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VULNERABILITY OF REINFORCED CONCRETE BRIDGES TO LOCAL
SCOUR IN BRIDGE MANAGEMENT

Abstract

The road infrastructure around the world is impaired by natural hazards, in
particular with extreme flooding, which sever the road links and lead to serious
socio-economic consequences. The bridges, which are the most critical parts of road
links, are threatened even by less extreme floods with high occurrence rates. The local
scour at bridge substructures associated with floods is regarded as the predominant
cause of hazard triggered failures. Although the management of bridges exposed to
flooding is not a new topic and has been extensively elaborated in the last 20 years, the
current Bridge Management Systems still cannot account for sudden events such as the
local scour. The current procedures, which usually rest on qualitative approaches and
regular inspections, do not give satisfactory results in scheduling the appropriate risk
reducing interventions. The evaluation of real-time risk changes associated to this
hazard is deemed necessary.

The topic of the thesis is to present the basis of the novel methodology for
quantitative vulnerability assessment of reinforced concrete bridges with shallow
foundations exposed to local scour. Here, the accent is set on the estimation of the
conditional probability of a bridge failure due to a scouring event, while the related
consequences are beyond the scope of the thesis. Based on the scour critical bridges in
the Serbian road network, the reinforced concrete bridge types which are considered in
the analysis have multiple span double-tee main girders on common pier-foundation
systems.

In order to solve the multidisciplinary problem of local scour action at bridge
piers and associated failures, it was essential to develop a typical bridge model and
framework with a modest data set for its simple yet accurate analysis. As the general
approach to analyze possible failure modes and consequently obtain the probability of
bridge failure, the water-soil-bridge interaction is suggested. In addition, the perfectly
rigid plastic behavior of soil and bridge is assumed to apply the upper bound theorem of

the theory of plasticity.
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The first step in the analysis is the approximation of the local scour action and
here the choice of the appropriate local scour formula is discussed based on the
state-of-the-art research on pier scour, giving the advantage to the formulas that may
consider temporal aspect. The scour cavities beneath the common pier-foundation
systems are given by the time-dependant local scour depth and their geometry is
approximated in order to simplify the local scour action to a plane strain problem.
The second step in the analysis is evaluation of supporting soil and bridge resistances to
the approximated scour cavities. The cavities' influence on the decrease of a bearing
capacity of the supporting soil at an affected pier is considered with basic kinematic
mechanisms which are based on soil properties. The bridge resistance is given by plastic
strengths of its elements, which is based on structural system properties and
reinforcement detailing.

The soil-bridge model is defined, and separately for its longitudinal and lateral
direction, the adopted kinematic mechanisms in the supporting soil are coupled with the
possible failure modes of the bridge superstructure to reveal combined
failure modes. These are consequently used in the optimization procedure, where the
resistance of the model to local scour action is obtained as the ultimate horizontal scour
extent beneath a shallow foundation.

The uncertainties related to parameters used in the local scour evaluation, soil
properties and bridge elements’ properties are discussed as the essential topic in
calculation of the conditional probability of a bridge failure relying on the state-of-the-
art research. In the example of a four span continuous bridge over a river channel, the
conditional probabilities of the bridge failure are estimated in Monte Carlo simulations
for four scenarios. Here, the limit state function accounts time-dependant local scour
depths and the resistance of the assumed soil-bridge model to local scour action at the
affected bridge pier.

The presented soil-bridge model clarifies the behavior of multiple span
reinforced concrete girder bridges with shallow foundations in a scouring event. It sets
the upper bound of the local scour extent at bridge piers necessary to trigger a failure.
Here, in the calculation of the conditional probability of a bridge failure due to local
scour, the combined resistance of the supporting soil and the bridge structure to local

scour action is included as the essential ingredient, which has not been done in the
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up-to-date research. The suggested methodology for quantitative vulnerability
assessment provides a basis for development of vulnerability maps for road networks in
respect to extreme flooding. These maps are going to be especially useful for
unambiguous allocation of resources for mitigating the threat from future flooding

events and issuing timely warnings in the regions where intensive flooding is expected.

Keywords: local scour, reinforced concrete bridges, bridge database, vulnerability
assessment, water-soil-bridge interaction, combined soil-bridge failure modes,

conditional probability of a bridge failure, Bridge Management Systems
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YIIPAB/bAILE APMUPAHOBETOHCKUM MOCTOBHUMA Y KOHTEKCTY
BUXOBE YITPOXKXEHOCTHU JIOKAJTHOM EPO3UJOM PEYHOI /THA

Pe3ume

[TytHa uH(ppacTpyKTypa IIMPOM CBETA j€ YIPOKEHa MPHUPOJHUM HETOrojaaMma,
oCceOHO ca eKTPEeMHUM TOoIJIaBaMa, Koje JI0BOJIE 10 MPEKUAa MyTHUX MpaBala a CaMiuM
TAM U JI0 O30MJBHUX COLMO-€KOHOMCKHX Mocjenuna. MOCTOBH Kao HajKpUTUYHUJU
CEerMEHTH MyTHUX IPaBalia Cy YrpOo>KEHHU YaK U ca He TaKO eKCTPEMHHM TOIIaBaMa Koje
UMajy BEJHKY ydectanocT norahama. JIokaiaHa epo3uja pevHOT JAHA KO JOHEr CTpoja
MOCTOBa Koja ce jporaha y moruiaBama je Hajsehu y3pok oTkaza u omrehema MOCTOBa
W3a3BaHUX MPHUPOJHUM Hemorogama. Mako Tema ympaBibamba MOCTOBHMa KOJH Cy
W3JI0KEHH TOoTIJIaBaMa HUje€ HOBA M 3Ha4ajHO je oOpahuBaHa y mpeaxogHux 20 roauHa,
nanammbu CucremMu YipaBibakba MOCTOBHMA U JJajbe HE y3UMa]y y 003Mp W3HEHAJIHE
eKcTpeMHe jaorahaje Kao IITO je JIOKaJHa epo3uja peyHor nHa. OBaj mpoOiem ce y
JTAHAIIKHO) TPAKCH YTIIABHOM TPETHUPA KBAJUTATUBHUM TPUCTYIIOM KOjH C€ OCJama Ha
0a3y mojaTaka MOCTOBA M PeryJiapHe UHCIIEKIH]je, Mel)yTUM TO He Jaje 3a10BoJbaBajyhe
pe3yJaTare u olleHa MPOMEHE PHU3HMKa O]l eKCTEPEMHHUX TOIIaBa Yy PEaTHOM BPEMEHY ce
cMaTrpa HEOIXOJHHUM.

Tema oBe Te3e je TMPENCTaBbalke OCHOBE 3a HOBY METOJOJIOTH]Y 3a
KBaHTUTATUBHY OIICHY YTPOXCHOCTH apMHUPAHOOETOHCKUX MOCTOBa cCa IUIUTKO
GyHIMpaHUM TeMe/bMMa H3JI0KEHUX JIOKAJTHOj €pPO3UjU PEYHOr JHA. AKICHAT je
CTaBJbEH Ha onpehuBame yciaoBHE BepoBaTHOhe JloMa MOCTa yclea JIOKAIHE epo3uje
peYHOr THa JOK TOCIEIWIIE OBAaKBOT jaoraljaja HHUCY pa3MaTpaHe y OKBHpHMa Te3e.
basupajyhu ce Ha MOCTOBHMA KOjH Cy YIPOXEHHU €PO3HjOM PEUHOT JTHA Y Ty THO] MPEKHU
Cpb0uje, pa3MaTpanu Cy KOHTHHYaJIHU TPEIHA apMUPAHOOETOHCKH MOCTOBH Ca TJIABHUM
HOCA4eM KOjH MMa MOTPEYHHU MPECceK Tyuior ciioBa T.

[Ipunukom perraBama MyITHIMCUUIUIMHAPHOT MpoOiieMa OTKa3za MOCTa ycien
JIOKQJTHE €pO3Hje PEYHOT JHA KOJ CcTyOOBa, OMJIO je HEeOmxXoaHO Je(UHUCATH THITHYHU
MOJICJT TJIO-MOCT M TIOCTYIIaK ca OTpaHWYCHUM OpOjeM yJIa3HHX IMoJaTaka MOoTPEeOHUX 3a
HETOBY YIPOIINEeHY alu JTIOBOJHHO TpEI3Hy aHanu3y. OBJE je Kao OMIITH MPUCTYII 3a
aHanmu3y Moryhux mexaHuzama jomMa Mojena W oapehuBame ycloBHEe BepoBaTHOhe

JoMa pa3MarpaHa MHTEpPaKIHja BOJA-TIO-MOCT U MPETIOCTABIHEHO j€ KPYTO-IIACTHIHO



NOHAIIake eJeMEeHaTa MojJelna Kako OM ce TMpUMEHWIa TOpma Teopema
TEOpHje TUIACTUIYHOCTH.

[lpBu KOpak y aHaIM3u je IMOjeTHOCTAB/bCHC HAYMHA [CJIOBabha JIOKATHE
€po3uje pPEeYHOr JHAa OKO MOCTOBCKMX cTyOOBa M OBjAE je pa3marpaHa Mmoryhoct
npuMeHe ¢opMmylia 3a eBalyalujy JOKaJHE PEYHE €po3hje y OICHH YTPOXKCHOCTH
MOCTOBa, OCiamajyhu ce Ha caBpeMeHa HCTpaxkuBama. lIpemHOCT je ngaTta OHUM
dopMmynamMa Koje MOry y3eTh y oO3Wp pacT AyOWHE epo3Hje y TOKYy BpeMeHa.
I'eomerpuja eponupaHor Ti1a OKO U MCIOJ MOCTOBCKHMX CTyOOBa je yrporrheHa Tako na
Ce HAuMH JeJioBama JIOKAJTHE epo3hje Ha KOCTPYKIHMjy MOXKe MOoCMaTpaTH Kpo3
paBaHckH mpoOiieM. JIpyru Kopak y aHaJM3H je MPOpadyH OTIIOPHOCTH OCIIOHAYKOT TJIa
U MOCTOBCKE KOHCTPYKIIMje Ha YCBOjeHy YyIpolrheHy T'e€OMETpHjy IOTKOIaBamba
Ko cTyOoBa. OBze je CMameme IpaHUYHE HOCHMBOCTU TJAa MOAEITHPAHO y3 Momoh
OCHOBHHMX KHHEMaTHYKHX MEXaHH3aMa KOjH C€ 3aCHHUBA]y HAa TEOTEXHHYKHUM CBOjCTBUMA
TJa W y3UMajy Yy 003Up TEOMETpUjy TMOTKomaBama. OTMOPHOCT MOCTOBCKE
KOHCTPYKIIMjE je y3eTa y 003HMp MPEeKO IUIaCTHYHE HOCUBOCTH HCHUX CJICMCHATa,
onpeheHe Ha OCHOBY KapaKTepPUCTHKAa KOHCTPYKTHBHOI CHCTEMa MOCTa H
JieTajba apMUpama.

3a neduHUCaH MOJEN TIO-MOCT, MOCEOHO 3a MOMYKHHU M TIONPEYHH TpaBall
MocTa, oapelyjy ce KOMOMHOBaHM MEXaHU3MH OTKa3a TakKO INTO CE JOBOJEC y BE3y
YCBOjEHH KMHEMAaTHYKH MEXaHHW3MHU 32 TJIO U MEXaHH3MH JIOMa TOPHET CTPOja MOCTA.
KomOnHOBaHM MeXaHU3MHU CE€ MOTOM KOPHUCTE y ONTHMH3ALMOHO] MPOLEAYPH THe je
MaKCHUMaJHa OTIIOPHOCT MoJieJia TI0-MOCT ojpel)eHa kao Hajpehn XOpU30HTAIHH TOMET
NOTKOTIaBama JIOKAITHE €pO3Hje PEUHOT JIHA KOJI MOCTOBCKOT CTy0a.

HeusBecHoctn kox opapehuBama mnapamerapa NOTpPeOHHX KOJ eBallyaluje
JIOKaJHE pPEYHE €po3Hje, KApaKTepUCTHKAa TJIa W HOCHBOCTH €JIEMEHAaTa MOCTOBCKE
KOHCTPYKIIHj€ Cy pa3MaTpaHe Ha 0a3u CaBpEeMEHHMX MCTPaKMBamba Kao IJIaBHA TeMa MPH
NpopavyHy YCJIOBHE BepoBaTHOhe oTka3za Mocta. Ha mpuMepy KOHTHHYaJTHOT MOCTa Ha
YeTUpH T0Jba KOJU MpeJia3u MPEeKo peKe, cpadyHaTe Cy YCJIOBHE BepoBaTHohe joma
Mocta y Monte Kapino cumynanmjama 3a getupu creHapuja. OBle je y TpaHHYHO]
GyHKIHMU y3eTa y 003Up BPEMEHCKH 3aBHCHA MyOWHA JIOKAJIHE €pO3Hje M OTIOPHOCT

MOZCJIa TIIO-MOCT Ha IIUPCHC 30HE IOTKOIIaBaAba KO MOCTOBCKOT CTy'6a.
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[IpencraBibeHU MOJEN TIO-MOCT pa3jallmhaBa MOHAMIAKE TUTUTKO QYHIHPAHHX
KOHTHHYAJTHUX TPEIHUX apMHPAHOOETOHCKHX MOCTOBA M3JIOKCHHX JIEJIOBAY JIOKATTHE
€po3uje PeYHOr THA W Jlaje TOpHkY TPAHUIYYy MPOCTUPAEA €PO3Hje KOJ MOCTOBCKHUX
cTyOOBa KOja JOBOJAM 1O OTKa3za KOHCTpykuuje. Kao eceHlujanHa KOMIOHEHTa 3a
aHaM3y YTPOKEHOCTH, pa3MaTpaHa jeé KOMOMHOBaHA OTIIOPHOCT OCJOHAYKOT TJIa |
MOCTOBCKE KOHCTPYKIIMj€ Ha JIOKaJIHY €pO3Hjy PEYHOr 1Ha, ITO HHUje OWio Tema
NPEJIXOIHUX HAYYHUX UCTpakuBama. [IpelcTaB/beHa METOI0JIOTH]a 32 KBAHTUTATUBHY
OLIEHY YI'PO’KEHOCTH IMPEJCTaBJba OCHOBY 3a Pa3BOj Mara yrpoKEHOCTH IyTHUX Mpexa
y ekcTpeMHuM mnoriaBama. OBe mamne he moceOHO OUTH KOpPHUCHE KO yIpaBJharba
pecypcuMa 3a yOliakaBame pU3HMKa OJ1 TOIIaBa Kao ¥ 3a W3[aBarmba PaHUX YIO30peHa

Ha OIMACHOCT y HO,Z[py‘II/IjI/IMa rac ce oquyjy IIOII1aB€ BCJIIMKOI' MHTCH3UTCTA.

KibyuHe peun: J0KagHa peyHa epo3uja, apMHUPaHOOETOHCKH MOCTOBH, 0a3a rmojaraka
MOCTOBA, OLIEHA YTPOKEHOCTH, MHTEPAKIIMja BOJIA-TI0-MOCT, KOMOMHOBAHA MEXaHU3MHU

JioMa TJI0-MOCT, YCJIOBHA BGpOBaTHOha OTKa3a MOCTa, CUCTEMH YyIIpaBJbalkhba MOCTOBHUMA

Hayuna o6nact: ['palheBunapcTBO
VYxa Hay4yHa obnacT: beToHCke KOHCTpyKIIHje

VK 6poj: 624.012.3/.4(043.3)
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Chapter 1. Introduction and literature review

1.1 Motivation

Efficient and affordable mobility of people and goods is essential foundation of
a modern society fostering economic growth and enabling people to be involved in
various activities that yield private and public benefits. In order to ensure required
mobility, the transportation infrastructure and in particular roads have to provide
adequate and reliable service to their users. The road infrastructure is exposed to various
threats that may sever road links or reduce their capacity and lead to severe
socio-economic consequences. Given the recent events in Serbia in 2014 and elsewhere
around the world, threats due to natural disasters need to be addressed in more detail.

The bridges, which are the most critical parts of road links, are particularly
vulnerable to natural hazards (e.g. flooding, rockfall and earthquake) in terms of both
exposition and resistance. The flooding is, however, clearly the number one culprit for
the damage on bridges ([Faber, 2007], [Imhof, 2004] and [Sullivan, 2005]). During
flooding, the bridges are endangered by overtopping, scour and impact of floating
debris, or combination of these. In following, some of the very large flooding events
and their effect on bridges and transportation infrastructure are presented. Additionally,
a few cases of bridge failures triggered by scour are considered individually.

In Japan, in the northern part of Kanto region, the concentrated intensive rainfall
(cumulative rainfall of 1,200 mm and a maximum rainfall of 90 mm/hour) in August
1998 inflicted severe damages to the road traffic infrastructure at 645 locations and

caused many casualties [Fukui and Nishitani, 2002]. There were 14 confirmed bridge

failures triggered by pier scour, abutment scour and washing out of approaches

(Fig. 1.1).

= L
Fig. 1.1 Bridge failures in the Kanto region, Japan, 1998, [Fukui and Nishitani, 2002]



In September 2003, the super typhoon Maemi caused more than 100 fatalities as
flood waters submerged over 40000 acres of farmland and inflicted severe damage to
the transportation infrastructure in South Korea. Total of 27 bridges and 774 roads were
impaired while the losses have been estimated to more than 1.4 billion US dollars
[Disaster Relief, 2003]. During this event, the Gupo Bridge on the Nakdong River
suffered a partial collapse after one pier on pile foundation had failed due to excessive

scour as presented in Fig. 1.2.

Fig. 1.2 Gupo bridge on the Nakdong river, South Korea, 2003, [Ji and Julien 2005]

In August 2009, the typhoon Morakot had hit Taiwan and devastated the total of
52 highway bridges [Hsieh et al., 2010]. The outlined causes of bridge failures were

associated with debris flows, landslides and scouring (Fig. 1.3)

Fig. 1.3 Bridge failures during the typhoon Morakot, Taiwan, 2009

In the USA, according to the Federal Highway Administration (FHWA)
[Arneson et al., 2012], up to 1973 there had been 383 bridge failures due to pier and/or
abutment scour in catastrophic floods. In the years 1985 and 1987, a total of 90 bridges
were destroyed or damaged in floods due to scour in the states of Pennsylvania, Virginia
and West Virginia (73 bridges), and in the states of New York and New England
(17 bridges). The floods in 1994, caused by the tropical storm Alberto in Georgia,

induced the total damage to the Georgia highway system of approximately 130 million



U.S. dollars for repairs and reconstruction of 73 bridges. The confirmed modes of
bridge failures in this flooding event were pier and/or abutment scour, and debris load.
As seen in Fig. 1.4, the most of the bridge failures in the USA from 1966 to 2005

occurred due to hydraulics causes, i.e. 58% from scour [Sullivan, 2005].
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Fig. 1.4 Bridge failures in the USA from 1966-2005, after [Briaud, 2006]

In April 1987, Schoharie Creek Bridge had collapsed and there were several casualties
(Fig. 1.5). The collapse was caused by the local scour (50-year flood event) at one of the
bridge piers on strip footing that rests on the dense glacial till. The findings confirmed
that inadequate rip-rap size, damage from prior flood events and lack of structure
redundancy contributed to the collapse. Two years later, the 54-year old Hatchie River
Bridge collapsed on the U.S. Highway 51 and eight people were killed (Fig. 1.5).
The previous inspections found no abnormalities, but the general scour of the riverbed
was observed. The flood level at the river and lack of structural redundancy contributed
to this failure. After these accidents, the diving inspections became a routine in

the USA.

Fig. 1.5 The collapses of the Schoharie Creek Bridge, 1987 (left) and Hatchie River Bridge,
1989 (right), USA



According to [JBA, 2004], highly localized storms were responsible for more
fatalities than large scale flooding in the UK. This report states that on average there has
been one railway bridge failure per 2.5 years in the UK since 1840 (Fig. 1.6), which in
terms of financial consequences totals the loss of at least 1 million British pounds
a year. The most common observed form of bridges failure is associated with
undermining of abutments and piers. In 1987, during a period of heavy rain and
flooding, the railroad bridge Glanthyd crossing Towy River collapsed killing 4 people.
The cause of failure was local scour at a bridge pier and the investigation confirmed that
remedial works previously carried out on a bridge increased the likelithood of scour
damage because the piers were widened and the shape of the cutwaters was changed
[Maddison, 2012]. The most recent cases of scour induced bridge failures in the UK
occurred during 2009 at Feltham and Cumbria (Fig. 1.7). In the latter case, the flooding
inflicted damage to 20 bridges and there was one casualty [Benn, 2013].
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Fig. 1.7 Northside Bridge prior and after the failure, Workington, UK, 2009



In New Zealand at least one bridge failure on average occurs each year due to
flooding [Melville and Coleman, 2000]. The significant impact on the community had
the failure of Wairoa River Bridge during the cyclone Bola in 1988 (Fig 1.8). The cause
of bridge failure was associated to debris which had intensified scouring. The overall
costs of the resulting traffic disruption were estimated to 50% greater than the

replacement costs of the failed bridge.

Y YA

Fig. 1.8 Wairoa Bridge failure, New Zealand, 1988, [Wairoa, n.d.]

In Portugal, the 116-year old Hintze Ribeiro Bridge over Douro River had
collapsed in March 2001 killing 59 people travelling on a train, bus and three cars
(Fig. 1.9). The river was rising for a few days due to intense rain and collapse was
eventually triggered by scouring at a bridge pier founded on wooden piles, which was
amplified by sand extraction. Additionally, the latest research in [Sousa and Bastos,
2013] showed that this steel truss bridge on masonry piers suffered significant

deformation during the years that preceded the collapse.

Fig. 1.9 Collapse of the Hintze Ribeiro bridge, Portugal, 2001, [Figueiredo et al., 2013]

The 39-year old St. Adolph Bridge, near the Canadian city of Winnipeg, had
suffered a partial collapse due to pier shifting and sinking as a result of scouring in
August 2009 (Fig. 1.10). This RC bridge was partially closed for reconstruction, which
lasted for 2 years and the costs totaled about 15 million U.S dollars [Curtiss, 2011].



The interesting fact is that the bridge had survived the 100-year flood in 1997, when the

water levels were considerably higher than in 2009 [Manitoba, n.d.].

Fig. 1.10 Failure of the St.Adolph Bridge, Winnipeg, Canada, 2009

In April 2012, the 61-year old bridge over the Filyos River in northern Turkey
partially collapsed and 15 people were killed (Fig. 1.11). The excessive scouring at one
of the bridge piers, which were founded on wooden piles, eventually led to failure of

this RC bridge [TKIC, n.d.].

Fig. 1.11 Failure of the bridge on the river Filyos, northern Turkey, 2012

In September 2012 in Spanish regions Murcia, Almeria and Malaga, the flash
floods caused by torrential rain inflicted two bridge collapses on main arterial routes
and there were several human fatalities. The collapsed bridges, which were 30 and 6

years old respectively, had to be demolished and replaced by new structures (Fig. 1.12).



Fig. 1.12 Failure of the bridge across Rambla de Béjar, Spain, 2012

In June 2013, the steel railroad Bonnybrook Bridge over the Bow River in the
Canadian city of Calgary had suffered partial collapse. The failure happened suddenly,
in spite of regular inspections during the flooding event. The sinking and rotation of the
scour affected pier caused damage to the main girder and the bridge had to be closed

(Fig. 1.13).

Fig. 1.13 Bonneybrook bridge collapse in Calgary, Canada, 2013

In November 2013 the -catastrophic rainfall (450 mm of rain in 90
minutes overnight) caused by cyclone Cleopatra had hit Italian island of Sardinia.
The direct consequences included several human fatalities and a few bridge failures near
the cities Dorgali and Olbia. The failures were mainly associated with washing out of

approaches (Fig. 1.14).

Fig. 1.14 Bridge failures near Dorgali (left) and Olbia (right), Sardinia, 2013



In Serbia, there have been substantial number of bridge failures due to flooding
in the last 20 years and in following, only the most recent events are presented.
The floods resulting from intensive snow melting in central and southern Serbia in 2013

(Fig. 1.15) and 2014 (Figs. 1.16 and 1.17) caused failures and damage to a few bridges.
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Fig. 1.16 Bridge failure near Kraljevo (left) and scour-critical bridge near Vranje (right),
Serbia, 2014

e R
Fig. 1.17 Damaged bridge pier, Lesak, southern Serbia, 2014

In the western and central Serbia and in several regions of the neighboring
countries Bosnia and Croatia, the severe flooding in May 2014 caused by cyclone
Tamara inflicted dozens of fatalities, serious damage to crops, road infrastructure
and industry. Almost one and a half million people were directly affected and more than
35,000 only in Serbia had to be evacuated as flood raised 5.0 m above the ground level

at several urban areas. Subsequently, the numerous landslides had cut off settlements in



the flooded areas for several days. In Serbia alone, 50 bridges collapsed or were
damaged on the state roads. The causes of these failures were mainly associated with
pier and/or abutment local scour, and washing out of approaches (Figs. 1.18 to 1.20).

The final toll of this extreme event is yet to be estimated.

Fig. 1.20 Bridge failure, Koceljeva, western Serbia, 2014.

It may be concluded that floods in general represent the severe threat to bridges
all around the world despite their age, static system or construction materials. It is the
fact that the local scour associated with extreme flooding is widely recognized as the
major cause of bridge failures triggered by a non-human factor and is often a topic of
extensive research. Case studies (e.g. [Mlakar et al., 2000], [Coleman and Melville,
2001]) and forensic investigation reports (e.g. [Wu et al., 2012], [Lee et al. 2013])

on bridge failures in floods, contribute to the improvement of scour assessment



methodologies and identification of flaws in bridge design, construction
and maintenance. Still, this hindsight does not provide satisfactory results in mitigating
the threat of failure for existing bridges. The preventative interventions, which include
monitoring and countermeasures installment at a bridge site although deemed useful, are
costly and sometimes inapplicable especially in the cases that entail flash floods, fast
flowing rivers and torrents. In such events, the influence of the local scour is dominant
over the other scour processes at a bridge site. It is regarded as a sudden process and it
is not easily possible to prevent the associated failures with adequate intercepting
interventions. Unfortunately, the validation of bridge management practices in this case
is only possible after the failures occur. The only suitable solution, which would focus
on a bridge population in a road network, is a screening procedure that allows
identification of vulnerable bridges to be examined in more detail. Thus, a new
methodology for quantitative vulnerability assessment of bridges exposed to local scour
is necessary, which implies estimation of both bridge failure probability for different
intensity of floods and related consequences of failure. The main goal of the
methodology is arranging timely maintenance interventions for bridges and issuing
timely warnings in regions where extreme flooding is expected. Its integration in future
Bridge Management Systems (BMS) will certainly aid in mitigating the consequences
of oncoming extreme flooding events such as the recent one in Serbia.

The existing methodologies to assess scour criticality are discussed in
section 1.2. The treatment of scour data in bridge databases and structure of the bridge
database in Serbia — “Baza podataka mostova” (BPM) is given in section 1.3.
The literature review of the up-to-date research on topics related to risk and
vulnerability of bridges to local scour is presented in section 1.4. The motivation for

development of a new methodology and the thesis outline are given in section 1.5.

1.2 Existing methodologies for scour criticality assessment

Many countries around the world developed methodologies and guidelines for
evaluation of bridge scour and scour countermeasures installment by the year 2000
(Table 1.1). However, the most comprehensive research has been conducted in
the USA. The U.S. Federal Highway Association (FHWA) has issued the three
manuals: HEC-18, HEC-20 and HEC-23 (HEC-Hydraulic Engineering Circular), in
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which respectively the subjects of bridge scour evaluation (section 1.2.1), stream
stability at highway structures and selection of appropriate scour countermeasures are
extensively elaborated. Based on the guidelines given in the manuals and the data in the
National Bridge Inventory (NBI), the risk-based methodology has been developed and
implemented in the software HYRISK (section 1.2.2).

Table 1.1 Manuals of practice and design guides for bridge scour by the year 2000, [Melville
and Coleman, 2000]

Country Agency Document Reference Scour Coverage
Evaluating scour at bridges Richardson & Localized scour estimation procedures
(HEC-18) Davis (1995) mandated for use in the USA
USA FHWA . . hic and hydraulic factors that
Stream stability at highway Lagasse et al. Geomorphic and hy i actors tha
structures (HEC-20) (1995) affect stream stability at bridges,
mandated for use in the USA
Road and Transportation
Association of Canada Guide to bridge hydraulics [ Neill (1973, 1987) General guidelines to bridge scour
RTAC
Canada ( ) F — -
Ministry of trar}sportation, Héir:;;f IC} ?\S/E_%lz: gr:ir;gg:s’ Harris (1988) Scour estimation'procedures for use in
Ontario Ontario, Canada
Manual
Australia Austroroads Waterway desion Austroroads Guide to scour estimation methods in
t g (1994) Australia based extensively on HEC-18
. . Ministry of Work: o N
Ministry of Works and Code of practice for the 1Sty oL WOTKS | 5 idelines for scour estimation and
. . and Development .
Development design of bridge waterways (1979) scour protection
New Zealand Ministry of Works and
1Sty OF WOrks ;.m Waterway design procedures . Guidelines for scour estimation and
Development - Hamilton . Georgious (1985) .
. Guidenotes scour protection
District Office
Royal Institute of Local scour at bridge piers - Review of pier scour estimation and
Sweden t A review of theory and Dargahi (1982) P .
Technology, Stockholm . scour protection
practice
Central Board of Irrigation | River behavior management CenFral Board of Comprehensive guidelines to scour
. . Irrigation and .
and Power, New Delhi and training estimation and scour contrameasures
Power (1989)
Standard Specifications and
India code of practice for road
. bridges - Section VII. Indian Road -
I R 1 1
ndian Road Congress Foundations and substructure| Congress (1980) General guidelines
- Part I, General features of
design
Ministry of Transport,
Pubic Works and Water Hoffimans and
Netherlands | Management, Delft, and Scour manual .. Chapters on abutment and pier scour
. Verheij (1997)
Delft Hydraulics
Laboratory
United Hydraulics Research, Hydraulics factors in bridge Farraday and Chapters on local scour and bank
Kingdom Wallingford design Charlton (1983) protection and river training

In National Cooperative Highway Research Program (NCHRP) report (section
1.2.3), detail application of the HYRISK to bridges with unknown foundations is
presented. Following the guidelines given by the FHWA, the States DOT (Department
of Transportation) use their own bridge scour ranking systems and store necessary data

for this purpose in bridge databases. Besides screening of scour prone bridges, these
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databases support decision making process with regard to maintenance actions.
An example of such ranking system, which is based on screening, classifying and rating
procedures, is specified in the hydraulic vulnerability manual of New York State
Department of Transportation (NYSDOT) (section 1.2.4). In section 1.2.5, the available
software for risk assessment of bridges, which include flooding hazard, is

briefly presented.

1.2.1 The U.S. national scour evaluation program

The U.S. Federal Highway Association (FHWA) has started scour evaluation
program in the 1988 as a part of the National Bridge Inspection Standard (NBIS) with
the primary goal to identify and evaluate existing bridge deficiencies and ultimately
ensure the safety of traveling and transport. Within this program, all necessary data has
been collected in the National Bridge Inventory database (NBI). This database
represents a compilation of bridge data supplied by the States to the FHWA and
contains detailed technical and engineering information about hundreds of thousands of
bridges and tunnels in the U.S. on the public roads. The data is organized into elements
(i.e. items) and is used for condition assessment of bridges and their prioritizing when
corrective actions are needed. The descriptions of rating codes for the items in the NBI
may be found in [Pearson et al., 2002]. For evaluation of scour at bridges the following

items are used:

e NBI Item 60 — Substructures (describes physical condition of piers, abutments,
piles, fenders, footings)

e NBI Item 61 — Channel and Channel Protection (describes the physical
conditions associated with the flow of water under the bridge such as stream stability
and the condition of the channel, riprap, slope protection, or stream control devices
including spur dikes)

e NBI Item 71 — Waterway Adequacy (appraises the waterway opening with
respect to passage of flow under the bridge), and

e NBI Item 113 — Scour Critical Bridges (Table 1.2)
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Following items are also related to scour: the Item 92 — Critical Feature Inspection and
the Item 93 — Critical Feature Inspection Date, in order to alert inspectors for previous
scour problems.

Currently, the three manuals are used for a comprehensive scour analysis and
structure stability evaluation: HEC-18, HEC-20 and HEC-23. The latest HEC-18
manual [Arneson et al., 2012] is the state-of-the-art document, which allow
comprehensive bridge scour evaluation. It relies on the vast research performed by
NCHRP and FHWA, technical resources and represents the updated version of the
manual given by [Richardson and Davis, 2001]. The manual HEC-18 addresses:

e Designing new and improvement of existing bridges to resist scour
¢ Evaluating existing bridges for scour vulnerability
e Inspecting bridges for scour

e Improving the state-of-practice of estimating scour at bridges

According to FHWA, approximately 83 percent of the 583,000 bridges in the
NBI are bridges built over waterways. By the November 2000, more than 90% of all
bridges in the USA had been screened and evaluated for scour. The scour evaluation
program is conducted by an interdisciplinary team consisted of: DOT’s structural
engineer, hydraulic, geotechnical and bridge engineers. The program comprises
screening and evaluation procedures, and development of an action plan for bridges
identified as scour critical. The screening procedures imply the identification of the
scour risk at bridges (low risk, scour susceptible or scour critical), prioritizing (for
necessary bridge scour evaluation), office review and, if needed, a field inspection.
In the evaluation procedures, bridge plans, inspection reports and field reports are
studied in order to assess potential problems, which may occur during a future
flooding event. In addition, the necessary hydrologic and hydraulic information required
for scour estimation at the bridge foundations are gathered and processed. A plan of
action for scour critical bridges (NBI Item 113 rating from 0 to 3) implies establishing
of bridge-specific inspection type and frequency, performing of scour countermeasures
and providing other critical guidance such as identifying flood conditions that will

trigger closing of the bridge to reduce the risk to the traveling public.
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According to HEC-18 the monitoring as a preventative measure at a bridge site
is not a long-term solution and does not render a scour critical bridge a non-scour
critical bridge. Furthermore, it does not change the NBI Item 113 rating from a scour

critical rating to a non-scour critical rating.

Table 1.2 Rating codes for NBI Item 113 — Scour Critical Bridges, [Pearson, 2002]

CODE DESCRIPTION
N |Bridge not over waterway.
Bridge with "unknown" foundation that has not been evaluated for scour. Until risk can be

U |determined, a plan of action should be developed and implemented to reduce the risk to
users from abridge failure during and immediately after a flood event (see HEC 23).
Bridge over "tidal" waters that has not been evaluated for scour, but considered low risk.
Bridge will be monitored with regular inspection cycle and with appropriate underwater
inspections until an evaluation is performed

("Unknown" foundations in "tidal" waters should be coded U.)

9 |Bridge foundations (including piles) on dry land well above flood water elevations.
Bridge foundations determined to be stable for the assessed or calculated scour condition.
Scour is determined to be above top of footing (Example A) by assessment (i.e., bridge

8 |foundations are on rock formations that have been determined to resist scour within the
service life of the bridge), by calculation or by installation of properly designed
countermeasures (see HEC 23).

Countermeasures have been installed to mitigate an existing problem with scour and to
reduce the risk of bridge failure during a flood event. Instructions contained in a plan

7 . . . . . .
of action have been implemented to reduce the risk to users froma bridge failure during
or immediately after a flood event.

6 Scour calculation/evaluation has not been made. (Use only to describe case where bridge

has not yet been evaluated for scour potential.)

Bridge foundations determined to be stable for assessed or calculated scour condition.
Scour is determined to be within the limits of footing or piles (Example B) by assessment
5 |(.e.bridge foundations are on rock formations that have been determined to resist scour
within the service life of the bridge), by calculations or by installation of properly
designed countermeasures (see HEC 23).

Bridge foundations determined to be stable for assessed or calculated scour conditions;

field review indicates action is required to protect exposed foundations (see HEC 23)
Bridge is scour critical; bridge foundations determined to be unstable for assessed or
3 calculated scour conditions:

- Scour within limits of footing or piles. (Example B)

- Scour below spread-footing base or pile tips. (Example C)

Bridge is scour critical; field review indicates that extensive scour has occurred at bridge
foundations, which are determined to be unstable by:

2 |-acomparison of calculated and observed scour during the bridge inspection, or

- an engineering evaluation of the observed scour condition reported by the bridge
inspector in Item 60.

Bridge is scour critical; field review indicates that failure of piers/abutments is imminent.
Bridge is closed to traffic. Failure is imminent based on:

1 |-acomparison of calculated and observed scour during the bridge inspection, or

- an engineering evaluation of the observed scour condition reported by the bridge
inspector in Item 60.

0 |Bridge is scour critical. Bridge has failed and is closed to traffic.
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1.2.2 The HYRISK methodology

The HYRISK methodology is implemented as software with the same name that
allows efficient estimation of relative annual risks of bridge damage or failure due to
scour based on the FHWA guidelines. The risk is estimated as product of an annual
probability (rate) of scour failure and the associated economic consequences by using
pertinent items from the NBI database. The following equation is used

[Pearson et al., 2002]:

Risk = KP,[(RebuildCost) + (RunningCost) + (TimeCost)] (1.1)
where:
Risk = risk of scour failure ($/year)
K = KiKz — the risk adjustment factor based on the types of span and
foundation (Table 1.3)
P, = probability of failure each year (NBI items 26, 71 and 113)

The values of K; and K, are subjective (Table 1.3) and it is suggested that they should

be adjusted using local experience or further forensic studies.

Table 1.3 The values of factors K, and K, in Eq. 1.1

K, 1.00 [simple spans less than 100 feet

0.67 |rigid continuous spans with lengths in excess of 100 feet

unknown foundations or spread footings on erodible soil above scour depth

1.00
with pier footing top visible or 1 to 2 feet below stream bed

0.80 pile foundations when length is unknown or is less than 19 feet,

wood pile foundations
0.20 [foundations on massive rock

The probability of failure P, is a function of overtopping frequency and scour

vulnerability at bridge sites. It is adjusted based on the age of the bridge and estimated

as follows:
P,(F|(OT and SV)) = Z P,(D4|0T)P,(F|(SV and Dy)) (1.2)
D
where:
F = bridge failure occurrence
OT = overtopping frequency (based on the NBI Items 26 and 71),
SV = scour vulnerability (based on the NBI Item 113), and
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Dy = dimensionless depth (ratio of water depth and full waterway opening)

When the economic consequences of bridge failure i.e. Rebuild Costs, Running Costs
and Time Costs are introduced in Eq.1.1 the risk can be expressed as:

o T T 1D, Apr
RlSk - KP {CIWBLB + CZDLADT + I:C30 (1 - m) + C4 m:l T} (13)

where:

C: = unit rebuilding cost ($/year)
Wp = bridge width from NBI item 52 (ft)
Lg = bridge length from NBI item 49 (ft)
C, = costof running vehicle (0.25%/mile)
D. = detour length from NBI item 19 (miles)
Apr = average daily traffic (ADT) from NBI item 29
d; = duration of detour based on the ADT from NBI item 29 (days)
Cs; = value of time per adult in passenger car ($7.05h in 1991)
= average occupancy rate (1.56 adults)
T = average daily truck traffic (ADTT) from NBI 109 (% of ADT)
C, = value of time for truck ($20.56h in 1991)
Sqs = average detour speed (40miles/h)

1.2.3 Risk-Based Management Guidelines for Scour at Bridges with Unknown
Foundations

There is large number of bridges with unknown foundation in the USA
(Table 1.4), and over 1500 of those were built after the year 2000 including 69 on
arterials according to [Stein et al., 2006].

Table 1.4 The status of Bridge Scour Program evaluation in the USA, [Arneson et al., 2012]

Total Number of Interstate . NON NHS Percent of
Bridges Factor Bridges NHS Bridges Bridges Total Total
493,473 Needing 80 136 3,701 3,917 0.80%
Evaluation

493,473 Foundation 55 703 40,067 40,825 8.30%
Unknown

493,473 Scour Critical 937 1,936 20,181 23,034 4.70%
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The proposed methodology, which is based on the HYRISK, includes guidelines
for managing the bridges with unknown foundations. The requirement for these bridges
is to satisfy the minimum performance levels (MPL-s). The MPL is defined as the
probability of failure that a bridge with a certain functional classification must not
exceed, given in NBI item 26 — Functional Classification of Inventory Route
(Table 1.5). For investigated bridges that do not meet the MPL thresholds, the bridge
inspection (i.e. foundation reconnaissance), quantitative scour evaluation and necessary

scour countermeasures are suggested.

Table 1.5 Minimum performance levels, [Stein et al., 2006]

Minimum Performance Level

NBI Item 26 Description (Threshold Probability of Failure)
Rural

01, 02 Principal Arterial - All 0.0001
06, 07 Minor Arterial or Major Collector 0.0005
08 Collector 0.001
09 Local 0.002
Urban

11,12, 14 Principal Arterial - All 0.0001
16 Minor Arterial 0.0002
17 Collector 0.0005
19 Local 0.002

The selection of the most appropriate management plan for the bridges with the

unknown foundations follows three steps:

e The high priority bridges (high additional daily traffic (ADT) and/or principal
arterials) should qualify for the most aggressive management plan
e The setting of the MPL for various functional classifications (Table 1.5)

e The comparison of estimated risk failure to the cost of installing automated

monitoring and countermeasures.

Based on the preformed surveys and review of the available project
documentation for the State bridges, the common assumptions that can be made for

foundations are:

e Older structures (built before 1960) were usually built on timber piling
¢ Depth of piles can be assumed as at least 10 feet for unknown foundations

e If rock is near the surface, spread foundations can be assumed to support bridges

with unknown foundations
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e The top of a typical spread footing can be assumed 3 feet below the top of the
soil and the bottom 7 feet below the top of the soil

The original HYRISK approach is developed primarily to prioritize bridges and
cannot be used for risk assessment as it overestimates the number of annual failures.
Thus, the original failure probabilities have been scaled down (Table 1.6) to a level
corresponding to the approximate number of occurred failures in the USA, obtained
from the State interviews. For unknown foundations, the Item 113 cannot be used and
therefore the Items 60 and 61 are used instead as a closest potential measure of a bridge

vulnerability to scour.

Table 1.6 Annual Probability of Scour Failure, adapted from [Stein et al., 2006]

Scour Vulnerability Overtopping Frequency

Remote (R) Slight (S) Occasional (O) Frequent (F)
(0) Failed 1 1 1 1
(1) Imminent failure 0.01 0.01 0.01 0.01
(2) Critical scour 0.005 0.006 0.008 0.009
(3) Serious scour 0.0011 0.0013 0.0016 0.002
(4) Advanced scour 0.0004 0.0005 0.0006 0.0007
(5) Minor scour 0.000007 0.000008 0.00004 0.00004
(6) Minor deterioration 0.00018 0.00025 0.0004 0.0005
(7) Good condition 0.00018 0.00025 0.0004 0.0005
(8) Very good condition _ 0.000004 0.000005 0.00002 0.00004
(9) Excellent condition _ 0.0000025 0.000003 0.000004 0.000007

The methodology uses the extended version of Eq. 1.3 (vehicles are
distinguished between trucks and passenger cars) where the term in brackets (i.e. Cost)

was updated by including the fatality costs:

T T
COSt = CleWBLB + [CZa (1 - ﬁ) + CZt m:l DLADT

(1.4)
D, Apr

T T
+[C3(1‘m)+c4m] s, TGX

where in addition to Eq. 1.3:

e = cost multiplier for early replacement based on the ADT
Coa = cost of running automobile (i.e. 0.45 $/mile), or use local data
Cx = costof running truck (i.e. 1.30 $/mile), or use local data

Cs = costof each life lost (typically $500,000, or use local data), and

X = number of deaths resulting from failure
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For additional definition of the values for factors in Eq. 1.4 for the USA, refer to
[Stein et al., 2006]. The recent application of this risk-based approach in the assessment
of scour critical bridges in North Carolina confirms the benefits of the quantitative
approaches. The savings from evaluation of 3752 bridges in comparison to the
conventional method were estimated to nearly 7.0 million US dollars as reported

by [Mulla, 2014].

1.2.4 New York state department of transportation — Hydraulic Vulnerability

Manual

The NYSDOT started the Bridge Safety Assurance Program in the 1991 in order
to eliminate or reduce the vulnerability of new and existing bridges predominantly due
to floods. As a part of this program, the Hydraulic Vulnerability Manual
[NYSDOT, 2003] is developed and applied to rate bridges with regard to their
hydraulic vulnerability. The ultimate goal of the procedures is establishing urgency and
priorities for undertaking corrective actions on the State’s bridges. Depending on the
rating score, these actions comprise flood monitoring program and/or protective
hydraulic countermeasures. Additionally, it is used to prioritize the bridges for
additional assessments based on hydraulic studies. The hydraulic vulnerability
assessment consists of screening, classifying and rating procedures.

In the screening procedure, the bridges are placed into four susceptibility
groups, which set the order of bridges entering the classifying procedure. The first step
is the inventory screen, which represents preliminary screening of bridge inventory and
inspection system data files for bridges over water. Then the two-phase susceptibility
screen is performed. In the first phase, the bridges with low susceptibility to scour
damage are identified as those which: do not have piers or abutments in a floodplain,
span over static or controlled flows (e.g. lake, canal, etc.) are founded on scour-resistant
soil (e.g. bedrock with slow rate of scour measured in terms of centuries). The second
phase is substructure foundation screening, where the main criteria for placing of a
bridge in the one of the susceptibility groups are based on the abutment and pier types.
For example, the piers with spread footings on earth and piers with unknown
foundations are placed in the first susceptibility group.

In the classifying procedure, the vulnerability of a bridge to scour damage is

evaluated as the classification score based on geologic, hydraulic and
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riverine conditions. The bridges are placed in high, medium or low hydraulic
vulnerability class. The classification score is obtained as the sum of scores from
general hydraulic assessment and foundation assessment. The score of the general

hydraulic assessment is obtained by accounting for following parameters:

e river slope/velocity

e channel bottom and configuration
e debris/ice problem

e river confluence and backwater

e historic scour depth, and

¢ adequate opening and available overflow/relief

In the foundation assessment, both the abutments and the piers are assessed and
the most critical element (i.e. with the highest scores) of these is used in the further
score evaluation. Here, the factors that affect scour such as substructure geometry/type,
location in the riverbed and existing scour countermeasures are accounted.

Finally, in the rating procedure the bridges are given one of the six
vulnerability ratings by summation of the likelihood score and consequences score,
which are evaluated through qualitative assessments (Fig. 1.21). The likelihood score is
directly obtained from the classification score, while the consequences score is sum of
the failure type score and exposure score. The exposure score is a measure of the effect
that a failure of a structure will have on the road users. It is qualitatively based on the
traffic volume score and functional classification score i.e. on the AADT (Average
Automobile Daily Traffic) and road importance respectively.

The failures types are based on the extent of damage qualitatively, without

analyzing specific failure modes:

e Catastrophic — structure is vulnerable to sudden and complete collapse of
superstructure span/s, resulting from partial or total failure in the substructure
or superstructure. (author's remark: complete loss of traffic service and lives may be
endangered)

e Partial collapse — structure is vulnerable to major deformation or discontinuities
of a span (loss of traffic service and lives may be endangered), resulting from tipping or

tilting of the substructure
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e Structural Damage — structure is vulnerable to localized failures resulting from
excessive deformation and cracking in bridge element/s (require repairs, no loss

of service)

The manual suggests that following factors should be considered in evaluation
of the failure type score: redundancy of the superstructure, simple span/continuous
spans, bridge type, span length, support conditions, abutment/piers type & geometry.
Besides the general discussion, the specific details on how this information affects

the failure type score are not given.

LIKELIHOOD SCORE (LS)
Vulnerability class

HIGH = 10 (classification score > 35)
MEDIUM =6 (classification score 20 - 40)
LOW =2 (classification score < 25)
NOT VULNERABLE =0

CONSEQUENCE SCORE (CS)
Failure Type

Catastrophic =5

Partial collapse =3

Structural damage =1

Exposure

Traffic Volume Score

> 25,000 AADT =2

4000 - 25, 000 AADT =1

< 25,000 AADT =0

Functional Classification Score

Interstate and Freeway =3

Arterial =2

Collector =1

Local Road & Below =

VULNERABILITY RATING SCORE (VS=LS + CS)
VS Rating
>15 1 Safety Prority
13-16 2 Safety Program
9-14 3 Capital Program
<15 4 Inspection Program
<9 5 No Action
- - Not Applicable

Fig. 1.21 Evaluation of the vulnerability rating score, adapted from [NYSDOT, 2003]

1.2.5 The software for risk assessment of bridges

Currently, there are only few software for risk analysis of bridges which account

flooding hazard. The HAZUS-MH (HAZards U.S. Multi-Hazard) is risk assessment
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software developed in the USA, which uses Geographic Information System (GIS).
It distinguishes the effects of flooding hazards for two elements of transportation

infrastructure:

e roadway sections, which can become submerged, and

e bridges, which may fail due to scour during a flooding event.

In both cases, it uses coincident analysis between the geographic extents of the
flooding and the location of infrastructure. Here, the probability of failure of bridges
exposed to local scour is based on the bridge’s structural configuration, rating from the
NBI and flood return period, while only the direct costs of failure are considered
[FEMA, 2007].

The software CAESAR (Catalog And Expert evaluation of Scour risk and River
Stability) is used for evaluating current and potential scour problems at bridges and
identifying the urgency for appropriate countermeasures [Palmer et al., 1999].
It comprises bridge site characteristics, the geometry of bridge elements, soil properties,
inspection data and independent scour risk evaluation by implementing
Bayesian networks. It does not account bridge structural or soil geotechnical resistance
in a local scour event.

The Swiss federal roads authority (ASTRA) developed the software Road Risk
for evaluation of aggregate risks of road/traffic interuption [RoadRisk, n.d.]. It uses GIS
and allows calculation of the probability of road links’ failures for different intensities

of hazards (flooding, rockfall and avalanche).

1.3 Treatment of scour in bridge databases

According to [Figuerido et al., 2013], a Bridge Management System (BMS) can
be defined as an inspection—based decision-support tool developed to analyze
engineering and economic factors and to assist the authorities in making timely
decisions regarding maintenance, repair and rehabilitation of bridges. The oncoming
development of the BMS around the world is mainly focused on the quantitative
condition assessment of bridges i.e. structural health monitoring combined with
destructive and non-destructive testing in situ. The advanced BMS today process the
data stored in bridge databases to predict condition development over time using

suitable deterioration models. For this purpose the stochastic models, in particular
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discrete-time Markov chains are commonly applied. The Markov chains are used in
several BMS such as PONTIS [Thompson et al. 1998] in the USA, KUBA
[Hajdin, 2008] in Switzerland, and are recently applied to data stored in Serbian bridge
database BPM [Masovi¢ and Hajdin, 2014]. However, the analysis of the impact that
natural hazards have on bridges and transportation infrastructure is yet to be included in
the future BMS. Currently, only the qualitative assessments of the threat of flooding and
associated local scour at bridges are included (e.g. PONTIS).

1.3.1 Bridge information database in Serbia (“Baza Podataka Mostova”)

The first version of the Serbian bridge database (BPM) “SR-01" was developed
in 1988 and from 1990 to1998 its electronic version “SR-02” was utilized. The version
“SR-02” was updated and modified over the years to become the version “SR-03”
[Bebi¢, 1998], which is operational since 1998. The main purpose of the BPM is to
provide the concise information on properties and geometry of road bridges and their
current condition. The qualitative assessments based on inspections give bridge
rankings, which are used by Serbian Road Directory to determine an optimum
maintenance program for bridges and road users. Still, the BPM is not a BMS, as it does
not allow planning of future financial needs, treats bridges as individual objects in the
road network and does not trace or predict the deterioration of bridge elements.

The two types of data are collected for the bridges in the Serbian road network:

inventory data and inspection data. The inventory data comprises:

¢ Bridge identifiers (e.g. name/number) and location of the bridge in the network
(e. g. road type/category, location (milepost), etc.)

¢ Bridge type and material

e Bridge geometry (e.g. spans, road and cantilever width, etc.)

e Identifiers and properties of bridge elements (e.g. abutments, piers, main girder,
bearings etc.)

e Identifiers and properties of bridge equipment (e.g. pavement, bearings, hydro
isolation, fence, etc.)

e The owner, operator and participants (designer, contractor, supervision,

maintenance responsibility)
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e Other data (year of construction, environment characteristics, barrier type etc.)

The bridge inspection data are classified in the four groups of items:

o Safety items (load-carrying elements: deck slab, main girder, piers, abutments,
foundations, cross beams, bracings and bearings; corrosion presence)

e Expected further deterioration items (waterproofing, expansion joints,
pavement, drainage, bridge opening etc.)

e Serviceability items (bridge equipment: signalization, lighting, fences, drainage
system, etc.), and

e Additional prioritization items (ADT, location in the network, roadway/bridge

alignment)

The total number of inspection items is 28 and the condition rating score for
every item is evaluated by multiplying it’s condition rating with an appropriate
impact factor. The item’s condition rating may have 5 to 8 values depending on the
group (Table 1.7).

Table 1.7 An example of condition rating for items in the BPM, [Masovi¢ and Hajdin, 2014]

BPM rating
Description of the  Load-carrying Expansion

State condition elements Joints

1 Good 1 1

2 Satisfactory 5 2

3 Fair/unfavourable 10 4

4 Poor 15 6

5 Serious 20 8

6 Critical/dangerous 100 10

There are 6 values (11.3; 8.0; 5.65; 4.0; 2.82; 2.0) for the impact factor and their
assignments to the inspection items are based on the item’s importance.
The load-carrying elements have the highest impact factor, while the lowest impact
factor is for the bridge equipment. The partial rating scores (PRS) are evaluated for
every group of inspection data as sum of condition rating scores for all items in
one group. The total rating score Rs for a bridge is obtained as sum of all PRS:

Rs =Ry + Ry + Re + Ryp = z ajibix + 2 Aig1big1 + 2 ajsbif + z Qigzbiaz  (1.5)
% a1 7 az

where:
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R« = PRSfor safety items (max k = 10)

Ry = PRSfor expected further deterioration items (max d1 = 6)
R = PRSfor serviceability items, (max f=9)

R = PRSfor additional prioritization items (max d2=3)

a, b, = impact factor and condition rating for an inspection item in a group

The type of static system in conjunction with the values of PRS and Rs is used
for prioritizing of future maintenance actions. The envisaged maintenance actions in the
BPM are dependent from the prescribed limit values of every PRS for 17 bridge types
and imply:

e regular maintenance,

e regular maintenance and inspection,
e intensive regular maintenance,

e emergency maintenance,

e reconstruction plan, and

e urgent reconstruction

The information concerning special transport permits, repair and maintenance
actions were intended to be collected as well, but only the PRS and Rs scores for a
bridge from one or several inspections are available at the moment.

In order to perform screening of bridges endangered by scour in the BPM, firstly
one should inquire for PRSand Rs scores. These give only the overall condition, and the
additional indicators for flood/scour associated problems are found in entries for items

related to bridge substructure (abutment foundation and pier foundation).

1.4  Literature review of the research on vulnerability and risk assessment of
bridges exposed to local scour

As far as the existing bridges exposed to local scour are concerned, there is not
much research done on the subject of quantitative risk and vulnerability assessments.
Here the most relevant studies on this and related topics are presented.

The research in [Johnson and Ayyub, 1992] included the simulation of a local
scour at a pier for a period of 35 years. Here the three parameters were varied: pier

diameter, foundation depth and sediment grain size. The goal was to estimate the

25



parameters’ impact on the probability of a bridge failure at various points of time.
Here, the importance of including risk due to scour at existing bridges in decision-
making process was recognized. In [Johnson and Dock, 1998], the CSU local scour
evaluation formula (see section 3.1.1.1) was applied in Monte Carlo (MC) simulations
for probabilistic estimation of scour at pile foundations. The Bonner Bridge in North
Carolina was used in the example where 100 and 500-year hurricane events were
simulated as the Poisson process.

In Serbia, the risk assessment of local scour at piers of the “Beska” Bridge over
the river Danube has been performed in [Jovanovi¢, 2006]. Here, the long-term
hydrographic survey of the river bed was used as the basis for the probabilistic
distributions of hydraulic parameters in the CSU formula for the MC simulations.
The bridge failure was assumed for scour depths exceeding the pier’s foundation depth.

The quantitative vulnerability analysis and bridge failure assessment procedure
in accordance with the bridge exposition to the hazard of certain magnitude have been
developed by [Birdsall, 2009]. In the case of a bridge pier on shallow foundation, the
CSU local scour formula is used to obtain a deterministic maximum local scour depth,
which is compared with a pier’s foundation depth.

In [Apaydin, 2010], a risk of failure due to scour for a pilot bridge was
calculated in order to present the applicability of the HYRISK methodology in Turkey.
Here the water surface profile and scour depth calculations are performed with the
software HEC-RAS (i.e. CSU formula). The study highlighted the necessity for
establishing a bridge database as well as the need for development of a concept similar
to HYRISK for different regions in Turkey.

Recently, the Observation Scour Method has been presented in [Govidasamy et
al. 2013]. It is a new method for assessment of bridges to scour developed specifically
for the state of Texas, which accounts for time-dependent scour in the erosion-resistant
materials by using the HEC-18 clay method (section 3.1.1.2). In addition, it incorporates
in situ measurements of scour depths and includes past observations of flow data at a
bridge site to predict future scour depths.

The seismic performance of scour affected bridges in high seismic areas is also a
current research topic. The multiple hazard reliability analysis, which considered local

scour at a three-span RC bridge with pile foundations and earthquake loading, was a
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part of the study presented in [Goshn et al., 2003]. The bridge failure was assumed for
the soil failure due to lateral seismic loads and scour at a pile. Over the period of 75
years (i.e. design life of a bridge), the maximum local scour depths evaluated by the
CSU formula, soil properties, strength of bridge elements and earthquake spectra were
used in the MC simulations to obtain the probability of bridge failure and calibrate the
partial load factors for multiple hazard loading. Recently, in [Alipour et al., 2013] a
combined extreme event of scour and earthquake was considered for reliability-based
calibration of Load Resistance Factors for Design (LRFD) for RC bridges on
pile foundations. The probabilistic analysis of medium to long two-span bridges was
conducted using the CSU formula in the MC simulations for the rivers with low-flow
and high-flow discharge rates. The effects of scouring on the seismic performance of the
investigated bridge types were assessed with the set of fragility curves, which associate
ground motion intensity with probability of exceeding a specified damage state.

The effects of local scour on bridge stability in flooding events and related
failure modes are rarely investigated. The research in [Ramey and Brown, 2004] was
motivated by the fact that scour was not incorporated in the design of several hundreds
of bridges in Alabama before 1990. The ultimate objective was to identify the primary
parameters and develop a screening tool to evaluate the stability of simple pile bent
supported bridges for a 50-year scour event. The analyzed failure modes consider pile
buckling, pile cap failure and loss of friction force in the extreme scouring event where
the critical depth of scour is the principal parameter governing failure. The automated
screening tool, the outcome of this research, was presented by [Donnée, 2008].

The mechanism of a bridge failure due to local scour at shallow foundations has
not been clarified in detail. To this end, the reduction of soil bearing capacity due to soil
removal in the pier zone has not been thoroughly considered in up-to-date research.
The CSU local scour formula has been adopted by [Frederico et al. 2003] to compute
probability of a river bridge pier failure, which is assumed to be governed by the soil
cover above the foundation level (i.e. surcharge load). Additionally in [Frederico, 2010]
the dynamical effects of floods on river bridge foundations were discussed but the
superstructure resistance was not considered (section 2.2). As in similar analyses, the

pier failure was assumed for all scour depths exceeding the foundation depth.
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In [Park et al.,, 2012], the vulnerability of bridges to local scour has been
investigated on the case studies of 12 highway bridges with pile foundations in
South Korea. The maximum local scour depths were calculated as an average value
obtained by four local scour evaluation formulas for deterministic parameters and a
100-year flooding event. The reduction of a static bearing capacity of soil at bridges'
piles due to scour and resulting safety factors were calculated (i.e. decrease of surcharge
load and frictional resistance along the pile shaft). These results were suggested as the
criterion in prioritization of bridges’ maintenance interventions.

The idea to consider a local scour action as a degradation of elastic and plastic
soil properties at a bridge pier was presented in [Tanasic et al., 2013]. The FDOT local
scour evaluation formula (section 3.1.1.3) was used in the MC simulations to compute
the probability of bridge failure at an actual site. Here, the pier sinking was adopted for
the bridge failure mechanism in the scouring event (section 2.2). Also, as a part of this
study, the application of the new methodology for quantitative vulnerability assessment
of bridges to local scour was presented on the example of the road network in southern
Serbia (section 6.6). Eventually, in [Tanasic and Hajdin, 2014], the bridge failure modes
due to local scour action were discussed on a model which considers water-soil-bridge
(WSB) interaction (section 2.2). Here, the main goals were clarification of the

requirements for triggering of a specific bridge failure mode.

1.4.1 Conclusion of the literature review

The risk from local scour has been mostly assessed using qualitative approaches
relying on: existing databases, surveys, monitoring and past experience. However, the
applied scour evaluation procedures cannot adequately predict evolution of risk
over time. The evaluation of risk evolution associated with floods is deemed necessary
as emphasized in [Khelifa et al., 2013] and there is a need to enhance existing
prioritizing procedures. The current quantitative risk-based assessment methods of
bridges exposed to local scour are based on previous failure occurrences without
appropriate consequence analysis, which are their main shortcomings. Furthermore, the
up-to-date software for risk analysis does not account the resistance of bridges

in extreme flooding events.
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The review of the up-to-date research revealed that the scour evaluation is
mostly based on the deterministic scour depths obtained from local scour formulas both
in the design of new bridges and assessments of existing bridges. The rule of thumb
criterion for bridge failure in a flooding event, according to which the failure occurs
when the calculated scour depths reaches the bottom of the substructure's shallow
foundation, is clearly too conservative. Furthermore, the temporal aspect of flooding
event is often neglected, which leads to an overestimation of scour depths thus
increasing the number of bridges designated as scour critical. The current vulnerability
assessment procedures and up-to-date research do not account for the resistance of a
bridge structure to local scour. It seems that the bridge failure modes (i.e. the way in
which the bridge failure unfolds) caused by soil erosion and/or reduction of a soil

bearing capacity in a scouring event have not been clarified up to date.

1.5 Thesis outline

The main objective of the thesis is to present the new comprehensive
methodology for quantitative vulnerability assessment of bridges exposed to local scour
that would allow timely decisions on risk reducing interventions. The motivation for
development of such methodology arises from two insights. Firstly, in spite of well
established practice of bridge site inspections, the local scour still represents a severe
threat to bridges and transportation infrastructure. Secondly, the current procedures for
evaluation of risk due to local scour lack the adequate approach for estimation of the
probability of bridge failure, particularly in the cases of bridges with
shallow foundations. Moreover, the existing quantitative analyses of bridge failures - to
the author’s knowledge- are not suitable for application to population of bridges as
required in bridge management.

The approach of the new methodology is explained in the second chapter.
For clarification of the possible bridge failure mechanisms due to local scour action, the
approach which entangles water-soil-bridge (WSB) interaction is proposed. The upper
bound theorem of theory of plasticity has been chosen for the failure analysis and the
main concepts of this well-established theory are outlined.

The third chapter contains a review of the current approaches for local

scour evaluation at bridge piers. The local scour processes for fine grained and coarse
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grained soils are briefly presented followed by the established local scour
evaluation formulas. The potential for application of the state-of-the-art research on
local scour in the vulnerability analysis is discussed.

In the fourth chapter, the adopted the soil-bridge model and related assumptions
are explained followed by a discussion of a bridge and supporting soil resistances due to
local scour action at piers. The performed research in this thesis is based on the scour
critical bridges in Serbian road network and their project documentation is reviewed.
The estimation of the plastic strength of bridge elements and bearing capacity of the
supporting soil affected by standardized local scour cavities is given.

In the fifth chapter, the soil-bridge models are analyzed to estimate the failure
triggering extent of the local scour at shallow pier foundations. The combined failure
modes are analyzed and the resistances of the models to local scour action are
investigated separately for the longitudinal and lateral direction.

In the sixth chapter, the uncertainties related to the governing parameters are
discussed and the limit state function for the estimation of the probability of bridge
failure is defined. In the example, the quasi Monte Carlo simulation is used for
estimation of the simple bounds of the probability of bridge failure in a scouring event.
The WSB interaction approach in the vulnerability assessment is reviewed and the
example of application of the presented methodology is presented.

The seventh chapter is the summary and critique of the realized work. Here the
future research topics and possibilities for further development of the presented

approach are given.
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Chapter 2. Vulnerability of bridges exposed to local scour and
Water-Soil-Bridge interaction

2.1 The methodology for quantitative vulnerability assessment of bridges

exposed to local scour

One of the primary tasks for the future generations of civil engineers is certainly
management of the aging transportation infrastructure. The threats to safety,
functionality and availability of transportation infrastructure are related to gradual
deterioration and to sudden events. The particularly virulent are the threats due to
flooding, which are the main cause of bridge failures. Transportation infrastructure is
not only endangered by low occurrence/extreme intensity floods but also by less
extreme floods with relatively high occurrence rates impairing bridge performance and
causing traffic interruptions. In the past years, regular inspections of bridges has been
considered as an adequate measure for flood protection since, in the most cases, the
scour induced in floods is a gradual process that can be observed allowing ample time to
execute risk reduction interventions. The notable exception and the main culprit for
bridge failures is the local scour, as it unfolds relatively fast and it is rarely possible to
prevent the related threat by adequate intercepting interventions. In such cases, the
up-to-date risk evaluation concepts do not give satisfactory results and thus a new
comprehensive approach is necessary.

The aim is development of the methodology for quantitative vulnerability
assessment, which will allow with a modest data set fast screening of bridges in road

networks in respect to flooding. The input data for this assessment should comprise:

e information from an existing bridge database,
e bridges’ project documentation,

e hydraulic and traffic studies

The availability, usability and reliability of data are governing the quality of the
assessment (further discussed in Chapter 6.). Regarding bridge project documentation,
the absence of information may be overcome by visual inspections, destructive and
non-destructive testing in-situ, and laboratory experiments. The hydraulic and traffic
data may be gathered by monitoring and thus providing the basis for

stochastic modeling. Since the data collections are sometimes time-consuming and
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entail significant resource spending, the identification of essential parameters for the
assessment is of the outmost importance. Once recognized, these are going to be
systematically collected for the update of existing bridge databases and integration in
future Bridge Management Systems.

The new methodology should be applicable to road networks with various
topologies and different bridge types with an ultimate goal to improve data driven
decisions in the bridge management. Also, it should provide a valid basis for
development of vulnerability maps which are going to be practically useful for issuing
timely warnings in the regions where intensive flooding is expected. The basic of the

new methodology is presented in the next section.

2.1.1 Bridge vulnerability to local scour

During their service life, the bridges are exposed to various loading events and
severe weather conditions, which can accelerate their deterioration or cause
failure process. In order to provide necessary information for overall risk reduction and
optimization of resources allocation, methodologies for vulnerability assessment for
bridge management are developed. For this purpose the quantitative approach is
preferred as it allows rational assessments due to different threats and objective
prioritization of risk reducing interventions. Prior to definition of a bridge vulnerability
to local scour, the related terminology is discussed.

The natural hazards are naturally occurring events, which have a level of threat
to life, health, property and environment. In engineering, every natural hazard may be

defined as a function of two parameters:

e Magnitude i.e. severity represented by a respective variable intensity (or
variables’ intensities), which is site specific, and
¢ Frequency of occurrence i.e. how often a hazard of specific magnitude occurs at

a particular location

In the case of flooding hazard, the discharge of a river (i.e. volume rate of water
flow) at a bridge site commonly denoted as Q, may be considered as a parameter that
represents a magnitude of flood. Alternatively, parameters such as flood depth or water

velocity may be used. As the second parameter, usually the occurrence rate of a given
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flood magnitude is adopted. With additional site specific hydraulic parameters the
magnitude of flood can be directly related to the local scour depth at bridge piers by
using local scour evaluation formulas, which are discussed in the Chapter 3.

Generally, the bridge failure is understood as inability of a bridge to perform as
designed, which includes the total collapse. Here, the way in which bridge may fail
(e.g. sinking or rotation of bridge piers due to soil failure, overload in the superstructure
elements and washing out of approaches) is referred to as a failure mode. It must be
clearly distinguished if a failure mode relates to partial damage of a bridge or total
collapse in order to calculate corresponding consequences. The consequences of

inadequate bridge performance according to [Birdsall, 2009] are:

e Direct consequences (DC) in the form of structural damage including repair
costs required to return damaged bridge to its original state as well as a loss in life and
limb, and

e Indirect consequences (IC) in the form of functional damage to the road network
users by restricting or completely interrupting traffic flow including additional travel

time and additional travel distance costs.

In general, the risk of bridge failure in a flooding event may be formulated as:

Ry =p-P-C 2.1)
where
Ryr = risk of bridge failure with respect to a flooding event of a specific
magnitude
p = probability of occurrence of the flooding event of a specific magnitude
= probability of bridge failure due to the flooding event of a specific
magnitude
C = DC + IC = total consequences of a bridge failure with the respect to a

flooding event of a specific magnitude

The total risk may be calculated if all possible flooding magnitudes and every
possible bridge failure modes are accounted. In general, the bridge failure modes are
strongly correlated, but if flooding magnitudes are predominantly related to only one
failure mode, the modes may be considered as mutually exclusive. If the probability of

bridge failure in one mode is much larger than for other modes, the formula in Eq.2.2
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may be used for calculation of total risk giving negligible overestimation

[Birdsall, 2009].

N
RIP = Z f oo(px . P%, - C,) dx 2.2)
=70
where:
R/P = the risk of bridge failure with the respect to adopted respective flooding
parameter (intensity range from 0 to infinity)
p* = probability of the flooding parameter intensity x affecting the bridge
Pz, = probability of bridge failing in mode n with the respect to the flooding
parameter intensity x
Cfn = total corresponding consequences of the bridge failing in mode n with the

respect to the flooding parameter intensity x

Given this, bridge vulnerability to local scour can be quantified as the expected
consequences to bridge, road link and general public of a scouring event of

specific magnitude:

Vs =Ps-(DC, + IC,) (2.3)
where:
V7 = wvulnerability of a bridge with respect to a scouring event of a specific
magnitude Sand a chosen failure mode n
By = conditional probability of specific bridge failure in the chosen failure
mode n, with the respect to a scouring event of a specific magnitude s
DC, = direct consequences with respect to the chosen bridge failure mode »
IC, = indirect traffic related failure consequences with respect to the chosen

bridge failure mode n

Similarly as for the total risk (Eq. 2.2), the total vulnerability with respect to all
scouring event magnitudes and mutually exclusive failure modes (e.g. pier scour or

abutment scour) may be estimated:

Vs = Z f PE, - CF, dx (2.4)
0

where:
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VS = wvulnerability of bridge with the respect to all scour magnitudes at bridge

substructures

Pz, = probability of bridge failing in mode n with the respect to the scouring
event parameter intensity x

C#, = total corresponding consequences of the bridge failing in mode n with the

respect to the scouring event parameter intensity x

The probability of a bridge failing in a specific mode is governed by the
interaction between the local scour action, supporting soil and the bridge structure.
This water-soil-bridge interaction and the general approach for analysis of failure modes
are discussed in the next sections. The consequences associated to specific bridge
failures are briefly discussed in section 6.6, but their elaboration is beyond the scope of

this thesis.

2.2 Bridge failure modes due to local scour

In the up-to-date literature, the limits of the scour extent necessary to trigger a
bridge failure have not been sufficiently treated for the shallow foundations
in particular. In practice, the bridge failure is assumed when predicted local scour
depths reach a foundation base, which is a conservative assumption. The bridge failure
modes are usually discussed based on the observed damage (Figs. 2.1 and 2.2,
Table 2.1), but the way in which bridge fails in a scouring event has not been explained
in detail. Currently there is no comprehensive approach that entangles water-soil-bridge

(WSB) interaction in resolving this problem.
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b) bottom rotation of the pier

Fig. 2.1 Scour reduces pier support, adapted from [Ettema et al., 2011]
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a) settlement of the pier b) loss of deck
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c) rotation of the pier d) loss of the pier

Fig. 2.2 Observed bridge failure modes, adapted from [Briaud et al., 2010]

Table 2.1 Possible mechanisms of bridge failure due to scour, adapted from [May et al., 2002]

General group Possible mechanisms
Primary structural e pier settlement due to loss of support to foundation
movement or failure e pier tilting, or tilting of a group of piles

e abutment settlement and/or tilting

e piers, abutments or footings damaged by hydraulic
loading, perhaps aggravated by debris accumulation

e piers, abutments or footings damaged by collision
sediment abrasion or impact from boulders

e superstructure/deck sliding off supports due to
hydraulic/debris loading and/or collision

e superstructure/deck damaged by collision of
debris or vessel

¢ scour hole or washout of embankment behind

abutment
Secondary structural e structural damage to superstructure/deck caused
movement or failure by twisting from differential settlement of piers

and/or abutments

e superstructure/deck falling off abutment or pier due
to adverse tilt of support, increasing gap between
supports

e superstructure/deck buckling or riding up over
support due to reduced gap between supports

e superstructure/deck sliding off supports due to
tilting of the supports

e collapse of highway into embankment scour hole
or washout
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The WSB interaction implies establishing a simple yet sufficiently accurate
relationship between a triggering event — local scour induced in a flood and a
consequence — the possible failure mode. Considering all failure modes that can be
triggered by a flood of certain magnitude, this relationship is defined in following

two steps:

e Approximation of local scour action i.e. growth of scour cavity at
bridge foundations
e Analysis of a soil-bridge model behavior for the assumed local scour action by
considering both:
- Bridge structure resistance to undermining of its foundations and,

- Resistance of the supporting soil

In the research of [Frederico, 2010] a similar idea for this interaction
was presented. The local scour action has been accounted as a decrease of the surcharge
load at the foundation. In the soil-foundation constitutive model, the stability of a bridge
pier to vertical loading and horizontal hydrodynamic force was discussed (Fig. 2.3).
However, in such system the soil friction, contribution of a superstructure and scour

depths exceeding foundation depth were not considered.

W=Wp+Wf

Fig. 2.3 Forces acting upon a river bridge pier, [Frederico, 2010]

In [Tanasic et al. 2013] the authors have adopted the local scour action as a
degradation of elastic and plastic soil properties at the affected pier foundation S;
(Fig. 2.4). The pier sinking was assumed as the bridge failure mechanism. Although the

two types of failure modes were distinguished (Fig. 2.5), the reduction of the bearing
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capacity as well as its association to other possible failure mechanisms were not

investigated.
| E— | — | E—

__________ - L"l_______f"J <LAI_1_______I"J L"l_________j —103
J%\\_/__ T T 1 — T = 'ﬁﬁﬁc\
S, I 1 r 1 r ! !@ —

L=24m L,=30m L,=30m L=24m
(=
mv@ @/w ’ m@ 1.5 |
A D.8

a) Dead load moment diagram with adopted ultimate moment §'§ = Tl
____________________ 55 1 o
[ == E[ _,_‘_l J <t

® NS  —
Q 33

,,,@ @ ’”;SD c) Section A - A

b) Realized kinematic mechanism - sinking of the pier S;

Fig. 2.4 Pier sinking due to local scour, [Tanasic et al., 2013]
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Fig. 2.5 Bridge failure due to local scour, [Tanasic et al., 2013]

The WSB interaction on the simplified model of a bridge pier (Fig. 2.6) was

considered in [Tanasic and Hajdin, 2014]. The assumptions of this model are:

e The rigid-plastic behavior of the bridge elements and soil

e The connection between the pier and its foundation is rigid

¢ Vertical loads (V) acting on the top of the pier are due to dead load only

e The effects of local scour are distinguished for the lateral and longitudinal bridge

direction (denoted as X and Y respectively in Fig. 2.6)
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e The simplified triangular scour cavity cross-section for a ¢-c soil is adopted
(detail A in Fig. 2.6)

The redistribution of internal forces in the model is assumed to take place as a
portion of the supporting soil is lost. This effect is simulated by introducing
destabilizing moments Mgy and Mgy in the lateral and longitudinal direction respectively
(Fig. 2.7). These are opposed by couples of horizontal forces By and Sy, By and S,,

which restrain horizontal displacement and act on superstructure and soil respectively:

e The magnitudes of forces By, By are given by the resistance of the superstructure

or of the joint between pier & superstructure

e The magnitudes of forces S, Sy represent the soil resistance to friction at

the foundation
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Fig. 2.6 The local scour cavity at a strip footing, [Tanasic and Hajdin, 2014]
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Fig. 2.7 WSB interaction- bridge pier model, [Tanasic and Hajdin, 2014]
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The failure is assumed in the cases where the capacities of bridge structure and
supporting soil to redistribute the internal forces are depleted. The conclusions drawn
from the presented model point out that the assessment of the strengths of the
superstructure (i.e. By, By) and the soil (i.e. S, Sy) are essential to determine possible
bridge failure modes that may be triggered in a scouring event. Although the basics of
the WSB interaction concept were used, this model lacks the ability to capture and
explain the full interaction i.e. the combined failure mechanism of the bridge and the
supporting soil.

The more comprehensive soil-bridge model for estimation of the probability of
bridge failure in a scouring event is presented in Chapter 5, and in following the general

approach used for failure analysis of this model is discussed.

2.3 The analysis approach

The data from the forensic investigation of previous bridge failures in scouring
events may be used for developing of a comprehensive finite element model (FEM) for
the collapsed bridge (e.g. [Ko et al., 2012]). Although the results of such analyses are
useful, there are more than few restraints for their generalization to a population of
bridges and application in bridge management.

The local scour around bridge foundations is a stochastic process and it may be
considered as a time dependent degradation of soil bearing capacity, but the
development of this degradation and the resulting safety factor still remains unknown.
The redistribution of forces between a bridge structure and supporting soil due to local
scour is governed by a significant number of parameters and generally unknown. It may
be traced in a linear elastic-plastic FEM, where besides meticulous modeling of soil and
bridge finite elements, a stochastic analysis in a time domain would be required. For the
vulnerability assessment, the combined failure mode of a bridge and supporting soil is
of interest and not the entire process of force redistribution, which make the FEM-s
rather cumbersome for application.

The proposed methodology for quantitative vulnerability assessment of bridges
exposed to local scour has emphasis on a simplified, yet sufficiently accurate approach,
which may be readily used with current bridge databases. The limit analysis method has

been chosen as the most convenient for analysis of the soil-bridge models that entangles
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WSB interaction. This approach would clarify how the failure modes unfold and point
out the governing parameters for their analysis. The basic concept of the related theory

necessary for application of the limit analysis is outlined in the following sections.
2.3.1 The limit analysis method and the upper bound theorem

Due to its efficiency and simplicity, the limit analysis method is found in large
number of applications such as resolving of soil stability problems e.g. in [Chen, 1975],
design of reinforced concrete structures e.g. in [Nilsen, 1984] and other. The limit
analysis is based on the law of conservation of an energy given by the lower and the
upper bound theorem. Here the upper bound theorem is going to be used for soil-bridge

model analysis and thus the main assumptions of the limit analysis are reviewed:

e The idealized stress-strain relation
¢ Yield condition and associated flow rule

e Small deformations (equilibrium can be computed on an undeformed system)

The stress-strain relationship for real soils as in Fig. 2.8 (solid line) may be
observed in laboratory tests such as triaxial compression or shear stress tests. In the
limit analysis, when the small amounts of work softening are neglected, the idealized
elastic-perfectly plastic soil behavior may be assumed (line OAB in Fig. 2.8).
For stability problems such as bearing capacity, it is justifiable to assume that general
soil is perfectly plastic material i.e. experience continuing plastic flow at constant stress
(Fig. 2.9) [Chen, 1975]. This is reasonable especially for the soft clays, which have

large ratio of plastic to elastic deformation.

Stress

|

Perfectly Plastic

A b

Residual

1
[
Work Softening

O .
Strain

Fig. 2.8 Stress-strain relationship for ideal and real soils, [Chen, 1975]
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Fig. 2.9 Perfectly plastic material behavior

The perfectly plastic assumptions for RC behavior have been reviewed by
[Monotti, 2004]. Here, the uniaxial responses (G- € diagrams) of concrete and steel are
presented in Figs. 2.10a and 2.10b. The concrete is assumed to have no tensile strength
and under compression it goes through few phases: linear elastic (OA), progressive loss
of stiffness (AD) and softening (DE) before failure at ultimate strain g, (Fig. 2.10a). It is
observed that the concrete in compression may be approximated by rigid-plastic
material with somewhat conservative plastic strength f.. The reinforcement in tension
passes through linear elastic phase (OA) followed by yield plateau (AB) and hardening
(BE) before failure at ultimate strain &, (Fig. 2.10b). Neglecting the elastic deformation
and strain hardening in tension, the behavior of the reinforcement may be taken as rigid-
plastic with plastic strength f;. This assumption is also valid for compression.

The behavior (deflection U) of RC rectangular beam loaded at mid-span by a
force F in Fig. 2.10c for normally reinforced beam (A5 / (bd) = 0.5%) is presented in
Fig. 2.10d. Here, the F,, is associated with beam specimen cracking (point A) while the
F, is related to the yielding of reinforcement (i.e. plastic plateau). The beam behavior
may be characterized by three ranges: elastic (OA), elastic cracked (AB) and plastic
(BCD) denoted by dashed lines “17, “2” and “3” respectively. The strong effect of
reinforcement ratio on the plastic behavior of reinforced concrete is given by dotted
lines “a”, “b” and “c”, which are respectively associated with the cases of over-
reinforced, minimum reinforced and under-reinforced section. Nevertheless, even for
the over reinforced and under-reinforced elements, the good correlation of plastic
solutions to test results have been obtained when effective concrete strengths i.e. plastic

strengths of concrete are applied [Nielsen, 1984].
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Fig. 2.10 Perfectly plastic assumption for RC behavior, [Monotti, 2004]

The condition that characterizes material behavior in transition from elastic state
to yield state is given by the yield criterion. This condition expresses that for certain
combinations of stresses in a point of the material the deformations increase without
bounds (i.e. plastic yielding), and that for smaller stresses no plastic deformations occur.

The behavior of general soil to loading is dependent from the maximum shear
stress 7 before a collapse occurs. When the shear stress reaches an amount that depends
linearly upon a cohesion stress ¢ and a normal stress 6 on any plane at any point in soil,
the plastic flow commences. The Mohr-Coulomb failure criterion (Fig. 2.11) is used for

general c-@ soils:

T=c+otang (2.5)
where:
T = shear stress [kN/m’]
¢ = cohesion [kN/m’]
@ = angle of internal friction [rad]

The flow rule (i.e. normality condition) assumes that plastic strain rate vector
must be normal to the yield curve when the axes of plastic normal strain rate € and
plastic shear strain " are superimposed. In Fig. 2.11 this rule was presented for the

Mohr-Coulomb failure criterion. The vector OB represents a stress state increased from

zero to collapse.
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Fig. 2.11 The flow rule i.e. normality condition for general soil, [Chen, 1975]

For the orthotropic RC plates, the yield criterion (Fig. 2.12) is formulated in
respect to bending moments in orthogonal directions my, my, and a twisting
moment myy. The values denoted with x in Fig. 2.12 represent the plastic curvatures

while the arrows represent the plastic strain rate vectors.

Myy 2K\j\‘

i My, Kyy

Myy 5 Kxx

Fig. 2.12 The yield criterion and normality conditions for RC plates,
[Vrouwenvelder and Witteveen, 2003]

The upper-bound theorem states that the loads, which are determined by
applying the virtual work equation for a compatible mechanism of plastic deformation

(Eq. 2.6), will be either equal or higher than the actual limit load.

f Tyl  dA + f Fa" dv = f opér d (2.6)
A v 14
where:
T; = external surface loads acting on a displacement boundary A
17" = real or virtual plastic displacement rates at points of application of T;
F; = external body loads acting on a body volume V
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o;; = plastic stress state

p* _ . .
€] plastic strain rate

For the obtained solution from Eq. 2.6, the stress distribution in the rigid parts of
the structure in an assumed mechanism need not be in equilibrium. Still, by applying the
virtual work principle for a valid mechanism a realistic value of the collapse load can
be obtained. The least upper bound of the limit load acting on the system is evaluated by
trials with various possible kinematically admissible failure mechanisms, and to
minimize the upper-bound solutions, the optimization procedures are commonly

applied.
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Chapter 3. Local scour evaluation

The first step in the application of the WSB interaction is modeling of the local
scour action at bridge foundations, which is here based on the state-of-the-art research
on scour evaluation. The local scour action at bridge abutments is not considered and
will be part of the future research. The parameters that govern the magnitude of local
scour at bridge piers as well as the problems related to the local scour evaluation
are presented. The possibility for application of the state-of-the art local scour formulas
in modeling of the local scour action at bridge piers for the vulnerability assessment

is discussed.

3.1 The local scour action at bridge piers

The pier scour in coarse-grained and fine-grained soils are considered, and the
scour in rock was not in the scope of this research. For more detailed explanations and
further formulas, the reader is directed to [Melville and Coleman, 2000], [Richardson
and Davis, 2001], [Briaud et al. 2003] and [FDOT, 2010]. In addition, the significant
contribution to the research on local scour has been given in [Lagasse et al., 2010],
[Sheppard et al., 2011], [Ettema et al, 2011], [Briaud et al., 2011] and [Lagasse et al.,
2013]. The most of the above mentioned research has been reviewed in the latest
HEC-18 manual [Arneson et al., 2012].

The scour is a hydraulic erosion process that entails lowering of a riverbed by
flowing water. The bridge piers and abutments with their foundations in water or
located in a floodplain may be exposed to this action. The total scour comprises several

distinctive processes according to [FDOT, 2010]:

e General scour (due to lateral instability such as river meanders),

e Long term aggradation and degradation of river bed (due to channelization
and deforestation),

¢ Contraction scour (e.g. due to presence of group of piers in the water),

e Bed form propagation through bridge site (due to currents and surface waves),

e Local scour at piers or abutments

Although every one of these processes contributes to the total scour depth, the

local scour is commonly the ultimate cause of bridge failures in the extreme
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flooding events. The mechanism of the local scour at piers involves formation of
“horseshoe” vortex and the “wake” vortex (Fig. 3.1). Both types of vortices remove
material from pier base as natural river flow is altered by obstruction. Eventually, if
there is excessive lowering of the river bed near the piers, the stability of the bridge may
be jeopardized. The local scour can be either clear-water scour or live-bed scour.
Clear-water scour occurs when the bed material upstream of the scour cavity is at rest
and the maximum scour depth is reached when the flow can no longer remove bed
material from the scour cavity (Fig. 3.2). Live-bed scour occurs when sediment is
continuously supplied to and transported out of the scour cavity. The equilibrium scour
depth for live-bed scour is attained when these actions come in balance (Fig. 3.2).

The cohesionless (e.g. sand) and cohesive soils (e.g. clay) display diverse
behavior in scouring. The erosion in cohesionless soils occurs particle by particle, and
the maximum (or equilibrium) scour depth is reached within a time period of a few
hours to a few days — usually during a single flooding event. The cohesive soils possess
inherent resistance to erosion owing to electromagnetic and electrostatic interparticle
forces, thus scouring can take place particle by particle but also block of particles by
block of particles. For these soils it is common that the equilibrium scour depth is
reached in weeks, months or even years as a result of accumulated scouring in multiple

flooding events.

Horseshoe Vortex

Flow Direction
bt M g~

gﬁ

Profile View

Flow Direction ////——:
e e

— I I

—_— Wake

—————a 5 5
p——

Velocity

Profile

Horseshoe
Vortex

Plan View

Fig. 3.1 Local scour at cylindrical pier, [FDOT, 2010]
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Fig. 3.2 Local scour depth at pier in a sand-bed stream as a function of time,
[Richardson and Davis, 2001]
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3.1.1 The local scour evaluation formulas

In addition to qualitative approach, the contemporary scour evaluation programs
more or less rely on various hydraulic analyses in order to yield
quantitative assessments. For computing of the water surface profiles and modeling the
open channel flow at an investigated bridge site, commonly the software that perform
one dimensional analysis (e.g. HEC-RAS, WSPRO) are used. When the variables such
as approaching water velocity and unscoured water depth at a bridge pier/s are obtained,
the scour evaluation formulas can be applied.

The local scour evaluation formulas have been derived on the basis of extensive
hydraulics laboratory testing (flume tests), available field data and have been updated
over the years. These formulas are empirical and considered conservative as the
obtained results usually overestimate measured scour depths in situ. They are primarily
developed for application in the design of new bridges as the information of possible
maximum scour depth governs the selection of appropriate foundation type
and depth. Although the mechanisms of local scour are thoroughly explained in the
up-to-date literature and have been topic of many research in the past, the evaluation
and prediction of local scour magnitude at the bridge piers still represents a
difficult task. The large number of parameters, their interdependencies as well as scaling
problems (e.g. soil properties) in the laboratory experiments, impede obtaining of the
reliable results applicable in the field. The processes contributing to local scour at a
cylindrical pier in cohesionless sediment (e.g. sand) involve basic parameters which are
distinguished into primary and secondary based upon their influence on the maximum

scour depth. They relate to river bed material & configuration, flow characteristics, fluid
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properties, geometry of the pier and footing (Fig. 3.3) and the duration of a scour
process [Ettema et al., 2011]:

Scour

\ .

Side View

5 308

Top View (A-A")

Fig. 3.3 Variables influencing pier scour, [Ettema et al. 2011]

1. The primary parameters, which relate directly to the pier flow field:

— y/a indicates the geometric ratio of the pier flow field in a vertical
cross-sectional plane transverse to the pier, and streamwise to the pier;
pier flow-field categories: narrow (y/a > 1.4), wide (y/a < 0.2), transition
02<ya<14),

— a/Ds, represents length ratio of pier width and median diameter of bed
particle ratio

— Q, a/b, and 0 are respectively pier face shape, aspect ratio of pier

cross-section, and approach flow alignment to pier

2. The secondary parameters have magnitudes derived from the primary

parameters with regard to potential maximum scour depth:

— V/V,. is the flow intensity which distinguishes whether clear-water or
live-bed scour conditions prevail in the approach flow to the pier (V. is
prescribed with sediment diameter Ds)

— V%/ga is an Euler number relating vorticity induced inertial forces in the
pier flow field relative to gravity acceleration

— pVa/u is the pier Reynolds number
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— oy 1s geometric standard deviation of bed particles and characterizes soil
uniformity

— tV/a characterizes the temporal development of scour associated with
pier flow field and nature of foundation material (in conjunction with

other parameters)

Unlike the cohesionless soils, the behavior of cohesive soils in scouring
(e.g. clay) is greatly influenced by erodibility. The erodibility is tied to a number of
factors (Fig. 3.4) and dependent from the critical shear stress T, on the water-soil
interface at initiation of scour. The critical shear stress usually varies in the range from
0.1 N/mm? to 5 N/mm? both for cohesive and cohesionless soils (Fig. 3.4), but the major
difference is the rate of erosion beyond this stress. For cohesive soils this rate is
measured in mm/hour and in cohesionless soils the rate can be even 10° times

higher [Briaud et al., 2003].

When this parameters increases Erodibility
Soil water content ¥ 0.002 mm_0.075mm__ 4.75 mm 100 mm 10000 mm
Soil unit weight decreases 10000 CLAY [ SILT I SAND IGRAVEL RIP-RAP
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Soil void ratio increases
Soil swell increases 100 3
Soil mean grain size * T \ , Tc (N/m2) =
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*unknown

Fig. 3.4 Variables influencing erodibility (left), critical shear stress versus soil grain
diameter (right), [Briaud et al., 2003]

In [Ettema et al. 2011], the two leading formulas for the local scour depth
evaluation are analyzed. The first and widely utilized is the HEC-18 pier scour equation
(the CSU formula) [Richardson and Davis, 2001]. The second is the Sheppard &
Melville formula (i.e. FDOT formula) [Sheppard et al., 2011]. Both formulas are based
on flume tests and local scouring around cylindrical shaped column in a
cohesionless soil. The latest version of the method used for evaluation of scour in
cohesive soils, termed SRICOS-EFA (Scour Rate In COhesive Soil — Erosion Function

Apparatus), is given in [Briaud et al., 2011]. Here, the formulas of maximum scour
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depth were developed on the basis of flume test results and dimensional analysis, while
the maximum shear stress was developed on the basis of three-dimensional numerical
computation results. The three above mentioned state-of-the-art formulas are now

briefly presented.

3.1.1.1 HEC-18 pier scour evaluation method

This local scour formula (Eq. 3.1) is referred to as HEC-18 pier scour equation
or commonly CSU formula as it stems from extensive research conducted at Colorado
State University. Its latest form is given in the HEC-18 manuals [Richardson and Davis,

2001] and [Arneson et al., 2012]:

% = 2.0K,K,K3K, (;17;)0'65 E.043 (3.1)
where:
¥s = local scour depth [m]
y1 = flow depth directly upstream of the pier i.e. unscoured water depth [m]
a® = equivalent pier diameter width [m]
E = \/;‘% = Froude number directly upstream of the pier
V, = Mean velocity of flow directly upstream of the pier [m/s]

g = acceleration of gravity [9.81 m/s*]

The Kj, K, K3, K4 are correction factors respectively for pier nose shape, angle
of attack flow, bed condition and armoring by bed material size. For their definition and
values reader is directed to [Arneson et al., 2012]. The Eq. 3.1 has predefined upper
bound values for round-nose pier aligned with the flow: ys(max) = 2.4y, for F; < 0.8
and yy(max) = 3y, for F, > 0.8.

This method is the predominant method for design estimation of pier scour in
the U.S and recommended by American Association of State Highway and
Transportation Officials (AASHTO). It is suggested both for clear water scour and live

bed scour conditions as well as for non-cohesive and cohesive soil.
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3.1.1.2 HEC-18 clay formula

The studies of bridge scour depths in cohesive soils with consideration of soil
erodibility and time dependence have been performed at Texas A&M University
since 1990. The motivation for this research came from the fact that the fine grained
soils, such as clays, erode at a much slower rate than sand that was predominantly used
to model local scour. The SRICOS-EFA method [Briaud et al. 2011], defines the
time-dependent scour depth given as a function of the two main parameters, the
maximum scour depth (Eq. 3.2) and the maximum shear stress at the water-soil
interface (Eq. 3.3). Additional requirement in this method is the site-specific erosion
testing - EFA apparatus [Briaud et al., 2003]. The EFA device utilizes site-specific,
thin-walled tube soil samples extracted at foundations to acquire soil erosion rates
which are subsequently used to estimate time-dependant scour depths (Eq. 3.4).
The formula for evaluation of a maximum local scour depth at a bridge pier in cohesive

soil, also referred to as HEC-18 clay formula, is:

% = 22K, Ki K, Ky (2.6F, ) = Fregpion )0'7 (3.2)
where:
ys = local scour depth [m]
a = projected pier width (perpendicular to the flow for rectangular pier) [m]
F iy = Froude number based on V; and a
Freery, = critical Froude number based on V, and a
V; = approach average velocity [m/s]
V. = critical velocity for initiation of erosion of a soil material [m/s]

The Ky, K|, K., K¢ are correction factors for water depth, pier shape, pier aspect
ratio and pier spacing respectively. For their definition and values, the reader is directed
to [Briaud et al., 2011]. Further, the formula for the evaluation of the maximum

hydraulic shear stress exerted by the water on the riverbed around the pier is:

1

Tmax (pier) = kwkshkspke0-094‘le2 [log Re E (3.3)
where:
Tmax (piery — Mmaximum shear stress around the pier [N/mz]
V; = mean approach velocity of flow directly upstream of the pier [m/s]
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p = water density [1000 kg/m"’]

R. = Reynolds number

The Ku, Ksn, Ksp, Ko are correction factors for water depth, pier shape, pier spacing
and attack angle respectively [Briaud et al., 2011]. The HEC-18 clay method is can be
used to estimate the final scour at the end of the design life of a structure. The hyperbola

is used to connect the erosion scour rate to the maximum scour depth:

ys(t) = 1+£ (3.4)
Z " Ys
where:
ys(t) = depth of pier scour after a flood with duration t [m]
t = flood duration [hours]
¥s = maximum depth of pier scour (Eq. 3.2) [m]
z = erosion rate of scour [mm/hour]

It is not an easy task to obtain the Z (Eq. 3.4) as the relationship between soil
properties and erodibility is complex and involves advanced understanding of

combination of soil properties and environmental conditions (Fig. 3.4). Thus the direct
testing and measurement is suggested in the EFA apparatus. Here, for Ty calculated in
Eq. 3.3, the related Z is obtained (e.g. Fig. 3.5 where 1. denotes the critical shear stress

for initiation of erosion of a soil material).

4 7z (mm/hr)

erosion rate function

Fo Tonax T (N/m?)

Fig. 3.5 A result of an EFA-test, adapted from [Briaud et al., 2003]

The idea to eliminate site-specific erosion testing led to the erosion function
charts [Briaud et al., 2009]. These charts are based on velocity or shear stress for
various soil types (Fig. 3.6). They in fact represent the EFA test data based on the six
erosion categories of the Unified Soil Classification System (USCS).
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Fig. 3.6 Suggested erosion categories for soils and rocks based on velocity and shear stress,
[Briaud et al., 2009]

Generally, it was observed that soil materials scatter approximately over two
categories showing large covariance thus conservative values are suggested when

selecting an erosion category (Fig 3.7).
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Fig. 3.7 EFA test data for low plasticity clays, based on velocity and plotted on the erosion
function chart, [Briaud et al., 2009]
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The SRICOS-EFA methodology accounts clear-water scour and does not
simulate live bed scour nor include scour cavity infilling thus it gives a conservative

prediction of scour depth.

3.1.1.3 Sheppard and Melville local scour evaluation method (FDOT method)

This method is developed on the basis of the work presented in [Melville and
Coleman, 2000] and [Sheppard and Miller, 2006]. The six important dimensionless
parameters comprised in the Sheppard and Melville formula (i.e. FDOT formula)
[Sheppard et al., 2011] are: y/a, a/Dsy, pier shape €, pier aspect ratio a/b, pier
alignment 0 and V/V.. This method was primarily developed for estimating the scour at
wide and long skewed piers (y/a < 0.2), but it gives fair results for narrow (y/a > 1.4)
and transitional (0.2 < y/a < 1.4) pier flow-field categories. The both cases of local

scour are distinguished, clear-water for 0.4 < V/V, <1 and live bed for V/V, > 1:

%=25ﬁﬁﬁ (04<V/V,<10) (35)
7! -1 v_v
Vs c c c ( 11’)
== 2.2 2.5 1<—=—<— 3.6
a* f1 le + f3 le Vc = Vc ( )
2P _ 2P
Ve Ve
Vs (V le)
—=2.2 - — 3.7
= =221, TV (37)
where:
¥s = equilibrium local scour depth [m]
a* = effective pier width [m]
0.4

fi = tanh (%)

foo= 1-12(in(p))

a
fz = ar 12 Pso q 013
045~ +10.675—
y = flow depth directly upstream of the pier [m]
D5y = median sediment diameter [m]
V = average flow velocity at upstream main channel [m/s]
V. = critical velocity for initiation of erosion of a soil material (Dsg ) [m/s]
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Vip = max (SVC, 0.6, /gyl) live bed peak velocity [m/s]
y; = average depth in the upstream main channel [m]
g = acceleration of gravity [9.81 m/s’]
3 e
3
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Fig. 3.8 Equilibrium scour depth with flow intensity (y/a* > 3, a*/Ds, = const),
[Sheppard et al, 2011]

In Fig. 3.8 , the scour regions I, II, III and IV are related to the case of no scour,
Eq. 3.5, Eq. 3.6 and Eq. 3.7, respectively. The critical velocity V. may be calculated

using the logarithmic law of velocity distribution:

v,
¢ — 575log (5.53 DL)

*C 50

(3.8)

where the critical shear velocity for soil particle entrainment u,,. may be evaluated as
given in [Melville and Coleman, 2000]:
0.0115 + 0.0125D%¢

Use [m/s] for 0.1mm < D5y < 1mm

Uye

0.0305D2° — 0.0065D54 [m/s] for Imm < Dgy < 100mm

In Egs. 3.5 to 3.7, the factor K; may be applied to obtain the scour evolution over time

Yst (1):

Vst (t) = ysK; (3.9)
where:
VC t 1.6
K, - o 00 Vln(z)|
t, = zooa*(v 04) d (y1>6V>04)
e = A . (days) 2 7 :
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B a* (Vv y\025 Y1 /4
t, = 127.8— (— - 0.4) (%) (days) (; <6,7> 0.4)

7A\Z a* A
t = peak flood duration (days),
te = time to reach equilibrium scour depth (days), and additionally
4
too = e_1'83(V_c) te time to reach 90% of equilibrium scour depth (days)

The local scour depth approaches the equilibrium asymptotically (Fig. 3.2) thus tgq

(see Eq. 3.9) is suggested to give a more realistic and practical value.

3.1.2 Bridge site complications affecting local scour depth

The leading methods for scour depth estimation are mostly based on laboratory
data which involves simple cylindrical pier forms and usually does not coincide with
common pier designs cases. Although various correction factors are applied in scour
evaluation formulas, their accuracy reduces as pier form complexity increases.

In [Melville and Coleman, 2000], the scour depth variation at complex piers
was discussed. It was observed that when the pier footing, cap or caisson with its top is
below the river bed level, the local scour depth is reduced due to interception of the
down-flow (Case II in Fig. 3.9). However, if the top of the wider foundation element
comes to the bed level (in the undisturbed flow region away from the pier), or even
above, the scour depth is increased.

The procedures for calculation of pier scour for complex pier geometries
(pier stem, pile cap, pile group) is given for the CSU and FDOT methodologies in
[Arneson et al., 2012] and [FDOT, 2010] respectively. The method of superposition of
the scour depths for the pier components was used in both procedures. However, the
summation of the scour attributable to individual parts of a pier lacks a physical basis as
it does not relate to the actual flow field producing scour [Ettema et al., 2011].
The development of a formula, which will adequately consider the scour at shallow
fundaments, is still a critical research need.

The conditions at a bridge site that can adversely affect the flow field at a pier
thus exacerbate scour depths, must be taken into consideration in the local
scour evaluation. It is a fact that the proximity of an abutment and the case of

bridge-deck submergence in flooding event introduce additional processes, which affect
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the scour depth at a pier as reviewed in [Ettema et al., 2011]. Also, such scenario may

arise from debris or ice presence in the river, which is further discussed below.
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Fig. 3.9 Scour depth variation in the four cases of non-uniform pier shape,
[Melville and Coleman, 2000]

3.1.3 Debris effect in the scouring event

Tree trunks, branches and other wood that fall into a river during a flood
(i.e. wood debris) may eventually accumulate around bridge piers and thus obstruct,
constrict or redirect river flow through bridge openings resulting in damaging load
and/or excessive scour at bridge foundations (Fig. 3.10). Currently, the most
comprehensive analysis of the potential for debris accumulation at the bridge
substructures and its effects on the realized scour depths was presented in
[Lagasse et al., 2010]. Here it was confirmed that debris cluster alter the flow pattern at

a pier (Fig. 3.11) and significantly affects potential scour depth.
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b) Debris cluster a?mutiple piers

Fig. 3.10 Examples of debris clusters, [Lagasse et al., 2010]
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Fig. 3.11 Idealized flow patterns at pier, [Lagasse et al., 2010]
For the two types of debris clusters, rectangular and triangular, the formulas for

calculating the effective pier width ay are given:

Ka1TpWp + (v — K41Tp)a

a; = S (L/y <1.0) (3.10)
Lp Kaz
. Kq1(TpWp) (7) + O —KuTpa (L/y >1.0) (3.11)
ay =
y
where:
Kg1 = 0.79 for rectangular debris, 0.21 for triangular debris
Ks; = -0.79 for rectangular debris, -0.17 for triangular debris
Lp = length of debris upstream from pier face [m]
y = depth of approach flow i.e. unscoured water depth [m]

Tp = thickness of debris [m]
Wp = width of debris normal to flow [m]

a = pier width without debris [m]
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The examples given in [Lagasse et al., 2010] show that the accumulated debris
at piers may adversely affect scour depths in comparison with a no debris case thus
must not be neglected in the evaluation of the maximum local scour depths. The aj
obtained from Eq. 3.10 and 3.11 may be applied in the CSU formula (Eq. 3.1).

The consideration of debris at a pier in the FDOT formula is a future research topic.
3.1.4 Local scour cavity form

Besides the maximum local scour depth, the feature that characterizes local
scour action at bridge piers is the scour cavity form. The scour forms at a cylindrical
pier in sand bed and clay bed were discussed by [Briaud et al., 2003] and the conclusion
was that the maximum depth of scour is approximately similar for each material, but the
location of the maximum depth differs. For the sand bed, the upstream side of the scour
cavity slope is close to the angle of internal friction while for cohesive materials scour
form is less regular and deepest at pier flanks (Fig. 3.12). Additionally, the scour forms
may differ for various shapes of piers and are governed by the angle of water attack
(e.g. Fig. 3.13) as discussed and considered in the local scour formulas by applying

correction factors.

D -
PIER=9in
40 _32(END)

. TP e

a) sand bed b) clay bed

¢) rock bed

Fig. 3.12 Differences in scour form at a cylindrical pier, [Ettema et al., 2011]
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Fig. 3.13 Bed hydraulic shear stress around rectangular pier B/L, [Briaud et al., 2003]

The use of motion sensors as a monitoring tool in revealing the critical scour
depth at a pier necessary to inflict collapse has been investigated by [Yao et al, 2010].
Here the large scale experiment has been performed to model the response of a bridge
pier subjected to growth of progressive scour. The installed instruments gathered the
data on the change in modal frequency of the 4 m-tall with 0.45 m-diameter embedded
bridge pier (Fig 3.14). Since there was no restraint to horizontal displacement at the
pier top, the pier started sinking and tilting as soon as the scour cavity reached the
foundation base. The form of the scour cavity was not in the scope of the research.
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Fig. 3.14 Model of a bridge pier (left) and the experiment setup (right), [Yao et al., 2010]

The actual scour cavity form at a shallow pier foundation (i.e. spread footing),
its connection to the maximum local scour depth obtained from local scour evaluation
formulas and effect on a bridge stability has not been sufficiently clarified in the

up-to-date research to the best knowledge of the author.

61



3.1.5 Temporal aspect of scour

The secondary parameters, such as the temporal aspect i.e. scour evolution
(Fig. 3.15), are considered to be non-essential as they introduce considerable uncertainty
in the scour depth calculation and therefore are omitted. As a consequence, the obtained

results are conservative and suitable for the most pier design situations.

Equilibrium N
Scour Depth, y,

Local Scour Depth, y,
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Fig. 3.15 Local scour depth variation with flow intensity and time,
[Melville and Coleman, 2000]

Overall, there is not much research done on the scour evolution especially for
the live bed conditions as they are difficult to model in the laboratory and currently
there is no sufficient field data. Recently the time variation of scour was researched by
[Yanmaz, 2006], [Olivieto et al, 2007], [Kothyhari et al, 2007]. Based on existing
laboratory and field data, in [Sheppard et al., 2011] the several formulas, which model
scour evolution, were compared. It was presented that the FDOT formula gives the least
total error and nearly the lowest underestimation.

The duration of the highest flow conditions at a particular site has great
influence on the local scour process at the piers. The shape of the flood flow hydrograph
is important as well as the duration of flood recession period where live-bed scour turns
into contraction scour and induce additional scouring around the pier
[Melville and Coleman, 2000]. Additionally, for the live bed conditions the equilibrium
scour depth may be reached in a single flooding event, while for the cohesive soils the
scouring process may last longer and usually more than one flood is needed to reach the
maximum local scour depths at piers. In fact, the local scour depths well below the

maximum estimated using the scour evaluation formulas might be sufficient to trigger a
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bridge failure. Thus in the vulnerability analysis, regardless of the soil type, the flood
hydrographs for the investigated location should be applied in the estimation of the
critical scour depths.

The concept of equivalent time required for the maximum velocity V. in the
known hydrograph to create the same scour depth as the one created by the complete
hydrograph is given in the procedure for simplified scour estimation

[Briaud et al, 2009]:

tep = 73tnyq 2 Vmgy 70027020 (3.12)
where:
tep = equivalent time of pier scour (hours)
thya = duration of the complete hydrograph (hours)
Vimax = maximum velocity in the complete hydrograph [m/s]
Z = erosion rate of scour (mm/hour)

The latter equation is limited to the database it was derived from, which include
hydrographs for 7 rivers in Texas and EFA testing. However, the idea of equivalent time
for pier scour is worth further consideration as it considerably simplifies complex

hydrograph-based analysis.

3.2 The application of the state-of-the-art local scour formulas in the
vulnerability assessment

Based on the previous sections and the mentioned literature, the features of the
three presented local scour evaluation formulas are reviewed (Table 3.1) and the

possibility for their application in the vulnerability assessment is discussed.

Table 3.1 Features review of the formulas for local scour evaluation

Local scour Soli | Live bed | Complex pier | Debris | Temporal | Used for future | Edrodibility
evaluation formula | particles| scour geometry aspect hydrographs testing
CU Coarse | YES YES YES NO NO NO
HEC-18 clay Fine* NO NO** NO YES YES YES
FDOT Coarse YES YES NO YES NO NO
* may be used for scour evaluation in coarse-grained soil
** only the correction factors for column spacing are introduced

The CSU method is predominantly used in the up-to-date research and practice
but in the light of most recent research on the parameters influencing the pier scour

processes [Ettema et al., 2011], the advantage is given to the FDOT formula which is
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considered as more robust and gives better results for transition and
wide-pier categories. Furthermore, the CSU method does not account the temporal
aspect of scour and overestimates the scour depths when used with erodible-resistant
soils (e.g. clay, rock) [Govidasamy et al., 2013]. The advantages over the other two
methods are the possibility to account for the debris at bridge substructures and
somewhat simple approach in the case of complex pier-foundation systems.

Among the discussed formulas only the FDOT distinguishes the clear-water
scour from live bed scour. In spite of good results for the live bed conditions, the
research still needs more field confirmation [Sheppard et al., 2011]. The use of the
FDOT method is limited to soils with D5y down to 0.1mm (Eq. 3.8).

The comparison of the HEC-18 clay method to the CSU method was presented
in [Bolduc et al, 2008] and the conclusion was that the HEC-18 clay method may be
used for cohesionless soils as well. The scour extent at complex pier geometries is not
treated in this method. Furthermore, the additional testing of the soil specimens from the
bridge site is necessary, which is a main drawback as it causes additional costs.
This issue was addressed with erosion rate charts (Fig. 3.6), but there is non-negligible
level of uncertainty when estimating the erosion category. This method is already being
used for analysis of scour depths for future flood hydrographs and multiple-flood
scenarios [Govidasamy et al., 2013].

Taking everything into consideration, the FDOT and HEC-18 clay formula are
selected to be used in the following vulnerability analysis. The main criterions were
consistency with the state-of-the-art research on the pier scour processes and possibility
to account for scour evolution in different soil types. Considering its advantages in
treating of the complex pier-foundation systems and debris accumulation, the
application of the CSU method would certainly benefit the vulnerability assessment if it

includes the temporal aspect in the future research.
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Chapter 4. Elements of the Soil-Bridge model and resistances of a
bridge and supporting soil to local scour action

4.1 Scour critical bridges in the BPM

The BPM database was screened for the bridges with shallow foundations,
which are jeopardized by scour. Several multiple span RC girder bridges on the rivers
NiSava (southern Serbia) and Crni Timok (eastern Serbia) were selected based on their
database entries and the rating scores. The available project documentations were
reviewed (e.g. [Bridge over NiSava II -reconstruction, 2010] and [Bridge over Crni
Timok, 1968]) and the information related to the bridges' design and detailing is
summarized in the following text.

The bridges were designed and built between 1965 and 1975. They have 3 or 4
spans ranging from 15 - 20 m. Their main girders have RC double-tee cross-sections
and the girder beams are designed to be tapered towards the middle span supports
(starting from approx. 3/4 of a span) to increase the shear and torsion resistance of the
open cross section. The resistance of the main girders to arbitrary loading is supported
by transverse beams which are located in thirds of spans (approx. every 5 to 7 m) and
over supports. The bridge deck is designed as a continuous two-way slab supported by
the girder beams and the transverse beams which are designed as simple span beams.
The longitudinal reinforcement layout in the girder beams is based on the linear elastic
analysis, implies splicing of the bottom rebar near middle supports (i.e. in the
compression zones) and the minimal reinforcement ratios according to an applied
design code. The shear reinforcement in all beams consists of “bent up” longitudinal
bars and stirrups, which was the common practice in Serbia.

The monolithic joints between a superstructure and piers are not designed for the
full-frame action (section 4.1.2) and pier reinforcement is anchored in a
transverse beam. The supports at abutments are realized as double-neck RC bearings
(Fig. 4.5). The substructures of the reviewed bridges are either single column piers or
double column piers. The shallow foundations are strip footings, caissons or spread
footings (Fig. 4.1). The reinforcement at the connection of a foundation and its pier is
based on the minimum reinforcement ratios given by the applied code and the bending

moment based on a braking force (the first seismic code in Serbia date from 1981 and it
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does not apply to bridges). This force is adopted as 3% of the vertical force from
superstructure at the pier including self-weight and live loading.

The bridge design, reinforcement layouts and detailing in Serbia were based on
allowable stress design (ASD) up to 1987 and afterward on the limit state design (LSD).
According to [Bebi¢, 2006], before 1932 there is no reliable data on the used bridge
design codes. In addition, during the period between 1932 and 1941 the live loading
regulations of Kingdom Yugoslavia were used, from 1941-1991 for highway bridges the
regulations were based on the German DIN-1072, and the code used today dates from
1991 (in Serbian “Pravilnik o tehni¢kim normativima za odredivanje veli¢ina
optere¢enja mostova’). The project documentation is not available for every bridge in
the BPM database, and in some cases, the years of bridge design and construction are
not entered. This increases the uncertainty regarding the amounts of used reinforcement
and detailing in these bridges.

According to the gathered information in the BPM, about 70% of bridges in
Serbian road network are girder RC bridges (Table 4.1).

Table 4.1 Structural system and material in the BPM, [Masovi¢ and Hajdin, 2014]

System  Material %
Arch Stone 0.3
Masonry 0.9
Concrete 4.2
) 5.4
Frame Reinforced concrete 16.2
Prestressed concrete 0.3
> 16.5
Beam Reinforced concrete 53.3
Prestressed concrete 17.9
Steel 4.9
Composite (steel girder with concrete deck) 2
X 78.1

Depending on bridge design requirements (e.g. site characteristics, traffic
demand) the most common RC main girders (i.e. superstructure) of a multiple span

bridges in Serbia are:

e double-tee girder (spans > 15 - 30m),
e slab girder (spans < 15m),
e multiple pre-stressed I girders (spans 20 - 30m), and

e box girder (spans > 30m)
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The information on the reviewed bridges was taken as a basis for development
of the model, which represents a typical short to medium multiple span bridge in the
BPM affected by local scour (Chapter 5.). The selected typical bridge is the RC

double-tee main girder with transverse beams (e.g. in Fig 4.6).

4.1.1 Pier-foundation systems

The configurations of bridge piers and their shallow foundations (Fig. 4.1)

considered in the analysis are:

e Single wide pier on a strip footing (i.e. wall type pier),
e Pier with double columns on a common strip footing,
e Pier with double columns each on a separate spread footing, and

e Single column pier on a caisson
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Fig. 4.1 Pier-foundation system configurations used in the analysis
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Although the caisson foundation is classified as a deep foundation, the effects of
multiple floods and general scour may reduce the soil cover at the foundation and
expose it to the future local scour events. The susceptibility to scour and settlement of
different pier-foundation systems were discussed in [Agrawal et al., 2007]. It was
observed that the system that comprises two or more columns founded on the separate

footings is the most vulnerable to local scour and uneven settlement (Fig. 4.2).

a) Bearing failure ~ b) Concrete shear
failure

4 7
¢) Flexural failure
of reinforcing

d) Anchorage failure
Fig. 4.2 Observed typical footing failures due to scour [Agrawal et al., 2007]

In general, the connection of RC bridge pier and its foundation may be
considered as rigid as it is mostly overdesigned. Usually the minimum ratios of
longitudinal and transverse reinforcement applied by design codes are sufficient to pass
design checks. However, the loading case, which involves local scour action, is not a
common design load combination and if there is poor detailing, the internal forces
cannot be transferred between the pier and foundation leading to local failures, types of
which are presented in Figs. 4.2b, 4.2¢ and 4.2d. Such failures may cause collapse of an

entire bridge span (e.g. Fig. 1.5), thus it is essential to review the project documentation

especially for pier-foundation system as in Fig. 4.1b (section 5.8).

4.1.2 Bridge joints

The joints between substructure and superstructure may have high impact on the
overall bridge behavior in the scouring event. In general there are two types of joints
depending on the bridge design requirements: monolithic and non-monolithic. The main
difference between these, besides their bearing capacity, is the possibility to transfer
shear forces, bending moments and torque between the main girder and piers.
The monolithic joints restrain displacements and rotation in all directions. Unlike the

full frame action joints, the constructive monolithic joints are those with inadequate
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longitudinal or transverse reinforcement ratios and/or improper detailing according to
official design codes. Nevertheless, their strength may be reliably estimated if the
project documentation is available.

The non-monolithic joints physically separate the main girder from the
substructure thus the transfer of forces, according to the design requirements
(e.g. Fig. 4.3), is realized over a set of bearings which are fixed at the substructure

(i.e. pier or abutment top). The most common types of bearings are:

e Elastomeric pad bearings, which accommodate displacement/rotation with
elastic deformation (Fig. 4.4), but can also restrain translation with limiters

e Roller bearings, which allow rotation and translation in one direction

e Pot bearings, which allow rotation and restrain translation

e Rocker bearings, which allow rotation in one direction and restrain translation
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Fig. 4.3 Two examples of bearing layouts for a two-span bridge

The actual load transfer capacity of the bearings is generally unknown as these
elements are prone to fatigue and decay. The manufacturer’s data, if available, give the
lower bound values. These uncertainties may lead to incorrect conclusions with regard
to governing bridge failure mode and should be investigated in future. The behavior of
bearings in combined loadings (e.g. Fig. 4.4) needs to be considered as well.
This, however, is beyond the scope of this thesis.

The double-neck RC bearings (Fig. 4.5) at bridge abutments are common for
aging bridges in Serbian road network. Although their detailing implies rebar
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anchorages at an abutment and a superstructure, this support allows rotation and

restrains translation by design (i.e. a pinned support).

a) Shear loading b) Rotational loading
¢) Compressive loading d) Combined loading

Fig. 4.4 Possible loading cases on steel reinforced elastomeric pads [Mtenga, 2007]
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Fig. 4.5 Schematics of a double-neck concrete RC bearing at an abutment

For the sake of simplicity, the joints in the assumed bridge model are considered
to be either fixed (i.e. restrained rotation and translation), pinned (i.e. allowed rotation,
restrained translation) or free (i.e. allowed rotation and translation) (Fig. 5.1).
For monolithic joints, the transition from fixed to pinned state due to force
redistribution may be considered through perfectly plastic behavior. The mentioned
types of bearings are assumed pinned with exception of roller bearings. The shear

failure of bearings is neglected.

4.2 Redistribution of forces in a soil-bridge system due to local scour action

Bridge piers are usually aligned to the direction of a river flow and their local
axes may differ from the axes of a main girder. Thus both longitudinal and lateral bridge
direction contribute the bridge resistance to scouring.

The example of a multiple span bridge with a double-tee main girder and a wall

type pier exposed to a local scour action is given in Fig. 4.6. Due to a force
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redistribution, additional forces (i.e. bending My and tension By) act on the main girder
in the longitudinal direction (Fig. 4.6a). As for the lateral direction, warping of the main
girder introduces additional normal stresses (Fig. 4.6b). The double-tee main girder is
quite robust for this type of loading and it restricts pier displacement (Fig. 4.6C) as long
as the strength of the joints is not exhausted. Similarly, the supporting soil is affected by
combined loading. The contact area is subjected to eccentric vertical force from the
superstructure eventually accompanied by horizontal forces (Sy, Sy) and moments
(Msy, Msy). The resistance of supporting soil to combined loading is rather high due to
applied safety factors in the design. It is evident that a failure mode may be triggered

only by reaching the combined resistance of the soil and superstructure.
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Fig. 4.6 Case of a possible redistribution of forces in a soil-bridge system due to the local scour
action at a pier

The actual redistribution of forces between the bridge structure and supporting
soil, which precedes the failure, is generally unknown. This is unimportant in the limit
analysis approach, but the under-designed or deteriorated element/sections/joints must

be pointed out (e.g. poor detailing) and accounted as they may govern the failure mode.
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4.3  The approximation of local scour cavities at bridge piers

In Figure 4.7, the local scour cavities beneath a foundation base at different
types of pier foundation system are presented with isohypses. The approximated 3D
form of the cavities is an oblique cone with closed-curve basis. For the analysis, it is
essential to model the scoured contact area between a foundation base and supporting
soil, thus the cavities’ geometries are approximated. The triangular cross-section of a
scour cavity is adopted to be common for all cases (Fig. 4.7€). It is defined by the
bottom vertex of the triangle i.e. the time-dependent maximum scour depth Zg(t),
obtained using local scour evaluation formulas, and the related maximum horizontal
extent of scour beneath the foundation base S.. The form of the triangle is adopted due
to its simplicity but other cavity forms can be assumed if experimentally justified.
Based on this cross-section, for the case of local scour at a wall type pier in Fig. 4.7a, it
is assumed that the contact is lost over entire longitudinal side i.e. problem is simplified
to plane strain. Similarly, this has been adopted for the other presented cases.
Main idea here is the simplified calculation of internal and external work in supporting

soil, which is discussed in the next section.
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Fig. 4.7 Approximation of the local scour cavities for different types of pier/foundation system
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4.4 The resistance of supporting soil to local scour action

The effects of soil erodibility and granular composition on the local scour
magnitude at bridge piers were discussed in Chapter 3. Here the subject is geotechnical
aspect of soil resistance to local scour, which is governed by the soil bearing capacity
and friction at the soil-foundation interface. The basics for estimation of the bearing
capacity are presented followed by brief review of the state-of-the-art research on the
combined loading at shallow foundations. The effects of local scour cavity on kinematic
mechanisms in soil yielding the lowest upper bound of limit load are discussed.

Based on the Prandtl solution [Prandtl, 1921] and using the principle of
superposition, [Terzaghi, 1943] presented the formula for estimating ultimate bearing
capacity for a general case of centric vertical loading on a rigid strip footing (L/B > 10)

in a cohesive-frictional (c - ¢) soil including the uniform surcharge load (Fig. 4.8):

qu = %ByNy + cN; +yDsN, (4.1)
where:
qu = ultimate bearing capacity [kN/m?’]
B = width of the strip foundation [m]
¥y = soil self-weight [kN/m’]
D¢ = height of the uniform surcharge load (Fig. 4.8) [m]
N,,N¢,Ng = bearing capacity factors for soil self-weight, cohesion and surcharge
load, respectively
%
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Fig. 4.8 Kinematic mechanism in soil for centrically loaded strip footing

The assumed kinematic mechanism is consisted from three region types.
The region “1” is a triangular wedge (i.e. active Rankine zone), which is translating

vertically as a rigid body with the same initial velocity V; as the footing.
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This displacement causes the lateral movement in the regions “2” (i.e. radial shear
zones), which are bounded by log spiral discontinuity curves, with starting velocity V;
at the point B. The log-spiral curves BC and BC, have centers at the points A and A;.
The lines A;B, DC and AB, D;C; are tangents of the log spiral curves. The regions “ 3”
represent wedges that translate as rigid bodies (i.e. passive Rankine zones) with
velocity Vs. All velocity discontinuity vectors are inclined to lines of soil discontinuity
at angle ©.

The non-dimensional bearing capacity factors in Eq. 4.1 are indeed derived from
the principle of the virtual work for the assumed mechanism. It is a fact that the
closed-form analytical solution to the bearing capacity problem including the effects of
the soil self-weight beneath the footing is not possible. There is no general agreement
on the precise value of the factors on an international level and even national standards
give different values. In order to resolve this issue, different solutions were developed
based on empirical relations, analytical derivations, or numerical analyses (e.g.
[Michailowski, 1997]). To account the inclination of load, the ratios of L/B < 5 and
embedment depth, the formula in Eq. 4.1 has been extended with correction factors,
which in most cases are obtained as semi-empirical values. Widely used are the factors
given by [Hansen, 1970] and [Vesic, 1975] and if there is eccentricity of the load, the
“effective width concept” given by [Mayerhoff, 1953] is commonly applied. Thus, the
general formula for estimating the bearing capacity of a strip footing is commonly given

in the form:

qQu = lVSVdVEB YNy + icScdccNe +iq5qSqYDrNg (42)

where in addition to the Eq. 4.1:

Iy, lc,lg = correction factors for inclined loading
Sy,Sc)Sq = shape correction factors (shapes other than strip footing)
dy,d.,d, = embedded depth correction factors

B* = effective width of the footing (effect of load eccentricity)

The common subject of the research in soil mechanics is oriented towards
estimating the generalized yield criterion for combined loading at shallow foundations
and associated kinematic failure mechanisms. The possible solutions to this problem are

usually obtained by combining both FEM and limit analysis. The examples of such
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analysis are the research of [Tiebat and Carter, 2000] (Fig. 4.9) and
[Gouvernec, 2007]. The limit analysis was used in [Ukrichton et al., 1998] to evaluate
undrained stability of surface footings on clay under combined loading. Here, in the
focus were the effects of underbase suction (i.e. adhesion) and undrained
non-homogenous soil profiles (Fig. 4.10). As a part of the research published in
[Michailowski and You, 1998], the upper bound kinematic mechanisms for combined
loading at shallow foundations for general (i.e. c-0) soil were computed (Fig. 4.11).
Generally, the soil-superstructure interaction is not considered using the limit analysis

approach, to the best knowledge of author.

Fig. 4.9 Three-dimensional failure envelope for shallow foundations on cohesive soil under
combined load and moments, [Tiebat and Carter, 2000]
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Fig. 4.10 Upper-bound solutions for combined loading on footings on homogenous clay:
a) Zero underbase suction and b), c¢) full underbase suction, [Ukrichton et al., 1998]
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Fig. 4.11 Failure modes of a strip footing affected by combined loading, adapted from
[Michailowski and You, 1998]

The allowed contact pressure at the base of bridge pier foundation is typically
designed to be 2.5 — 5.0 times lower than the soil bearing capacity based on the Eq. 4.2.
The depletion of this safety margin due to local scour may be modeled as a decrease of
the surcharge loading and foundation to soil contact followed by increase of the
inclination and/or eccentricity of vertical force acting at the foundation base.
However, the redistribution of internal forces in a hyperstatic soil-bridge system and the
non-linear behavior of its elements deter straightforward evaluation of the magnitude of
forces acting at a foundation base (Fig. 4.6). The existing solutions for correction factors
and effective width concept are not suitable for the intended analysis.

Generally, the coefficient of friction between concrete and soil may be assumed
between 0.2 and 0.4 for cohesive soil and frictional soil respectively. However, upon

reaching the friction resistance, the sliding cannot occur until the horizontal
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displacement of the pier is allowed by the superstructure and the joint at the pier top, as
discussed in [Tanasic and Hajdin, 2014]. On many occasions, bridge piers have suffered
rigid body rotation besides sinking, and to account this in the analysis, the appropriate
kinematic mechanisms in soil (KMS) which allow horizontal translation and/or rotation
should be applied. In addition, the mechanisms should consider geometry of a local
scour cavity at a pier foundation, in order to capture the effect of the related bearing
capacity reduction. The geometric simplicity and possibility to use the mechanisms for
various types of soils and pier-foundation systems is essential for the analysis.

Many practical solutions in design of geotechnical structures are based on a
plane strain assumption (i.e. long footing), which allows estimation of realistic limit
loads even for complex geometries of foundations subjected to combined loading.
With this assumption and the approximated local scour cavities (Fig. 4.7), the
calculation of reduced bearing capacity for a strip footing is straightforward.
However, in the case of square or circular footings, the three dimensional KMS would
be more appropriate. In the thesis, these mechanisms were not considered in the light of
the fact that they yield higher limit loads and have somewhat complex geometries
compared to the associated plane strain problem. The bearing capacity reduction in the
cases of spread footings (Figs. 4.7¢ and 4.7d) is treated similarly as for strip footings,
solely governed by the assumed triangular cross-section of the cavity and related
scoured contact area.

The basic mechanisms, which may account foundation sinking, translation and
rotations, are accounted in the analysis. Inspired by research on the combined loading at
foundations, the four mechanisms are chosen and discussed on the example of a strip
footing of width B (i.e. 2D problem), where the favorable effect of the surcharge load is
neglected (Fig. 4.12).

The mechanism KMS 1a (Fig. 4.12a) is the original Prandtl mechanism affected
by a local scour cavity in the Rankine zones. It is defined by angles o and 6 and their
values, which minimize the limit load, are w/4 + ¢/2 and w/2 respectively. This failure
mode will be associated to pier sinking in a scouring event. The non-symmetrical
Prandtl mechanism, referred to as KMS 1b (Fig. 4.12b), is consisted from one active
wedge, one log-spiral shear zone and one passive wedge. Generally, it yields better

results for the frictional soils than KMS 1a due to lower values of the bearing capacity
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factor Ny, and besides sinking it involves horizontal translation. This fact restricts its use
to cases where this displacement is allowed by a pier-foundation system and a
superstructure. The KMS 1b mechanism is defined with three parameters (angles
o, B and 0) and the local scour cavity can be introduced in Rankine zone at one side of

the foundation.
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Fig. 4.12 Assumed KMS at a strip footing affected by the local scour cavity
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The log-spiral kinematic mechanism, here referred as KMS 2 and presented in
[Narita and Yamaguchi, 1989], is a simple rigid body rotation mechanism defined with
its center of rotation O located above the foundation and angle 0 (Fig. 4.12c). The shape
of the logarithmic spiral ensures the kinematic admissibility thus enabling application of
this mechanism for different soil types. Overall it yields acceptable results when
compared to other mechanisms except for frictional soils with ¢ > 20° as the bearing
capacity factor Ny is over-predicted. For the purely cohesive soil this mechanism
transforms into circular i.e. scoop mechanism. As seen in Fig. 4.12, the log-spiral
mechanism, unlike the other presented mechanisms, is not affected by the area of the
local scour cavity, but only by decrease of contact beneath the foundation. Besides its

simplicity, the main reasons for choosing this mechanism for the analysis are:

e As presented in Fig. 4.11¢c (Mechanism E) it was applied for the case combined
loading acting at the pier foundation, which is here assumed to be a consequence of
force redistribution

e The variational calculus performed by [Li, 2013] confirmed that the log-spiral
mechanism is suitable for solving problems where eccentricity of force at a strip

foundation is involved

The mechanism KMS 3 in Fig. 4.12d resembles the mechanism originally given
in [Salencon and Pecker, 1995]. This rotational mechanism is consisted from the
three regions. The footing and region ABC rotate as a one rigid body about the point O.
The soil in the region BCD is subjected to the shear deformation (the log-spiral shear
zone), while the region BDE undergoes a combination of translation and simple shear.
This mechanism is defined with two parameters, the location of the center O and the
angle y, and it involves displacement of the soil mass to the side where the scour cavity
is formed (region BDE).

In general, the internal and external work done by a KMS depends on the
assumed kinematic velocity field and the soil properties — soil weight, cohesion and
internal friction angle. The internal work of the soil cohesion W, is calculated along
the kinematic discontinuities of each region in a KMS The calculation of the external
work of soil weight W, and surcharge load considers the area bounded by regions in a

KMS and associated velocities. Both internal and external works account the length of
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the footing. It must be noted that every KMS has parameter constraints (e.g. point C for

KMS 2 in Fig. 4.12cC) and they must be accounted when estimating the optimal solution

for the bearing capacity.

The formulas for internal and external work in soil for the assumed mechanisms

are summarized in Table 4.2. The local scour cavity area P, in Fig. 4.12b, is accounted

for in: KMS 1a, KMS 1b and KMS 3.

Table 4.2 Internal (INT) and external (EXT) work for the KMS in Fig. 4.12
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4.5 The resistance of bridge elements to local scour action

The bridge resistance to local scour is governed by its ability to redistribute
internal forces thus depends on structural system properties, joints between
superstructure and substructure as well as on detailing. Since the upper bound theorem
is going to be applied, it is necessary to estimate the rates of external and internal works
for the bridge structure. The calculation of external work is given in Chapter 5, where
possible modes of superstructure failure are discussed. In this section, the methods to
estimate plastic strength of the bridge elements are presented.

In general, the plastic strength of RC elements is estimated based on the cross
section geometry, acting forces and reinforcement detailing. The bending resistance for
the case of double-tee cross section is given in (Fig. 4.13). Here, in the estimation of the
ultimate sagging and hogging plastic moments it is assumed that the neutral axis lies in
the deck and rib respectively. For the sagging moment, the top deck and the top beam

reinforcement may be omitted as they are close to neutral axis.
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Fig. 4.13 Ultimate sagging and hogging plastic moments for the double-tee main girder

Based on the linear strain distribution, perfectly plastic RC element behavior and

internal forces equilibrium, the following may be obtained from Fig. 4.13a:

fy QAs + Agp)
Yo=7 —H~
fcp D
Yo

Mys = Dyofp (4 =2) = Aanfy (4 - %) (4.4)

(4.3)

Similarly from Fig. 4.13b:
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_ fy QAn+ Aqp+Aqc — 245)

(4.5)
Yo fcp b
_ _Yo — (4.6)
Myh = 2byofe, (d : )+ 24,f,(d — ay)
where:
Yo = neutral axis depth (i.e. effective height of compression zone) [m]

D = deck width [m]
= effective depth [m]
b = beam width [m]

a, = centroid of the bottom beam reinforcement area [m’]
fy = tensile strength of reinforcement [MPa]
fep = plastic compressive strength of concrete [MPa]

M,s = ultimate sagging plastic moment in span [kNm]

M,h = ultimate hogging plastic moment at middle supports [kNm]

Ap = area of girder beam top reinforcement [m?]

A; = area of girder beam bottom reinforcement [m?]
Ay, = area of bottom longitudinal reinforcement in a bridge deck [m?]
Ay = area of top longitudinal reinforcement in a bridge deck [m’]

The plastic strength of a RC bridge deck is mostly governed by the top and
bottom reinforcement in two orthogonal directions. The upper bound approach
commonly used to calculate ultimate loading of slabs (here the deck) is the yield

line method. The assumptions of this method are:

e The pattern of yield lines divide slab into regions which remain rigid

e Yield lines must end at slab boundaries and they form a mechanism in slab
which allow unrestrained plastic deformation

e Elastic deformations are neglected and all plastic deformations are concentrated
in zones in which the yield condition is satisfied

e Effect of shear forces on the failure of the plate may be neglected

e The effect of membrane (i.e. in plane) forces on slab collapse may be neglected

e Plate collapse is primarily governed by the reinforcement
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The general procedure for upper-bound calculation of RC slabs with area A
subjected to bending is applied as in [Vrouwenvelder and Witteveen, 2003].

With reference to Fig. 2.12, the total amount of dissipated energy Eg, is calculated as:

E; = f(mxxkxx + 2Myykyy + Myykyy, )dxdy (4.7)
where: ’
My, My, My, = moments that satisfy the yield condition of the slab [kNm]
kyx kyy kyy, = plastic curvatures derived from V(x,y)
v(x,y) = the downward displacement of the center plane of a slab [m]

At the intersection of yield lines in a deck and superstructure beams, the plastic
hinges must form. In general case, the beams are subjected to combined loading of
bending moment and torsion. In the analysis, the beams will be treated as “hidden” in
the deck. For a hogging yield line i.e. when the top beam reinforcement yields, the pair
of internal forces M and M; must satisfy the yield condition given in [Hsu and

Mo, 2010]:

M M\
_ + (_f) ~1 (4.8)
MR, ' \M¢,
where:
M, = ultimate hogging plastic moment in pure bending [kNm]
Mty = ultimate plastic moment in pure torsion [kNm]
A . : :
R, = = ratio of bottom beam reinforcement area to top beam reinforcement area

Ast

For the common column cross-sections, the plastic bending strength of the joint
at a pier top due to combined action of moment and normal force may be obtained from
M-N interaction diagrams (i.e. generalized yield criterion). In practice, for the case of
non-standard sections, these diagrams may be approximated with 5 points. These points
distinguish five limit states of the analyzed section: pure tension, simultaneous failure of
tensile reinforcement and concrete, balance point state (increase of the compressive
normal force decreases the ultimate bending moment), the stress in tensile
reinforcement equals zero and pure compression. In the case of a circular pier section in
Fig. 4.14, the ultimate plastic bending moment My is estimated for a known

reinforcement area (Eq. 4.9). The mechanisms which imply the work of normal force at

83



the pier top (i.e. concrete crushing) yield large internal work thus are not considered in

the anaylsis.
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Fig. 4.14 Plastic bending strength of a RC circular section at a pier top

Mpj = (AcYofep + Ascfy) e + 1) 4.9)

In the assumed kinematic mechanism of the superstructure, the internal work in

a plastic hinge/yield line is obtained as the product of plastic strength (e.g. bending

moment, normal force or combination of both) and virtual displacement (e.g. virtual

rotation) associated to the flow rule.
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Chapter 5. Analysis of the Soil-Bridge Models

In this chapter, the soil-bridge models affected by the idealized local scour
cavities are analyzed. The combined soil-bridge failure modes in the longitudinal and
lateral directions are separately investigated. The assumptions and constraints in the
analysis and the parameters governing the failure modes are discussed.
The upper-bound solutions for the ultimate local scour extents at bridge piers are

obtained in the optimization procedure for various set of input data.

5.1 The soil-bridge model

Based on Chapter 4, the elements and geometry of the soil-bridge model are

given in Fig. 5.1 and its global assumptions are reviewed:

¢ Rigid — perfectly plastic behavior of the bridge structure and the supporting soil

e The superstructure is RC double-tee main girder

e The substructure is a rigid body RC pier-foundation system (Fig. 4.1)

e The local scour cavity at substructures is modeled with a triangular cross-section
according to Fig. 4.7

e The active forces acting on the system are given by the superstructure
self-weight ¢ (main girder self-weight g and additional dead load on the bridge
deck Ag), self-weight of the pier foundation system PF,, and soil self-weight

e Local scour affects just one (i.e. middle) bridge pier (two spans and different
adjacent support types are sufficient to model behavior of multiple span girder bridges)

e The second order (P-A) effects are neglected

e The plane strain approximation is adopted for evaluation of the ultimate bearing
capacity of supporting soil

e The failure modes are defined for a combined soil-bridge kinematic mechanism

The following properties in the model are accounted for:
e The distribution of the bending moment resistance in the girder beams is given
by the reinforcement layout, which is assumed to follow linear elastic analysis

(e.g. Fig. 5.2).
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e The distribution of the bending moment resistance in the main girder deck is
assumed based on the linear elastic analysis (based on the design for a two way slab).

¢ The joint at the pier top and the adjacent supports may be either free, pinned or
fixed with an assumed strength with regard to bending and shear

e The supporting soil is either purely cohesive (¢ = 0, ¢ > 0), cohesive-frictional

(¢ >0, ¢ > 0) or purely frictional (¢ >0, c =0)
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The ultimate hogging and sagging moments in girder sections are calculated as
in Eq. 4.4 and Eq. 4.6. The girder beams’ bottom reinforcement, which is designed for
the critical section in a span, is in practice normally reduced near pier supports
(Hreq in Figs. 5.2a and 5.2c). However, the reinforcement may be designed as
continuous, which is ensured by adequate splicing (Fig. 5.2b).

The location of possible plastic hinge/s in a span of the main girder is the
parameter that is going to be varied in the analysis (Hpos). For the multiple span bridges,

the hogging plastic hinges are assumed to develop in a failure mode at the sections over

the piers.
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5.2 Combined failure modes in the longitudinal direction

With reference to Fig. 5.2, the possible modes of superstructure failure (SFM-s)
for the longitudinal direction are presented in Fig. 5.3. The formulas for calculating the
rates of internal and external work (Wins, Wexs) are given. The properties of the joint at
a pier top and possible displacement of a pier-foundation system are not considered for
now, just the virtual vertical displacement at the pier (denoted as V). The mode SFM 1
(Fig. 5.3a) has two symmetrical plastic hinges on girder beams and associated sagging
yield lines in the deck. The SFM 2 (Fig. 5.3b) represents a non-symmetric mechanism.

Depending on the adjacent supports type, failure modes may imply horizontal
displacement of the main girder or additional hinges at fixed supports. For the latter, the
difference to the presented modes is in the rate of internal work and thus they will be
denoted with asterisk e.g. SFM 1* in Fig. 5.3c. The example of such failure may be seen
in Fig. 1.18.
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Fig. 5.3 Superstructure failure modes in the longitudinal direction

The horizontal translation of the main girder (i.e. for free adjacent joints) does
not induce work of external forces since the only active force is self-weight.
It should be noted that SFM 1 and SFM 2 have the identical rates of internal and
external work for the matching vertical displacement at the pier top.

In order to define the combined soil-bridge mechanism, the discussed SFM-s
must be in consistency with the KMSin Fig. 4.14. The straightforward case is when the
joint at the pier top is considered as movable (i.e. free) — either as designed (e.g. roller
bearing) or when it’s plastic strength is reached resulting in the unrestricted
horizontal displacement. Here, the center of rotation of a pier-foundation system
coincides with the center of a KMS (Fig. 5.4a). The associated superstructure failure
mode is independent from the type of the KMS and entails sinking (e.g. SFM 1). On the
other hand, for the pinned or fixed joint at the pier top, the adequate consideration of the
superstructure when evaluating the overall bridge resistance is required.

It is assumed that the center of a pier foundation is the connection between
supporting soil and a bridge pier. For a pinned joint at the pier top and restrained
horizontal displacement of the main girder (e.g. pinned adjacent supports), the pole of
the rotation (O;) for the pier-foundation system lays in the plane of the main girder
(Fig. 5.4b). The given mechanism violates somewhat the compatibility condition as

shown in Fig. 5.4c, Detail A. The rotation of foundation base does not follow exactly
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the rotation of the soil underneath. However, this may be neglected assuming local

crushing of soil and therefore underestimating the internal work.
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b) Pinned joint at the pier top

Cs = center of soil rotation
®,, = virtual rotations
O,  =pole of rotation for

pier-foundation system

Fig. 5.4 Connection of the KMS 2 and pier foundation system in a combined mechanism

In respect to the type of the joint at the pier top and adjacent supports types,

27 different model types may be distinguished. However, the four chosen bridge model

types (BT) are sufficient for the discussion (Table 5.1).

Table 5.1 Four bridge types in longitudinal direction and associated CFM -s

| 4 R
_A@E_ fixed ﬁ I\ fixed fixed fixed |
L : u
4 = ——————————
w fixed pinﬁ :; free or free free or
=, pinned or pinned or T
£ ! fixed £ fixed
Bridge | Adjacent Jolint ata Superstructgre Failure Ki'nema'ttic rpechanism C.ombined Figure
type supports | pier top Mode (Fig. 5.3) in soil (Fig .4.12) Failure Mode
SM1 KMS1la CFM 1 5.5a
SM1 KMS1b CFM 2 5.5b
BT 1 Free Fixed SM1 KMS?2 CFM 3 5.5¢
SFM 2 KMS?2 CFM 4 5.5d
SM 2 KMS3 CFM 5 5.5e
SM1 KMS3 CFM 6 5.5f
SM1 KMS1la CFM 1 5.5a
BT2 | Pinned Fixed SM1 KMS?2 CFM 3
SM 2 KMS?2 CFM 7 5.59
SM 1* KMS1la CFM 1*
BT 3 Fixed Fixed S M 1* KMS2 CFM 3* 5.5h
SFM 2* KMS?2 CFM 7*
KMS la
Free Snking at the pier KMS1b Governed by
BT 4 Pl_nned Free support S 2 il mech
Fixed
KMS3
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Based on the presented KMS SFM-s and simple kinematic constraints, the
associated combined failure modes (CFM-s) for chosen bridge types are given in
Fig. 5.5, and analyzed to find the least upper bound solution in the optimization
procedure (section 5.3). The CFM-s listed in Table 5.1 with asterisks are those that

include change of state for adjacent supports from fixed to pinned.
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L lastic hi the pole of rotation for
t s t plastic hinge at / pier-foundation system

Hpos the pier top

h) CFM 3* q q
Fig. 5.5 Combined soil/structure Failure Mechanisms (CFM) soil-bridge model in the
longitudinal direction

The location of the center of soil rotation for KMS 3 restricts the application of
this mechanism to the cases where the horizontal displacement of the joint at the pier
top is free to move horizontally (Fig 5.5e and 5.5f). Otherwise, the assumption of the
rigid behavior of a pier/foundation system would be violated. Generally, the center of
rotation of a KMSdirectly above/beneath the foundation would lead to large dissipation
of internal energy in the main girder and rather low external work rate as the combined
mechanism would imply uplifting of the foundation. Such mechanisms are theoretically
possible but yield unrealistic solutions. This does not account for the BT 4, and BT 1 for
modes where plastic hinge forms at the pier top. These modes are CFM 3 and CFM 6
and for them the optimal location of the pole of rotation for pier-foundation is additional
parameters in the optimization procedure.

The mode CFM 7 resembles CFM 4 with the exception that the pole of rotation

for superstructure coincides with the pinned support.

53 The optimization procedure

The works of the internal and external forces (Wiy, Wex) are calculated for the
CFM-s and the principle of the virtual work (Eq. 2.6) is applied:

Wext = Wing (5.1)

The total rate of external work Wy done in a soil-bridge model is governed by

assumed combined kinematic mechanism and self-weight of the model elements. It is

calculated using the following formula:

n
Wext =q j U(X, y)dAd + PF:gU + z 'UiPSi (52)
Ag i=1
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q = superstructure self-weight given as constant continuous surface load over
the bridge deck area, [KN/m?’]
PF, = pier-foundation self-weight [kN]
Ps; = self-weight of the soil region i in the KMS [kN/m’]
Ay = area of the bridge deck [m?]

X,y local axes of the main girder [m]
v(x,y),v,v; = virtual vertical displacements associated to the deck, the

pier-foundation system and the region i in the assumed KMS [m]

The integral over area Ay in Eq. 5.2 actually represents the volume of the body
enclosed by the plane of the undeformed deck and the deformed mode of the deck due
to assigned virtual displacements. The third element on the right hand side of the Eq. 5.2
represents external work of a KMS (Table 4.2) and usually has negative values as the
majority of the soil regions in a KMShave upward virtual displacement. This especially

holds when the surcharge load is considered. The simplified form of the Eq. 5.2 is used:

Wext = @+ Vor + PE; - v + W, + Wy (53)
where:
q* = limit load acting on the superstructure [kN/m?]
Vyr = volume enclosed by the undeformed and deformed deck mode in the

assumed superstructure mechanism [m’]
W, = external work of soil self-weight [kNm] (Table 4.2)

Wer = external work of the surcharge load [kNm]

The Wi comprises the total work of internal forces in the supporting soil
and bridge structure:
Wint = Weon + Wy + Wy, (5:4)
where:
Wen = internal work of the cohesion in the supporting soil [kNm] (Table. 4.2)
Wy = internal work of all plastic hinges in the bridge structure [kNm]

Wy, = internal work of the yield lines in the bridge deck [kNm]

The effects of local scour on the reduction of bearing capacity of the supporting

soil are considered by altering the geometry of the assumed kinematic mechanisms.
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This is done by increasing the extent of local scour cavity directly beneath the
foundation and changing the mechanism geometry accordingly. Eventually, the change
in mechanisms due to scour cavity will result in g* (Eq. 5.5) becoming equal to the

superstructure self-weight q i.e. the combined soil-bridge failure mode sets in:

Wine =Wy — Wey, — PRy - v

q = >q 5.5
Vbr ( )

It may not be clear instantly from Eq. 5.5 which of the applied mechanisms
yields better solution. Still, the impact of every element in the soil-bridge model on the
resistance to the assumed local scour cavity may be observed. Evidently, in order to
obtain the least upper bound, the combined kinematic mechanism should engage as
much as possible of the structure’s self-weight and at the same time dissipate the least

possible amount of internal energy.

5.4  Analysis of a soil-bridge model in the longitudinal direction — An example

The soil-bridge model with wall type pier-foundation system (Fig. 4.1a) affected
by the local scour cavity as in Fig. 4.7a is analyzed. The Matlab script was written and
for the set-up of input data given in Table 5.2, the results of the optimization procedure
for the four bridge types (Table. 5.1) are presented. The parameters in the applied KMS
and position of the hinge in the main girder span were varied to obtain the
optimal solutions. This problem of nonlinear-constrained optimization was solved using

Matlab function fmincon.

Table 5.2 Input data and results of the optimization procedure for the four bridge types

Input data Results
L Pier-Foundation Plastic strength of bridge Soil Bridge |Least upper| Scour extent | .
Main girder system elements [kKNm] * Properties type bound Sc (m) Figure
Pier height Joint at the pi fricti
SpanL, (m) |20.0[ "' go [TOMATEPE 0006 M |250] BT1 | cFm5B 0.77 5.6
H, (m) top M,j angle ¢ [*]
i Pier length Adjacent rt hesi

Deck width 3.0 ier leng 70 ljacent suppo: 56182 co 6510121 ol B2 CFM 3 0.85 59
D (m) L, (m) M;h ¢ [kN/m’]
Deck height Pi idth Main gird ight

eck height | [Pier wid 0.5 ANETEET 4003 VOB |1g0| BT3 | cRma 0.97 5.11
d, (m) B, (m) M,s=2-M,rs ¥ [KN/m’]
Beam height Foundation Deck in both “
h (m) 1.7 width B, (m) 2.0 directions M,, 19.8 FS 39| BT4 KMS3 0.53 5.15
Beam width 0.5 Foundation 10.0 * Based on section 4.5 and minimum reinforcemet requirements of a design code;
b (m) "~ |length L¢ (m) " |The reinforcement layout according to Fig 5.2a/5.2¢; f,=2.0 kN/ent’, £,=24.0 kN/cm®
Dead load i

e 0612 7.6 Fopndatlon 1.5 | The initial factor of safety (FS) is based on the Eq. 4.1 without the surcharge load
g (kN/m°) height H; (m)
Add. dead Self-weight . . . .
load Age(iN my)| 2:0 P; (\lf;l)g 1450.0 |** Refer to Table 5.1 for bridge types and Fig. 5.8 for combined mechanisms
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In the Figs. 5.6, 5.9, 5.12 the lines on graphs represent the decrease of the limit
load g* (vertical axis) with the change in the horizontal scour extent & (horizontal axis)
for the analyzed failure modes and associated bridge types. These may be interpreted as
the decrease of the safety factor at the foundation due to local scour growth.
The influence of the soil mechanical properties, given by ¢ and c, on the ultimate
horizontal scour extent may be observed in Figs. 5.7, 5.10 and 5.13, and Figs 5.8, 5.11
and 5.14 respectively. Here, the different initial safety factors (FS) of bearing capacity
are based on the Eq. 4.1 without the soil surcharge load, and the plastic strengths of
superstructure elements are not varied. In these analyses, the influence of the slope
angles of the triangular cavity cross-section and related weight of soil flushed away
were neglected. Their maximum influence on the results is separately discussed
(Fig. 5.15) and presented in Figs. 5.16 to 5.18.

For the BT 1 the CFM 5 yields the least upper bound (Fig. 5.6). In the case of
the pure frictional soil and the pure cohesive soil, the most critical mechanism is also
CFM 5 for the common design factors of safety (FS > 2). For purely cohesive soils, the
CFM 1 and CFM 2 give identical results. The modes CFM 3 and CFM 6 are not
presented here. For them, the optimal solution for the center of rotation of the
pier-foundation system is in infinity. This leads to translational mechanisms, which are
no longer consistent with the assumed rotational KMS and these modes may only be

treated in a special case of BT 1 i.e. for the pinned joint at the pier top (Table 5.3).

i 2
\ free fixed free
70 4q* [kN/mZ] |
—CFM 1 1
60 - Scour }
—CFM 2 cavity i
N 1
50 1 —CFM 4 T Se. B-Se |
— B
40 1 CFM 5 :
mid-foundation
30
A
20 A
kN/m?2 i
0 ql 1 ;
0 T T T 1 >
0.00 0.25 0.50 0.75 1.00 1.25

Horizontal scour extent S, [m]
Fig. 5.6 Combined failure modes for the BT 1
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Fig. 5.7 Influence of soil internal friction angle on the results for the BT 1
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Fig. 5.8 Influence of cohesion to results for the BT 1

The pinned adjacent supports in the case of BT 2, restrain horizontal translation
and therefore the three mechanisms are admissible (CFM 1, CFM 3 and CFM 7).
The most critical for the adopted data set is the CFM 3 (Fig. 5.9). This is evident also
for purely frictional soils and common values of safety factors. In the case of purely
cohesive soils, the CFM 7 becomes critical mechanism.

The combined mechanisms for the BT 3 resembles to those of the BT 2 with the
exception of additional internal work in adjacent joints. Here, the CFM 3* becomes the
critical mechanism. Similar as for BT 2, here for the purely cohesive soil the CFM 7*

yields lowest upper bound.
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Fig. 5.10 Influence of soil internal friction angle to results for BT 2
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Fig. 5.11 Influence of cohesion to results for BT 2
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In the case of BT 4, there is no combined failure mode. A KMS is sufficient to
trigger a bridge failure. Here, the lifting of the foundation is not constrained by the
bridge structure, thus the KMS 3 (Fig. 4.12d) yields the least upper bound as centers of
rotation are allowed in the area directly beneath the foundation. The zero-tension
interface at the foundation base was assumed in this situation. Here, the Eq. 5.5 was
applied in which the internal work of a bridge structure is omitted and the pier force
from the superstructure was taken based on the elastic analysis. Alternatively, in this
case the existing correction factors may be applied (Eq. 4.2).

The ultimate scour extents at the pier for the four bridge types are summarized in
the Table 5.2 and the decrease of limit load for the related critical mechanisms is given
in Fig. 5.15. Here, the impact of the superstructure type and properties in the resistance

of a soil-bridge model to the assumed local scour action is clearly seen.

70 %
* 2
q* [kN/m?] Bridge type 1 - CFM 5
60
N Bridge type 2 - CFM 3
30 1 — = —Bridge type 3 - CFM 3*
40 1 Bridge type 4 - KMS 3
30 1 mid-foundation
A
20 - ;
10 —
!
0 T T T { g
0.00 0.25 0.50 0.75 1.00 1.25

Horizontal scour extent S, [m]

Fig. 5.15 The resistances of the four bridge types to assumed local scour action

The bridges with the pinned joint at the pier top may be considered as special
cases of the given bridge types by setting the plastic bending strength of the joint
to zero. Additionally, the case of a continuous multiple span girder bridge where the
horizontal translation is allowed (e.g. roller bearings) may be considered by restricting
rotation at adjacent supports in the BT 1. The crucial mechanisms in this case are the
CFM 5* and the CFM 6* for the pinned joint at the pier top (i.e. CFM 5 and CFM 6
with additional work in the adjacent supports). In Table 5.3, the strengths of the joint at
the pier top and the adjacent supports are varied to investigate their effect on the
ultimate scour extent for discussed bridge types. Here, both the soil properties (¢ = 25°,
¢ = 10 kN/m?) and the sagging plastic strengths of girder were not changed.
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Table 5.3 Effects of the joint and adjacent supports plastic strength on the results

Plastic strength *
Bridge Joint at the fdj acent (;ombined S, (m) %B
Type pier top Suports failure mode
0 0 CFM 6 0.55 27.5
. 0 M;h CFM 6* 0.63 31.5
M,j 0 CFM 5 0.77 38.5
M,j M,h CFM 5* 0.90 45.0
0 0 CFM 3 0.83 41.5
BT 2 M, 0 CFM 3 0.85 42.5
2M,j 0 CFM 3 0.87 43.5
0 M,h CFM 3* 0.95 47.5
S M,j M,h CFM 3* 0.97 48.5
2M, M,h CFM3* | 099 | 495
AM,j 2M,h CFM 7* 1.13 56.5
BT 4 / / KMS3 0.53 26.5
X see input data in Table 5.2
/ these values are not important for BT 4

The BT 1 with pinned joint gives similar result as the BT 4. This is because the
optimal position for center of pier-foundation rotation coincides with the center of
rotation for the applied KMS 3 in CFM 6. The plastic strength of adjacent supports has a
significant effect on all bridge types. For the BT 3 it may affect the critical mechanism
(CFM 7* instead of CFM 3%*), but in this case this would imply large (i.e. unrealistic)
reinforcement ratios over supports. The plastic strength of the joint at the pier top has
largest influence on the BT 1, but its variation has minor effect on the critical
mechanisms for all bridge types.

For BT 3, the optimized solution involves plastic hinges at the sections where
the strength was reduced (Figs. 5.2¢). This does not apply in general for various
reinforcement ratios and discussed bridge types. Actually, for the ratios in the span
approaching the simple beam case, the optimal position of the hinge moves towards the
middle support, whilst for lower ratios it moves towards the mid-span. Similar holds for
the strength of the adjacent supports. For all bridge cases, the location of the reduced
girder strength in the span (i.e. splicing location) did not significantly affect the results.
It is concluded that the layout of the reinforcement and plastic sagging strength of girder
affect the optimal position of the hinge, but the results are mostly governed by the ratio
of internal works done in the KMS and the superstructure.

With reference to Fig. 4.7, the influences of the cavity slope and the weight of

soil flushed away on the assumed KMS was investigated. Here, the maximum scour
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cavities are adopted as symmetrical (oe = B). Furthermore, for purely frictional soil, the
maximum decrease in bearing capacities for KMS 1a, KMS 1b and KMS 3 occurs when
the angle o equals ¢, whereas for purely cohesive soil or cohesive-frictional soil, the

angle o is set to 45° (Fig. 5.16).

The maximum scour Zs $>0,c=0 Omux=6¢ Z
cavity influence . ¢>0,0>=0 omax =45° -
BDE = BDE, | | |
|
|
E E_ B/ .
o o N X
N |
|
o~ i N
D AN
KMS 3 LR
¢ - soil

Fig. 5.16 The influence of the maximum assumed local scour cavity on the KMS 3- cases of
frictional soil (left) and cohesive soil (right)

The BT-s are re-analyzed to include the maximum scour cavities. The updated
mechanisms are denoted with letter v in the index of a CFM. In the case of BT 1 the
CFM 5v becomes critical (Fig. 5.17). The influence of the maximum local scour cavity
is as high as 20% and 5% for purely cohesive and purely frictional soils, respectively
(Figs. 5.18 and 5.19). For the other bridge types, the critical mechanisms involve the
KMS 2, which is not affected by the weight of soil flushed from scour cavity.
However, in the cases of BT 2 and BT 3 with purely frictional soils, the CFM 1v is the

critical mechanism for 1 < FS < 2.

60 5 PR
q* [kN/m?] CFM 1
== CFMlv
50 1
— CFM 2
40 1 == CFM2v
— CFM 5
30 1 mid-foundation
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20 - |
q [kN/m?] :
10 |
i
| S
0 | 1 ] 1 |
0.00 0.25 0.50 0.75 1.00 1.25

Horizontal scour extent S, [m]

Fig. 5.17 Influence of the maximum local scour cavity for BT 1
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Fig. 5.18 Influence of the maximum local scour cavity for BT 1 and purely frictional soil

110 3 A
c[kN/m?] FS
mid-foundation
100 A1 »
—a—CFM 1,2 , /
. = = CFM 1v 1
90 - d 3.0
— - CFM 2v ,
—=— CFM5 /
80 1
= m = CFM 5v y 2.5
/ .
70 1 y o
/ e
l ». / . /
60 . .ll ‘ -'l o { . > 2.0

T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Horizontal scour extent Sc [m]
Fig. 5.19 The influence of the maximum local scour cavity for BT 1 and purely cohesive soil

In the case for a pier with one column founded on a caisson, the scour cavity
given in Fig. 4.7d is considered with no surcharge load. Due to possible arbitrary
location of the cavity, the failure mode may involve displacement of the
pier-foundation system in a plane which does not coincide with the bridge
longitudinal direction. Requirement for this scenario is the combined mechanism, which
involves plastic hinge at the pier top. This type of mechanism resembles the presented
CFM 3 (Fig. 5.5¢) with a difference in the direction of the plane in which the associated
KMS forms (Fig. 5.20). Additionally, the mechanisms that only include sinking of the
superstructure at the pier top are plausible (e.g. CFM 1), due to substantial lateral
strength of the superstructure. This type of pier-foundation system is going to be

considered in section 6.4.

103



Section 1-1 ¢
@, = virtual rotations Oy plastic hinge @

Vo, = virtual displacements

C

of = center of rotation for

pier-foundation system
Cs = center of rotation for KMS 2
M,j = plastic strength of the joint at

the pier top

Section 2-2

longitudinal
direction

lost

contact

| ~__remaining
! contact area

Fig. 5.20 A possible combined failure mode for bridge with a pier on caisson foundation

5.5  Additional comments on the CFM-s in longitudinal direction

According to the obtained results for a wall type pier, it may be concluded that
the soil properties and the chosen KMS mostly govern the combined failure mode in the
bridge longitudinal direction. However, it is essential to account the superstructure type
(i.e. BT-s) in the analysis as seen in Fig. 5.15 and Table 5.3. Here, the variation of the
plastic strength of elements has minor influence.

The CFM-s that include KMS 1a and KMS 1b give the least upper-bound
solution for the initial state i.e. when scour has just reached the bottom of the shallow
foundation. However, the combined mechanisms, which include KMS 2 or KMS 3
(i.e. rotational mechanisms), are proven to be more sensitive to the effects of the
assumed local scour cavity, yielding considerable lower values of critical horizontal
scour extent for the case BT 1 and cohesive soils in general.

The centers of soil rotation, which yield optimized solutions for the rotational
mechanisms, are on the vertical line that passes through the foundation side unaffected
by scour, with exception of CFM 6*, where an uplift of the foundation is allowed.

The surcharge load has to be considered in scenarios as in Fig. 4.6, where one
side of a river bank at the pier foundation may become severely affected by local scour.
This gives advantage to mechanisms which involve soil displacement to the side of

scour cavity, or simple sinking mechanisms.

104



It is noticed that the errors of +£10% in estimation of bridge self-weight affect the
results £10%. Thus, any maintenance actions or rehabilitation measures that have been
carried out or are planned in the future should be accounted. The pier height does not
have significant effect on the results for owing to assumed kinematics and geometry of
the CFM-s.

The geometry of a scour cavity and weight of soil flushed away have adverse
effect on the bearing capacity of supporting soil, especially for purely frictional soils
and the cases in which horizontal displacement of the pier top is restrained while
FS < 2. Also, the obtained results suggest that assumed maximum local scour cavities
(Fig. 5.16) may not only alter the geometric scale of an applied KMS, but it may
transform the KMS into a different one. This transformation was not included in the

analysis and will be considered in the future work.

5.6 Combined failure modes in the lateral direction

Considering the previous sections and the presented optimization procedure, the
failure modes of a bridge in the lateral direction due to local scour action are discussed.
In addition to the assumptions and constraints of the soil-bridge model given in

section 5.1:

e There is no lateral displacement of the main girder due to the substantial
strength in the lateral direction

e There is no lifting of the adjacent supports

For the pier with double columns on the separate spread foundations (Fig. 4.1c),
there are two possible scenarios of local scour action. If it is assumed that both
foundations are equally affected, the approach presented for the longitudinal bridge
direction may be applied. However, the more realistic scenario is that one of the
foundations is more affected than the other one is, due to their location with respect to
the river flow direction, which is further analyzed.

Generally, the lateral combined failure modes (L{CFM-s) are triggered by failure
of the pier frame (Fig. 5.21). Here, it is adopted that the column unaffected by scour and
its foundation have to resist additional vertical force resulting from a pier failure

mode (PFM). For the PFM 2 the uniform sinking is adopted, while in the other modes
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the center of rotation of the scour-affected column is located in the plane of the deck

(Corin Fig. 5.21). At least two plastic hinges in a pier frame are required for a failure

mechanism, except in the PFM 3 where the affected column and transverse beam jointly

rotate as a rigid body in the plane of the pier frame.

beam

scour I I

cavit I

e Wy =v/ Db
j ' Wind =M, (0 + @)
h el -~ Wexip =V~ PFg
v [ I xt
v Nl =

b) PFM 1

column displacement

out of pier frame plane

h

VN

Vo
d) PFM 3

D =deckwidth Bg

H, = pier height

= foundation width

o, , ,= virtual rotations

Vv, ; = vertical virtual displacement

at the affected column

Q]
W,

int

pP= sz(Dl
Wexp = vy PF,

3 T

=V0/Db

Vo

e) PFM 4

Wexp = v'PF,

= center of the affected column rotation
= center of the rotation for a KMS

= distance between girder beams

Fig. 5.21 Failure modes of the pier frame

Wind = Mpj - (07 1 @)

M,j = plastic strength of the joint at the column top
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In that case, the extent of an assumed KMS beneath the affected foundation is
limited by neighboring, unaffected foundation. This mode yields large upper-bound
solution for bearing capacity and is not further discussed. In the modes PFM 1 and
PFM 4, the displacement of the affected column is out of the pier frame plane, which
entails consistent rotational KMS Since the appropriate KMS affected by the local scour
cavity which involves displacement of soil mass to the side of the cavity is not yet
found, the PFM 4 is not considered and will be part of the further research. Thus, in the
analysis the KMS 1la and KMS 2 (Fig. 4.12) are applied in cases PFM 2 and PFM 1
respectively. The internal and external work (Winp, Wexp) for the PFM-s are given in
Fig. 5.21.

The superstructure failure has to be compatible with vertical displacement of the
deck at the supporting point (i.e. affected column). The possible failure pattern in the
main girder deck DFP 1 is given in Fig. 5.22. The main girder beam, which is supported
by the compromised column, suffers failure as two plastic hinges form in
the span. Simultaneously, the bridge deck rotates around the axis that coincides with the
axis of the opposite girder beam. The prerequisite for this rotation is the plastic hinge at
the pier top of the unaffected column and pure torsion in the beam above it. This leads
to the failure pattern consisted from two mirror hypar-surfaces (ADCB and A;D;CB; in
Fig. 5.22a). In order to fulfill the compatibility of the assumed displacements, in the
plane of the deck there is compression in the triangular zone (BCB,). Here, the sagging
yield lines have uneven rotation due to the variable angle between the adjacent surfaces.
The rotation of the yield lines of deforming regions in the deck have been estimated

based on the assumed geometry.
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b) Isometry (the cantilevers are ommited)
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c) Rotations of girder beams, transverse beams and sagging yield lines

M,ys = plastic sagging moment of the yield line
Mtb = plastic torsional moment of the girder beam
Mpb = plastic sagging moment of the girder beam

Mt,t = plastic torsional moment of a transverse beam

yield line-pattern
(hypar-surface)

[:] triangular zone BCB,
sagging yield lines
(@) beam hinge

Fig. 5.22 Possible failure pattern of the superstructure - DFP 1

Thus, the internal energy dissipation in the superstructure WiyS considers the following

(Fig. 5.220):

e Plastic hinges in the compromised main girder beam (combined loading -

bending and torsion)

e Plastic hinge in the uncompromised main girder beam (pure torsion)

e Pure torsion in the deck (hypar-surfaces)

e Sagging yield lines (uneven rotation)

e Transverse beams are subjected to pure torsion (hidden deck beams)

The work of external forces of the superstructure WeqS, for the displacement at

the affected pier v, is calculated based on the assumed surface failure geometry taking
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into consideration the uplift of zones DCFE and D,FCE; (Fig. 5.22):

Wines = 2 ﬂ Y dxdy + v, 220 T g ff 2 ixd (5.6)
extS = &) V1 a(D, +¢) W TNhTT3 V2 (@a+z2)c ™Y '
ABGD DCFE
where:
x,y = longitudinal and lateral direction of the deforming regions in the deck

v, v, = virtual vertical displacements of the deck (Fig. 5.22¢)

a,Dp,c,z = dimensions associated to the deforming regions of the deck

Inspired by research in [Barnard et al, 2010], a similar pattern, here denoted as
DFP 2, is presented in the Fig. 5.23. In difference to the previously explained DFP1,
there is no torsion of the deck, just the rotation of the assumed rigid body plates along
the hogging and sagging yield lines. At the intersection of the yield lines and the
transverse beams the plastic hinges must form. Thus, the work of the internal forces for

the deck in this case consider (Fig. 5.23C):

e The compromised main girder beam subjected to bending

e Transverse beams subjected to combined bending and torsion

e Hogging and sagging yield lines

column
a) DFP 2
T B I
N R R R D
TN N e
MW NS = NS o
e
=K N T §%%o‘
Py
LN NN

b) Isometry
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Fig. 5.23 Possible failure pattern of the superstructure - DFP 2

The external rate of work WexS is obtained by considering the geometry of the

failure pattern in the deck (Fig. 5.23c):

Woyes = vDy, (Lgi + Hpos) + cv(Lpos + 2Hpos) + c(vy — v) (Lz;’os + Hpos> (5.7)
where:
v,v; = virtual vertical displacements of the deck
Lyos: Dp, ¢, Hpos = dimensions associated to the deforming regions of the deck

5.7  Analysis of a soil-bridge model in the lateral direction — An example

At first, it is not clear which of the two presented DFP-s engage more structure's
self-weight and dissipate the least amount of internal energy. Thus, the four combined
mechanisms are considered and the data used in the optimization procedure is
summarized in Table 5.4. The locations of the transverse beams are assumed to be in the

thirds of each span, which is the usual practice in Serbia.
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Table 5.4 Input data and results of the optimization procedure for the lateral failure modes

Input data Results
L Pier-Foundation | Plastic strength of bridge 0 " . o Area| .
Main girder - E—aE Soil Properties Bridge type S; [m] 9% Fig.
Span Pier height Top of the . friction L{CFM 1
20.0 8.0 M= [820.1 25.0 1.45 | 56.8
L, [m] H, [m] column v angle ¢[*] (DFP 1+ PFM 1)
Deck width Column B, Transverse| Myt= |421.4[ cohesion L;CFM 2
8.0 0.75 10.0 1.77 | 66.2
D [m] [m] Beam Mtt= | 165.4] ¢ [kN/m’] (DFP 1 + PFM2) i
Deck height Column D, i M, b= . ight L.CFM3 '
eck heigl 02 olumn D | Girder p 702.3| welg 180 t 158 | 608
dy [m] [m] beam [ Mib= 3722 y[kN/m’] (DFP 2+ PFM 1)
Beam height Foundation L,CFM 4
171 . 3.0 Deck |Mpxy=| 19.8 FS* 42 1.89 | 69.4
h [m] width By [m] c Py (DFP 2+ PFM 2)
Beam width 05 Foundation 30 * Based on section 4.5 and minimum reinforcemet requirements of a design code;
b [m] " |length L¢[m]{ " |The reinforcement layout correspons to Fig 5.2a; f,.=2.0 kN/em® , £,=24.0 kN/em®
Foundation
2 o o . .
g [kN/m] 7.6 height Hy [m] 2.0 The initial factor of safety (FS) is based on the Eq. 4.1 without the surcharge load
Self-weight > Refer to Figs. 5.22 and 5.23 for deck failure patterns and to Figs. 5.21 for pier frame
2
Ag [KN/m’] | 2.0 PF, [kN] 840.0 failure modes

Based on the given geometry, the DFP 1 engages the similar amount of the
self-weight as DFP 2. Nevertheless, the L{CFM 1 yields the best results among the
analyzed failure modes (Fig. 5.24). It may be concluded that KMS 2 combined with the
two assumed failure patterns DFP 1 and DFP 2 give better results when compared to the
sinking mechanisms.

scoured contact
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80

60

40

20 1

Y v I
T T T T

.

0.00 0.50 1.00 1.50

Horizontal scour extent Sc [m]

Fig. 5.24 The lateral combined failure modes

The effects of the soil mechanical properties, given by ¢ and c, on the ultimate
horizontal scour extent are given in Figs. 5.25 and 5.26, respectively. The initial safety

factors (FS) of bearing capacity are based on the Eq. 4.1 without the surcharge load.
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Fig. 5.25 The influence of internal friction angle on the lateral combined failure modes
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Fig. 5.26 The influence of cohesion on the lateral combined failure modes

The superstructure elements’ properties have larger impact on the lateral
combined failure modes in comparison to the failure modes in bridge
longitudinal direction. The influence of plastic strength of a joint at the pier top,
governed by reinforcement ratio of the section (A,/Ap), on the ultimate scour extent for
the critical mechanism is seen in (Fig. 5.27). Furthermore, the plastic strength of
transverse beams has a significant role in controlling the failure. The increase of
transverse reinforcement favors the LiCFM 3 and Li{CFM 4, while for the increase of
plastic hogging strength, the Li{CFM 1 and L{CFM 2 yield lower ultimate horizontal
scour extents. In the given example, for less than two transverse beams in a span (i.e. a

short-span bridge) the Li{CFM 3 becomes the critical mechanism.
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Fig. 5.27 The influence of the pier reinforcement ratio on the lateral combined failure modes

5.8 Failure modes without the soil failure

The case of a pier with double columns on a strip footing affected by the local
scour cavity as in Fig. 4.7b is given in Fig. 5.28. The inadequate longitudinal or
transverse reinforcement at the foundation may trigger pier vertical displacement.
Either the DFP 1 or DFP 2 are possible, but this is unimportant as the poor detailing
solely govern the critical local scour extent beneath the foundation (S, in Fig. 5.28).
In such situations, the study of the project documentation is crucial for the analysis.

The mentioned cases are beyond the scope of the thesis.

} inadequate Section 1-1 Failure of the pier frame
T reinforcement | [ T
ANT! Z 1 A boorRC
| ITE
L ) detailing ™S
1 I I N N A O N o | | e
\
“ | plain =2
1 concrete

Fig. 5.28 Example of bridge failure solely governed by inadequate reinforcement
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Chapter 6. Probability of bridge failure due to local scour action

The goals of the previous sections were to identify possible failure modes of the
bridges with shallow foundations affected by a local scour cavity. In this chapter, the
modes are used to estimate the probability of a bridge failure in a local scour event.
The Quasi Monte Carlo analysis is applied in the example of a four-span continuous
bridge crossing a river channel (Fig. 6.7), where the uncertainties connected to the
governing parameters necessary for WSB interaction are considered. The chapter ends
with a review of the presented approach to estimate probability of a bridge failure and

further application of here presented study is briefly discussed (section 6.6).

6.1 The crude Monte Carlo and quasi Monte Carlo analysis

In order to consider the uncertainties involved in predictive models and solve
multidimensional integration problems, the Monte Carlo (MC) analysis is applied.
This method is a common simulation technique in the structural reliability analysis and

is used for the estimation of the probability integral [Faber, 2007]:

N
1
Pi= [ o= [ 1) < 0] G = 5 g() < 0 (61)
g(x)=<0 j=1
where:
P = fg (<0 Jx (¥)dx = the probability integral
fx(x) = joint probability density function of a basic random variable X
g(x) = limit state function
If]g(x) <0] = indicator function equal to 1 for g(x) < 0 otherwise equal to 0
1 i Ig() < 0] the unbiased estimator of the failure probability for the N
N = realizations of the basic random variable x, i.e. x;, j=1,2...N

The crude Monte Carlo approach (CMC) is based on the application of the
formula in Eq. 6.1. The expected value of failure probability P; after a large number of

n
simulations N is obtained as Wf’ where ny is the number of cases where the limit state

function g(x) has negative values. The simulation with CMC requires pseudo-random
numbers generation from the uniform distribution within the unit interval [0, 1]

(i.e. uniform sampling). The values of stochastic variables are obtained from cumulative

114



distribution function by inverse transformation (Fig. 6.1). This approach is
straightforward and its main benefit is applicability to wide range of problems
regardless their complexity. However, the drawback of the CMC is the slow
convergence of the solution. The large number of simulations is necessary to obtain a
sufficiently accurate result for multiple parameter problems, which considerably
increase the associated computation time. For example, if the target probability is in the
order of 10®, it is expected that approximately 10® simulations are necessary for an
estimate with coefficient of variance in order of 10% [Faber, 2007]. In the analysis, the
limit state function is non-linear (Eq. 6.5) and implies the optimization problem with
variable geometry of a KMS (Eq. 5.5), thus CMC analysis becomes cumbersome tool
for estimating the probability.

Various methods such as importance sampling, low-discrepancy sequences
(LDS) and Markov chains are applied to decrease the number of simulations and
increase the accuracy in the MC analysis. At this point, the application of the
importance sampling method is not possible as the governing parameters, which define
the limit state function (Eq. 6.5), have different uncertainty (section 6.2). The LDS
methods (e.g. Sobol, Halton, Faure, Latin Hypercube) are commonly used to solve
multidimensional integration problems and give a finer uniform partitions of the unit
interval i.e. a more uniform sample of random generated numbers (i.e. quasi-random
numbers) (Fig. 6.2). The MC based on these methods is referred to as quasi Monte
Carlo (QMC).

In this analysis, the LDS method given by [Sobol, 1967] is applied. It is based
on the algorithm of constructing a sequence of numbers that fill a s-dimensional hyper-

cube [0, 1]° to obtain the convergence to the exact solution in Eq.6.1 as fast as possible.

F, (u) 1 Fy(x)

Uy

<
N

i
i
]

u o oq1u Uz U us 0 Xy Xp X3Xq X

Fig. 6.1 Concept of generation of random variable x; by uniform random number u; based on the
inverse transformation [Phoon, 2008]
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Fig. 6.2 Pseudo number generation (left) compared to quasi random number generation (right)
for 1000 random numbers generated in two-dimensional space [Phoon, 2008]

Here, the quasi-random numbers from Sobol sequence are generated in the
Matlab script with the function sobolset and successively used for the simulation of the
stochastic parameters in the QMC analysis. The application of the Sobol sequence is
here presented as a convenient tool in the analysis and its efficiency was not compared
to the other similar methods. Nevertheless, it has very low standard error in comparison
with pseudo-random numbers and other LDS methods. In addition, it gives better
performance than typical pseudo-random sequences for all four probabilistic moments
as discussed in [Krykova, 2003].

Once the necessary data in QMC is obtained, it should be fitted to a parametric
distribution in order to have unambiguous post-processing. Commonly, the result is the
model which agrees well with the data in the high density regions and poorly in the
“tails” of the simulated data distribution, which affects the accuracy of the
probability estimate. The solution to this problem is a non-parametric fit in high density
region combined with a Generalized Pareto Distribution. Here, this approximation is

preformed with the Matlab function paretotails (statistics toolbox).

6.2 The uncertainties in the vulnerability assessment of bridges to local scour

One of the main features of the vulnerability assessment lies in its
comprehensive approach to the entire bridge population, which means that data
collection at every bridge site is not an acceptable/plausible action. The uncertainties
related to estimation of the governing parameters, which are necessary for application of
the WBS interaction, control the accuracy of the results in the vulnerability analysis.

Thus, the preliminary assessment of the complete bridge population should be based on
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the available (i.e. limited) data from the bridge databases, project documentation and
hydraulic studies. If necessary, the additional data collection (in-situ and/or laboratory
testing, monitoring) and calibration should be performed in order to decrease the levels
of parameter uncertainties and obtain results that are more reliable.

The governing parameters, which are used for the estimation of a local scour
action at piers and for the related combined resistance of a soil-bridge system, comprise
the three sets of input data. The modeling of the uncertainties related to these
parameters is beyond the scope of this thesis. Here, the results and conclusions from the

state-of-the art research and reliability based design approaches are used.
6.2.1 The uncertainties in the local scour evaluation

The risk based approach in the scour prediction procedures, with primary
purpose to analyze the probability of scour depth exceedance is elaborated in
[Lagasse et al., 2013]. Here the uncertainties in the local scour evaluation are discussed.
There are hydrologic, hydraulic and model uncertainties, which arise owing to unknown
characteristics of future extreme flood, variability of river channel properties at a bridge
site and an applied local scour formula respectively.

Typically, the scour prediction in risk analysis is associated with a 100-year
flood, which represents a hydrologic event that has a 1% chance of being equaled or
exceeded in any given year. In general, for the modeling of the recurrence intervals of a
peak discharge, the extreme probability distributions such as the Log-Pearson Type |
(default in the U.S.) or extreme generalized distributions such as Gumbel are used
[Briaud et al., 2009]. The peak discharge is commonly estimated based on flow records
from stream gaging stations adjusted to a bridge location. If this data is unavailable for
the investigated location, data from nearby watersheds of similar size and nature to the
watershed of interest are used. This is possible if the regional regression relationships
are available (e.g. the U.S. Geological Survey - USGS).

In the vulnerability assessment, the fundamental input must comprise an extreme
flood hydrograph i.e. the peak discharge Q.x: and its associated equivalent time duration
teq for the investigated location (e.g. Eq. 3.12). The extreme flood-hydrographs strongly
depend upon the quantity and quality of the available data and commonly the extreme

probability distributions are used to model Q. For the evaluation of the local scour
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magnitude at bridge piers and abutments, the one dimensional analysis and assumption
of uniform steady flow is usually sufficient. It is a well known fact that the risk
assessment of local scour at a bridge pier foundation may be performed only if the
probabilistic distributions of corresponding hydraulic and soil parameters are
sufficiently well known [Johnson and Dock, 1998]. The parameters, which define the
river channel cross-section: width, depth, and bank inclination, and properties: channel
slope Sand the Manning roughness coefficient n, possess a level of uncertainty but they
may be verified easily at a bridge site. Still, stochastic modeling is necessary since these
variables may considerably change over time due to instability of the river channel.
In the absence of reliable data for the investigated locations, the Manning coefficient,
which cannot be directly measured at a bridge site, may be taken as a log-normally
distributed variable, while the normal distribution would be appropriate for modeling of
a channel slope [Lagasse, et al., 2013].

When the hydraulic parameters are defined, the unscoured water depth at
affected pier yq associated with Qex;, may be solved from Chézy-Manning equation for

the open-channel flow:

Qo = 2R3 (62)
where:
Qext = extreme discharge [m3 /s]
A.p = flow cross-section arca [mz]
R, = hydraulic radius of the flow cross-section [m]
n = Manning roughness coefficient [s/m"*] - function of river bed type

S = slope of the channel bottom [m/m]
For the trapezoidal channel cross-section (as in Fig. 6.7):
— yd(Bch + Tch)
2

A
Ry = ch . (6.4)

0.5
Ton = Ben)’
Ben 2<( hp=t) y‘i2>

Acp (6.3)

where:
B., = bottom width of the channel [m]
T, = top width of the flowing water [m]
ya = unscoured water depth at the affected pier [m]
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The approaching velocity of the flow V is assumed to have constant intensity
over channel depth and width. It is obtained as the Q. divided by the flow cross-section
area Ac. The yq4 and V are the main input for local scour evaluation formulas
(section 3.1), which are developed based on the laboratory and field data.

It should be considered that despite controlled conditions, laboratory data have
disadvantages, which are small and inconsistent length scales (geometric and sediment)
and the predominance of clear-water conditions. On the other hand, the field data are
uncontrolled (e.g. large parameter uncertainty and type of scour) and difficult to
measure (e.g. scour refill, non-ultimate scour levels).

The model uncertainty of scour evaluation formulas was not considered here and
the FDOT and HEC-18 clay formulas (Chapter 3) are applied respectively for the
cohesionless and cohesive soil. The critical velocity V. for the cohesionless soil is the
threshold for local scour type in FDOT formula and it is based on the median soil
diameter Dsy (Eq. 3.8). This parameter may be obtained by gathering of soil samples
and accounting for soil spatial variability at the investigated location.

The most reliable way to determine the scour evolution in cohesive soils is
laboratory testing of extracted undisturbed soil specimens in erodibility measuring
devices such as the EFA apparatus. The obtained erosion plots (e.g. Fig. 6.3) define the
relationship between values of the erosion rate of a soil sample and associated
approaching water velocity. The soil erodibility is generally positively correlated with
undrained shear strength (Fig 3.4), but the cohesive soils erode irregularly and this soil
property is still not investigated in detail. In the vulnerability assessment a curve fit may

be used as an approximation of the plot (Fig. 6.3).
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Fig. 6.3 Example of an erosion plot based on velocity [Briaud, 2008] (left); Approximation of
the experimental data - the erosion rate function (right)
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6.2.2 The uncertainties of soil geotechnical properties

In the evaluation of the soil geotechnical properties - the internal friction angle
and undrained shear strength, different types of geotechnical uncertainty arise.
According to [Phoon, 2008] these depend on inherent soil variability, degree of
equipment and procedural control maintained during site/laboratory investigation.
The high reported COV-s in Table 6.1 are mainly due to spatial variation of soil and

measurement variability in situ.

Table 6.1 The COV for some common field measurements, adapted from
[Phoon and Kulhawy, 1996]

Test type Property Soil type Mean Units Cov (%)
CPT G Clay 0.5-2.5 MN/m> <20
(Cone penetration test) e Clay 0.5-2 MN/m? 20-40
Je Sand 0.5-30 MN/m’ 20-60
VST (Vane shear test) Su Clay 5-400 KN/m? 10-40
SPT N Clay and sand 10-70 25-50
(Standard penetration test) A reading Clay 10-450 kN/m?> 10-35
A reading Sand 60-1300 kKN/m? 20-50
B reading Clay 500-880 KN/m?> 10-35
DMT B reading Sand 350-2400 KN/m? 20-50
(Dilatometer test) Ip Sand 1-8 20-60
Kp Sand 2-30 20-60
Ep Sand 10-50 MN/m’ 15-65
P, Clay 400-2800 KN/m?> 10-35
PMT P Sand 1600-3500 kN/m? 20-50
(Pressuremeter test) Epur Sand 5-15 MN/m’ 15-65
W, Clay and silt 13-100 % 8-30
Wp Clay and silt 30-90 % 6-30
Wy Clay and silt 15-15 % 6-30
Lab. Index PL Clay and silt 10-40 % ~a
LI Clay and silt 10 % _a
Y Ya Clay and silt 13-20 kN/m’ <10
D, Sand 30-70 % 10-40;
50-70°
Notes

*COV = (3-12%)/mean
°The first range of variable gives the total variability for the direct method of determination, and the second
range of values gives the total variability for the indirect determination using SPT values

The major factors influencing the measurements in the laboratory testing occur
due to errors in the equipment or human errors as well as from random testing effects

that cannot be separately measured (Table 6.2).
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Table 6.2 Total measurement error for laboratory-measured properties, adapted from

[Phoon and Kulhawy, 1999]

Property

Soil Type

Data No. of Tests Per

0,
(units) aroups Group Property Value Property COV (%)
no. Range | Mean Range Mean Range Mean
s, [kPa]| Clay, silt 11 * 13 7-407 | 125 8-38 19
s, ™ [kPa]| Clay, silt 2 1 13-17| 15 |108-130 119 | 19-20 20
s,'[kPa]|  Clay 15 * * 4-123 29 5-37 13
0@[°] | Clay,silt 4 9-13 10 2-27 19.1 7-56 24
o™ | Clay, silt 5 9-13 11 24-40 | 333 | 3-29 13
o® 1] Sand 2 26 26 | 30-35| 327 | 13-14 14
tang® | Clay, silt 6 * * * * 2-22 8
tang ® Clay 2 * * * * 6-22 14
W, [%] | Fine-grained 3 82 -88 85 16 -21 18 6-12 8
LL[%] |Fine-grained| 26 |41-89| 64 |17-113| 36 3-11
PL[%] |Fine-grained| 26 |41-89| 62 12-35 21 7-18 10
PI[%] |Fine-grained| 10 |41-89| 61 4-44 23 5-51 24
y[kN/mS] Fine-grained 3 82 -88 85 16-17 17 1-2 1
* Not reported Sy, — undrained shear strength
(a) Triaxial compression test ¢ = internal friction angle
(b) Direct shear test Y = specific weight
(c) Vane shear test

The spatial variation of soil properties vertically with depth z, may be

represented with a simple model (Fig. 6.4) and the associated formula in Eq. 6.5

[Phoon and Kulhawy, 1999].

Ground surface

A
I, Layer 1

Layerj

Deviation from trend, w(z)

l

Scale of Trend, #(2)

Fluctuation, 8,

<4—Soil Property, &(z)

Fig. 6.4 Inherent soil variability [Phoon and Kulhawy, 1999]
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&(z) =t(z)+w(z)+e(2) (6.5)

where:
¢(z) = insitu soil property
t(z) = deterministic trend component
w(z) = random component

Here, the scale of fluctuation indicates how rapidly a soil property varies about
the trend. It is generally much higher in horizontal than in vertical direction.

The problem of spatially varying soil properties is commonly solved
probabilistically where the model of random fields is used. The difference between
uniform and heterogenic soil deposits are presented in Fig. 6.5. It is seen that the
geometry of the failure mechanism strongly depends on the assumed random generated
soil field. The centrally loaded symmetric foundation experience differential settlements
in contrast to the theoretical response for uniform soil. In addition, the presented results
(Fig 6.5) indicate considerably lower bearing capacity [Popescu et al., 2005].

The vulnerability assessment would benefit by application of the random field

model and it is going to be considered in the future research.
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Fig. 6.5 Comparison between finite element computations of bearing capacity for a uniform and
heterogeneous soil deposit, adapted from [Popescu et al., 2005]
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To achieve reasonably uniform reliability levels in the simple reliability based
design, the three ranges of soil property variability are sufficient (Table. 6.3).
The ranges of these reported values are wide and are only suggestive of conditions at a

specific site.

Table 6.3 The COV of geotechnical parameters, [Phoon et al., 2008]

Geotechnical parameter Property variability COV (%)
Undrained shear strength Low 10-30
Medium 30-50
High 50-70
Effective stress friction angle Low 5-10
Medium 10-15
High 15-20
Horizontal stress coefficient Low 30-50
Medium 50-70
High 70-90

Usually in a bridge project documentation the data from only a few boring holes
is given, which is generally insufficient for obtaining the reliable soil profile at the scour
affected pier. Still, for the preliminary vulnerability analysis the available soil
geotechnical properties may be modeled as log-normal, gamma or beta distributed

stochastic variables taking into account values from Tables 6.1, 6.2 and 6.3.

6.2.3 The uncertainties related to the bridge structure

The bridge resistance in a scouring event is governed by strength and properties
of its elements thus any uncertainty related to them must be properly considered.

According to the [JCSS, 2002], the covariance (COV) for self-weight of
concrete bridges may be taken as 0.1 (for the elements cast in-situ) while the COV for
additional dead load (e.g. asphalt wearing surface) is 0.25. The information on the
preformed remedial works is often not included in the BPM database and this
uncertanity can be considerably reduced by reviewing of the available project
documentation and/or by surveying of the geometry at the bridge site. The dead load g
and the additional dead load Ag may be modeled as stochastic variables with the
log-normal probability distributions.

Without the project documentation, there is an unknown level of uncertainty for

the reinforcement layout and detailing. When considering the entire population of
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bridges from a database, these can be deduced from the design codes and regulations
applied in the design phase. At least the minimum amounts of reinforcement should be
assumed in bridge elements’ sections according to the codes that were valid in the
period of the original design. Furthermore, the reinforcement layout in main girder
beams should be approximated based on the envelope for bending moments in a simple
linear elastic analysis, accounting for self-weight, live load and safety factors as defined
in the original design. Here, the half of the maximum bottom reinforcement area in the
span may be assumed at the middle supports (common Serbian bridge practice in the
past). The actual location of the bar splicing is generally unknown. Since it may affect
the optimal position of the hinge in the combined failure modes, it is suggested to be
modeled as the uniformly distributed stochastic variable (e.g. U [3/5, 4/5] of a span).
Alternatively, the pattern for ultimate moment redistribution as in Fig. 5.2b may be used
if there is reliable information on the detailing. In absence of documentation, the plastic
strength of a joint at a pier top may be assumed to be equal to the strength of pier's
section at the foundation. The latter strength may be calculated based on the braking
force, which is common for the aging bridges in the Serbian road network. However, in
the light of recent failures (e.g. Figs. 1.15 and 1.17), the assumption of
inadequate/minimum reinforcement at pier top should be also considered.

In addition, there is uncertainty related to the inherent material strength and the
deterioration of materials over time due to cracking and corrosion. The bridge elements
have different rate of deterioration corresponding to their exposure to excess loadings
and weather, which may be intensified by the shortcomings in the design and/or
inadequate maintenance. These uncertainties differ from case to case and cannot be
easily generalized, even if the elements are frequently inspected. The solution for a
preliminary vulnerability assessment is to account the observed deteriorated elements,
which are reported in a database, in the definition of additional failure mechanisms
and scenarios.

Based on the previous discussions, the knowledge on the exact amounts of
reinforcement in bridge sections and material properties (concrete plastic strength and
steel tensile strength) are desirable. In the analysis example (section 6.4), these
parameters (i.e. the bridge elements” plastic strength) and bridge geometry are taken as

deterministic values.
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6.3 The limit state function

In the up-to-date research and bridge management practice, the limit state
function assumed a bridge failure for all scour depths exceeding the foundation depth,
which is rather conservative for the vulnerability assessment. The maximum scour depth
alone is insufficient for estimation of the valid bounds of the probability of a
bridge failure. It is suggested here that the local scour cavity beneath the shallow pier

foundation should be taken into account. The limit state function may be defined as:

G = R(S,max, h.y,) — Zs.(t) (6.6)
where:
G = limit state function (i.e. margin of safety) [m]
R (S,max, h,) = resistance of the adopted soil-bridge model to local scour action

at the affected pier [m]
Zsc (t) = time- dependent local scour depth at the affected pier [m]

The value R(S/max, hgy) is obtained as the sum of the maximum local scour
depth beneath the pier foundation level that a soil-bridge model may withstand (S;max)
and height of the soil cover at the pier hey (Fig. 6.6). Over the bridge service life, the
heov 1s affected by general scour. This parameter has to be measured (or monitored) on
site or alternatively, in the preliminary analysis, it may be adopted based on the
inspection data/project documentation. The ultimate horizontal scour extent beneath the
foundation Smax depends on the critical combined failure mode of an assumed soil-
bridge model, but the connection between the scour depth below the foundation base S,
and related horizontal extent & remains unknown (Fig. 6.6). Here, the maximum scour
cavities are assumed as discussed in Chapter 5, i.e. the cavity is symmetrical and the
slope angles for frictional soils equal the soil internal friction angle, while for the purely
cohesive soil they are adopted to be equal 45°.

Sz= f(Zsc(t), hcov)

B -
Zsc(t) hCOV | ScmaX f (LtCFM, CFM)

Szmax = tan(ot) Semax
4%'
1S h~a C
J7Z s:iﬁ; G=R (Szmax’ hCOV) - Zsc(t)

Fig. 6.6 Limit state function for estimation of the probability of bridge failure due to local scour
action at shallow foundations
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6.4 The probability of bridge failure due to local scour by considering
the WSB interaction — An example

In this example, the four-span continuous RC girder bridge (4 x 20m) crossing
over the trapezoidal water channel is analyzed (Fig. 6.7a). The local scour action at the
Pier 2 is selected as a possible scenario of a bridge failure in a flooding event. The two
cases of pier-foundation system are considered, the one column pier (case A4) and
two-column pier (case B) (Fig. 6.7¢). Furthermore, the two types of soil are accounted,
purely frictional (sub-cases A1 and BI) and purely cohesive soil (sub-cases A2
and B2) for which the erodibility function is assumed (Fig. 6.3). The bridge model BT 3
(see Table 5.1) is used in the analysis and presented in Fig. 6.7b. The local scour
cavities as in Figs. 4.7d and 4.7c are used respectively for the cases A and B. The most
probable scenarios of bridge failure are assumed for the longitudinal and lateral
direction for cases A and B respectively. The longitudinal failure modes were not
treated in case B, as it is assumed that just one of the columns is severely affected
by scour. In case A, the three possible failure modes are considered — CFM 1*, CFM 3*,
CFM 7*, while in case B these are — Li(CFM 1, LiCFM 2, Li.CFM 3*, L{CFM 4*.
The failure modes in the lateral direction here, in difference to those presented in
section 5.7, consider restricted rotation at the adjacent supports (i.e. additional internal
work in the superstructure for Li{CFM 3 and L{CFM 4). The deterministic and stochastic

input data used in the analysis are given in the Tables 6.4 and 6.5.

Table 6.4 The deterministic input data used in the analysis (all cases)

Deterministic data >
Bridge element plastic strength** . . Combined Failure
[KNm] Pier-Foundation system Channel geometry Modes
~ M,j"=| 1820.1 HA= | 100 Bottom CFM 1*
JO‘T” at the o Pier height [m] > width B, 35.0
pier top M,j°={ 820.1 H'= | 100 [m] CFM 3*
N CASE A
Myt=| 421.4 D = 1.0 T idth CFM 7*
Tre;nsverse : Pier diameter [m] El)_p W 80.0
eam Mtt=| 165.4 DcB: 0.6 o [m]
_ A
0.5M,s=| 702.3 | Eoundation base Dy'= 3.5 Height H, 8.0 L CFM1
Gbg:nir 0.5M,h=| 2809.2 [m] BELE=3.0/30]  [ml L,CFM 2
Mt,b=| 372.2 | Alignment to flow 45° CASEB | |, cFm 3¢
A 824.0 soil Cover | L CFM 4
. PFg’= . :
Deckinboth |y ot 198 [Self-weight floNm] | ——2 heoy [m] :
directions PFg’= | 435.0
* Data with superscript A or B denote the property associated with the cases A and B
** Main girder geometry given in Table 5.2
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Table 6.5 Probability models for the parameters used in the analysis (all cases)

Stochastic parameters Parameter Distribution Mean Cov
Local scour action
Extreme discharge Q. [M/s] Gumbel 800 0.1
Channel slope S [m/m] Normal 0.001 0.1
Manning coeff n [s/m"] | Log-normal 0.025 | 0.015
Soil median size diameter Dsy [mm] Log-normal 20 0.1
Soil properties
internal angle of friction o [°] Log-normal 28 0.1
cohesion ¢ [kPa] Log-normal 80 0.3
Bridge properties
Additional dead load Ag [kN/m’]|  Log-normal 2.00 0.25
Plastic hinge location in span H,,, [m] Uniform 5.0 0.115

The input for an extreme flooding event is adopted as an impulse hydrograph
with an extreme discharge Qe given by Gumbel extreme distribution (Fig. 6.7d).
In general, the duration of the associated flood ¢, is also stochastic parameter, which is

correlated with the Q.y. Here, it is assumed as the deterministic parameter for which the

probability of failure is estimated.
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H,, = channel height

H,, = pier-foundation height

heov = height of soil cover at the Pier 2
yq = unscoured water depth at the Pier 2

Case A M,s, Mh = plastic sagging and hogging

c) Pier-foundation systems

d) An approximated extreme hydrograph moment of the girder beam

Fig. 6.7 The example of a mulitple span continious girder bridge crossing a trapezoidal
water channel
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The calculation of the probabilities of failure for the adopted bridge model in the
assumed local scour event is performed in a Matlab script. The minimum step for S
(Fig. 6.6) was adopted to be 0.5 cm for purely cohesive and for purely frictional soil this
value was set to Dsg. The two sets of values for R and Z,., which define the limit state
function (Eq. 6.6), are generated in the QMC based on the input data. The number of
simulations per different time duration #, (3h, 6h, 12h, 24h, 36h, 48h and 60h) of an
extreme discharge is set to 10°, which was sufficient to achieve accuracy

of order 10™. The probability of bridge failure is calculated using the formula:

n

p. — zzn(xo
f=/in n (6.7)

=1

where:
Pr = probability of the bridge failure in the local scour event
n = number of simulations in the QMC analysis
Nne<o = number of cases where the limit state function is less than zero i.e.
number of cases where the local scour magnitude Z(t) exceeds

resistance of the soil-bridge model to local scour R(S,max, hcsy)

Based on the assumed scenarios of failure and fact that the actual correlation
between the adopted failure mechanisms is unknown, for each sub-case separately, the
simple bounds on the failure probability Pr are estimated by assuming the series system

with n elements [Faber, 2007]:

n

maxiL {P(F)} < P <1— 1_[(1 — P(F)) (6.8)

=1

where:

P(F;) = probability of failure for the failure mode F; (i=1 to n)

max]-,{P(F;)} = lower bound corresponds to the case of full correlation

n
1-— 1_[(1 — P(F;)) = upper bound corresponds to the case of zero correlation
i=1

The PDF-s (probability density functions) and CDF-s (cumulative distribution
functions) of the simulated data for local scour depths are given in Figs. 6.8 to
Figs. 6.11. In Figs. 6.12 to 6.15 the simulated data for the resistance of the soil-bridge

model are presented.
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The statistical fitting (maximum likelihood) is performed on the simulated
data distributions. As seen from Fig. 6.16, for modeling the local scour depth in

frictional soil (sub-cases A1 and B1), the extreme value distribution may be used.
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For the resistance of a bridge in longitudinal direction and frictional soil
(sub-case A1), the generalized extreme value or gamma distribution give good model of
the simulated data. Similary holds for the resistance of the soil-bridge model in lateral

direction and frictional soils (sub-case B1). The subcases which imply cohesive soil
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could not be fitted with standard probabilistic distributions. In general, for all
sub-cases, the tails of the simulated data are poorly modeled by standard probabilistic
distributions and thus the Generalized Pareto distribution is applied. The probabilities
lower than 10 are neglected.

The results in Tables 6.6 and 6.7 give the variation in the bounds of failure
probability as a function of the extreme flood duration. Obviously, the assumption of
failure when the local scour reaches the bottom of the shallow foundation gives rather
conservative values. In the sub-cases A1 and A2 (bridge with one column pier) the
larger probabilities of failure are obtained than for the bridge with double column pier
due to the fact that it has larger pier diameter (i.e. caisson) thus exposed to larger local
scour extents. Also, the differnce between failure probabilities for different soil type is

obvious (A1 vs A2 and BI vs B2).

Table 6.6 Simple bounds of probability for sub-cases Al and B1 (purely frictional soil)

sub - case A1l / probability of failure sub - case B1 / probability of failure
dﬁi;’gin QMC Statistical fitting QMC Statistical fitting
[h] No Lower | Upper Lower Upper No Lower Upper Lower Upper
CFM * | bound bound bound bound |[[L,CFM*| bound bound bound bound
3 0.99999 1 0.00158| 0.00215 | 0.01159 | 0.01847 || 0.00001 0.0 0.0 0.0 0.0
6 1.0 0.04198] 0.07999 | 0.11735 | 0.24038 || 0.47086 | 5.00E-07 | 5.00E-07 0.0 0.0
12 1.0 0.27083] 0.54493 | 0.36485 [ 0.69253 | 0.99528 | 9.58E-06 | 9.58E-06 [ 2.19E-06 | 2.19E-06
18 1.0 0.51677] 0.84194 | 0.68642 [ 0.93045 | 0.99990 | 9.99E-06 | 9.99E-06 | 2.05E-05| 2.07E-05
24 1.0 0.67639] 0.94615 | 0.74350 | 0.97930 1.0 1.00E-05 | 1.22E-05 | 1.02E-04| 1.71E-04
36 1.0 0.84689| 0.99260 | 0.84442 | 0.99486 1.0 0.00009 | 0.00010 | 2.35E-03| 2.66E-03
48 1.0 0.91604] 0.99855 | 0.90309 [ 0.99859 1.0 0.00042 | 0.00043 [ 0.00765 | 0.00837
60 1.0 0.94826] 0.99962 | 0.93529 [ 0.99954 1.0 0.00107 | 0.00108 [ 0.01591 | 0.01720

*No WSB interaction i.e. bridge failure is assumed for the local scour depth = h,,,

Table 6.7 Simple bounds of probability for sub-cases A2 and B2 (purely cohesive soil)

sub - case A2 / probability of failure sub - case B2 / probability of failure
dFIO(?d QMC Statistical fitting QMC Statistical fitting
ur[it]l on No Lower Upper Lower Upper No Lower Upper Lower Upper
CFM * | bound bound bound bound | L,CFM *| bound bound bound bound
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.1072 0.0 0.0 0.0 0.0 0.00263 0.0 0.0 0.0 0.0
36 1.0 1.15E-06| 1.35E-06 | 6.12E-08 | 6.86E-08] 0.99979 [2.25E-08| 2.25E-08 0.0 0.0
48 1.0 0.00107 | 0.00168 | 0.00547 | 0.00795 1.0 1.30E-05] 1.30E-05| 0.00145 | 0.00145
60 1.0 0.06529 | 0.10872 | 0.24966 | 0.39862 1.0 0.00052 | 0.00052 | 0.04574 | 0.04574

*No WSB interaction i.e. bridge failure is assumed for the local scour depth = h,,
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6.5  Review of the governing parameters in the procedure for estimation of the
probability of a bridge failure due to local scour action

The current bridge management practices do not account the resistances of
supporting soil and bridge structure in a flooding event. The presented procedure in
Chapter 5 revealed the combined failure modes, which now allow more realistic
vulnerability assessments of bridges with regard to this hazard. The goal in the
presented work is definition of the minimum set of governing parameters to account in
the WSB interaction. They comprise the three sets of input data and their

interdependencies are presented in Fig. 6.16:

e Local scour action
— Extreme flood hydrograph - Qext, teq
— Channel geometry and properties — slope S, Mannng coeff. n

e Soil resistance
— Type, weight, median soil diameter Dsy,
— Height of soil cover at the pier foundation hey
— Erodibility
— Undrained shear strength i.e. cohesion ¢

— Internal friction angle ¢

¢ Bridge resistance
— Main girder type and distribution of plastic bending moment resistance
— Types of the joint at the pier top and adjacent supports, and their plastic
strength to bending and shear

— Pier-foundation type, geometry and alignment to the flow

Besides hydraulics and geometry of a river channel, the local scour action at
bridge piers is directly affected by soil properties, geometry of a pier foundation system
and its alignment to the flow as well as with the height of soil cover at the pier.
Actually, the soil displays two different types of resistances in a local scouring event.
The first is given by yet unclear soil property — the erodibility, which governs the rate
and possible extent of local scour action. The second is given by geotechnical
properties, which in conjunction with bridge structure properties govern the behavior of

a soil-bridge system to the local scour cavity growth at a foundation.
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Fig. 6.16 WSB interaction in evaluation of the probability of a bridge failure in a scouring event
and interdependencies of the governing parameters



6.6  Application of the presented methodology for quantitative

vulnerability assessment

The essential step for completing the vulnerability assessment is estimation of
the failure related consequences. The direct consequences comprise costs of repairs or
bridge replacement and insurance claims, which may be reliably estimated based on the
known bridge failure modes. The time necessary for returning a bridge in a pre-failure
state governs the indirect costs. These are cumulative and dependant from a road
network topology, affected road links’ capacities and the related traffic
flow redistribution. Here, the main contribution to the amount of consequences stems
from additional travel time/distance and accident costs [Erath et al., 2011].
Generally, the most accurate analysis of the indirect costs for a selected road network is
obtained when the monitored traffic volumes are assigned to current transport supply in
a traffic simulation model. This well-established methodology of a cost—benefit
analysis, which quantifies changes in traffic flows into monetary units, has been given
for the entire road network in Switzerland. In Fig. 6.17, the line widths represent the

expenditures per hour owing to a severance of a road link.
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Fig. 6.17 Indirect failure consequences based on the Swiss National Transport Model
[Erath et al., 2011]
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A similar analysis has been performed in the example of the sub-network which
is located around the future expressway in southern Serbia [Tanasic et al., 2013].
Here, the link severance scenarios are considered as full or partial closure of the road
links on the four analyzed bridges due to structural damage inflicted by local scour.
The outcome of the preformed traffic simulation gives the most vulnerable road links

related to a bridge closure in the case of a 200-year flooding event (Fig. 6.18).
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Fig. 6.18 Indirect failure consequences of closing the bridge Nisava 1, [Tanasic et al., 2013]

The latter analysis is a basis for development of the vulnerability maps for

Serbian road network in respect to a flooding hazard. The vulnerability maps would
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give insight into direct and indirect consequences of a bridge or bridges’ failures due to
future oncoming flooding events of certain magnitudes. These are going to be especially
useful in prioritizing of bridges and funding allocation in bridge management, as well as
for emergency planning. In order to develop and use such maps, the traffic counting
data for the entire road network should be obtained. The preliminary screening for scour
affected bridges should be preformed based on the current entries in the BPM, and their
project documentation should be reviewed. For the evaluation of the local scour action
at the affected bridges extreme flood hydrographs are necessary. When the possible
scenarios of the bridges’ failures are outlined, the probabilities of failure may be
evaluated with the approach presented herein, followed by the consequences analysis.
The hindsight of the flood in Serbia in May 2014 is going to be practically
useful both for data collection and processing. In Fig. 6.19, the measured water levels
near two bridge sites are presented. The bridge failures at these locations have occured

approximately 18 hours after the begining of the flood.
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Fig. 6.19 Measured water levels at rivers Jadar (left) and Tamnava (right), during 4 days
of flood, unofficial data from RHMS (Republic Hydrometeorological Service of Serbia)
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Chapter 7. Conclusion

7.1 The summary of the realized work

Extreme floods coupled with inadequate maintenance of rivers and bridges still
inflict damage to transportation infrastructure all over the world affecting the society
in general. The local scour in flooding events represents the main threat to bridges and
current procedures in bridge management do not give satisfactory results in planning
and scheduling the appropriate risk reducing interventions. The comprehensive
quantitative approach for vulnerability assessment of bridges exposed to local scour is
deemed necessary and a novel multidisciplinary methodology is suggested in this thesis.
The estimation of the probability of bridge failure due to local scour is elaborated as the
essential ingredient in this methodology. The consequences associated to failures are
beyond the scope of the thesis, and they are briefly discussed.

The presented research is focused on the development of an approach for
vulnerability assessment, which targets the largest group of scour critical bridges in
Serbian road network. It was essential to define a typical bridge model affected by local
scour action and develop a framework with a modest data set for its simple yet
accurate analysis. The scope of the research is therefore based on the short to medium
multiple span RC girder bridges with shallow foundations. The bridge types considered
in the analysis have double-tee main girder combined with the most common type of
pier-foundation systems on different types of soil. The bridge geometry, elements’
properties, supports and reinforcement layouts are adopted based on the review of the
available project documentation of several typical scour affected bridges (Chapter 4).

The water-soil-bridge (WSB) interaction is suggested as the general approach to
identify and analyze possible failure modes of the model and consequently obtain the
probability of bridge failure in a scouring event (Chapter 2). The first task in the WSB
interaction is approximating of the local scour action at bridge piers. The current scour
evaluation methods, which completely rely on the empirical formulas, were reviewed
without questioning their accuracy and precision within this thesis (Chapter 3).
Accounting for river hydraulic properties, soil type and pier geometry, the choice of
appropriate local scour formulas for vulnerability analysis is discussed, giving the

advantage to those that may consider the temporal aspect of scour. It was necessary to
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relate the time-dependent local scour depth, obtained by the formulas, to the ultimate
extent of the scour beneath the shallow foundation base, which was not topic of the
past research. This relationship is considered essential in the vulnerability analysis as it
provides insight of the threat to bridge and public from future oncoming floods.
Here, the assumed scour cavities under the foundation base of different pier-foundation
types have form of oblique cone with closed-curve basis. The triangular cross-section of
these cavities is adopted due to simplicity and the local scour action at bridge piers is
simplified to a plane strain problem. The local scour at bridge abutments and scenarios
of their failures are beyond the scope of the thesis.

For the second task of the WSB interaction, the investigation of the combined
response of a bridge structure and supporting soil to approximated scour cavities
is necessary. The perfectly rigid plastic behavior of the soil and bridge elements is
assumed to apply the upper bound theorem of the theory of plasticity. The elastic
deformations prior to failure were regarded as relatively unimportant. The resistance of
supporting soil to local scour cavity growth at a pier foundation is considered on plane
strain kinematic mechanisms governed by principal soil geotechnical properties —
internal friction angle, cohesion and soil weight. Here, the basic 2D mechanisms, which
consider sinking, translation and rotation of a pier-foundation system, are applied.
The estimation of the resistances of bridge structural elements is required to evaluate the
internal work in the failure mode. In the model, all joints and supports are assumed as:
free, pinned or fixed. The plastic strengths of the double-tee main girder and monolithic
joint at the pier top are accounted based on the given reinforcement layouts and
detailing. The shear failure of model elements was not treated within the thesis.

Based on the given assumptions and approximations, the two-span soil-bridge
model is presented in Chapter 5 and its response to the assumed local scour action
is investigated separately for the longitudinal and lateral directions. It was essential to
define a compatible mechanism i.e. a combined failure mode of the supporting soil and
bridge structure. The center of a pier foundation is adopted as the connection between
the assumed kinematic mechanisms in soil and bridge structure. This assumption in fact
leads to a slight decrease of an actual upper bound solution, which is acceptable at this

moment as currently there are no lower bound solutions.
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The optimization procedure was required for an estimation of the ultimate
horizontal local scour extent beneath a foundation. It is here based on the principle of
virtual work, parameters of the adopted kinematic mechanism in soil, superstructure
parameters and scour cavity growth. The combined soil-bridge failure modes in the
longitudinal direction (CFM-s) are investigated for four bridge types by considering
simple kinematic and geometrical constraints. For determining the combined failure
modes in the lateral bridge direction (L{CFM-s), a bridge with double column pier is
investigated. Here, two possible patterns of superstructure failure were reviewed in
combination with pier frame failure modes. In the elaborated combined failure modes
the pier-foundation system was considered as a rigid body i.e. the local failures were
not treated.

The analyses™ results revealed that the combined failure modes based on the
sinking and translational mechanisms in soil are less sensitive to the local scour action
than the rotational mechanisms regardless of the soil type and applied safety factors in
bearing capacity design. It is observed that the main resistance of bridge structure to
local scour action is given by the restraints of a pier-foundation system displacement.
In the bridge longitudinal direction, the soil properties are mainly governing the failure
modes, whereas for the lateral direction the properties of the elements that comprise the
bridge superstructure are significantly affecting the results. The exact amounts of
built-in reinforcement are not crucial for the analysis, but the soil properties are.
Nevertheless, the plastic strengths of the main girder sections do affect the ultimate
extents of scour, and in the absence of project documentation, it is sufficient to perform
a simple linear elastic analysis and assume the minimum reinforcement ratios given by
the original design code. The list of possible combined failure modes is not definite as
only the basic types of kinematic mechanism in soil are considered, but it represents the
basis for further research and comparison to future upper and lower bound solutions.

The three sets of input data are necessary for the probability calculation and they
comprise variables for local scour evaluation, soil strength parameters and bridge
elements’ properties. The uncertainties related to this data have been discussed based on
the state-of-the-art documents. The limit state function used for the calculation of
probability of failure is comprised from two variables - the time-dependant local scour

depth at the affected pier and the ultimate scour extent at a shallow foundation
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representing the resistance of an adopted soil-bridge model. The Quasi Monte Carlo
simulation is used for the analysis due to faster convergence of the solution than the
crude Monte Carlo. The example of a four span continuous bridge is given to present
the viability of the assumed soil-bridge model in calculation of the probability of failure.

The suggested WSB interaction represents a straightforward approach for the
estimation of the probability of a bridge failure due to local scour. Although the
obtained results are by default the upper bound estimates, the clear insight of the
resistances of supporting soil and bridge structure to local scour action are presented,
which was not clarified up to date. The obtained solutions are yet to be verified by
lower bound methods, which will bracket the correct solution. Nevertheless, the
presented approach is the basis of the methodology for quantitative vulnerability
assessment, which will identify the vulnerable bridges in a road network to be examined
in more detail. The ultimate goal of the methodology is update of the existing bridge
databases and integration into future Bridge Management Systems.

The necessary input data for the vulnerability assessment are mostly in the BPM
database. The rest can be collected during regular inspections and/or estimated based on
the available project documentation and monitoring. The following information should
be added/updated in the BPM:

. The geometry and quantitative properties of bridge elements (main
girder, pier/foundation system, joints, bearings, reinforcement layout and detailing)

. Soil properties at substructures (type, results of geotechnical testing, soil
cover at piers and erodibility if possible)

. Extreme flood hydrographs for rivers at bridge sites (extreme discharge
and related flood duration)

° Traffic data/studies for the road network

7.2 Potential for further research

The current BMS do not consider the real-time risk of natural hazards, thus the
presented methodology is a step forward towards a comprehensive decision-making tool
for bridge management. The future development of the suggested approach is justified

and the several enhancements that may be readily included are discussed.
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The presented soil-bridge model may be easily upgraded to account different
geometry of bridge elements, include additional parameters, kinematic mechanisms and
combined failure modes. Here, the scope of the future work will be mainly focused on
the various types of bridge superstructure and alternate kinematic mechanisms in soil,
which may provide better upper bound solutions. The assumption of rigid body
behavior of a pier-foundation system may be violated in some cases and will be
investigated further for the common solutions of reinforcement detailing. The severe
deterioration in strength of bridge elements (e.g. due to fatigue, corrosion or chloride
attack) or defects in the design are not discussed in the analysis, but may be considered
by applying plastic hinges in critical sections thus yielding additional
combined mechanisms. The force redistribution between bridge elements due to scour
cavity at a bridge pier may cause bearings/supports to suffer damage, which
subsequently affects the realized failure mode. The ultimate capacity of deteriorated
bridge bearings is a topic that still waits to be investigated in detail.

The idea given in [Michailowski, 1997], which entails multiple block kinematic
mechanisms in soil, would certainly resolve the issue of kinematic admissibility of
velocity fields without losing the accuracy. In addition, 3D kinematic soil mechanisms
may be applied to improve here obtained solutions. This would be especially important
when accounting the local scour cavities at strip foundations and spread footings where
the bridge resistance in both longitudinal and lateral directions must be considered.
In addition, a general case of multilayered, spatially variable soil should be included in
the further research as it would affect the form and growth of local scour cavity in time,
as well as the critical kinematic mechanism in soil.

Besides bridge piers, bridge abutments are commonly endangered by
local scour. The formulas for evaluation of the maximum scour depths at abutments
exist and can be applied in the existing soil-bridge model. This will allow a more
accurate estimation of the probability of a bridge failure in the scouring event as
different scenarios could be accounted. The temporal aspect of scour is essential in the
vulnerability analysis, but it was not among prime objectives in the research of local
scour in the past. The actual form of scour cavity and its growth under the base of a
shallow foundation in time, wait to be revealed. The duration of the highest flow and

shape of flood hydrograph for the particular location is especially important when
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analyzing the effect of multiple flood events on the height of soil cover at the pier (heoy).
For this case, the approach given in [Briaud et al.,, 2009] may be considered.
The procedure for evaluation of the maximum local scour depth in eroded rock exist
[Arneson et al., 2012], and the vulnerability assessments would certainly benefit if it
includes the temporal aspect of scour in the future research.

The extent of local scour cavity at shallow foundations when debris is present,
for different pier types and bridge openings, is yet another research topic. The local
scour formulas to account debris at piers exist, but they do not allow time evaluation
of scour. The adverse effect of the horizontal forces exerted by flowing water and
floating debris are not considered in the thesis, but may be easily added as horizontal
force acting at an affected pier.

The flooding event in Serbia in May 2014 is a tragic reminder of a future threat
to transportation networks in the world, but it also emphasizes the importance for the
vulnerability assessments of the aging transportation infrastructure in respect to
this hazard. The failure modes of the bridges in this event justify the suggested
combined failure modes both for longitudinal and lateral direction, which can be seen in
Figs. 1.18 and 1.19 / Figs. 1.15 and 1.20, respectively. The collection of the essential
data for analysis of the damaged bridges in Serbia is currently underway, and the case
studies, which will entail the approach presented in this thesis, are going to be subject of

the future research.
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CpOuju. OCHOBHY U cpelmy IIKOIY je 3aBpiiuo y BasbeBy.
Ha TI'paheBunckom ¢akynretry YHuep3urera y beorpany
(2002 - 2007) murutoMupao je Kao MpBU y TeHEPANHjH, HA TEMY
apMHUPaHOOETOHCKMX MOCTOBA. TOKOM TMOCIEqmhe TOIMHE

cTyauja OMO je CTyAEHT JEeMOHCTpaTop Ha MpeaMeTy

MexaHuka Ti1a Ha KaTteIpu 3a [ eoTexHuKy.

Ox 2007. romuHe je CTYACHT NOKTOPCKHX CTYAHMja M paJd Kao aCUCTEHT Ha
Karenpu 3a beToHcke KOHCTpyKIHje Ha MHCTUTYTY 3a Matepujajie U KOHCTPYKIIMje Ha
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VY oktoOpy 2010 roause je moyeo paj Ha CBOjOj TOKTOPCKO] T€3H 4Hja je TeMa
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HeMayKor je3uka. OXKemweH je U TPEHYTHO HeMa JIelle.



IIpnJor 1.

ITornucanu:

Bbpoj ynuca:

H3sjasa o ayTopcTBy

Hukona Tanacuh, quri.rpal). uaxk.
2/07

HU3zjaBbyjem

J1a je TOKTOpCKa ArcepTallyja moj HacJIOBOM:

VULNERABILITY OF REINFORCED CONCRETE BRIDGES TO LOCAL SCOUR
IN BRIDGE MANAGEMENT

(na cprickoMm jesuky: YIIPABJbLABLE APMUPAHOBETOHCKNM MOCTOBUMA Y

KOHTEKCTY

BUXOBE  YI'POXEHOCTU  JIOKAJIHOM  EPO3UJOM

PEYHOTI JTHA)

VY Beorpany, jaryap 2015.

pe3yJiITaT CONCTBEHOT HCTPAXKUBAYKOT Paja,
Jla TIpeJUIO’KeHa IuCepTallfja y LEJUHH HU y JEJOBUMa HHje Ouia
npeUio’keHa 3a JoOujame OWII0 Koje IUIUIOME IpeMa CTYAHMjCKHM
IporpaMHUMa JIPyTUX BUCOKOUIKOJICKHUX yCTAaHOBA,

7la Cy pe3yiITaTH KOPEKTHO HABEICHU U

Jla HUCaM KpIIHO ayTOpCKa MpaBa M KOPUCTHUO WHTEJIEKTYaJHY CBOjUHY

JIPYTUX JIULIA.

ITornuc noxTOpaHIa
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IIpnJor 2.

M3jaBa 0 HICTOBETHOCTH IITAMIIAHE H €JIEKTPOHCKE Bep3Hje TOKTOPCKOT pajaa

Nme u mpe3ume ayTopa:
Bbpoj ynuca:
Crynujcku mporpam:

Hacnos pana:

Hacnos pana na

CPIICKOM ]€3HKY:

MenTop:

Tlorniucaunu:

Hukona Tanacuh, aummn.rpal). umx.
2/07
JokTopcke cryauje - ['paheBuHApPCTBO

VULNERABILITY OF REINFORCED CONCRETE
BRIDGES TO LOCAL SCOUR IN BRIDGE
MANAGEMENT

YITPABJbAILE APMHUPAHOBETOHCKHM
MOCTOBUMA vy KOHTEKCTY BUXOBE
YI'POXXKEHOCTH JIOKAJIHOM EPO3UJOM PEYHOI
JTHA

Hp Pane XajnuH, Baupeaau npodecop

['paheBuncku dakynrer, YHusep3uteT y beorpany,

Hukona Tanacuh, aumi.rpal). umk.

UzjaBpyjeMm npa je mTammaHa Bep3dja MOT JOKTOPCKOT paja WMCTOBETHA

€JICKTPOHCKO] BEP3HMjH KOjy caM Tpenao 3a 00jaBJbHBame Ha moptany JlururamHor

peno3uTopujyma YHuBep3urera y beorpany.

Jlo3BosbaBaM ja ce 00jaBe MOjU JTMYHU MO BE3aHU 32 I00Mjabe akaJIeMCKOT

3Bama JIOKTOpa HayKa, Kao IITO Cy UME U Ipe3uMe, TOJIMHA U MECTO pohema U JaTym

on0paHe paja.

OBH JTMYHU noganmu MoOry ce O6jaBI/ITI/I Ha MPCKHUM CTpaHULaMa OUTHUTAIIHC

OubnuoTeKke, y €JNEeKTPOHCKOM Karajlory u y nyOnukanudjama YHUBEp3UTETa

y beorpany.

VY Beorpany, jaryap 2015.

IToTnuc poKTOpaHIa
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ITpnJor 3.

N3zjaBa o kopumhemwy

Onamthyjem YHuBep3utercky Oubanoteky ,,CBerozap MapkoBuh® na y Jurutamsu
penozuTopujyM YHuBep3uTera y beorpany yHece Mojy HOKTOPCKY AHMCEPTaLUjy IMOJ
HacmoBoM: VULNERABILITY OF REINFORCED CONCRETE BRIDGES TO
LOCAL SCOUR IN BRIDGE MANAGEMENT (na cprickom jesuxy: YIIPABJbAE
APMUPAHOBETOHCKUM MOCTOBMMA vV  KOHTEKCTY BUXOBE
YI'POXEHOCTU JIOKAJIHOM EPO3MJOM PEYHOI' [IHA) xkoja je Moje
ayTOPCKO JIEIIO.

Juceprannjy ca CBUM MpHJIO3UMa MpPEAa0 caM y eJIEeKTPOHCKOM (opmary
TIOTO/THOM 32 TPajHO apXHBUPAIGE.

Mojy JIOKTOpCKY JucepTalujy TMOXpameHy Yy JUruTanHu peno3uTopujym
YuuBep3uteTa y beorpamy mMory jga KOpUCTe CBH KOJU IOIITYjy OApeade caapikaHe y
omabpanom tumy JsmneHne KpearuBHe 3ajemnunie (Creative Commons) 3a Kojy cam
ce OJUTY4HO.

1. AytopctBO

2. AYyTOpCTBO - HEKOMEPIHjaTHO

3. AyTOpCTBO — HEKOMEPIHjaTHO — 0e3 mpepaze

4. AyTOpCTBO — HEKOMEPIIHjaJTHO — JACITUTH O]l HICTUM YCIIOBUMA

5. AyrtopcTtBo — 6e3 npepane

6. AyTOpCTBO — IETTUTH TIOJI UCTUM YCJIOBHUMA

(MonuMo na 3a0KpyXKHTE camo jeHY O IIeCT MOHyheHHX JMIEHIIH, KpaTak

OTIHC JIMIICHIIM JaT j€ Ha NoJiehuHu nucTa).

IToTnuc nokTOpanga
"‘v

VY Beorpany, janyap 2015.



nikolat
NikolaT


1. AyropcTtBo - Jlo3BOJbaBaTe YMHOKABAE, JUCTPUOYITH]Y ¥ JaBHO CAOTIIITaBALE JICIIa,
U Tpepajie, ako Ce HaBeJe MME ayTopa Ha HayuH ojapeheH o]l cTpaHe ayTopa WU
JaBaolla JUIEHIe, Yak M y KoMeprujanHe cBpxe. OBO je Hajciao0o0aHHUja OJ CBHUX

JIUICHIIN.

2. AyTopcTBO — HeKoMepIiujaaHd. /[03BosbaBaTe YMHOXKABAKkE, TUCTPUOYIIH]Y U jABHO

CaoIIITaBamke Jeja, U Mpepaje, ako ce HaBele MMe ayTopa Ha HauuH onpeheH on
CTpaHe ayTopa WM JaBaoua juleHue. OBa JIMIEHIa HE J03BOJbaBa KOMEpLHUjaIHy
ynotpeOy nena.

3. AyrtopcTtBOo - HekoMepmujasiHO — Oe3 mpepanme. Jlo3BojkaBare yMHOXKaBambe,
TUCTPUOYLIM]Y W JaBHO CAaoIlITaBame Jelia, 0e3 MpoMeHa, MpeoOJUKOBama WIH
ynoTpebe aena y CBOM Jelly, aKo ce HaBe/e MMe ayTopa Ha HauuH ojpeheH oJ cTpaHe
ayTopa WM JaBaoua juneHine. OBa JIMIEHIIa HE J03BOJbaBA KOMEPLHUjAIHY YIOTpeOy
nena. Y OJHOCY Ha CBE OCTaJIe JIILICHIIe, OBOM JIMIIEHIIOM C€ OTrpaHn4aBa HajBehn oOum
npaBa Kopuithema fena.

4. AyTOpCcTBO - HEKOMEpLHUjaJIHO — JeIUTH IOJA HCTHM YycioBuMa. Jlo3BosbaBare
YMHO)KaBame, TUCTPUOYLM]y W jJaBHO CAOIIITaBame JIeNla, U Mpepaje, ako ce HaBele
UMe ayTopa Ha Ha4MH ojApeheH oj cTpaHe ayTopa WJIM JaBaola JIMICHIE W aKo Cce
npepajga AUCTpUOyHMpa MOA MCTOM MM CIMYHOM JuieHuoM. OBa JMIEHIAa He
JI03B0JbaBa KOMEPILMjAJIHy YyIoTpeOy Jena u rnpepasja.

5. AyrtopctBo — 0e3 mpepaze. Jlo3BosbaBaTe yMHOXKaBame, IUCTPUOYIH]Y U jaBHO
caolIITaBame Jeia, 0e3 MpoMeHa, MPeoOINKOBaka WM YIOTpede /1ena y CBOM JIely,
aKo ce HaBeJle UMe ayTopa Ha HauMH ojpel)eH oa cTpaHe ayTopa WM AaBaola JUICHLE.
OBa nuIieHIa 103B0JbaBa KOMEPLUjalIHy yIoTpeOy nena.

6. AyTOpCTBO - J€IMTH TOJ UCTUM YyciaoBUMa. Jl03BOJbaBaTe€ YMHOKABambe,
TUCTpUOYIIMjy ¥ jJaBHO CAOTIITAaBamkEe JeNla, U Mpepaje, ako ce HaBeIe UMe ayTopa Ha
HauuH onpeheH ox cTpaHe ayTopa WIM JaBaolla JIMIEHIIE M aKo ce Ipepaja
aucTpuOyupa MOA MCTOM WIM CIMYHOM JMueHnoM. OBa JUIeHLA J03BOJbaBa
KOMEpIHjamHy ynoTpeOy pgena u mpepaga. CioudHa je COPTBEPCKHM JIMIICHIIAMA,

OIHOCHO JIMIICHIIaMa OTBOPCHOI" KOJaA.



