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ABSTRACT

Life-cycle assessment of civil engineering infrastructure is necessary for better
management of resources during maintenance, strengthening, and repair actions for sustainable
development. Current design practices typically consider the structural risk of various loads
and their combination at the design stage and do not account for the change in the risk over the
service life of a structure. A structure is subjected to multiple hazards over its lifespan, which
have a certain permanent effect, though negligible sometimes, which may severely affect its
performance to future significant hazard and result in disproportionate structural damages.
Therefore, the present doctoral study discusses a holistic risk-based design framework that
considers ageing effects in addition to major or minor structural damages on account of
independent hazards. The framework is illustrated for independent action of earthquake and
fire hazards on reinforced concrete (RC) structures while considering continuous structural
deterioration on account of chloride- and carbonation-induced corrosion over the service life.

The earthquake-resistant design is well-developed and applies an objective-based design
philosophy through design standards around the world. On the other hand, the response of
structures to fire is predominantly articulated in terms of the time of exposure to a nominal fire,
such as ISO 834 standard fire. This is despite the fact that this time of exposure is poorly
correlated to structural response to fire. The present study discusses a framework for obtaining
the most appropriate intensity measure (IM) correlated to the structural response to fire, which
in turn is described in terms of an engineering demand parameter (EDP). Such a correlation
between IM and EDP leads to reduced uncertainty of structural response to fire. The approach
is based on the estimation of certain attributes of the correlation between IM and EDP,
including: efficiency, practicality, proficiency, sufficiency, and scaling robustness. The
methodology is subsequently demonstrated in application to obtain the most appropriate IM
for RC slab, beam, and column elements individually. The appropriateness of a candidate IM
is validated through several models that are generated for each member type by varying
material and geometric properties, as well as by considering a range of fire models. A single
IM is recommended for each structural member at the end of the analysis, independent of any
fire model.

Many design regulations around the globe rely on member deflection as a governing
criterion for resistance assessment in fire. The deflection evaluation in fire is generally
achieved by conducting expensive experiments or computationally expensive finite element

analyses, which often restricts practising engineers from using robust performance-based



design philosophy for typical structures in fire. Instead, they rely on objective design
guidelines, often resulting in inefficient sizes of RC members. Therefore, semi-empirical
relations are derived in the current study to determine the maximum deflection of the RC beam
and column in fire. Plausible variables that could affect the overall deflection of the member
are first identified, and their proportionality is subsequently determined by performing one-on-
one regression analysis. Furthermore, these relations are developed in terms of the most
suitable fire IM, which makes them applicable irrespective of the type of fire framework. The
credibility of the deflection equations is validated through visual analysis followed by the three
popular error indicator parameters — Pearson's correlation coefficient, relative root mean
squared error, and performance index. Results indicate that all deflection equations accurately
predict the RC member behaviour under fire.

A methodology is devised to obtain building fragility curves for fire using the most suitable
IM and regression equations from the current study. The methodology is subsequently used to
assess the life-cycle risk in RC structures for independent multi-hazard action of earthquake
and fire while considering appropriate structural degradation over the service life. The change
in the structure's performance in fire over its service life is also evaluated for the multi-hazard
effects of earthquake and fire. The results from this study indicate that there is a significant
increase in the risk of post-earthquake fire if minor damage due to earthquake not addressed.
Similarly, it is shown that an RC member's performance in fire decreases significantly over its

service life due to environmental effects.

i



ABSTRACT IN HINDI (9R)

MY fIHr & fore a1, Yegidhrul, iR TRWd Sl & SR JA1EHl & d8aR
Tae & T SMURYT TRAT BT Slia--ash Yed i+ A g | aaa a1 JUTg 3d
IR R 5 TR H I URY SR 3% IS0 & TR SIaH IR R avdt §
3R Pt TRET & Qa1 St W SNGH F eard & &g 6] 3Gt § | b G
3T SHiaThTd H 3 WaRl BT HAT BT USdl &, o1 T i Rt uyTg, St Hi-
Fft 07 gir §, ufdw # faxma Wl & faw MR U @ guifad aR 9@ g iR
ORUMARGET SRAT WREATE &ffd 81 Favalt © | UMY, T HERH Th THY SIaH-
TR I & TR T Rl § Sl Wad Wakl & HRUI §8 AT BIe WD JHAH
P IQATET TEISHB IH g1 P UHE R WY foTR Hrar 81 TaT Sitgd & R FaRTZS-
3R FHIEMATH-IRT ST & HRU FARIR TaHS [TRTaC R faR #d gU yaferd dpie
TREATSA TR YT 3R 31T & W] P! W BIRATS & (o1Y i<l BT IUANT fobam T B

YH - IERT-3NYTRA I 3wt aRE ¥ fawiid § 3R gfam wR & f&oie amies
T AN R 81 gORT MR, ST & Ui W3 UieRiY T 0 ¥ 1SO 834 3T oIt
AT 31T &% JHY & Teaf § o o1l |1 I8 39 9 & S1avg © fob 98 THg &7 31
N TR Ufafthar A 9gd HH A&y § | G 3fead= | T & Wi SRaTeTe ufafsar
T i o Iugad diadl A U $HR- & Y U ool 9415 Tt g1 <digdm 3R
Yfcfehar & offd 39 TR & FgHaY I 311 o Ul YT Uldfchdr Bt AT B4 gl
St 31 98 UedeY oo favvarst & SrgaH W uRd 3, s wnfira € g,
TGETNG T, YU, Taiddl 3R HR & IdRTGId & Ufd fafterdr| ysferd sele I a9
AT, 7Y, 3R e & o e SUgad ditddl 119 YTt $R- o o 9 0w Sl SUanT
o T § | U STHIGAR diidd H1Y &1 SUgaddl dl dhs ATHUT 3R ST ISTex0l &
HTEgH B AT 1 TS § | U8 Ty fafie siff ey R faem o Soa g1 § | fazawor
& 3fd B Ul WaTdD Fa o forg fobadt off 3iff Urey ¥ T, Uhdl diidl O1g &1
fRymifeer &) i g

ST WR H B3 Il I ST H UieRiY Jeic & e Ue IR A & = o
e b W IR A 31 o1 & Fpb1a sfave § 7 TN A1 Sfed dap-a! bl
JIWHATY TR AT A BT T H Ie - T BT START B A
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Ufeiferd Rt 81 3id: 3 IS AT feRfAeel IR HRINT Rd €, fores uRumaey
SRR YETerd dhebic URaAT SIugad gl ¢ | S, 3T H Jafed dbopic del 3R Tl
& SHftHdH FebTa Bl FAYiRd B & o adam s # fafkiy FHtesRur yiifid fbe
T B WEW & GHE B GUIRI HRA aTd <ol Y Ued UgdHT T B, 3R I
Ul STE B Uth-TR-Tdh Ui fawerur o fHaffed ot it 81 59 arefmar, 59
Gee o) Jad Iugad 1Y faar A & dau & fawlia fea mar g, S 3% s e &
TR $I URATE [ o1 AR =l § | DT THIDBRUI B! [Tt &1 o= Aepioa Ffe
Jhdd ACs! - IR & Jeddy, Tuie ay I, SR ek qEsie & ae e
fa=e T & Ao § 11 foar T 8 | oy Rifd § for et Sefienvur om1 3 qgd vaferd
Bhopic T &b FbTd B! GeIdb HiTsgamh #d 5|

AT ST A G JUGe <Heidl H1Y 3R FebTa FHebRull BT IUTNT HRb 3T &
fTQ AIH T a5k T = & T Th Uil IR BT T8 ¢ | 59 UGl BT SUANT 916 & Ial
g R I Wads fRae W TR Hd g YU 3R 3F & Wad Ygad-Ta?
B HRATS b [eT4 TS debIc TSN T Siia--deh SR BT b B & forg [
T 1 YebU 3R 3N & Tgad-uHal & o 3uet Jar 3afyy & SRE 31T & W1 &
wee o uRad &1 off Heaie fasar ST 1 39 st & el ¥ Yod e § &
3R YbU o HRU I arelt Al &fd TR &M =g} faan a1 af Yoby & &g 1T H YR
IHUMH B BT GRT HIB! §¢ ST 5| 3T IRE, U8 3@ 11 § fos yaferd bebic Ja
& a1 sfta & yafarufid THIa SRUT 3T HT UfoRTY FHRA Bt & HTH! HH g oIl ¢ |
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