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PICCaYE|

I H Wl 939 qade Jit sfewr @ M W uie e YRdAr gRT fava 3 qurel W oOfas,
AATHDT, Thild!, R, Amearcqd T AHISTD [AHTH & &3 H DD UDBIRIAl DI ST WA & T 7
s—waell fa= uf¥er &1 aguii o U Hecdqul Udbed 91 ©, fOTH QRIE @ Sy IS & AHaaT ©
AILIHAT & FHY qET S 1T FHId 8U B IGHaT (TIS) & Y IR Bl W1 9 3 H FHI2d BT & | 3Mem
2 b 39 AW W UBIRK Jgayg 3id FRed U ¥ IRUGRIS g 8N | |1 4 gfdh q9—yddd Udh HHadE,
AT Ud iy B &, ST AT [aTeiyor, ool 3R TN 9§ [oR ) 8 Sifc aRReifd d@ ugadn &, safay
g3l U orer & b 9Tt geprerEl @1 Scpredl R Sd (TG $l AR SH—oT & A1 dica] [avg—aardl Al
BT TR g9 8, s forg faem wRel faeelt €9 g |1 |rsierl & A |

UdE oDl | e & b U SAfSTd S Bl AN SR SAME H TIR-—YER & g BAR 91dl B
HATdl 7g Wl MU I g AFTGRH SR BH dicdlied 9 JFgUfed HRd 8 |
(Sf. <dg UHre 9g)

feaTd — 31.12.2025
T — v Ao
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THCHI

e g™ Ud MR 9 WORT (IKS) 9Rd @1 8okl a8f qRHI a=ii+d, SRife R divgpide famd &, S
Jal, IUfvEl, mryds, AN, MM iR Weers 4 FAfed © | 98 W1 Uebfa & A1 Aoy, 9ad e 3R |9y
TR (ANT—IMRAE) W WIR <1 8, Sl TSl & F7g # 1 o1ia urifias 2 | amyfie fag ok wRelia 19 wWuRT (IKS)
BT FAS I J=cl AR MY FardR $T b ST AT | IR WRURT (Yd<, Wiel, I01d) STal a9y 3R
MATH &, T8l MY A= TANT AR 2 | 1 BT e gaiaRer ReRar, WRed (A1 /3Mds) iR fears, faer &
fo a=fe gfteadior (NEP 2020) Y&TH $RaT & | 4RI M URURT 319d AR aaT (Consciousness) TR dfsd &, STafd
MY g FANT 3R A199 (Measurement) TR SIR QT & | UM IR fAgMi (emdve, =@, ged) = 1@, fafer,
SR 3R arRggdell 4 U Rigid fau S orat o omifies © | amgds, anT iR Al fRafdear o RuRe =, 100 99
TH RS A BT WA ARV BT TS Siaeiell & Aer Sireas fafdear # 78 we fiwr w | IRA woRy #
G & AT I H S B ARG B, T gAAE & Fdq et dedi & gy 7 | e R Aifd 2020 R @9
JOTTCH T M UTG=Ishd # et oo R SR el 8, Ry B1al # I3 |rd & Are— 12y ARp s TR fawmRid & |
URARE S BT RS THN & AT TN HIAT 3R I YeIRad HRAT 424 A 2 | 3fd: fawa e (Inter-
Disciplinary Research) & #read 9 g7 QM1 &1 Gl 9ed & fog e Agfera iR ARl I gfteaior fasiRud
PR FHAT © | e T=e1 BI =1 Ted &I SR = d=1i+e R WR & 78 € smyfiep e @ S o wRag e
fIs 2 ST aR@ <20 | B 2 uRFH <2 9% ugdl MY a9 b1 Wwy UBY dRe favd # ufifed g WRa @
TRl ARG idTh URFRT 3MTST & 9 Siia- Ugfd & HRUT 96 I8 Hahel & oIy IFAM0N & | 9 H ol S & GRefoT
31X Mg [ aRATSIIRIT H §H® THIPRUT R SR AT ST I8T 2 | I8 7 dbact Apiad ygdr dI goiiiad bl o
gfeds Aaq et & dafoqd dS Al IS oRal © |

R w@oRll e Sffeies & Siavid Sf 9 @1 WXV Ud ©f W€ @ g H a3 Swdl I Fdd o [
AT HT RGeSl H 9 UG BT aAAH fd BT YHRH MR & A &3 g el w@ael s vd s o
SeaR UdE ogdi @ faaR, fRiae, ol vd Jarl &1 SFAMY a6 9gar U6 gal oikddi & Alfeld faari vd eiei &l
IR <71 T TR &R TG ©ichiH USH SR &I T 8 | 9 3id H Fauadd iR MfashRefierdr, uef 9§ ao-is,
AT FhR HehIfel, Goivl HaT dcd, STy URad BT TaATd TR IR J4Td, B difgadr, SRel IA Teg-—AeTRd
YHUT 3fHHeTd | FHIEd o Ud © | fae 9Re facel & sriwiiRell, Ik wewii td uf¥a & Tea Jsd ol
T IE STAER ST B &I ¥ MR | A1 & GG o] Bl I Alshd AN B Dlfe— DI g=9d1s | $9 UG &
gHTe H e W Sl ST 99D AN 7g ged ¥ R | AT & HelEE e uredi & IRUINGSE gIId AicdTed 8q
Hag STHE € |

PUHTHAIRN Afed ATGR —
g f
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“fert =nfaer @ T g |
arfderr 7 e REssRgd” (9ds 40.11)
AGdE B ATAR S A I (@mearfoaed 9 ) &R 3ifden (F4, FRS ddedd-iid! ) aHl

P Yh A1 ST 2, 98 Sffden | ARIR® dEmsll & YR &xdl g iR fIen I R (Aie) &7 urd
PRAT © | &I I AR medrfcads Siiae &l dRdfdd dga & |

qorATE G B gigH (Al) BT T HET Sl 2 | AT, e, AR Aifed wrfa sl dikds
T @1 AERRIET 99 gl 8 | S H B gigadt & U SR 9 s : aRa™ a1 sifeema o 989 &l
R A IS PR fQar g | <ifbd I8 1 |9 & & 989 R a9 8kl ol €, s &1 gafa Ia+ &
AMfde T | ST e ST © 3R 3r<Ia: IHS A1 UHwy 8 ST & Hafd a9 S1ar & | 37S 9RA Bl
S AOQ & ®U H TR, JMUg UP AAR & wd H @Al BV R ARG o & Aqfold Wy &
AT I g1 AMMRY | AR & YETHA! 31 TR Al 7 fIeell # g3 IaRTSE Al |fie & QR &er o
5 uRERIAr & |99 91 GReT © | |isn fhar W7 s Aadr & Hedor B A6 gRR BT | e Al
feemee gg a1 °d 81 Wahdl & AR AT Aford, FAlad vd |l g8 a1 & GARIT & oIy §aeme o+
qrell B Wbdl © | A o gHR BRIl H 2| A9 Bl W & ol Suanfl, Hagerd iR Hdberr o
AT | BRI B DI JALISHAT & AR IRAT - 39 3en # IRas g & |y I@dl & | i
YRA HUeUH, g facell H MANS SfSAT Qo sHige AT 2026 &1 o1 W T5— ‘Gaoedd, A
SRR I I & e, Al Bl TRITar @ oy |

=T &1 IS 1 AT BT KA & A1 3D THRadh IR 2 | 3k [ 3R A DI FEwud]
TS ¢ | FHF S AFa & gRT IR SUART FarA 2, s foy amda sererdan &k dafig
faRl & W €1 ARTH HearoT oY 3R TR AT ST FhT & |

IMYFH TTE & 919 I qifAel gRT 9 v o, R Aa fidq @ ufar &1 acdiel @
i3 Ty H T B BT AT HAT o7 | I8 BRI A R =Rl & Areg| 9 uRvrd g, o< imaR
TR IS §H Tbeildy] W I <@ e & | HEM gigar iR aifead o o o fafr=1 afds vd
URIOT Teell § e 8, STef ureid @l = $f3W Sita, warferd I3 (@1 Jdie), W—artad 7l afa
&1 Ui fHAT o1, I FHI 9§ 98 Ul oid U 7 I2 AIBR BT §9d 9911 o | 5 Al &1 = =i
1 Al SR &R &, 9 HEM fEAdr (Tag) o1 MY SfaeRo R oai 1956 § SICHISY dietel H
S Hepreft SR A1fdT iRt & Anfas= # SmAIford U driener H gg o1 | 1960 & G2 H WHhHAR Y. U,
HETTl & BIAl & AedH W UATS o ARG H T {57 | JUASId gRT 1986 H AR Se—amenRa dwgfcT

R (HdRAT™) A1 IRT BT TS W &I dfgd & &I A1 IR [6a1 | 9RT WRaR &1 f$iied
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AT Ugdl -1 WIRA ¥ FH gigAdn (Targ) Hrenfia!
& faerT @ 3R aifde Ify vae B 81 Wi @
A 1 @ foly R WRBR gRT S Bl T3 h
eIy gget ol & forg wans’ off, o4 2018 7 Pf3H
gfgHaT & fory I RoTifey & e SR faeam T o |

TS Al TIRTEIEARAT AT {8 dS1 HUdl ddb
AT 81 %8 AT &, Sffug I8 e Siiad & T
&ﬁaﬁaﬁnﬁa@wgm%lwm e,
agww e, dfdw, anfdfe faem, aw wd
oy, Y, | AXed | Hewaqol e

Afed (Sanskrit LLM) $9 URURT &1 Y T 4 Sirs+
T HEAH 99 I8T © | HRpd W WA §19 Bl 1JdTa
TH—UGHd H FHASH 3R UK B DI &l ]
2| S WRAT FAIST o0 difged foavmad &7 S
& 9T | T8I, Ifedh MAILART & 1T GG DT |
JE UTA URT yME ¥ JRE 1 & e, dfed
difg® SmeAfwiRar & +ff ARt 2|

TR e & 9§ ddd ddd Ud
WNfTd AT TR M 81 V8T 3R T8 HRT © fob

9 ® A1 fasme 3R ARy &Y fae <= o B |
IR & SfeAT v e & ard w9 & —

1. PYC WY (ST—RII SHYY SUT& BRI,
2. UM Sqaudc Ugd ( MR SMaddhdl &
AR g Ueided fIdfaa &-Al); 3. TR
SCRIC wieh™ (Al Aisell & ufi¥er @ fory a3
SeRie faaRid &)A1); 4. BIeeId Al (MR
ST 3R ARl & SUANT o’ IRd & 0 a9
AecHrsd faafid &), 5. WER Rbed (T3M5—
e URER IR HAT); 6. TSI qo|s-1'|‘€1'4| (Qarms
e B A WERET vem BRAT); 7. GRIE
IR fIeaa iy s (Aolqd ordd & 1ef [ER
T3S USI®M &I FHRed &= | fbeg a1 v
I, 59 I I8 AT, Alhdi=dh, Ao Tga@r 3R
oA = 8 3R 9@ foly ureid IRdr e

A ANIGTD B HHal & |

Al 7 ARG SE—fIsE @1 IuTeadT & g
FR BT AT AR veH fhar 8 | k1 |ifg {6 U
AT 7 &1, ST dael Farel BT Sfdrd 9 <, dfed
EORI I8 QR IR IdT a1 AT BN AAST |G | S
IGl B Tel, TRl & AR B Ug Gd | S
IRa A1 feen # va Vfasiie wed o1 @1 B
I=Ts & ARICTYR &3 ¥ el 8T Hpa olTol olvaal
Afed (QTaUS WE) ®I Ul dhdel ddb-ld] THER
TEl T, I8 YRA DI IR Ffa AR AMYHH ST
AIEH BT FTH 2 | I8 TIN &, GG B ATHRIT Bl
RIE™ &1 IS THIARF BT TASTH BT AR AT &
faRe AR &1 Al & AR IART & § | B
1,10,000 ¥ 2Af&H Foiq Hpd Fell 3R wigfetlOai )
I8 diee uRIfard famar S @1 ® | YRGS uRuRT
3FAI 1 T T8l 2, 31U b, s iR Sitae—
Sfte o To TIRH IRURT W& B | Wi, 0T, ST,
IR, eATH 3R S — g7 |1 &3 § wRd A
G Bl Hifetd gfe <1 | 36T WRpd TSl ool

SWADESHI VIGYAN PATRIKA

U Y TREORT § AFGR dearel & fafder s
@ forg doerim smugfa & Aefa fear
ARRT IUMYE & AR ATHT Ui 3TaRolf | ferdy
Bl ©, T2 "Us[adier’ B8l Wil 8| A% &ad
YRR T8I, dfedh Ub FHoll, A9, gfg SR AHT B
g SIRAe T | oTa: 3T HY, WV, HAY,
IS IR T "Y BTl & §RT IRIR®, WIford
Soll, #FRIG  (daRe), difgs iR smearfcas
AT BT Iq~ T SITaT © | 37 HEl T —

“faen fadet fasm wgfa: deavar fbar |

fepareflierar — A B8 U7 €, 99a ol @o 9l ey
(emm=) T T | ora: aqH fava @I HEE gfgH
D AMELIGAT & olfhd AT & Fafdd, FHra @ik
Afde arcHEy & e | B9 W 3R Urdlad H
TG RId FRAT BT IR I8 AT Tars Bl
Fafeal d FagART g gIT | 37Tl 84 U 7, U
gfg 3R UP BIPR HIFA B WWEHH, o9 B
AAdHd, 5= @1 Halged a3 Bl
AR aRd 9 @ IR R B MY | 37k
FIAE dHedl © & 9 [TOR, F9= doued, qAH
79 iR for gdo A w0 ¥ 9l @ Ba # w9 9N |

THE 7 A qE
A A A8 A |
T I 7= @
HAMA a1 BT JEIf (FFag 10.191.3)

. YA RIS B Had 4 |
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Former Professor and Head

Department of Molecular Biology and Genetic Engineering college

of Basic sciences and Humanities]

G-B-Pant University of Agriculture and Technology Pantnagar |Uttarakhand India]
E mail : anilkumar.mbgt@gmail.com

SECEAEINGD]

oGS g H IE A dag SN feaferay skl § o e & 9 R guiid § 1 oW Siae
AT gagvy |wdaws Rierd G (ICAR) S U6 JEGOM AR |dsrs Riege e, Sf @ df e Jasrs el
AT, INSA G R1eTeh T 2014 S P YREPRI H FHIT fthed ¢ |

1. NIRRT

UE ORI JATAMPR IRT & o7 § o4, [ IR U= &1 |Af~ad e bl ifhd Bl & dol TdraR AR
faepRefTedr & fapr @l ARG |iwplae, aRifFE 3R I=1e WORT § Siedl ® | I=H 9Rd R gorrell Toaqd,
reier, qERiem — § @9, fagm iR uee &1 Sqfora waae o, fSes Aradn, $ar iR wHy fAe B ag § 3@
Jifaf¥es (Maikale’s education system) fRrerm gormell & uvma & Riem # <a Wiy 3R Wahiad 3 a¢1, Ry daan
IR AT FAGIR B3N | g T Redm T (2020) 39 1 BT §R B Y AAHBAT, DI, AR AR IeRT—FRIedm
TEANT Bl WATRd &Rl 8| o ® I8 W fbar 1 ® 6 s (gan), s @Er—mnRa sraRed sm) iR u=ee
(faepyel Sia—aireaReT) Ad f[a®r @1 Hie Wfedl &, SFer Agad 8 Rie FardR &I o odl © | 999 &9 H
IGEId HSRDH, HHANT, HOUI R AT BT Fared oI A gU AT 3R AT DI HaT BT &H BT el AR T AT 6 |
W B SN[ | Wi G, ATeAreia AR RTamrar & Aem 9 difgsd e, a-red eqdl 3R ATATAD &Far &I T,
gith Bl Goreiiel, FdaTeiial 3R Tadacded a1 & | og HiY, Sa—fafdedr, Fad fdem, oll, @Ry, f$iieeiaror iR
IRIMRUFT S &3 # [AeFgHEfaIgaaraR & AHE-me iR Aol IR TR SIerdl © | Jidd: I8 FpY IR bRl
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1. INTRODUCTION
Artificial intelligence (Al) is a field of science concerned with building computers and machines that can
reason, learn, and act in such a way that would normally require human intelligence or that involves data whose scale
exceeds what humans can analyse. [!!

Figure 1. Progressing subcomponents of Al systems.

Image Credit: The advancement of Artificial Intelligence (AI) in Occupational Health and Safety (OHS) across
high-risk industries, Priyank Trivedi, Fahad M. Alqahtan, September 2024,Journal of Infrastructure Policy and
Development,8(10):6889 [
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2. DESCRIPTION

Al is a broad field that encompasses many
different disciplines, including computer science, data
analytics and statistics, hardware and software engineering,
linguistics, neuroscience, and even philosophy and
psychology. On an operational level for business use, Al is
a set of technologies that are based primarily on machine
learning and deep learning, used for data analytics,
predictions and forecasting, object categorization, natural
language processing, recommendations, intelligent data
retrieval, and more. Al systems learn and improve through
exposure to vast amounts of data, identifying patterns and
relationshipsthathumans maymiss. These patterns canshow
how they can lead to a mishap. Such patterns raise a red
flag for the workers and workers can immediately take
remedial measures in real time thus avoiding an accident.

Deep learning, a further specialization, utilizes
artificial neural networks with multiple layers to process
information, mimicking the structure and function of the
human brain. Through continuous learning and adaptation,
Al systems become increasingly adept at performing
specific tasks, from recognizing images to translating
languages and beyond.

3. USE OF AI FOR WORKER’S SAFETY

Dangerous tasks at workplaces can be automated.
Certain jobs are inherently dangerous, whether it’s working
at height, handling hazardous materials, or operating heavy
machinery. Al can take over many of these tasks, reducing
the need for humans to perform them. For example, drones
can inspect dangerous sites, and robots can handle toxic
chemicals. This doesn’t just make the workplace safer—
it also allows workers to focus on less hazardous, more
skilled tasks.Risk assessment is critical in every workplace.
Traditionally, it relies on manual checks and human
judgement, which can sometimes miss key factors. Al, on
the other hand, can analyse large amounts of data in real
time, spotting risks we might overlook. It can identify
trends and patterns that suggest potential hazards, enabling
companies to act before incidents occur. This proactive
approach makes workplaces safer and keeps operations
running smoothly.Worker health monitoring is also
important in safety. Employee health has become a top
priority for many organisations, and Al can help here too.
Al-powered wearable, for example, can track workers’ vital
signs, stress levels, and overall health during shifts. If a
worker shows signs of fatigue or stress, the system can
notify management, allowing them to take preventative
action. This real-time monitoring improves worker health
and reduces the risk of accidents caused by fatigue or stress.

3.1 AUTOMATED DECISION MAKING

Al can automate workflows and processes or work
independently and autonomously from a human team. A
smart factory may have dozens of different kinds of Al in
use, such as robots using computer vision to navigate the
factory floor or to inspect products for defects, create
digital twins, or use real-time analytics to measure
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efficiency and output. The decision making capability of
human at times can be affected by weariness. This is not
so in case of the automated machines.”!

3.2 REDUCE HUMAN ERROR

Al can eliminate manual errors in data processing,
analytics, assembly in manufacturing, and other tasks
through automation and algorithms that follow the same
processes every single time. The human factor of tiredness
is overcome.!

3.3 ELIMINATES REPETITIVE TASKS

Al can be used to perform repetitive tasks, freeing
human capital to work on higher impact problems. Al can
be used to automate processes, like verifying documents,
transcribing phone calls, or answering simple customer
questions like “what time do you close?”

3.4 FAST AND ACCURATE

Al can process more information more quickly than
a human, finding patterns and discovering relationships in
data that a human may miss. So even a novice worker
unknown to the perils of his duty in contrast to a seasoned
worker can be alerted by the alarm raised by the Al fed
computer. A precious life can be saved with Al

3.5 TRAINING FOR DANGEROUS JOBS

Training to work at heights (may cause vertigo) and
near furnace (high heat source) can be done with help of
Virtual Reality (VR) or Augmented Reality (AR). The risk
associated with such training can be mitigated.

3.6 DISASTER MANAGEMENT

Al can be used for human rescue training during
disasters like flash floods, accidents, pandemics, endemics,
earthquakes and fires. Thus it is a helpful tool for disaster
management.

3.7 Al IN WEARABLE TECHNOLOGY

The wearable technology using Al can monitor the
blood pressure, oxygen level and pulse rate and send it to
central monitor where a supervisor can send a rescue team
to rescue a worker from a probable casualty in case of
unusual reading of oxygen level where the worker would
collapse due to asphyxia. Safety helmets with cameras and
Global Positioning System (GPS) worn by miners are
extremelyuseful forsafety of workers workingincoal mines.
In case of accidents when they get trapped in debris, they
can be evacuated within a short time which is vital for
their survival.

3.8 AI IN ROBOTICS

The combination has led to AI robotics. This
integration is transforming industries like healthcare,
manufacturing, and autonomous vehicles. Robots are often
used to perform “dull, dirty, or dangerous” tasks in the
place of a human. Use of articulated arm can fetch things
from places where it is not humanly possible because of
danger associated.
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3.9 Al IN VEHICLES

The truck drivers driving trucks for long distances
day and night tend to fall asleep while driving which can
lead to accidents. The camera and Al can monitor the drivers
eye movements and yawning and can ring an alarm to alert
the driver. In some test trials done it can also take the car
near to side of road and parks it.

3.10 AI IN DRONES

Drones using Al can be used during disasters like
fire in jungles to sprinkle water and douse fire which is
wide spread and in remote areas. Drones can be used to
drop food packets and drinking water to people trapped in
areas ravaged by floods.

3.11 AT IN CYBERSECURITY

Al autonomously scans networks for cyber-attacks
and threats. Thus protecting the data of strategic
importance and national security. Al can help automate
aspects of cybersecurity by continuously monitoring and
analysing network traffic. Also financial transactions
carried out by workers remain safe by Al softwares.
Spyware, malware and malicious files are removed 24x7
from suspicious e-mails sent to hack important portals
which contain private information of citizens. Use of
Artificial Narrow Intelligence (ANI) for cybersecurity is a
boon. ANI models are designed to perform a single, specific
task, such as identifying images, engaging in chat, or
filtering emails. Examples include voice assistants, facial
recognition technology, and generative Al models like
Gemini and other large language models (LLMs). Despite
its name, ANI does not possess reasoning or self-
awareness; instead, it combines data with an algorithm to
make predictions within predefined parameters. While
ANI offers many benefits, it also carries risks, as poor
training data can lead to biased or inaccurate outputs,
which can be critical in applications like loan approvals,
hiring decisions, and predictive policing. Cybercriminals
can also potentially exploit ANI to create sophisticated
Al-driven scams.

4. SUMMARY

Artificial Intelligence is playing a major role in
transforming industries and technologies. Beitthe factories,
warehouse, automobiles, operating theatres or skill training,
it is being used for increasing productivity, accuracy,
precision and safety. Al has revolusionised safety at the
workplace. It has diminished the fine line of experienced
worker and novice worker. The years of experience of a
seasoned worker has been translated into the data secured
by data mining. The data fed into computer can do
predictive modelling which can raise an alarm of a danger
to a novice who is not well versed with his working
conditions and environment. Thus avoiding an accident to
happen.
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5. CONCLUSION

The integration of Artificial Intelligence (Al) in
Occupational Health and Safety (OHS) across high-risk
industries like construction, mining, and oil and gas has
notably enhanced risk management strategies traditionally
dependent on human judgment and site accessibility.
Key Al technologies applied include computer vision for
real-time monitoring of worksites, sensor networks for data
collection, machine learning for predictive analysis, and
knowledge-based systems for decision-making. These
technologies streamline the identification and management
of hazards from the planning stage through active
operations, facilitating a more proactive approach to
safety. In the construction sector, Al is integrated with
building information modeling to preemptively identify
risks during design and planning phases. Similarly, in
mining and oil and gas, extensive sensor networks and
computer vision systems offer robust frameworks for
hazard detection, risk assessment, and sometimes,
prediction of potential safety incidents. Al’s role in
personalizing training protocols also underscores its
importance in enhancing worker preparedness and
response strategies.”) With a blend of technology, human
intuition or oversight and artificial intelligence, workplace
are becoming safer by the day.

6. FUTURE

Evolution of Artificial Intelligence to Artificial
General Intelligence (AGI) and Artificial SuperIntelligence
(ASI), in which the machine would be able to function in
all ways superior to a human would make the workers and
their workspace a safe haven.
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ABSTRACT

Landslides are among the most damaging geo-
hazards worldwide, causing significant loss of life,
infrastructure damage, and environmental degradation,
particularly in mountainous and rapidly urbanizing
regions. Structural (engineering) methods play a criti-
calroleinreducing landslide risk by directly enhancing
slope stability and controlling triggering factors such
as excess pore water pressure and inadequate shear
resistance. This review paper synthesizes the funda-
mental principles, design approaches, applicability
conditions, advantages, and limitations of major struc-
tural mitigation techniques used in landslide-prone
areas. The study systematically examines geometric
slope modification, drainage control systems, retaining
structures, reinforcement techniques (including soil
nailing, rock bolts, and ground anchors), rockfall
protection measures, grouting and soil improve-
ment methods, and bioengineering-based structural
stabilization. A comparative evaluation is presented
to highlight the effectiveness of each method under
varying geological, hydrological, and topographic con-
ditions. The review emphasizes that drainage control
is often the most cost-effective and essential first step
in rainfall-induced landslides, while reinforcement
and retaining systems are particularly suitable for
space-constrained and infrastructure-critical settings.

Deep-seated failures frequently require
anchoring or ground improvementtechniques, whereas
bioengineering approaches are effective for shallow
instability and erosion control. The paper further
discusses the importance of integrated design, site-
specific investigation, and stability analysis in
selecting appropriate mitigation strategies. It
underscores that no single structural method is
universally applicable and that combined approaches
tailored to local conditions generally provide the
most reliable and sustainable solutions. By
consolidating current knowledge and practical
considerations, this review aims to support
engineers, researchers, and planners in developing
resilient, cost-effective, and environmentally
responsible landslide stabilization strategies.

Keywords: landslide mitigation, slope
stability, engineering measures, slope modification

1. INTRODUCTION

Landslides are among the most widespread
and destructive geohazards, posing significant risks to
human life, infrastructure, and the environment
worldwide 1. Triggered by natural factors such as
intense rainfall, earthquakes, volcanic activity, and
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weathering, as well as by anthropogenic influences
including deforestation, slope cutting, mining, and
unplanned urbanization, landslides frequently result
in substantial socio-economic losses . Mountainous
and hilly regions in particular—such as the Nepal
Himalayas, the India Western Ghats, and the Japan
archipelago—experience recurrent slope failures that
disrupt transportation networks, damage settlements,
and hinder sustainable development [,

In recent decades, the increasing frequency
and intensity of extreme weather events, often
associated with climate variability and change, have
exacerbated slope instability in many parts of the
world [¢1. Rapid population growth and infrastructure
expansion into marginal and hazard-prone lands
further amplify landslide vulnerability ).
Consequently, effective landslide mitigation has
become a critical component of disaster risk
reduction and resilient infrastructure planning "1,

Landslide mitigation encompasses a broad
spectrum of strategies aimed at reducing the
likelihood of slope failure and minimizing its
impacts [*l. These strategies can be broadly categorized
into structural and non-structural measures. Structural
approaches include engineering interventions such as
retaining walls, rock bolts, soil nailing, ground
anchors, drainage systems, and bioengineering
techniques designed to enhance slope stability®. Non-
structural measures involve land-use planning, hazard
zonation, early warning systems, monitoring
technologies, and community-based risk
management. Advances in geotechnical engineering,
remote sensing, geographic information systems
(GIS), and numerical modeling have significantly
improved the design and implementation of both
categories of mitigation measures [%-!],

Despitesubstantial progress, challengesremain
in selecting appropriate mitigation techniques for
diverse geological, hydrological, and socio-economic
contexts. Site-specific conditions, cost constraints,
environmental  considerations, and long-term
maintenance requirements must be carefully
evaluated to ensure sustainable solutions. Furthermore,
integrated approaches that combine engineering
measures with ecosystem-based and policy-driven
strategies are increasingly recognized as essential for
long-term risk reduction.

This review paper aims to synthesize existing
knowledge on structural (engineering) methods of
landslide mitigation, critically examine their
principles, advantages, and limitations, and highlight
emerging trends and research gaps. By providing a
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comprehensive overview of current practices and
innovations, the paper seeks to support researchers,
engineers, planners, and policymakers in developing
effective, context-sensitive strategies for landslide
risk management.

2. STRUCTURAL (ENGINEERING)
METHODS OF LANDSLIDE MITIGATION

Over the years, researchers and engineers
have developed various approaches to reduce land-
slide susceptibility and associated hazards. These
approaches range from direct engineering
interventions to policy-based and ecosystem-oriented
strategies. A systematic classification of these
structural mitigation methods is given as follows:

. Geometric Modification of Slopes

. Drainage Control

. Retaining Structures

. Reinforcement Techniques

. Rockfall Protection Measures

. Grouting and Soil Improvement

. Bioengineering and Vegetative Measures

3. DETAILS OF STRUCTURAL
(ENGINEERING) METHODS

Structural or engineering methods of land-
slide mitigation involve direct physical intervention
to stabilize slopes, reduce driving forces, increase
resisting forces, or protect infrastructure from damage.
These measures are designed based on detailed
geotechnical investigations, slope stability analysis,
hydrological assessment, and an understanding of
failure mechanisms "%,  Unlike non-structural
approaches, structural methods actively modify slope
geometry, soil properties, drainage conditions, or
support systems to enhance overall stability. Their
selection depends on landslide type (rotational,
translational, debris flow, or rockfall), soil and rock
characteristics, groundwater conditions, slope angle,
and economic feasibility. Figure 1 illustrates the
classification of structural (engineering) methods
of landslide mitigation.

. One of the most fundamental structural
approaches is geometric modification of slopes.
Since slope angle directly influences shear stress and
Factor of Safety, reducing the inclination of a slope
significantly decreases the driving forces responsible
for failure. This method includes slope flattening,
trimming over-steepened cuts, and benching or
terracing. Benching divides a long slope into a series
of smaller steps, which reduces runoff velocity,
minimizes erosion, and interrupts potential failure
planes. In some cases, removal of unstable or highly

weathered material from the crest of the slope
reduces surcharge load and enhances stability.
Geometric modification is often cost-effective for
soil slopes but may be limited in rocky or space-
constrained areas such as highways and urban
environments 3],

. Drainage control is widely regarded as the most
effective and economical structural mitigation
technique because water plays a critical role in slope
instability. Increased pore water pressure reduces
effective stress and shear strength, thereby lowering
the Factor of Safety. Structural drainage systems aim
to prevent water infiltration and remove excess
groundwater ¥, Surface drainage measures include
catch drains, interceptor drains, diversion channels,
and lined ditches that redirect runoff away from
vulnerable slopes. Subsurface drainage systems such
as horizontal drains, perforated pipes, French drains,
and drainage galleries are installed to lower the
groundwater table and relieve pore pressure. Toe drains
are commonly constructed at the base of slopes to
prevent water accumulation. Proper maintenance
of drainage systems is essential, as clogging or
blockages can quickly negate their effectiveness [,

. Another major category of structural methods
involves retaining structures, which provide lateral
support to unstable soil or rock masses. Gravity
retaining walls rely on their own weight to resist
earth pressure, while reinforced concrete cantilever
walls use structural elements to counteract lateral
forces more efficiently. Gabion walls, constructed
from wire mesh baskets filled with stones, are flexible
and permeable, making them suitable for areas with
moderate drainage requirements. Crib walls consist
of interlocking structural members filled with
granular material, offering both support and drainage.
Mechanically

Structural Methods of Landslide Mitigation

Drainage Control

Slope Regrading
& Benching

Retaining Structures

Bioengineering & Vegetation

Figure 1: Structural Methods

. Reinforcement techniques are used to increase
the shear strength of soil and rock masses by
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introducing tensile elements. Soil nailing is a widely
adopted method in which steel bars (nails) are
inserted into pre-drilled holes and grouted in place to
reinforce soil slopes. A facing system, typically
shotcrete, is applied to protect the slope surface. Soil
nailing improves overall slope stability by creating a
reinforced soil mass that behaves as a coherent
structure ¥, Rock bolts and anchors are used in rock
slopes to stabilize fractured or jointed rock masses
by binding unstable blocks to more competent strata.
Ground anchors, often prestressed, provide additional
resistance against sliding forces. Geosynthetics such
as geotextiles and geogrids are also used to reinforce
soil layers, distribute loads, and improve tensile
strength. These reinforcement techniques are
particularly effective in steep slopes where large-scale
excavation is impractical.

. In areas prone to falling rocks rather than mass
soil movement, rockfall protection measures are
essential. These include rockfall barriers, wire mesh
drapery systems, and protective fences installed
along highways and railways. Scaling operations,
which involve the manual or mechanical removal of
loose rock fragments, help prevent sudden detach-
ment. In high-risk zones, rock sheds or protective
galleries are constructed over roads to shield
vehicles from falling debris. Such measures do not
necessarily stabilize the entire slope but are designed
to minimize risk to life and infrastructure.

. Grouting and soil improvement techniques
are employed when weak or highly permeable soils
contribute to instability. Cement grouting fills voids
and fractures in rock or soil, increasing strength and
reducing permeability. Chemical grouting is used in
finer soils where cement particles cannot penetrate.
Jet grouting involves high-pressure injection of grout
to create soil-cement columns that improve bearing
capacity and reduce settlement. Compaction
grouting densifies loose soils by injecting stiff grout
to displace and compact surrounding material.
Additionally, stabilization using lime or cement
alters the physicochemical properties of clayey soils,
reducing plasticity and enhancing shear strength.
These methods are often applied in foundation
stabilization and deep-seated landslides.

. Bioengineering measures, though sometimes
classified asnature-based solutions, are also considered
structural when integrated with engineering design.
Vegetative stabilization involves planting deep-rooted
species that reinforce the soil matrix through root
networks thereby increasing shear strength and
reducing erosion. Techniques such as live staking,
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brush layering, and the use of erosion control blankets
protect the slope surface from erosion while
enhancing infiltration control. Although vegetation
alone may not stabilize large or deep-seated
landslides, it is highly effective in controlling
shallow failures and surface erosion when combined
with drainage and mechanical reinforcement ['5-16],

. In practice, structural methods are rarely
applied in isolation. Engineers often adopt a
combination of measures tailored to site-specific
conditions. For example, drainage systems may be
installed alongside soil nailing, or retaining walls
may be supported by ground anchors and reinforced
backfill. The design process typically involves
stability analysis using limit equilibrium or numerical
modeling methods to ensure an adequate Factor of
Safety under both static and dynamic conditions.

. While structural methods provide immediate
and measurable improvements in slope stability, they
also have limitations. High construction costs,
environmental  disturbance, and  long-term
maintenance requirements must be considered.
Moreover, improper design or inadequate drainage
can lead to structural failure. Therefore, structural
mitigation should be supported by detailed site
investigation, monitoring, and integration with non-
structural strategies such as land-use planning and
early warning systems. Overall, structural
(engineering) methods form the backbone of
landslide  mitigation  efforts, particularly in
infrastructure corridors and densely populated areas.
When carefully designed and combined with
sustainable management practices, they significantly
reduce landslide risk and contribute to resilient slope
development.

4. SUITABILITY OF STRUCTURAL
ENGINEERING METHODS

4.1. Geometric modification of slopes is most
suitable where sufficient land is available to reduce
the slope angle safely. This method is particularly
effective for soil slopes or highly weathered rock
slopes where instability is primarily caused by
over-steepening. It is commonly applied in rural
or less developed hilly terrains, embankments, and
open excavation sites. When the failure surface is
shallow and the Factor of Safety can be improved
by decreasing the driving forces, slope flattening
or benching becomes an economical and practical
solution. However, in densely populated or
infrastructure-constrained areas, this method may
not be feasible due to space limitations ['7].
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4.2. Drainage control measures are best suited
for slopes where water plays a dominant role in
triggering instability. In regions experiencing intense
or prolonged rainfall, pore water pressure often
increases within the soil mass, reducing effective
stress and shear strength. In such conditions, surface
and subsurface drainage systems are highly effective.
These measures are particularly appropriate for clay-
rich soils, areas with visible seepage, and slopes
showing seasonal movement. Drainage is often the
first mitigation strategy implemented because it
directly addresses one of the primary causes of
landslides—excess groundwater pressure—and can

significantly improve stability without major
structural intervention ['*],
4.3. Retaining structures are most appropriate

when lateral support is required at the toe of a slope,
especially where infrastructure such as roads,
buildings, or railways must be protected. They are
commonly used in urban areas or highway cut slope
sections where space is limited and slope flattening
is not possible. Retaining walls perform well when
the foundation soil is strong enough to bear structural
loads and when the height of the slope is moderate.
These structures are particularly suitable for
stabilizing localized failures or preventing further
movement of a marginally stable slope ['°!. However,
they must be carefully designed to ensure proper
drainage behind the wall to prevent hydrostatic
pressure buildup.

4.4. Reinforcement techniques, such as soil
nailing, rock bolts, and ground anchors, are best
suited for steep slopes where excavation or
regrading is impractical. These methods are ideal
when failure planes extend to moderate or greater
depths and additional shear resistance is required.
Reinforcement is especially effective in fractured
rock masses or compacted soil slopes where tensile
elements can enhance overall stability. They are-
widely used along transportation corridors in
mountainous terrain, where maintaining slope
geometry is essential . These techniques are also
suitable when minimal surface disturbance is desired,
as they allow in-situ strengthening of the existing
slope material.

4.5. Rockfall protection measures are specifically
suitable in areas where the hazard consists of falling
rock fragments rather than large-scale soil mass
movement. These conditions are common in steep,
near-vertical rock slopes with jointed or weath-
ered rock formations. Rockfall barriers, wire mesh
systems, and protective galleries are particularly
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appropriate along highways and railways passing
beneath rocky cliffs !, These measures are intended
to protect infrastructure and human life rather than
stabilize deep-seated slope failures. Therefore, they
are most effective in localized rockfall-prone zones.

4.6. Grouting and soil improvement methods are
appropriate when instability is linked to weak, loose,
or highly permeable subsurface materials. These
methods are particularly suitable for deep-seated
landslides where failure surfaces extend below the
reach of surface reinforcement techniques. Grouting is
effective in filling voids, strengthening fractured rock,
and reducing water permeability. Soil stabilization
with lime or cement is suitable for clay-rich soils
with low shear strength and high plasticity *?.. Due to
higher costs, these techniques are typically reserved
for critical infrastructure projects or locations
where other stabilization measures are insufficient.

4.7. Bioengineering methods are most suitable for
shallow slope instability, surface erosion, and

environmentally sensitive areas. These methods work
best on moderately steep slopes where vegetation
can establish and root systems can reinforce the soil
matrix.

They are particularly effective in regions
experiencing surface runoff erosion or minor
shallow slides. Bioengineering is also appropriate
when sustainable and eco-friendly solutions are
preferred. However, it is not adequate for deep-seated
or highly active landslides unless combined with
mechanical stabilization measures **. In practical
applications, the suitability of each structural method
depends on site-specific geological conditions,
groundwater behavior, slope geometry, and socio-
economic considerations. Often, combining drainage
with reinforcement or retaining structures provides a
more reliable and long-term stabilization solution.

5. CONCLUSIONS
Structural (engineering) methods play a
central role in landslide mitigation by directly
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modifying slope geometry, improving material
strength, controlling groundwater conditions, and
providing mechanical support to unstable masses.
These techniques are designed to either reduce the
driving forces responsible for slope failure or
increase the resisting forces that maintain stability.
Their effectiveness largely depends on a clear
understanding of  site-specific geological,
geotechnical, and hydrological conditions, as well as
the type and depth of the potential failure mechanism.
Among the various methods, drainage control
is often the most fundamental and cost-effective
solution, particularly in rainfall-induced landslides
where elevated pore water pressure is the primary
triggering factor. Geometric modification is suitable
where land availability allows slope flattening, while
retaining structures and reinforcement techniques
are preferred in space-constrained or infrastructure-
critical areas. Rockfall protection measures are
essential in steep rocky terrains, and grouting
or soil improvement techniques are reserved for
deep-seated failures or weak foundation conditions.
Bioengineering methods provide sustainable stabi-
lization for shallow slopes and erosion-prone areas.
No single structural method is universally applicable
to all landslide scenarios. Each technique has specific
advantages, limitations, and suitability conditions.
Therefore, successful landslide mitigation typically
requires a combination of structural measures tai-
lored to the local environment. Careful design, proper
construction practices, and long-term maintenance are
equally important to ensure durability and sustained
performance. In conclusion, structural engineering
methods form the backbone of practical landslide
stabilization efforts. When selected and implement-
ed appropriately and integrated with non-structural
strategies such as monitoring and land-use plan-
ning, they significantly reduce landslide risk and
enhance the safety and resilience of infrastructure
and communities in vulnerable regions.
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1. INTRODUCTION

Climate change significantly impacts occupational health by introducing new risks and exacerbating
existing ones. Workers in various sectors face heightened exposure to extreme temperatures, air pollution,
vector-borne diseases, and natural disasters due to climate change. Addressing these challenges requires
implementing adaptive measures such as heat stress management programs, improving workplace
ventilation and air filtration systems, providing training on disease prevention, and developing emergency
preparedness plans. Additionally, policies that mitigate greenhouse gas emissions and promote climate
resilience can contribute to safeguarding occupational health in the face of climate change.

Climate change means gradual change in the climate of any place over many years. Due to climate
change, areas with low rainfall in India such as Jodhpur and Bikaner cities are experiencing excessive
rainfall. On the other hand, the areas where there used to be excessive rainfall are experiencing drought due
to lack of rainfall (Figure 1). Apart from this, at many places it is hotter than average and at some places it
is colder than average. Similarly, in many places like Himachal Pradesh and Kashmir, snowfall starts before
time. The reason for all this is the increase in temperature caused due to global warming.
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Figure 1: Children carrying water in an area facing water shortage due to climate change drought.

2. EFFECTS OF CLIMATE CHANGE

Climate change is increasing the earth's temperature. Due to this, polar glaciers are melting in the
Arctic and Antarctic (Figure 2a). Sea level is rising due to melting of glaciers. Due to this, there is a
possibility of many islands sinking. There is a possibility of flood in coastal areas. Flood causes disaster and
loss of life and property. People's lives are affected and the government incurs huge expenses in rehabilitating
them. Massive exodus of workers takes place each time there is a disaster. This affects the occupational
health of workers and the country's economy. Similarly, due to increasing temperature, the glaciers of
Gaumukh are also melting (Figure 2b). Burning wood stoves for cooking, smoke coming out of factories,
means of transport produce a lot of greenhouse gas carbon dioxide which is the reason for increase in the

anga from the melting Gaumukh Glacier.

b=

Figure 2b: Origin of River G

In June 2013, Kedar nath Dham was flooded due to excessive rainfall. Many people died and many
people got trapped, the government worked for many days to save the people. Reconstruction work took
place there after the destruction for two years. Those who lived hand to mouth had to shift to other places to
earn their daily wages.

Climate change caused floods in Kerala in July-August 2018. About 500 people lost their lives in the
flood, many cattle were killed, roads were damaged, electricity was lost, the entire system of the state broke
down. The government and some voluntary organizations did the work of providing food and medicines to
the people. The Air Force and the Army helped in the rescue work (Figure 3). Many people became homeless.
Migrant workers had a tough time coping with scarcity of food and other daily needs. Camps had to be built
for people to live.. Similar landslide occurred in Waynad in July 30 2024. The government is carrying out
repair work and is also doing rehabilitation work for the people affected.

> e

Figure 3: Rescue work during the 2018 Kerala floods
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Excessive rainfall due to climate change caused flooding at the Kempty Falls in Mussoorie in the
Indian state of Uttarakhand in September 2018. The government did the work of rescuing the tourists
stranded there. The tourism got badly affected there. The livelihood of those who worked as guides was
affected and they had to move elsewhere for living their earning. Due to heavy rainfall, landslides often
occur in Uttarakhand and hilly areas of India. (Figure 4).

&

Figure 4: Landslides caused by excessive rainfall caused damage and disrupted traffic.

3. DESCRIPTION

India is an agricultural country. Agriculture in India depends on monsoon. After sowing the seeds on
the land, the farmer waits for the rainy season. As soon as it rains, the seeds germinate and become plants
and the crop is ready in a few weeks. Thus monsoon is responsible for crop production. If rainfall is less then
crop yield decreases and crop prices increase. When crop prices increase, the value of production increases
and there are problems in aspects of the economy like unemployment leading to poor health, decrease in
production, decrease in exports. In this way, climate has a direct impact on the employment and economy.
Due to water shortage, people face difficulty in getting water. This may trigger a shift in local mapping and
reduce production capacity by outnumbering local artisans and agricultural sector people. If production is
less then trade will be less and the economy there will be affected. Water shortage affects agriculture, health
and income.

It 1s described in the fourteenth century ancient Greece's book "Mukadimah" and another book,
“Spirit of Law”, that humans become lazy and apathetic in extreme heat. Climate affects economic outcomes,
economic development, health and conflict. Therefore, economic policies and institutions should be designed
keeping these effects in mind. Industries like agriculture, fishing, tourism and local economy based on
natural resources and favourable climatic conditions are affected by climate change. (Figure 5).

Gross Domestic Product(GDP) is an economic measure by which the market price of products and
services is declared at a fixed time, usually annually and quarterly. GDP estimation determines the economic
performance of any country or region. With this, economies are compared between different countries at the
intergovernmental level. According to an estimate, 1.2% of GDP is lost due to increase in global temperature
by one degree Celsius. Thus a setback in economy due to climate change will force the employer to extract
more work for the same wages and time. According to the World Bank, climate change could cause a loss of
2.8% in India's GDP by 2050.

Figure 5: Lush green grass getting replaced by parched earth

4. FACTORS AFFECTING OCCUPATIONAL HEALTH
1. Heat Stress: Rising temperatures increase the risk of heat-related illnesses among outdoor workers,
such as construction workers, agricultural workers, and firefighters.

2. Air Quality: Poor air quality from increased pollution and wildfires can affect respiratory health and
exacerbate conditions like asthma and Chronic Obstructive Pulmonary Disease (COPD) among workers in
urban areas and industries like transportation and manufacturing.

Vol.6, Issue-2 / July - December -2025/ Page - 38 SWADESHI VIGYAN PATRIKA




3. Vector-Borne Diseases: Changes in temperature and precipitation patterns can alter the distribution
and prevalence of vector-borne diseases (e.g., Lyme disease, Zika virus), impacting workers in outdoor
occupations such as forestry and landscaping.

4. Natural Disasters: More frequent and intense natural disasters (e.g., hurricanes, floods) due to climate
change pose immediate risks to workers involved in disaster response and recovery efforts.

5. Psychosocial Impacts: Climate-related events can also impact workers' mental health due to job
insecurity, displacement, and increased stress related to climate change impacts.

5. REMEDY
Following can help in mitigating pollution and protecting our ecosystem and thus stop climate
change.

1. Banning illegal mining: Illegal mining severely impacts the environment, causing deforestation,
water pollution, and soil degradation. These measures follow judicial concerns regarding the massive
ecological damage caused by mining in sensitive regions.

2. Protecting beaches: Protecting beaches involves reducing plastic pollution, participating in cleanups,
and respecting coastal ecosystems. Key actions include using reusable containers, utilizing reef-safe sun
screen, staying off sand dunes, and disposing of waste properly to keep shorelines clean and preserve marine
habitats. Also reduce Single-Use Plastics

3. Stopping the use of Chlorofluorocarbons CFC gas (used in air conditioners and refrigerators):
The CFC gases are responsible for depletion of ozone layer in atmosphere. Ozone hole allows UV radiations
form sun rays to pass through which can cause skin cancer.

4. Use of environment friendly methods to dispose off waste: Environmentally friendly waste disposal
reduces methane emissions and conserves resources to fight climate change through the "3Rs" (Reduce,
Reuse, Recycle), composting organic waste, and adopting circular economy practices. Key methods include
separating waste at the source, composting, upcycling, and proper e-waste disposal to prevent landfill
contamination.

5. Encouraging the use of public transportation like Bus Rapid TransportSystem, (BRTS) and metro.:
This will reduce the number of vehicles on the road and curb pollution.

With the above, the carbon footprint of a person will be reduced. Carbon footprint is a measurement
of the carbon produced by an individual. Reducing carbon footprint will reduce global warming which will
not affect the occupational health of workers adversely.

6. SUMMARY

Climate change causes effects like drought, floods, rising in sea level, increasing earth's temperature.
Due to this, workers have to relocate. They have to leave behind their employment and remain unemployed
till they get another employment. Skilled workers and those in organised sectors have an advantage of being
hired in comparison to those who are unskilled and in unorganised sector. This is stressful for the workers as
they move to unknown place and have uncertainties regarding their employment. This effects their emotional
wellbeing. Also they have to travel on foot long distances as they lack money. This can lead to ulcers in foot.
Watching the plight of workers from different states returning in the absence of any transportation on foot
for days during the COVID lockdown in the country was extremely disturbing.

7. CONCLUSION

Climate change plays a major role in the occupational health of the employees. Favourable climate
not only increases the productivity in the company but is also vital for the well-being of the workers. So
occupational health is affected by climate change and both are interrelated.

fkddfhhdk

SWADESHI VIGYAN PATRIKA Vol.6, Issue-2 / July - December -2025/ Page - 39




Performance-Based Seismic Design:
A Comprehensive Review of Principles,

Methodologies and Practice
Journal of Earthquake Engineering and Structural Dynamics

Ashish Simalti', Nikta Jain', Ankit Varshney' & Gaurav Jaiswal'
Department of Civil Engineering, College of Engineering,
Teerthanker Mahaveer University, Moradabad, U.P. , India
ABSTRACT

The 1994 Northridge earthquake exposed a critical flaw in traditional force-based seismic design:
buildings meeting all prescriptive code requirements exhibited widely varying and often unexpected levels
of damage. This experience catalysed the development of Performance-Based Seismic Design (PBSD),
which replaces implicit safety margins with a transparent question: how should this building actually perform
when an earthquake strikes? This paper examines the PBSD framework, tracing its origins through the
Vision 2000 initiative (SEAOC, 1995) and reviewing its core components—performance objectives, hazard
levels, analysis methodologies, structural modelling, and loss assessment through FEMA P-58 (2018). Case
studies and recent advances (2021-2025) in machine learning, self-cantering systems, risk-targeted design,
and functional recovery are discussed. PBSD represents not simply a technical refinement but a fundamentally
more honest conversation between engineers, building owners, and the communities they serve.

Keywords: Performance-Based Seismic Design; nonlinear analysis, pushover analysis; fragility functions;
FEMA P-58; seismic hazard; structural performance objectives

1. INTRODUCTION AND HISTORICAL CONTEXT
For decades, seismic design centered on dividing elastic forces by a response modification factor (R)
to account for inelastic energy absorption:

design elastic

This approach embedded safety assumptions invisibly within code provisions, preventing engineers
from communicating expected damage levels to owners. The 1994 Northridge earthquake shattered any
complacency: code-compliant buildings performed erratically, revealing that compliance alone did not
guarantee predictable outcomes (SEAOC Vision 2000 Committee, 1995; Cornell & Krawinkler, 2000).

The Vision 2000 report (SEAOC, 1995) proposed evaluating buildings against multiple performance
objectives across a range of earthquake intensities—a philosophical shift from 'does this building meet the
code?' to 'what will this building actually do in an earthquake?' (Moehle, 2008). Rather than burying inelastic
behaviour in a single factor, PBSD demands that it be modelled explicitly, with structural demands assessed
against capacities through intensity measures such as spectral acceleration Sa or spectral displacement Sd
(Fajfar, 2000).

Four principles distinguish PBSD from its predecessors: (1) Explicitness—performance targets stated in
quantifiable language rather than implied by code compliance; (2) Flexibility—accommodation of unusual
structural systems, innovative materials, and retrofit scenarios that prescriptive codes handle poorly; (3) Risk
integration—decision-making power returned to building owners by presenting clearly the relationship between
design choices and seismic risk; and (4) Uncertainty quantification—honest acknowledgment of variability
in both earthquakes and structural responses. Together, these principles allow stakeholders to engage with
expected building performance across the full spectrum of earthquake scenarios (Cornell & Krawinkler,
2000; Fajfar, 2000).
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2. PERFORMANCE OBJECTIVES AND SEISMIC HAZARD LEVELS

A performance objective pairs a hazard level with a damage state, creating a commitment: given an
earthquake of specified intensity, the building will sustain no more than a defined level of damage. Four
standard performance levels are recognized (Table 1):

Performance Level Damage Description Structural Condition Typical
Capacity Use
Immediate Minor damage; fully usable [Lateral stiffness and strength fully <5%
Occupancy (10) without repair retained; negligible plastic
deformation
Life Safety (LS) Moderate-to-substantial Some inelastic deformation; 30-60%
damage; no collapse evacuation may be warranted but
structure stable
Collapse Prevention | Severe damage; approaches | Extensive inelastic deformation; >90%
(CP) but avoids collapse large permanent drifts; gravity load
capacity retained
Operational (O) Minimal damage; fully Essentially elastic; no meaningful Negligible
functional within hours permanent deformation

Table 1. Standard PBSD performance levels and associated structural characteristics
(ASCE/SEIL 2017; SEAOC, 1995).

Seismic hazard is characterized probabilistically across three standard levels: the Service Level
Earthquake (SLE) at 10% probability of exceedance in 50 years (475-year return); the Maximum Considered
Earthquake (MCE) at 2% in 50 years (2,500-year return); and a Low-Probability Earthquake (LPE) at 50% in
70 years (~100-year return). The relationship between return period Tr and exceedance probability Pe over
time window t is:

Pe=1—-(1—t/Tr)

Combining performance levels with hazard levels yields the performance objective matrix—the
central communication tool of PBSD. A well-structured matrix typically specifies Operational performance
for the 100-year event, Immediate Occupancy for the 475-year event, and Life Safety or Collapse Prevention
verification for the MCE—creating a coherent, defensible statement of design intent that does not exist in
prescriptive code design (SEAOC, 1995; ASCE/SEI, 2017).

3. ANALYSIS METHODOLOGIES

PBSD offers a hierarchy of procedures, each balancing computational effort against accuracy.
Engineers select the level of rigor appropriate to the structure's complexity and the project's stakes (Chopra &
Goel, 2002; Fajfar, 2000).

3.1 LINEAR PROCEDURES
The Equivalent Lateral Force (ELF) method converts seismic hazard into static forces applied across
the building height:
V=(CsxW)/(R/Ie)

where Cs is the seismic response coefficient, W is effective seismic weight, R is the response
modification factor, and Ie is the importance factor. Response spectrum analysis extends linear procedures
using modal superposition, capturing dynamic amplification across multiple vibration modes. Both methods
assume elastic behaviour and cannot represent progressive yielding—essential limitations for full PBSD
evaluation (ASCE/SEI, 2017).

3.2 NONLINEAR STATIC ANALYSIS — PUSHOVER

Pushover analysis drives the structure into the inelastic range under monotonically increasing lateral
loads, generating a capacity curve—a plot of base shear versus roof displacement—that reveals how stiffness
and strength evolve as damage accumulates. The capacity curve is idealized with a bilinear approximation
(Fajfar, 2000):
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V=kixu (usuy); V=Vy+kpx(u—uy)
(u>uy)

where ki is elastic stiffness, kp is post-yield
stiffness (typically 3—5% of'elastic stiffness), uy is yield
displacement,and Vy isyield base shear. The analyst su-
perimposes this capacity curve on a demand spectrum
to find the 'performance point' where structural ca-
pacity meets seismic demand. Pushover analysis is
invaluable for identifying the sequence of yielding
across the structure, locating weak links, estimating
drift capacity at each damage state, and understanding
how energy dissipation evolves with increasing
inelastic demand.

Three major variants address different
modelling needs. The Capacity Spectrum Method
(CSM, Freeman 1998/ATC-40) works in spectral
acceleration—spectral displacement space, accounting
for inelastic dissipation through equivalent viscous
damping:

Beff = B0 + (1/2m) x (A_hysteresis / A_elastic)

The CSM's visual clarity made it enormously
popular, but research documented systematic biases
in certain applications, addressed in FEMA-440
(ATC, 2005). The N2 Method (Fajfar, 2000) takes a
more direct route: rather than adjusting elastic demand
spectra with equivalent damping, it derives inelastic
demand spectra using ductility-dependent reduction
factors, intersecting them with an inelastic capacity
curve. The N2 method avoids iterative damping
adjustments, shows better agreement with NLTHA
results for first-mode-dominated structures, and has
been adopted in Eurocode 8. For taller and more
complex structures where higher modes contribute
significantly, Modal Pushover Analysis (MPA, Chopra
& Goel, 2002) conducts independent pushover
analyses for each significant mode, combining results
through SRSS:

r=(Z rp)

MPA retains the efficiency of pushover analysis
while substantially improving accuracy for mid-to-tall
buildings, making it an important intermediate option
between conventional pushover and full NLTHA.

3.3 NONLINEAR DYNAMIC ANALYSIS

Nonlineartime-historyanalysis(NLTHA)isthe
most rigorous tool in the PBSD toolkit, solving the
full equation of motion at every time step:

Mii(t) + Cu(t) + Fs(u(t)) = —M x 1 x iiground(t)
Thenonlinearrestoring force Fs(u(t)) explicitly

models material degradation, hysteretic behavior, P-
delta effects, and strength loss as a function of
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accumulated damage—providing the most physically
realisticrepresentation of structural behavioravailable.
Selected ground motion records should reflect the
magnitude, distance, and site condition characteristics
that dominate the seismic hazard at the project site, typ-
ically derived from disaggregation of the probabilistic
seismic hazard analysis. Record-to-record variability
in NLTHA results typically ranges 15-30% of the
median response, which is why larger suites of 7 to 30
records are preferred when bounding low-probability
outcomes. Modal Pushover-based Scaling (MPS)
calibrates scale factors to match inelastic SDOF
deformation rather than elastic spectral ordinates,
producing more consistent demands across record
suites (Kalkan & Kunnath, 2006).

4. STRUCTURAL MODELING

The central modeling challenge in PBSD is
representing structural behavior truthfully across the
full range of inelastic deformation—from first
yielding through progressive damage to potential
collapse. PBSD models distinguish two fundamental
categories: force-controlledcomponents—thosewhose
failure is brittle and sudden, such as shear-critical
connections or columns under high axial load—
evaluated against strength limits; and deformation-
controlled components, which yield in a ductile
manner and dissipate energy, evaluated against
rotation or drift limits (ASCE/SEI, 2017; Inel &
Ozmen, 2006).

For confined reinforced concrete, the Mander
confinement model estimates enhanced compressive
strength from lateral confinement by transverse
reinforcement:

f'c = f'co (2.254(1 + 7.94fl/f co) — 2f/fco — 1.254)

where fl is the effective confining pressure.
This enhancement of both strength and ductility in
confined boundary zones explains why well-detailed
RC structures can achieve Collapse Prevention
performance—a result difficult to demonstrate with
out material-level modeling. For structural steel, the
Giuffré-Menegotto-Pinto model captures the smooth
elastic-to-plastic transition and Bauschinger effect in
cyclicloading, behaviors critical to accurate prediction
of energy dissipation and cumulative damage
(Mazzoni et al., 2006).

Plastic hinges are the concentrated zones of
inelastic rotation that develop in beams and columns
during strong shaking. Plastic hinge rotation is
quantified as the integral of inelastic curvature over
the hinge length:

0p = [o"Ip (¢ — @y) dl
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Empirical relationships for plastic hinge
length—from simple fractions of cross-section depth
to the Paulay-Priestley formulations accounting for
reinforcement slip and element length—give
practitioners flexibility in calibration, though each
carries uncertainty that should be explicitly
acknowledged.Acceptancecriteriaateachperformance
level are expressed as fractions of ultimate
rotation capacity Ou (Table 2):

Performance | Deformation Basis
Level Limit

Immediate 10% of Bu Minimal yielding;

Occupancy essentially elastic
behavior

Life Safety 60% of Bu Significant but
controlled inelastic
deformation

Collapse 90% of Bu Approaching

Prevention ultimate capacity;
structure still
standing

Table 2. Plastic hinge acceptance criteria by
performance level (ASCE/SEI 2017).

Strength and stiffness degradation through
repeated inelastic cycles must also be modeled,
omitting this systematically underestimates demands
under long-duration or near-fault ground motions
(Inel & Ozmen, 2006).

5. PERFORMANCE ASSESSMENT: FEMA P-58

A structural analysis that stops at peak drift
ratios and plastic hinge rotations has done only half
the job. Building owners, insurers, and city officials do
not think in terms of interstory drift; they think in terms
ofrepair costs, downtime, and whether their employees
can return to work next week. FEMA P-58 (2018)
bridges this gap, translating structural response
quantities into the consequence metrics that actually
mattertodecision-makers. Theframeworkcharacterizes
damage probability through fragility functions—log
normal distributions conditioned on ground motion
intensity:

P(DS; | IM) = ®[(In(IM) — In(IM_DS;)) / B_DSi]

where IM_DS; is the median intensity for
damage stateiand _DS; captures dispersion. Damage
states range from None through Slight, Moderate,
Extensive, to Complete, each carrying defined repair
costs and durations (FEMA, 2018).

Consequence functions translate physical
damage into repair cost, repair time, and casualty risk.
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Two key output metrics result: (i) Expected Annual
Loss (EAL)—the average annual cost of earthquake
damage, enabling direct comparison of design alter
natives; and (ii) the Loss Hazard Curve:

ML >1)=[P(Loss > 1| IM) * d\(IM)

These metrics transform PBSD into a genuine
riskmanagementtool (Hamburgeretal.,2012).Residual
drift—permanent lateral deformation after shaking—
is increasingly specified alongside peak drift: below
0.5% for Immediate Occupancy, 1.0-1.5% for Life
Safety. Even modest residual drifts of 0.5-1.0% can
render a building functionally unusable despite
structural integrity.

Nonstructural components—comprising 60—
70% of total building cost—are assessed separately.
Damage to nonstructural systems (mechanical and
electrical equipment, facades, partitions, ceilings)
frequently dominates total losses in moderate-
intensity earthquakes; structural systems designed for
Life Safety can remain standing while the building
is economically devastated by equipment failures,
broken ceilings, and ruptured piping. Drift-sensitive
components (suspended piping, HVAC equipment) are
conditioned on peak interstory drift ratio;
acceleration-sensitive components (wall-mounted
equipment, server racks) on peak floor acceleration.
FEMA P-58 maintains an extensive database of
experimentally derived fragility parameters for
hundreds of component types. For hospitals and data
centers, explicit nonstructural performance design
often demands floor isolation systems and seismically
rated  anchorage for  sensitive  equipment
(FEMA, 2018).

6. CASE STUDIES
6.1 34-STORY REINFORCED CONCRETE
BUILDING

A 34-story RC building analyzed with distributed
plasticity fiber-element models and seven site-specific
ground motions confirmed Immediate Occupancy
at the 475-year hazard level and Life Safety at the
MCE, with 95% of stories maintaining residual drifts
below 0.5%. Critically, PBSD revealed plastic hinge
rotations exceeding Life Safety thresholds in
localized regions near vertical transition zones—
vulnerability concentrations invisible to code
compliance checks—Ileading directly to increased
boundary zone confinement and refined shear
reinforcement (Moehle, 2008).

6.2 CAMPUS BUILDING
(UC BERKELEY)

RETROFIT
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Irregular floor plans and the integration of new
and existing buildings with different lateral systems
created conditions unsuitable for prescriptive code
provisions. FRP strengthening of existing shear walls
required PBSD procedures because no prescriptive
guidance existed. Pushover analyses revealed that new
construction would drive seismic forces into the least-
capable portions of the existing building; PBSD
modeling identified optimal FRP placement to prevent
shear failures and demonstrated that the innovative
retrofit achieved required performance at substantially
lower cost than full replacement (Moehle, 2008).

6.3 HIGH-STRENGTH STEEL ECCENTRI-
CALLY BRACED FRAMES

PBSD's flexibility enabled direct verification
—through nonlinear analysis—that ductile link
elements yield as intended while braces and columns
remain essentially elastic for Q345/Q460 steel frames.
Force-based R-factor approaches provide no such

mechanism for non-standard systems (Liu et al.,
2004).

7. RECENT RESEARCH ADVANCES
(2021-2025)
7.1 MACHINE LEARNING INTEGRATION

Perhaps the most transformative recent
development has been the systematic integration
of machine learning into the PBSD workflow. The
fundamental problem is well-matched to ML
approaches: seismic response prediction is expensive
to compute, highly nonlinear, and governed by patterns
learnable from large simulation datasets. Kazemi et al.
(2023) demonstrated that ensemble ML models—
bagging regressors and extra-trees algorithms—
trained on incremental dynamic analysis results from
165 RC moment frames (92,400 data points spanning
two to twelve stories) predicted maximum interstory
drift ratio with accuracy rivaling full NLTHA at
a fraction of computational cost. This scale of
simulation would have been unthinkable a decade
ago.

Explainable artificial intelligence (XAI) using
Shapley Additive Explanations (SHAP) (Shabbir et
al., 2024) identified which structural features—story
height, column axial load ratio, beam-to-column stiff-
ness ratio—most strongly govern drift predictions,
providing actionable design guidance and addressing
a central concern about ML adoption: that black-box
predictions, however accurate, are difficult for
practicing engineers to trust or verify. Physics-
informed neural networks (PINNs), which embed
governing differential equations directly into network
training loss, offer a promising path toward
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resolving the tension between data-driven efficiency
and physics-based reliability, particularly for rare
damage states where training data is scarce
(Engineering Structures, 2025).

7.2 SELF-CENTERING SYSTEMS

The recognition that residual drift renders
buildings functionally unusable even when structurally
intact has driven intense research into self-centering
structural systems. Shape memory alloy (SMA)-based
connections exploit superelastic NiTi properties to
return structures toward plumb positions after seismic
events. Nia et al. (2023) proposed a PBSD procedure
for self-centering steel moment frames with SMA
-bolted endplate connections, demonstrating that
optimally configured SMA connections reduce
residual drifts below 0.1% under design-level
shaking—a dramatic improvement over con-
ventional steel frames, which typically exhibit
0.5-1.5% residual drifts at the same hazard level.
Zhang et al. (2022) extended this work to self-
centering braced frames, showing that partial self-
centering—equipping only selected stories or bays
with SMA braces—achieves meaningful residual
drift reduction at substantially lower material cost than
full self-centering configurations. Hassanzadeh and
Moradi (2024) developed a topology optimization
framework that simultaneously minimizes initial
construction cost and expected repair costs, demon-
strating savings of 15-25% compared to uniform
SMA placement. Fe-based SMAs are emerging as
cost-effective alternatives to NiTi with comparable
self-centering performance, improving the economics
of self-centering PBSD in practice (Costanza et al
., 2024).

7.3 RISK-TARGETED DESIGN AND CODE
EVOLUTION

Risk-targeted design asks directly about the
annual probability that a performance objective is
violated, rather than verifying demands against
capacities at specified hazard levels. A comparative
study of five design approaches on a four-story RC
building found that only risk-based methods using
yield frequency spectra reliably satisfied detailed
performance objectives at targeted confidence levels;
conventional code-based methods were consistently
disadvantaged beyond life-safety territory (Gentile
& Calvi, 2023). Risk-targeted importance factors
compatible with existing prescriptive standards
provide a pragmatic bridge for jurisdictions where
full probabilistic design is not yet mandated (Badal &
Sinha, 2023). ASCE 41-23 and ASCE 7-22 incorporate
MCER maps reflecting this risk-targeting approach.
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74  FUNCTIONAL RECOVERY

Functional recovery—time to resume intended
building use after an earthquake—has been
incorporated as a first-class design objective.
Analytical frameworks demonstrate that even
buildings meeting 10 structural criteria can face
weeks of disruption from nonstructural damage,
utility outages, and inspection backlogs. Achieving
functional recovery within one week with 90%
confidence required nonstructural performance
targets substantially more stringent than those
implied by conventional IO criteria (Molina Hutt et
al., 2022; Cook et al., 2022). FEMA P-2090/NIST
SP-1254  formalizes  these  concepts  with
recommended options for improving the built

environment for post-earthquake reoccupancy
(NIST & FEMA, 2021).
7.5 DESIGN OPTIMIZATION

Surrogate-based optimization using the

Extended FC-MOPSO algorithm achieved near-
optimal designs at computational cost reductions
exceeding 90% compared to NLTHA-based optimi-
zation (Sedghi Moghadam et al., 2025). Evolution-
ary strategies for high-rise structures consistently
outperformed gradient-based methods due to the
non-convex design space; higher-mode effects
proved decisive in optimal placement of lateral force-
resisting elements above approximately twenty
stories (Almajhali et al., 2025). PBSD has also been
extended to bridge retrofitting, with IDA-derived
drift- and damage-index-based damage states
providing quantitative tools for implementing
PBSD retrofits of seismically deficient bridge bents
(Chowdhury et al., 2024).

8. IMPLEMENTATION CHALLENGES

PBSD analyses typically add 10-50% to
structural  engineering fees compared with
prescriptive design, driven by the complexity of
nonlinear modeling, the time required for NLTHA,
and the specialized expertise the approach demands.
This cost concentration has historically restricted
PBSD to larger, higher-value projects where the
investment is clearly justified. Material model
uncertainty is a persistent challenge: advanced
constitutive models contain many parameters, and
calibration requires experimental data that may not
be available for specific material-construction
combinations. Record-to-record  variability in
NLTHA—typically 20-30% of median response—
requires large ground motion suites to adequately
bound probable outcomes; standard practice employs
7 to 30 records depending on analysis purpose and
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site characteristics (Kalkan & Kunnath, 2006).

Communication  barriers are  equally
significant. The probabilistic language of PBSD—
exceedance  probabilities, fragility  functions,
expected annual losses—is unfamiliar to many
building owners and practitioners comfortable with
prescriptive design but less so with probabilistic
risk thinking. Effective PBSD practice therefore
requires communication skills as much as analytical
skills. Institutional barriers compound the technical
ones: most building codes remain prescriptive,
requiring formal alternative means-and-methods
submissions when PBSD is pursued—adding admin
istrative  burden and sometimes regulatory
uncertainty. Limited insurance and legal precedent
for PBSD creates further hesitancy among risk-
averse practitioners, and the sometimes inconsistent
guidance between FEMA P-58, ASCE 41, Tall
Building Initiative guidelines, and FEurocode 8§
creates genuine confusion about which criteria
govern a given project.

9. CONCLUSIONS

Performance-Based Seismic  Design s
fundamentally an act of intellectual honesty. It
insists on making explicit what force-based design
left implicit: how a building will actually behave
under the earthquakes it is likely to face, at what cost,
and whether that is acceptable to the people who
own and occupy it. Born from the hard lessons of
Northridge and formalized through Vision 2000
(SEAOC, 1995), it has matured into a comprehensive
framework spanning probabilistic hazard
analysis, advanced nonlinear structural modeling,
and rigorous loss assessment through FEMA P-58.
The technical advances documented in this pa-
per—from pushover methods and NLTHA to
probabilistic ~ optimization, machine learning-
accelerated assessment, and self-centering structural
systems—represent  genuine and  significant
progress. The last five years in particular have
reshaped both practice and codes in ways that
were not anticipated a decade ago. Key
conclusions are:

1. Pushover methods (N2, MPA) and NLTHA
together provide a hierarchy of tools matched to
project complexity and stakes.

2. FEMA P-58 fragility and consequence
functions translate structural response into repair cost,
downtime, and Expected Annual Loss—metrics
meaningful to building owners.
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3. ML surrogate models now enable design
optimization at computational costs unthinkable a
decade ago; XAI methods make these models
interpretable and actionable for practicing engineers
(Kazemi et al., 2023; Shabbir et al., 2024). Physics-
informed neural networks offer a path toward
generalizable, physics-consistent surrogate models.

4. SMA-based self-centering systems offer a
practical path to near-zero residual drift, with partial
configurations achieving meaningful performance
gains at reduced material cost (Nia et al., 2023;
Zhang et al., 2022).

5. Risk-targeted design—which targets the
annual probability of exceeding a performance
objective rather than verifying demands at specific
hazard levels—and functional recovery have been
operationalized as explicit design metrics, with
ASCE 41-23 and FEMA P-2090 integrating these
principles into code and guideline frameworks
(Badal & Sinha, 2023; Gentile & Calvi, 2023).

6. Cost, communication, and institutional inertia
remain real barriers. PBSD typically adds 10-50%
to structural engineering fees and demands
probabilistic literacy that many practitioners are
still developing. But the trajectory is clear: as
computational tools become more accessible, as
the research community continues to expand and
validate the PBSD evidence base, and as climate
-driven changes in long-term hazard make static
prescriptive  codes  increasingly  inadequate,
performance-based  approaches will become
the standard rather than the exception.The goal,
ultimately, is not a better calculation method. It is
better buildings—buildings whose performance after
an earthquake is predictable, transparent, and aligned
with what their owners and occupants actually need.
That aspiration is what makes PBSD not just a
technical framework, but a genuine advance in the
social responsibility of structural engineering
practice.
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