-frequency-lype GPR detecied the
cavily up B L5 m. Thes indicates that the detection cagacily of the step-Imequency bype is belier than the impulse type. The step-fregquency GFR
bestng alao comn rellec the howhing phemomena thal can mare scouralely determine the cavily.

CONCLUSIONS = [t i found fnom this study thal ghe step-lrequency GFR sesting is more suitable for the moosd cavily detection of aspial
pavement. The ua: of step-frecprency GPR bestmg showes o distind image at the cavily occunmences.
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ABSTRACT

PURPOSES : The objective of this stedy is to evaluate the potential risk leved of mad cave-ins due 1o subsurface covities hased o the
deflection basin measured with fulling weight defectometer (FWD) tests,

METHODS : Ground peretrating radar (GPR) tesis wene condiecied 1o detect road cavilies. Then FWD tests were conducted o 13 pavement
test sections with and without a cavity. P& D deflections and & deflecton retin ws used (o evaluale te effect of geomemy of the cavity and
pvemenl for mad cave-in potentials,

RESULTS : FWD deflection of cavity spotions measimed at 60 cm ar a closer offset distance o & loading center wen: 50 prester than mors
robust sections. The awerage deflection miic of the cavity sections lo robust sections wers 1,78 for high risk level cavitics, 151 for medisn risk
lewel cavities, and D16 for low mak leves]l cavities, The relative remaining servaoe lifiz al’ pavement with & cavity evalumied with an surfece
curvature index (SCI) was 8.1% foe the high level, 21 2% for the mediom level, and 89, 8% compared i pavernent wighout o carvity,

CONCLUSIONS : FWD tests can be apglied 15 detect a subsurface cavity by comparing FWD deflections with and without a cavity
muzined & &0 cm or a chaser offsel distioce w0 oading center, In addition, the relative remaining service Gfe of cavity seclives bused on the
ST can used o cvabusbe oad cave-in potentisls,

Keywords
Falling Welglt Dalectometer, Deflecnion Basin, Swbrarfors Caviry, Boad Cave-in, Remaining Service Life
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DEM Simulation on the Initiation and Development of Road Subsidence

re

i = Kim. Yconho
LI Park, Scong-Wan

Absiract

Foad subsidence, frequently occuwrring in urban areas, s caused by collapsing of surface layer due to underground
cavitics followed by a loss of soils. Te betier understand this phenomenon, the mechanism of cavity fonmation should
bhe identificd firstlv. Twoe kinds of possible subsidence mechanisms were established through previous case studies and
the memerical analyses based on Distincet Element Method were conducted for cach of these meechanisms. 18 was confinmmed
thai pariicke loss and surface setibernent can develop differenily depending on slit size, void ratio, and pariicle shape
among the various factors influcncing the road subsidence. The result demonstraded that the effects of varyving cavity
diameter and depth could be quandificd as a damage chart.
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Determination of priorities for management
to reduce collapse accident of open
excavation and road sink in urban areas
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Abstract

The collapse accidents during a open ground excavation in urban areas not only lead
to human injuries and material damages in the construction site, but also lead to road
sinks and damages o the adjacent facilities dee © settlement of ground around the
construction site. Therefore, during a open ground excavation in the urban areas, itis
necessary W0 thoroughly prepare for prevention of collapse accidents, and consider
whale construction stage such as planning, design and construction. In this study, the

E QPEMN ACCESS

priorities o be managed mainly were obtained in order to prevent collapse accidents
Jaurnal of Korean Tunmelling and

Undergraund Space Association during a open ground excavation. Afler analyzing results from past accidenis cases for
I3 85501(2007) open ground excavalions, priorities were evaluated regarding collapse-inducing
hispe: /ot arg! 157UV TAL201T. 19,3 459 elements using the Delphi technigue which is a decision-making method by consensns
cISHN: 13E7.4T47 among experis. As a resull, insufficient groundwater treatment, bad gectechnical
plE5H: 1243-8200 investigation and instability on construction, ete, were oblained as priorities for

prevention of collapse accidenis.
Received April 14, 2017 . . . s ae
Bevised Maw 3. 3017 Keywords: Open ground excavation, Accident cases, Delphi survey, Priorities
Accepred May 16, 2017
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Use of accelerated pavement testing for degree of risk due to road cavity

Hee Mun Park, Yeon Tae Kim, J1 Young Choi & Booil Kim
Kowea Feseiviee of Chvil Engineering and Buiding Techmoiogy, Gojearmg, Kovea

ABSTRALCT: Recently, the various types of covities under the road pavemont have been frequently
occurred in the wrban area of Seoul, Korea. These cavities cause the collapse and settlement in the pave-
ment and have a bad inflluence on safiety of driver. The objective of this study is 1o evaheate the effect of
size and depth of cavities on the pavernent failure using the accelerated pavement testing. Two rectangulag
shape of cavities were installed at depth of 0.3 and 0.7 m from the surface in the testbed, The cavities ane
misde of ice with 0.5*0.5%0.3 m of dimension. The thickness of asphalt and base layer were 0.2 m unsl
(.3 m, respectively. An 80 kN of wheel loading was applied on pavement section with 10 km'h of speed,
The permanent deformation was measured periodically at given number of repetitions. For cavity seciion
of 0.7 m depth, the 30 mm of permansnt deformation was measured ap 20,000 load repetitions which i
three tinmses greater than intact section. In case of section with cavily ot the depth 300 mm from the swerfuce,
about 50 mm of permanent deformation was measured at 32,000 load application which 15 twenty limes
higher than cavity sscton of 0.7 m depth,

350
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A Study of Boad Collapse Mechanism Using the Accelerated Pavement Testing

Kim, veontae., Park. Heemun

Korea Institute of Civil Engineering and Building Technology(KICT)

Pecently, anxiety of the people is increasing due to read depression ccciuuring in the Forean
cities. A lot of related researches are going on in Korea. In this study, a simmlated cavity (ice)
was placed 50cm below the surface. and its size was designed as lm in width and 50cm in
height. In addition, a methed of laying the drammage layer 20 cm was provided to facilitate the
dramage of the melted ice. A specially made acrylic of 200 times the strength of ordinary
acrylic was installed to withstand the sand pressure during the acceleration of the accelerated
pavement tester (APT). In addition, we designed the road collapse mechanism to be directly
wvisible to the naked eye. A strain meter was embedded at the bottom of the surface layer, and
the positions were embedded in the intact area, the vertical part of the center of the cavity, and

the cavity side.
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Development of an Asphalt Pavernent Response Model for
Subsurface Cavity Secoon Using the 3D Finite Element Method

U2 (o YeonWoo | M2H - MESEA SSEAD & SR N - SHULA (Emal : crwemdseoul gokn)
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ABSTRACT

PFURMSES : The objective of this study e to develop an asphalt pevement response model for a subsurface: cavity ssction using the 30
Fmiie clement method 2nd a statsdical spprosch,

METHODS : h is necessry io analyze the sruchuml bebenvior of phall pavement with a sshsurface cavity o evaluse the degree of risk for
= moad cave-im A 3D findee element model was developed o sl the subsurface cavity endernesth. zsphalt pavement 2nd e werified usng
the ILLIPFAYE progrem. Fmite slement smalysis wes conducied for asphal pavement sections with differsnt sphait bayer thickneesfmoduhe,
mndd cavity depth and length, o genermte the antificial pavemnent reponse detsboe. The oritical pavement rsponss comsidend o this shudy oo
the tensile stain af the bomom of #e asphait Lrpsr becwre falignes cracking is the main case of mad covecis The relstiorsdip befoesn the
critical pavement rsporse and fluencing facions wes investipaied wing the pevement response databerse. The sotistical regression apprach
was adopied o develop the aphalt pavement regponse meodel] for predicting the oitical pavement mspomse of @gphalt pavement with 2
sufmurfane convity.

RESULTS : It wes found from the sersicivity amalysis that the axphali Eyver thickness or moduhes, and @ity depih or length, o= the magor
faciors affecting mad cenve-in incidents Tvolving, =phall pevement. The ephall pereement Fsponse model showed bigh soomcy @ predicting
the tensile sirsin st the bottom of =plak byer. It was fomnd from the verification shdy that the B sguers vale hetwesn finke element mode] and
paverment resporsr mode] wer L5969 ard (L5975 in e cavity and intact sections, rspectvely.

COMNCLUSHYNS : The work neporied in this paper wis intended o Sgars oul the paresment ssuchural behavior ond o develop 2 pavement
resporse Hde] fior the cocumence of cavities nderneath acphak pareement exing 30 finite slement salyci. In the foosre, oritical pavement
resporse will be utilized to establis the: oriteria of fisk of moad Gve-in based on vanous different condiions.

Keywaords

Finiter Elewaer Method, Caviry, Pavemen Reponce Modef, Boad cave-in
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Influence of Satwration and Soil Density on the Ground Subsidence Using
Distinct Element Method

A 4|8 = Koam, Yedmthao

7 4 ar Kim, Hywunban

gt o @ Park, Saone-Wan
Abstract

The collagre betavior of growmd absidence caused by codmuoes o of particles depends on the sslursted condition
e demsily of the grownd In this sSwdy, types of ground sibsidence were classafed haied on the satrsted omdition
el esch type wes perfommed on the & Merend relative demsiy ko analyre the influence fsctors on the collagre behavior
by distinet elemen method. Accordng (o analyas reals, the melatvely el amomnt of sttlemen ocoumed on the
demae growmad and & cavily weas creslal under demseunsiursted gound In ool oose ground dhowed dhe brese i
ol settlemenl s collapsal immmedistely withowd cavity fommston even i the msstursted goumnd was somubsied The
remlt demonstrated thel becawse the relstve demsity has miluence on the mechanical mierloddng snd sshrsted amndition
has influence on the inderpanicle froe, thes are importml Beckors & change the oollapss behavior,
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Development of Urban Scale Action Procedure and Checklist
for Road Sink Accident Restoration

FECLRE TTTE

Seong, Joohyun®, and Choi, Byoungil*®

Abstract

Fallowing oontimmons occorences of mad sinks in the center of Senol in 30 14, this phenomencn has become o major social issoe
in Korea. Althongh the governmant, mumicipalities, and rdated expants have made lods of offors o0 pevend road sink accidems,
these incidemis ore sill accoming all over the comniry. Road sink acddems ore often accompanied by emargency sitations hacanse
af their close smsodation with kes of homan life and proparty domage. Thesdore, this stody sims a4 presaming orhanwcals msioration
paion proedors and checklist fems that can be msed by govemmem officials i ecover quickly in the evemt of 2 road sink
incidant

Ky womds : Hoad Sink, Hesioration, Action Pmosdwre, Checiclis
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Comparison of Multichannel Ground Penetrating Radar Equipment

for Detecting Road Cavities
EHE  Yoon FnSung HER - MEEEA BEASE CREFHTHE FEIE-mail : jFyoonidiieoul gokry
OIH Tl Lee ChamgMin | HYH - HESEA BEAIE: CREUNTHE 27 (Email : min 78725 woul go kr)
WEE  Hackonprun | W - MESWA BEAML CEEAVEME MEE - 50T (E-mail : fuck sl go ko)
ABSTRACT

PURPOSES = The purpose of this siudy is o compare the advaninges and disadvaniages of 30 multichanne] ground pencimting radar (GPR)
equipmment, which is mainly wed for road cavity delection. The optimal signal analyss method was aleo proposed for 3D GPR dala
METHOINS : Four types of 30 GPR eyuipmen were used 1o detect road carvilies ina pilot road section in Seoul. The obtained GPR signals
were evaluated in the time and frequency domain using aw data. In addition, various types of fhers were applied 1o tme domain (B-scan) data
iy examine the optimal signal precessing.

RESULTS = The time and frequency domsin amlyss of e data showed that all the squipment produced reverse amd drong signal neflections
awmg o ihe kow deiecine permuttnvty af air m e cavity compansd wilh neighbor materaic. Ao, the asymmetne pamabalic curve wais observed
2= well. The optimal signal processing method was determined 1o detect road cavitiex aro-setting and hackground removal should be applied 1o
CONCLUSTONS @ Despite the different specifications: of (PR equipment in tenms of signal generation and handwidih, the GPR sgnals wee
appropwise n lenms of meno-seting, noise level, and depth of investigation. Therefore, all the mublichanne] GPR. devices evalmied wene found o be
suitable todetect road cavities located at depths of 1.V and 1.5 m afier the application of proper fillenng prooess.

Keywords

Road Coretity, Crrouned Penetrating Radar, Moalticheane!. 5ipnal anaiysiy
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Evaluation of GPR. Application to Survey Utilities on Sidewalks
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ABSTRACT

PURPOSES : This sudy aims o0 evaluste the applicability of ground penetrating rmdar ((GPR) for surveying mtility pipes under sidewalks
made of comcrete brick and plale-stone block pavements.

METHODES @ GPR tesis were conducied al bwo lest sections 1o delect Eyper boundary and wiility pipes under the pavemonis. The ceniral
frequency of the single-chammel GFR was B0, S0, 250, and 100 MHz. and the central frequency of multi-channel (8) GPR was 450 MHz
(GPR =ignalks were amalyzed in teoms of |-D {A-scn) and 2D (B-xcan) profiles.

RESULTS : From the A-scon data snalysis, the vertical resohstion of the GPR mnged foom 7.3 om for SO0 M 1o 1331 an for 100 Mz n
the concrete brick bliock pavement and 13.9 am for B0 MHz 0 1442 om for 100 MHz in plate sione block pavement. From the B-scn dta
analysis_ 250 M 1o 500 M GFR was sufficient to differentiale the layer boundary o a depth of 1.0-1.5 m o delect wiility pipes at 2 depth of
(15-20 m in both block pavements. In the plate-stone block pevement, GPR sipnal atiemoation was greater hecawse of the wire mesh in the
concrele lyer. Thus, the penctration depth was approximately BIFE of the concnele brick-biock pavernent.
CONCLUSINS & The peneiration depth and vertical resplution of GFR in the sidewalk paved with hlocks wene comparable o those of
roesdway pavement. Amaong the GPR evaluted. the 250 MHz GPE was the most desirable, and the 5000 MHz GPR. was affordable for the
investigation of underground pipex situated ap o 2.0-3 ) m under sidewalks.
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Crronmadspewetrating radar, Block pavesen's, Sidesaik, Diaiity deteciion
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A Study for Improvement the Subsurface Cavity Management Grade

Using Deflection Ratio
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ABSTRACT

PURPOSES & The purpose of this shady is o evaluaie and improve the polential risk of rood cave-ins due (o subsurface cavities based on ghe
defflection ratio measured with light falling weight defleciomeier (LFWIY) tests.

METHOMXS : A cavity datbase for Seoul wes developed and soried. LFWID testx hased on the datshase were conducied on pavernent
sections with and without road cavities detected by ground-penetrating radar (GPR) tests; affer excavating the area, the cavity sizes were
measred. The deflection ratio was applied and analyzed by cvity management gride methods of Japan and Seoul.

RESULTS = The results of commparative smalbysis swrw that the deflection method can detect road cavities in aress of the namow road (or in
marrow areas af the roadl The average deflection rabo of the cavity sections o the mobust sections were 248 for high-risk cavities, 185 for
mediumerisk level cavities, and 149 for low-rsk cavities. Risk levels in Japan and Seoul were reclassified aoconding o the deflectson ralios.
CONCLUSIONS : LFWD #est resulis can be applied o verify and improve the subsurface cavity risk level by comparing maimem
deflection and deflection mio between cavity area and mon-cavity area st the loading center. LFWD devices also have mone advantages
compared with larger NDT| Nondestneciive lest) becawe FWID and GPR encounter difficulties i raffic control and they could not get ina
narmow Toads.

Keywords
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Underground Object Classificadon using 3D GPR Data
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Abstract:

In thiz stody, a povel method based on pround penstmation radar (GPR) is propesed to caeporize undsrgromnd
abjects by using both B-scan and C-scan imapss. Three-dimensional GPE. data obtained from a poultichanne] GPR
system are reconstmactsd min a twe-dimensional (200 prid imape which consists of seweral B-scan and C-scan
magzes. Three-dimenzional shape information of an underground object can be well represented in 2D zrid mage.
The 2D zrid mages are then mansd using deep convolutional nearl networks (CHI) that is a state-of-the-art
technigue for imagze classification problem The proposed method 1= validated throngh feld applications on urban
roads in Seoul. South Earea.

Eey Words: Gronnd Penstrating Badar; Deep Learning; Image arrangement
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Sensitivity Analysis on the Effect of Cavity in Structural Capacity of
Asphalt Pavement using Finite Element Analysis
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Abstract:

Subsurface cavities in the asphalt pavement which can cauze road depression and cave-in accidents influsnce
on the safety of pedesinans and vehicle dovers in the urban arsa. The existence of subsurface cavity can increase
the tensile strain at the bottom of asphalt layer which is an indicator of fatiene cracking potential, and leads to the
weakening of the pawement stroctural capactty. In thiz stody, the finite element (FE) analyvsiz was conducted to
examins the relafionship betwesn the ciitical pavement responses and influencing factors, such as cavity depth and
sipe, asphalt laver thickness, and asphalt concrete modulns. The surface deflections and tensile strains calonlated
from the ABAQS FE program wers compared i those from ILITEAVE. It is found fom this compartson that
there are a good relattonship between two amalysis results. 4 three dimensional fintte element modsl which is
egzential to simlate the hexahedral cavity were used to gepsrate the synthetic database of critical pavement
responsas. To validate the developed model, the deflection data obiamed from feld Falling Weight Deflectometer
(FWL) testing in four different lecations were compared to FE deflections. It is found that the center deflections
nbu.i:u.adfrumﬂlem‘ﬂTEﬁﬂgmdFEmal}sjsmsﬁnﬂa:tumLhuﬁaniﬂlmmmlmsufl? 44 55, and
11.9 % respecavely. The FE model developsd m this srudy seems to be acceptable in simnlating actual fedd cawity
condifion. Om the basis of the data in the database, various apalyses were conducied to estimate the effect of
mnflencing facters oo the critical pavemsent responses. It was found that the tensile sirain at the bottom of asphalt
laver is affacted by all the factors but the mast affected by the cavity depth and asphalt concrete moedules. Funther
studies are recommendsd to properly account for the effect of caviry’s ZROmeTy 1o DAVEMENT TESDONSE.

Eey Words: Cavity; asphalt pavement; finite element method; ABAQUS; faling weight deflec tometer;
deflection basin
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Alstract:

Grownd depressiond'cave-ins due o subsurface cavities have been eocasionally eccusred im urban area. To prevent
the ground cave-ins, a ground penetrating radar (GPR) meihod was applicd and more than 2,000 subsurfice
cavities were found in Seoul. For each cavily, excavation was corried out to investigate main couse of the cavity
and then the site was restored permanestly. It was fousd that this excavation-and-restoration method was mot
eflicsent 1o repair small size covities. Instead, growting metiods was wed 1o cepair the small cavities femporarily,
Thiis stwd v evaluated the Geld applicability of growting methods on restoring small cavities. Tlree types of grouting
materials were applied en 12 sections amd bwo non-destructive fests were conducted i field. A falling weight
deflectomeder] F W) test was conducted o assess the bearing capacity of the site before and after grouting. Ground
penetratmg radar (GPR) was uwsed o evaluats the extent of the grouting matenals 1o 2 cavity. From the FWIE0 test
resulis, the bearing capaciy of the Section A and B was enhanced by 7.53% and 13.5% while ibe bearing capacity
of the section C was redsced by 11.5%. It was found lrom the GPR tests that the grouting materials used in the
dectiaon B and C coeld fll the cavity well and also extended to surrounded ares due 10 injection pressure or self-
expansion. In cemmon, the small cavities could be restored quickly, less than 30 mimutes per a cavity by the
grouting meethods. Hence it can be concluded thas the grouting methods con b applicable 1o restore small cavities,
Hawarwer, it needs te consider the application of growting metheds carefully because the growting methods can be
lost thraugh a pipe link 0 8 cavity, Also, excavations can be conducted occasionally m urban roads 3o that the
stiffness of grouting materials needs b sofl crough o be excavated and strong enough to support traffic boads,

Key Waords: subsurface cavity; geouting: falling weight defleciometer; ground penetroting radar
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Abstract:

This is the abstact section. One paragraph only Foad cavities recently mourban are cansing collapse of road sarface
laver due o loss of suppoent bearing capacity. Detecting road cavitie: with ground pensmating radan{GFER) test,
then excavation and backfill are performed in the anticipated cavity area. Howewer sometimes detectiing emars are
ocomred because of the complexity of the GPE. test resulf apalysis or mierval space between larger zravels. So
before unnecessary excavaton, verification for detect the cawides results should be needed. The purpose of this
stady suggest deflection method by the Light weight deflectometer{LWD) as a verficaton way of GPE. test resulis
and as a macking imvestization method continnensly at the sites having small size cavity. LWD dewices has mors
advantages than larper WOT becanse FIWD has difficuldes in a waffic comtrol and entrance of nammow-back road.

Im this shady, LWD fests were conducted on the pavement sections with and without road cavity detected by GPER
tests and afier excavatng the area, the cavity sizes were measured. LW test results can be applied to wverify a
subsurface caviry by companng maximum deflection and deflection ratio between Ccavity area and non Cavity area
at the leading center. The higher deflection and lower modulus was measured at cavity sectens. Based on the
results of the comparative amalysis, It is found that deflection method has a possibility of complementary for
detecting road cavity. Alse cavity size prediction equation was attemptad to propose throwsh deflection rado using
a databaszs. Compared with another validation data, the proposed prediction equation is mare suitabls for detecdng
cavity existence than size estimation becanse the average ermor rate is larger. As a resulis of the anabysis with depth
ratio a3 a factor, it is necessary to improve the caviry size prediction thoongh the normalization nsing the parameter
of road properties.

Key Words: Road Cavity, LWINlizht wieght deflectometer), Deflection, Deflection ratio
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Abstract: The Ground Penetrating Fadan/GPR) &5 a typical non-destructive test equipment which is widaly nsed
n seeking a cavity or underground facility. Test results are penemily expressed 10 monockrome or color images,
distribution of the pamabelic waveforms ars used to determine the existence of cavity and facilsty. (Fig. 1) But. an
analysis method of Imags may cause erors depending on the knowledze and experience of analyst. In this shady.
we analyzed the coefficient of comrelation between A-Scan data of GPE to judee the existence of cavity located
under the pavement layer. The comelation analysiz was performed based on the assumption that the relationship
of comelation berween a mumber of A-5Scan dat passing through a non-cavity section is larger than a small number
of A-Scan data passing through a cavity section, and relationship of correlation was wisnalized uwsing Surfer
Program (Fig. 2} In addition, apart from the correlation analysis. we compared the Pewer spectnum of the A-scan
data for the cavity section and non-cawity section. In other words, assuming that the size of the enerzy changes
dependmz on the existence of the cawity. PSD (Power Spectram Diensity) is obtained for all the B-5can dam, and
the tendency of the energy size is confirmed using the 30 wireffame map of the Surfer program. (Fig. 3)

=1
-

Fig 3. GPR Measnrement resmlt.  Fig. 2. Correlation coefficient chart. Fig 3. PED ]]I_Stti}dlﬂ chart.

A= aresult, the comelation cosfficient shows a small tendency in the cavity section and the PST shows a large
tendency, which is mvhatively recogmized that the ensrpy attenuation in the cawvity section is smaller than other
material But, there are some ambiguous sections to judge the tendency clearly, this is estimated to be moise on the
underground facility and if is pecessary to take measure of mitigating this.

Acknowledzemant

This research was supponted by a prant{] STLEP-C000510-04) from Transportation & Logistcs Fesearch
Prozram(TLEF) fanded by Ministry of Land, Infrastrocture and Transpart of Forean pevernment.

Eey Words: Cavity; Groond Pepetrating REadar (GFR); Correlation Analysis; Forier Transform;

- 163 -



[E&14]
du5d C-2-@

LERL 2018 » Jeju * Korea 93

U6
A Study on Stiffness Characteristics of Asphalt Pavement with Subsurface
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Abstract:

Recently. road cave-in and depression m urban area due to subsurface cavity are emerping as a social issoe m
Forea. These phenomena enable o canse not cnly damagze to uman hives and properties, ot also an arcdety of
the ciizens Furthermaore, if is a problem that needs maore fundamental soloton to comntermeasure. The objective
of thiz study is to evaloate the stiffness characteristics of asphalt pavement with existence of subarface cavaty
uzing Falling Weight Deflectometer (FWL) deflection and backcaloulation analysis using GAPAVE program
developed the KEICT. The characteristics of FWD deflections are analysed for cavity and imntact asphalt pavements.
The stiffness reducton in the asphalt pavement due to subsurface cavity was evaloated as a result of this FWD
test. The Seoul Metropelitan Government has condwoted a Ground Penetrating FBadar (GPE) test, coring, and image
photographing n four different bocations o determine the presence of the cavity and figare ot the cavity depth
and size undemeath asphalf pavements. The cavity depths measurad in this section range between 1 Tom to S1om.
and its lengths are at least T0cm to up to 310cm. It is found from ths analysis that the deflections measured from
cavify section are generally higher than infact section in same bocations. As results of backcalculation analkysis, it
appears that the backcaloulated moeduli are generally decreazing with increase of cavity depth. After companng
with AC moduli obdained from intact and cawity secton, it & observed thar aboar 80% of moduli was reduced with
existence of subsurface.

Key Words: Falling Weight Deflectometer; Ground Penetrating Radar; GAPAVE, Sobsurface cavity
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Abstraci:
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Absiract—The cliv of Seoul has been in brouble due to road
saflety problems indeced by @ sudden and rondom read cave-ins.
Extensive lield isvestigations have heen condusted to usderstand
the phemomenos o (he read cave-ins. This study introduaced the
resulis of Reld invesligadion va the developmend of road cave-ins
mnd swhswrince cuvities. Grovnd penetrating radar (GPFR) test
resulis alss reported 1o detect subsurface cavities which may
hecome: road cave-ins in the Teture. Fleld tests indicate that most
subsiFlace eavilic consist of (hfee parcs: hesd, Body, asd tail
The causes of the cavilies were sewage defecis, lsck ol backiii
eompaciien, and imsulficient carfhwork. Sebsarfeie cavlisgs werg
detected smecessTully weing the GPR tests and repaired according
it the levell of road cave-in potential, Two years of GFR tests and
restoratéon resslbed in 8 67% redwction in the wrban resd.

Kerwerds—raad cave-inm; sebrunfece cawiy grewnd penciraniag
Fandars urdan Fead

I INTEODUCTION

A sinkhole con be defined ns a type of surface collapse due
t the lack of beanng capacily of the swrface due o cavilies!
viids i the underlying byver made of limesions and carbonace
rock dissolved in groundwater. It has loog been reoognized as
2 malwral disaster. Today, in many counlrees, here has boen a
sinkkeale-like mad cave-in [or collopse) ondfor sink, cspecially
in urban areas. Signiftcant changes im the groundwater lable
have beem meporied a5 mapor causes of larpe-scale sinkbobes
{Gae ot al., 201 1), In many cases of small-scale road cave-ins,
the damage aof undergroumd wtility papes has led o he
developmeent of a joint underground andior onginal foundation
{Kwaane 200 1} Compared with natural sinkholes, most road

cave-ing are considerably small, less than 5 meters i diameter,

bt oecus more frequently. 10 can be a8 imporiand
artificinl disasters o be comrolled carefully in whan anea

Im Kirea, rosd cave-ins hawe become a serious problem n
fiew years ago, In Seoul, several small setilements were found
an the road near the comstruetion site of high-nse bumldings m
2004, In sdditom, bats of read cave-ins, depressions and
puothales have been reponed, For example, figure 1.a shows o
road cave-im, 4 m bong, ¥ m wide, and 3 m deep, caused by the
becakdown of the sewspe pipe adjacent 1o the drinking sater
pipe constrected in 1978, Figure Lb shows thag the seoond
rondl cave=in pecwmed just one month afler a small patch repairc
was done on the st small road cave-m, & large sooe (1

ATE-1 =536 57775710531 00 3013 |EEE

dizmeber, 8 oo depth) cavity was found in the french cut aroand
ihe hode

Tppoc | roded cave-ira due 1o otiliey demage

Fig. L.

I, MECHANISMS OF ROAD CAVE-ING DEYELOFMENT

A, Road Covesdr Develspmern!

A Neld mvestigation was conducled io discover the causes
nf ramd cave-ing and the mechandsen ol poad cave-m and cawily
developmenl. Excavation was carricd out carefully so prevent
ihe sudden collapse of the rosds and sumounding arcas
Several fypes of swhsurface cavities bave been found in more
thean 106} road cavities and subswrface cavilies, In general, the
firsl sep of subsurfice cawity development i to break the
cormection between two pipes or the middle par of the pips
bauried 1-2 moters bedow the surfaee, Then, the soil around the
pipe s gradually pencirated into the pipe by wabter through
cracks or crevices, and the cawvily is formed inidally. The
sarppunided 2ol Keeps indfilerating imio the pipe and then the
cavily moves o weak areas and grow in bong and narmow
spaces. This part can be mmed "cawily w@l” i this stedy. The
cavily Ll was Fownd in subgrade andfor original base of roads
which wis made of clay andior silty soils having very low
permenbility. The length of the tail depends masndy on the
depth of the wirlity and the ype of soil. For example, a tail
developed mear a circular pipe 5 0.2 m long, 0.8 m long in &
sewige box, and 1.9 mina suabway box (Ched etal,, 2016)

As ihe cq\'jl:,- Eail Frew tpward the road surfoce and
reached the aggregale and the base baver, the cawvity quickly
began o exparnl amd occupied most of the wolume of the
cavily. Sothis pan was mamed “body™ in this study. The cavity

L k]
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Ahbstract

As road sinks occurred frequently in Korean major cities such as Seoul, Busan,
Incheon, the road sink phenomenon was considered as a major social issue in Korea
Because a road sink accident is closely related to human lives and property damages,
it is necessary to develop and operate restoration process for the road sink o ordes to
decrease damage from a road sink sccident. However, it is necessary thatl restorataon
processes which are suitable for the character of each city are developed, bocause =size
and organization are different from each city. In this study, type of cities were
classified as big city and small ¢ity in consideration of population. population density
and presence of response organization for the road sink. As a result of score
combinations, & cities in Korea were divided as a guidance for hig city. Amd,
resioraihon processes were aeveloped in order o sull with big oiy and small ealy,
Finally, a restoration process for suburban area whose importance of road
management is lower than urban area was presented.

Table. 15. Flow chart of landslide susceptibility map using hazard level-based

rainfalls
Facior I— _Criteria___| City
Rangs Seare :
Populati = 1 3 Seoul, Busan, Docgu, Incheon, Gwangjo. Dacjeon. Llsn Suvwon ee (10}
opalation N
(Million pe z D3 ;*' ) 2 Seongnam. Hucheon, Ansan. Anyang. Yongin, Jeonja, leju eic (15)
opl) = 0.5 | Ulijecnghu, Sileurg, Gwingrycong, Gunpa, Disan, Guri, Sejong cic 417)
Population o 2 0 3 Hucheon, Seoul, Amvang, Gwangmycong, Suwon, Gunpo, Seongnam el (22
Density [~ ™ & M 3 Hansn, Yongin, Clissgwon, Namyangju, Gimbae, Doogducheon, Ulsan eic. | 12}
[people’ ™) = %0 i limju, Icheom, Pohong, Jeju, Anseong, ii-.;.-n,mg_-. anig, Wonju Pocheon el (100
Respanse "::::;T:Eaﬂmu-. 2 Speoul, Anyang Suwon, Seongnam, Ansan, Bosan, Goyang., Feonju eic. (18]
Ll L general .:i::,- 1 Hucheon. Guangmyeong. Gunpa, Guri Lijeongh, Mbokpo, drimpo etc., (32§
B LlmE oin Clesseiication ol Cily
City =i Tosnl Score i Lies s ficati i
Laspe City & andahave Seoul, Busan, Daegy, Incheon, Gwangiu, Dasjoom, Suwan, Cioyang i)
| Changwon, Ulsan, Yoagin, Anyang. Secognom, Ansan, Cheossan, Cheongiu,
Fohang, Jeonju, Bucheon, Gwimgmyeong, Gunpo, G, Uigsonghu, Meakpe,
Dsan, Siheung, Uiwang, Gwacheon, Hamam, Memyangio, Gimhiess.
Small City | mod more than 5 Mangduchean,
Gimpo, Preonginck. Hwascong, Yangju Giyvoonpg-liwangiu, Liumi, S=jong,
Pajua Yeosu, Jimju, Icheon, Jei, Arscong, Gwangyveng, Waonji Pocheon,
Wenju, Milyanp (42}

LWl
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A Proposed Methodology for Determining the Subsurface Cavity Management
Grade using Deflection ratio
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DEM simulation to identify the development of road subsidence under
traffic loadings
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ABSTRACT

In this study, & numerical simulntion was carried oun wsing the mwo-dimensional discrete slement method for evaluating ihe
development of rosd subsidence tmder tralTic losdings, Based on foree chain distibution. and particle displocenent. the
collapsing areos were simuloted. As o reult, i the geometric shape of covity and load conditions are properly modelled, it is
possible 10 reproduce the development of road subsidence which then can be used fir cavity asscssment.
Keywards: Divorie element method 8ocnd sefridofesee. raffic foad, Gramalsr materiols

1. Introduction

Foad subsidence, where the foundation cavities exest, oocurs due o the eollapsing of surface pevement Laver cosed <ither by
sarfl ervaion oe irnifie leadingsiKwamno ef al., 2012; Kwoen et al, 2006} These cavity problems on macds have inoesed and
became more socinlly challenging, 5o, thene is o need for o mone realistic understanding of rosd subsidence mechanism is under
traffic loadings. In this paper, numerical simulations wene shown sceonding b various sues of cavity using the Discrele element
it TIEM )

2. Discrete element method

2.1 Poveneni bayor amd imitad stane

Fiefore identifying the effect of traffic bond on the rond subsidence, mifireet lensilz iest{e g Brozilion test) simulations must be
performed @ et ressonsble inpui parameters fior asphalt pavement, The indirect tensile test is used to delermie the lsile
properties of pavement o5 well as the fracture properties. Wi sssume that the povement consists of ageneeaie and ssphnltbinder.
The agpregsics were bonded with asphalt hinders modeded by Hiear parallel bond model comsiderng nist only irarslagicnal
moticon bt al=o rodmioal maetion,

Becaise pavement subgrads is under unsaiursted staie, the intergranalar adhesive force 15 wsad for situlotion which were
phenomenobogicnlty similar b lub seale w1 resuhs{Kim, 20 7). Soil panickes m submude were bonded with each other using
Finer contact bond model ondy considering translmsonal motion. The particle shepes wene inodelled wsing clumps of gpheres jo
sirmalme particle interlocking.

2.7 Lamfing comditions

There are three kinds of raffie losdimgs opplied on the povemeis: stationary, translational and rotational. For stationary
lpadings, the wheel particle is subjected to o comcentrbed verticl foree 3 the centre, For marslational and rocmional foadings.
thee constant translational velocity and constant angular velocity is applied on the whes] particle. When the e translational
valocity is selecned as Vi, then corresponding anuular velocity can be caloulmbed: Vi = wq ® B where Bis the radins of the wheel
particle. When the whee particle neaches the end of the simulntion domain, the tmnslatiomal velocity and angular velocity ansa
reverses (o represent the Acoelernied pavemern bestingl AFTL

3. Results
[n the cnse of subsidence usder traffic londings, the contact force choin betwoen surfice. pavement and subgrade was
highlighted above the cavity due to unequul displacsment of pavemsesl However, in the other case under gravity only, the
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Simulation on the development of road subsidence considering
hydro-mechanical conditions
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University

¥ gadete E5gFFes FobM sl Researcher, Dept. of Civil Engineering, Dankook University
© gadets EEgEFUs @4, Pofessor, Dept of Civil Engineering, Dankook University

Abstract | Hoad subsidence, where the underground cavities exst, accurs due to eollapsing of
swrface pavement laver cauwsed by many csuses ather by emsion or traffie bad To better
understand on the road subsidence mechanisms, paeable nflvenong factors on road cavaty shoukd
e dentified. In this paper, the numencal smulatioms were pafomed depending on various cavaty
sie undder hvdro-mechanical oondifion wsing Ihacrete eement method As a results the effective
rampe of subsidence was expanded wnder cvelr badng RHesults of these amulations can be used to
predict the development of actually detected cawvity.

Key waords | Dhscrete element methad, Hoad subsidence, Cyelie loading, Cavity
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DEVELOPMENT OF RESTORATION MANUAL FOR ROAD SINK
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ABSTRACT: As moery road smk phemomens bere eeenily been fomd m whan aress, the road smks hove
econe o social problem In partonle both feqoency apd sevemty of moad smk acoydents are Imcreasms
e o the 2rme of mmderpround  Sobibes and the developmen? of undergomsd spaces witkout- 8 comprehemre
plan Therefie, it ic wgent o establich & response systean for road zink thar Gwesders te safery of cifizeas
In thir smdy. several capoes were meechgated by performong case smdy of mosd @nk socidents. snd the
nsk level of moed sk phenomens was defivad by mabyeme related lows and sysiemes. Baced on the resules,
a restoraton manaal was developed thet melides workflowr chiarts and checklists br dradms the case when
n cavify was decovired and when B mad was damaped. dependins oo the nsk feved. The road sk sestorzteon
immel & exmerks] o be med & 3 guideine o preves mod ek D sdonce ad o e e med sysemaicali
md prospily inocase of an accident

Beywards: Maml, Aead Simk, Cnary, Bisk Level, Flow Chart, Checkhst
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Full Scale Simulation of Road Collapse using Accelerated Pavement

Testing
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Eorea Institute of Civil Engineering & Building Technology, Goyang, Koren

ABSTEACT: More than 600 cavities undemeath the road have been recently discovered in the city of
Seoul using ground penetrating radar testing. Varnious types of cavities will affect the settlement of pave-
ment structures with time and traffic passage. The objective of this study 15 to simulate the full- scale road
collapse due to the occurrence of cavity using accelerated pavement testing (APT). A cubic shape of cavi-
ty was installed at depth of 0.3m from the surface in the testbed. The cavity was made of ice with
Im*1m*1m of dimension and the thicknesses of asphalt and base layer were 0. ?m and 0.3m, respectively.
An B0kN of APT wheel loading was applied on pavement section with 10km/h of speed. Strain gauges
were also installed at the bottom of asphalt layer to measure the tensile sirain at cavity and intact section.
It is observed from this testing that the subbase material initially started to fall off from the bottom of as-
phalt layer. After then, the cracks initiate at the bottom of asphalt layer with settlement of pavement sur-
face. Finally, the width of crack increases with number of load application and the permanent deformation
15 found to be 130mm at 6,000 of load application. It 13 also found from strain measurements that the ten-
sile strain values at cavity section are two times greater than those at intact section

Egywords: Road Collapse, Accelerated Pavement Testing, Full Scale Simulation

1 INTEODUCTION

The road collapse frequently occwrred in urban area of Seoul tends to threaten the safety of road users and
induce the anxety of people. Main canses of road collapse from the forensic mvestigation are found to be
due to the underground construction, leakage of dram pipe, and other excavation work. Various researches
have been focused to investigate the canse and mechamsm of these road collapses. Mult-channel ground
penetrating radar has been used to detect the cavities under the pavement in main road sections of Seoul
Based on GPE. test results, a lot of cavities are located at 0.2--0.4m from the surface of pavement, which is
at the bottom of asphalt layer or on top of subbase layer (Seoul Metropolitan Government, 20035).

The time of ocowrrence in road collapse 13 normally dependent on the size and location of cavities, traf-
fic volume, seil condition, and environment condition. Fecently, Japan has expenienced a large amount of
road cavities due to the earthquake. As shown in Table 1. they suggested the nsk cntena of road collapse
using the width and depth of cavities. Since this critena is not based on the scientific analysis or expen-
ment but the extensive experience in the field, it is necessary to establish the quantitative criteria for the
road collapse by considering the varnous factors such as seil condition, climate, and traffic volume.

Table 1. Rizk Criteria of Eoad Collapse in Japan

Fisk Rank Bizk Critenia Action Plan
Less than 0.3m depth or more than 0.3m depth with .
A avity width more than 1.5m Urzent Repan
B ore than 0. 3m depth with cavity wadth 0.5~-1.5m and Normal FEepamr
efier the graph m case of canvty width more than 1 5m (Eepair before wet season)
ore than 0 3m depth with cavity width less than 0. 5m .
c refer graph 1n case of caviity wndih more than 0.5m Regular Momtorme
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Use of GPR for Monitoring Expansion Mechanism
of Subsurface Cavity
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Kaoren Instriute of Civil Engmeenng and Bulding
TechnologyKICT
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kvt kictre kr, regionimkict. re kr, hparki@kocs re kr

Abstract — Recently, many romd collupse accidents have
aceurred due to subsarface cavitles in fhe urban areas of Korea,
This study is nimed to figore oot the expansion of the subsurface
cavity and estimate the time of pavement fallure with repeared
lond applications throngh lernted pa 1 testing (AFT)
and ground penctrating radar (GPR) testing, The dilferent sices
of artificinl cavities made by ice cubes were instulled af different
depihs in the full-gcale APT testbed. The GPR testing was
wtilized to moniter the expansion of the subsurface cavity with
APT lead applications,

Keywords—Aceelerated Paverment Tester, Road Collapse, Rowd
Covity, Ground Pemetration Rodar, Testhed

L. INTRODUCTION

A, Dhverview

In recent years. the oity of Seoul has been reguired to
prepare for the systematic solution to prevent road collapsec.
Thus, & measwre to prevent them systematically s urgently
needed. To prevent damage due to road collapzes, a number of
stedies wsing ground penetrating radar (GPR) eguiprment have
been conducted, The subsurface investigalions wsing GPR
equipmen! heve sdvanced and are used oo wide mnge of
fields az compared fo 30 fo 40 years ago. It has besn vsed in
underground  rond survey, a5 well as for the detection of
TEsQUTcs reserves in mines, surveys of underground stractares,
and for the providing of geological information and in
grophysics.[1]

The existing studies on the identification of the cawses of
roed collapses and the mechandsms causing these have focused
on laboratory tests and numencal snalvsis manly, The muin
purpess of the laboratery tests and the numencal analysis 1s o
figure out the mechamsm causmg road collapses. The
developed road  collapse expansion mechamism  must  be

verified through full-scale tests considering road site conditions.

The purpose of this sudy is to identify the cxpansion
mechanigm of road collapses throweh accelerated pavement
testes (APT) and 1o present assessment criteria for the risk level
af road collapse,

78-1-5386-5777-5/ 1 &/53 .00 ©2018 IEEE

Eim, Ki Deok
Civil and Environmenial Engincenng
Sejong Univeraity
M, Neungdang-ro, Gwangjin=gu, Seoual, Republic of Korea
piesturm 3 nEver, com

Figure 1 Road Collupse Case in South Korea

B. Eguipment

Grround Penefrating Radar

The GPR wsed m this study b= equipment using @ step
frequency masde. The output of the step frequency sipnal 13
received contimuously dunng the programmed dwell tme,
which 1= then comverted to the tme domai to be represented
with cross-section. It can be cross-sectioned based on the
collected data [2]

A distance to an object can be detesmined through the
delay time of the signals recerved in the time domain, It can be
known by dhe inverse Fournter fransfomm with regand o the
synthesis of reference and reflection signals in the frequency
dormain.

Accelerated Pavement Testing

The pecelerated povemnent testing i= a process o verity long
term pavement performance within a few months. [3] In
additiorn, it 15 also soitable testing cquipmment for damage
prodiction-related tests that cannot be performed on real roads
due to safely reasons, The specifications of the accelerated
paverent lesier (Heavy Vehicle Simulzior, HVS) held by the
Koren Institute of Constroction  Technology (KICT) are
presenied m Table 1.[4)

172830
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Deep learning-based underground object detection for urban road pavement
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Grownd pemnetrating radar (GPR is 2 promising non-destructive eval wation detecting
undemyround objects in urban area Deep leaming technigque is recently being applied into this fisd o

ARTICLE HISTORY
Reeared 10 Apeil X018
Mccepied 11 December J018

faur buried

automate the GPR data intefpretation. However, there & no proper techmique that can reflect the

uniquenss of wban rosd pavements In this stedy, an underground object detection technigue
suitalble for wban rosd pavement is proposed by using a satistically determined threshold amplitede

and a large amount of GPE B-scan image libraries An automated thresholding technique s mewly
devel oped based on the statistical distribution of GPFR data. Deep leanming echnique is then applied 1o

HEYWORDS

Ground pentming mdar;
whan mad; Freholding
meghod; Gom bal distribusorg
dewp learming; B-smn image

the reconstrected GPR data to detect underground objects in wiban area. The proposed method is
exparimenially validated by field data collecied on wiban roads in Seoul, Sowth Korea. In addition, its
application possibility s also tested with fullsize GPR data. The proposed method swocesshully
emphasises the featune of underground objects and dassifies hy perbola, manhole coves, layer inerface

and sulbsoil b ackgnound.

1. Introduction

There are many repoets of road cdlapse in recent years caused by
cavities under the urban rads all around the wordd, making an
issue in sockety (Park 2014, Mocurry 216, Bames 2017, Boyle
017, McArhur 2007). In addition, a buded gas pipeline
explogon, occurred by a construction work, 15 occasonadly
reported (WOAD Digital Team 2007) a5 well There are also
many unreported water and swage pipeline bust incidents in
peve ment maintenance or construction stes Mot of these events
can be prevented by knowing the exact location of underground
abjects As a result, underground object detection without exca-
vating the wban road pavement becare a matter of great lmnpor-
tnce for preventive road pavement maintenance in wban area.

Ground penetmating radar (GPR) & a promising non-
destructive evaluation technique for detecting buried under-
ground objects (Le Bastand e al. 2007, Hu e al 2006). Signal
processing and lmage reconstruction technlgues have been
widely used to enhance the definition of target objects in
GPR data [ Shrestha and Aral 2003, Glmore ot al. 2006, Soldo-
vierl ef al. 2011, Zhao and Al-Cadi 2017). For the pavement
inspection purpose, GPR is used to evaluate the pavement con-
dition { Kassem et al 2016, Shangguan ef al. 2018). However, it
requires highly trained expens to interpret GPR data snce
empirical judgments are needed to recognise underground
objects inthe GPR data, which lovolves a lot of experimental
nolses and environmental complexities (Thitimakorn ef al.
A16). In addition, it is time-consuming and difficult to manu-
ally scan entire GPR data by the naked eye due to the large size
of a district assigned to an amlyst. For these reasons, it ks
required to develop a fast and accurate automatlc GPR data
interpretation technique.

In recent, deep convolutional neural network, which is a
state-of-the-art technique for image dassification, has emerged
and obtalped a masomable result (Besaw and Stimac 2005,
Lamerl ef al 2017). However, most of the studies hawe been
valldated with computationally crested artificial GPR data
(Pasolll et al. 200 or real GPR data but collected on other
regions, not urban area (Becker 2014, MNibez-Nieto er al
2014, Lamer et al. 2017). Hence, the concepts cannot be
directly applied to urban road pavement applications, since
the patterns of GPR data collected from the nomal ground
are different from the ones of urban road pavement.

The underground objects in read pavernent such as cavity,
concrete culvert, steel cubvert, a hump of gravel and sand can
be pinpointed by detecting a hyperbola or an inveried U-shape
{hereafter hyperbols) in a GPR B-scan image, that is the key
of GPR data interpretation for detecting underground objects
Thus, many studies have execuied for automatic hyperbols
deiection using pattern recognitlon techniques (Pasolli ef al
200, Maas and Scheealz] 201 3), multiresolution monogenic sig-
nal anmalysis (Qlao ef al 2015) inegrating machine leaming
dasdfication using image-based gradient features'robust curve
fitting (Kaur ef al 2018) and column-conpection cdustering
algorithm ( Dow et gl 2007). 5ull, the previows stadies have Limit-
athons to be direcdy applied to the wban mad pavement, since
they are focusing only on hyperbola detection, not considering
the whaole GPR patiems obtalnable in the urban road pave ment.

There are various underground objects in urban read pave-
ment. This results in various patterns of GPR data and a wide
range of signal strength. For example, the ve are 20 mdllion man-
haoles in the United States In other words, manholes exist
roughly every 40 feet on pavement (Water Environment

CONTACT Jong- e Lee gwﬂr
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Deep learning-based automated
underground cavity detection using
three-dimensional ground penetrating
radar

Man-Sung Kang', Namgyu Kiml,]ung]ae Lee®( and Yun-Kyu An'

Abstract

Three-dimensional ground penetrating radar data are often ambiguous and complex to interpret when attempting to
detect only underground cavities because ground penetrating radar reflections from wvarious underground objects can
appear like those from avities. In this study, we twckle the issue of ambiguity by proposing a system based on deep con-
volutioral neural networks, which is capable of autonomous underground cavity detection beneath urban roads using
three-dimensional ground penetrating radar data. First, a basis pursuit-based background filtering algorithm is developed
to enhance tha visibility of underground objects. The deap convolutional neural network is then astablished and applied
to automatically classify underground ohbjects using the filtered three-dimensional ground penetrating radar dara as rep-
resented by threa types of images: A-, B-, and Cscans. In this study, we utilize a novel two-dimensional grid image con-
sisting of sevaral B- and C-scan images. Cavity, pipe, manhole, and intact features estracted from in sim three-
dimensional ground penetrating radar da@ are used to train the convolutioral neural network. The proposaed mchnique
is exparimentally validated using real three-dimensional ground penetrating radar data obtained from urban roads in

"~ i Ty
SelUl, ¥oum rOored.

Keywords

Ground penetrating radar, deep convolutional neural networ, underground object detection, signal processing, basis

pursuit

Introduction

Sinkholes are one of the most severe concerns for
today’s urban roads, because sudden ground collapses
may lead not only to road closures and economic losses
but also o human injuries and fatalities. Recently, sev-
eral major sinkhole accidents have been reported
worldwide, such as in Hangzhow, China (April 2016 )t
Fukuoka, Japan (MNovember MW16):2 and Cheltenham
Township, PA, USA (January 201713 Extraction of
groundwater, changes in water drainage patterns, amd
water main breakages are considered as the main
causes of the underground cavities that lead to urban
sinkholes.® As sinkholes appear without any fore-
warning, there is an increasing demand for their early
detection in urban aress. Several technigques have been
developed to accomplish this. A commonly used geo-
physical inspection technique s electrical resistivity
tomography (ERT). ERT has besn widely used to

image subsurface structures by measuring the electrical
resistivity.* 7 Although it is simple o implement and
reliable for various applications such as investgations
of the soil moismre content and the groundwater mhle,
wnderground soil lavers.

Aliernatively, ground penetrating radar (GPR) has
been widely used as a fully noncontad nondesiructive
testing technique. GPR is currently gaining popularity
in the field of strociural health monitoring thanks to its
noncontact natwe, [ast scanning spesd, and thres-

! Departrent of Architedural Engneering, Sgong University, Seoul,
South Konm

:Dq:nrur-u'lt of Givil and Bwircnmental Engineering, Sejong Uiniversity
Seoul South Korea

Correponding author:

Tun-Kyu An, Department of Anchitectural Engineering, Sejong Uniwersity,
Seoul 05004, South Kore

Ermait yunbguanfDseong ar kr

- 206 -



['='O|3]
du35Y B-1-0

A FIITFTCGIIREIEAE 00U B HEYEd =23

Ast WlidE £5-58 TS A% 94 B4 7e] "l Ve

Phase Amnalvsis-based Deep Leaming Technique for Enhanced
Underground Object Classification

A3 Ty L1321 e
Seo, Jong Afin Eang, Man-Smmg An, Ym-EKyun
Abstract

This paper proposes 3 deep leaming-based underzround object classification technique mcorporated with
phase smalysis of zround penetrating radar (GPR) for enhancing the underground object classificadon
capability. Deep comvolufionz]l nenral oetwork (CHI) using the combination of the B- and C-scan images
has receatly emerzed for smtomated underground object classification However, it often leads to
misclassification becsuse arhitrary underground objects may bawve similar signal features. To overcome
the drawback, the combinatien of B- and C-scan images as well as phase information of GPE. are
simmltaneously nsed for CWIM in this siudy, enabling to have more distingmishable signal features among
varions underground objects. The proposed technique iz validated uwsing in-zsimn GEE data obtained from
urban reads in Seoul, South Kores. The velidstion results show that the false alarm is significantly reduced
compared to the TN resalts nsing only B- and C-scan images.
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3xHd GPR £%5 OIo|H 2} 3D CNN= 0] 8%t S3&4A

Underground void detection based om 3D GPR block data
using 3D convolution neural network

Lee Jmog-Jag', Shellwor Bludewamy™

Abetact

Geound penetration sadae (GPR) i3 a ppdcel smose grstem for uadespponnd obgects deseetion ama. . The swlsdsmaed GPR
deviess e gore mere detadl md Bfomnstore Beee-dimensioaal (30 data for chusiBestion undergmund dijectt Spasl infen stee
of uadesgeouad chject cm be well charsteried @ the deedimemecasl GPR block data which coasiete of sl B-sean mad
Coram data b vhie amicle undergeound ohyeck clsmsifiaten methed & poopesed by wsig 3D GRP data Deep kaming fechamue
& receathy bemy adopied dame thi Held due to @& pewerhl imme dssifiaton capacty. The 3D GRP block data iz dea used
B bam derp e dimescessl coamehtos seral aetweds (30 CNN). The pepesed method spceaflly dassfes cavity, pipe,
sadele and sbonds Barisy small Ble podtne ans The mgpested metbed & expedmemelly valdabed by mea data cdloctad
ol udig meds B Seenl South Keesm

1. Iniroducfion.

A sbschane] Grousd peseteatay eala{GPR) sstem Baz 2 Beedimescedsl veusBgies spabdity, wadesgrousd
aree dime i onal detad] b ot eFotirmess, doplcty of dats colleBon md o sdety 84 b i sudy, uad egrowd obgeet
classafieation mehed basad oa 3D GPR dats & peegosed be chesfy mdessousd chjeck by wiay 30 GPR block dat whach ecomas
sevedal Bocm md Coom smages 3D dhige mfamstnd of @ wadergsouad objost s be repeesented 3D Bleck data. This 3D
daky & dien eedaed wiyg deep 3D coamehuted gewrsl debwsekdI D CNN) et & a saa fechasue for 3D chjest obasibeaton
peoblm

1 Undergrownd void deecton with 3D CGPR block dats wong doeedinsenmional convolstion
meural metworkc
11 3D CPR data scyuiziion mod mterpretation of 3D GPR data,

b the stdy e dats collecksd by sulbchaans] mbedss mmuboeed by ID-Rade The techaique egahles users bo atquire
D uadesgpouad GFR data Typacal 3D GFR dats & shews &= Faplo The 3D GPE dsts cossss of salsple B-sce md Csem
imtaes. Theee am gl Bots snege (rod edoe) sad dagle Csem image (bl edges) whtich aee shewn & Fig ) The ;mnple
of GFR Bema smd gt images of city ad pipe & shows 2 Fig 3 aad Fip 4 Thee am diree Coom snapesFay 4) me
showd at e diree red-colosed Bmes ca B-seas qmageiFie. 31 Thete oe covdty sad page show a samdlar shape i the Boca
imzye buk ook o fhe C-sram mmages Patolsdy, a pige bas quadrdsters] shame a covdty b ellpee chape m the Cocm mmage.
Thesdre a cavity od pip cm ke well eoegained by Catim mmages

1.2 Proposed mmthod for undergrowmd void detection.
b i stoly, usd espronad sbject disaifieation sethed 2 pespossd By usig deep 3D CXBL 3D GPR Block dats aspe wed =
ey dats for 3D CHMN 1D GPR data schode wadergeonad mbemation @ ieamreme, kagndnal mad depl deetica The @

+ FME] JEREE FEAFFERT 20 (H-meljonpse@seions ac k)
w+ ERIM G HEERET BEFAFFEN (K-meil sheldun =ifshoo coml

R T Ches] B EE
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Automatic pavement crack detection and its segmentation by
deep leaming and image processing

Lee Joms-Jae®, Eldor Thmsimes*

Abztract
Bavement condition deteriorzies dus to various environmentl] ismwes. This czn be z22n on the pavement
surBce 22 2 foomn of distress. A orack can be considersd &= 3 fypicel Bem of pevement distres in which
it may revesl 2 oriticsl condition of the road. Therefors, sutometic and accurste detaction of pevement
crack znd zsementstion =rs crocizl for pevement condition zzsszsment and maintenanca

1. Inerodhrtion

Foed: pglay zn intagral pent of our lives [citations]. They connect cities and countrizs. Thossends of
cars pess throush the roeds daily for verious purposss 22, businsss, trip, smerzency. Unfotonasly, thers
af2 some socidents on the soeds. One of the mein rezsons of such accidents i= 2 poor condition of 2
pavement. It is az=y to vndarstand thet the pevement condition deteriorztes over the courze of time dus
to 2 naural d=aster of an envionments] imus. Thessfors, it i importent © 33ses the pevement condition
in ime resulting in s=dng lives of peopls, time and even our anvironment.

2. Medodology

In thiz paper we proposs & nowel imezsbesed spprosch for the pevement crack detection and
sermentsion Cur method consists of beo stass: st the frst stase owr method mhes 3 1D pevement imags
& inpuwt =nd outpue the crack locstion: with thelr typses.

Since the orack size varies sienificantly depandine on the ondfon we develop 3 oadc detadion method
which iz built on rezion-bazed convolutions] neursl networks, Af the newt stage, crack sszmentzfion iz
zpplisd Bacausa thers & no stroctuss] infemation on the detected cracks, we 200t to image procsssing
and densloped imege seomentstion deogithm. To be mare specific, theeshnlding-besad sepmentstion spplisd
to orack imaga

3. Conchumion

In thiz wodkt we propose & system for evalustineg 2 pavement condition The swtem consistz of two
stzges: awtomatic orack detection and sepmentation. The first stage iz beilt on region-basad conmlutionsl
neural nebrorks, and we can detect our common types of oadks longiteding], trensverss sllissos and
patching The sacond stzgs, Sllowed by the first staze, spply the seementstion alzorithm to the sxtract
cracks. Fesults shows thet our technigoe can perfoem well with iE efectivenes and robustness

+ M5, AEEREr AdEFEFER S0 (E-meiljonpeefzeicog ac ol
v+ SRS qEigtr dEEFETEN S, (H-maleldor 1999 mei ) -HE
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International Jourmal of Pavement Enginesering

A Novel 3D GPR Image Arrangement for Deep Learning-based Underground Object
Classification

ABSTEACT

Ground-penetrating radar (GPER) 1= wadely used for detecting buned undergronmd object. Deep learmimg technique 15 recently being
adopted mio this field thanks to its powerful mmage classafication capacity. However, 1t uses only GPR B-scan images, although
mmltichannel GPE. device can prowide more mformative three-dimensional (3D datz for uinderground object. In this study, a novel
deep learmmgz-based underground object classificzhon method 1= proposed by wsmg two-dimen=ional 20V gd image which
consists of several B-scan and C-secan images. Spatial information of an underground object can be well represented m the 2D grid
image. The XD znid images are then used to train desp comvelutional newral petworks (CHI). The proposed method 1s
expenmentally validated by field data collected on whan roads m Secul, South Korea. The performance 15 also compared to a
comventional method whick uses only B-scan mmages. The proposed method successfully classifies cavity, pipe, manhole and
subsotls background having very small falze positive emrors.

EKeywords: ground penetrating radar; underzround object classification; deep learmng; momltichannel GPE. 3D mage znud

1. Introduction

Ground penetrating radar (GPE) 15 a pronusing non-destructive testing (NDT) technique for detecting buried
underground objects, and it has been widely applied in geology (Bam ef al. 1993, Mayne ef al. 2002, Bushy ef al
2004, archaeology (Comyers 2015, Zhao er al. 2018), military (Becker 2014, Nufiez-Nieto ef al. 2014, Lamen ef al.
2017) and crvil engineening applications (Wai-Lok Lai ef al. 2017) thanks to ifs non-destmctive and non-invasive
natures, three-dimensional visualization capability, data collection simplicity and no safety nsk. However, 1t needs
experts on data interprefing to recogmize various underground objects in GPE data meluding environmental
complexities and experimental noises (Thittimakern ef al 2016). Moreover, it is an inefficient and time-consuming
work to analyze large amounts of GPE. data by the naked eve. For these reasons, it is emerged that the importance of
developing a fast and accurate antomatic underground object detection technique.

Underground objects are commonly recogmized by detecting a hyperbola in GPE. B-scan images. Many
researchers have been therefore approached for detecting hyperbolas using pattem recognition (Pasolli ef al. 2009,
Maas and Schmalz] 2013), multiresolution monogenic signal analysis (Qiao ef al 2013), cohmn-comnnection clustering
algonithm (Dou et al. 2017) and convelutional neural networks (CNIV) (Besaw and Stimac 2015, Lamen ef al. 2017).
However, these studies focus on detecting only one specific underground object or a hyperbolic pattern in B-scan
images although there are various kinds of objects are bunied undersround. Zhang et al. suggested neural networks
based underground object classification method using computationally-generated GPE. B-can images (Zhang er al.
2016). B-scan images for three types of undergrommd objects were generated by gprM AN, an open source software
that simmlate electromagnet wave propagation. The concept of inderground object classification was suggested only
by the simulation data, not by expenimental data. Kim et al. proposed a combination technique of thresholding and
CNN methods to classify hyperbolic pattern, manhole cover, layer interface and subsoil in GPE. B-scan images. The
proposed technique validated with field experimental GPE. data (Kim ef al. 2019). Recently, some studies have been
done with C-scan images (Klesk er al. 2013, Jing and Vladimirova 2017) to detect or classify landmines. However,
their performances were only examined on test-beds where the collected GPE. data 1s rarely affected by experimental
and envirenmental noises.

In this study, a novel underground object classification method based on GPE. data is proposed to categorize
underground objects by using both B-scan and C-scan images. Three-dimensional (3D} GPE. data obtamed from a
multichanne] GPE. system are reconstructed into a two-dimensional (2D) gnd image which consists of several B-scan
and C-scan images. 3D shape information of an undersround object can be well represented in a 2D grid image. The
2D grid images are then frained using deep convolutional neural networks that is a state-of-the-art technigue for image
classification preblem (Knzhevsky ef al. 2012). The proposed method is validated through field applications on urban
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