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ABSTRACT 

Advanced testing methods such as Hybrid Simulation have proven to be more 

affordable, reliable and repeatable to full scale global structural testing while providing 

greater accuracy than traditional testing of individual components. Hence, the primary 

objective of this study was to develop Hybrid Simulation methods in the Heavy structures 

Laboratory (HSL) of Indian Institute of Technology Delhi (IITD) for structures subjected 

to fire and seismic loads. Two different frameworks were developed for each hazard. 

The hybrid fire testing framework was developed using NICON (Zhan and Kwon, 

2015) as a middleware applied to a standard fire testing setup developed in HSL to 

perform compression testing of a steel specimen subjected to elevated temperatures. A 

set of custom extension rods were fabricated out of Inconel 713c alloy to prevent heat 

transfer beyond the specimen and maintain the axial stiffness of the loading frame under 

elevated temperatures. The hybrid fire simulation method was implemented to 

experimentally simulate a steel column subjected to fire under axial stress and constraints 

imposed by the rest of the structure and generate demand-capacity curves for the same 

using 9 sets of initial stress and 4 sets of axial constraint levels. A set of 48 standard 

compression tests were performed at regular temperature intervals up to 800 °C, to obtain 

the capacity curves for steel specimens with three different design slenderness values. 

Various diagnostic tests were performed to evaluate the sources of errors that could arise 

in the experimental and numerical setups. As evident from the results obtained, accurate 

tracking of the specimen displacement under elevated temperatures proved to be 

inconsistent and unreliable due to relatively high axial stiffness of specimen as compared 

to the test setup. Hence, a model based elastic and thermal compensation strategy was 

developed based on the performance of the experimental setup under standard 



  

Abstract  vi 

compression testing. The performance of the compensation scheme was validated using 

virtual hybrid simulation followed by 36 hybrid fire simulation tests to obtain the demand 

generated on the specimen subjected to temperatures up to 800 °C, as per the parameters 

defined in the numerical model. The demand-capacity curves obtained experimentally 

accurately predicted the Demand-Capacity curves proposed by Wang et al. (2021). 

Next, a Real Time Hybrid Simulation (RTHS) method was implemented using a real 

time controller implemented on a Simulink-Real Time operating system. Dynamic 

hydraulic equipment was configured, purchased and diagnosed for testing specimens 

under high-speed cyclic loading up to 3 Hz. An elastic single degree of freedom (SDOF) 

experiment test setup was developed in the lab to act as the experimental sub-structure 

for performing setup and framework diagnostic tests to understand its performance under 

real-time earthquake excitation. The SDOF system was tested using the RTHS 

framework by simulating four sets of natural frequency of vibration, while evaluating the 

sources of errors and implementing solutions for the same. Tests were conducted at 

extended timescale (Slow Hybrid Simulation (SHS)), real timescale (RTHS) and reduced 

timescale (Rapid Hybrid Simulation (RHS) of the El Centro ground motion time-history. 

A detailed study of actuator delay in the hydraulic system was carried out using virtual 

hybrid simulation and used for finalizing the parameters for Advanced FeedForward 

Compensation Scheme (AFC) scheme, which was validated using RTHS tests. The 

RTHS framework was calibrated, tuned and validated for further studies to be 

implemented for non-linear SDOF and MDOF structures. 

In the end, both Hybrid Fire and Real Time Hybrid simulation frameworks, 

developed for use in the HSL at IITD, were successfully implemented and validated by 

incorporating standard test equipment in a hardware-in-loop setup for advanced 

structural testing. 
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साराांश 

उन्नत परीक्षण विविय ाँ, जैसे वि सम्मिवित अनुिरण (ह इविड वसमुिेशन), प रंपररि 

व्यम्मिगत घटि  ंिे परीक्षण िी तुिन  में अविि सटीित  प्रद न िरते हुए पूणण पैम ने पर िैविि 

संरचन त्मि परीक्षण िी तुिन  में अविि विफ यती, वििसनीय और द हर ने य ग्य वसद्ध हुई हैं। 

इसी ि रण, इस अध्ययन ि  उदे्दश्य भ रतीय प्रौद्य वगिी संस्थ न वदल्ली (आई.आई.टी. वदल्ली) 

िी हेिी स्ट्र क्चसण प्रय गश ि  (एच.एस.एि.) में अवि एिं भूिंपीय भ र  ंिे अिीन संरचन ओ ंिे 

विए ह इविड वसमुिेशन विविय  ंि  विि स िरन  थ । अवि और भूिंप, द न  ंिे विए स्वतंत्र 

ढ ाँच  ंि  वनम णण विय  गय । 

ह इविड अवि परीक्षण ढ ाँच  वनिॉन (एन.आई.सी.ओ.एन.) वमडििेयर (झ न और क्वॉन, २०१५) 

ि  उपय ग िर वििवसत विय  गय , वजसे एच.एस.एि. में मौजूद एि म नि अवि परीक्षण संयंत्र 

में ि गू विय  गय । इसि  उदे्दश्य उच्च त पम न  ंपर एि इस्प त नमूने िे संपीड़न व्यिह र ि  

समझन  थ । इनि नेि ७१३सी वमश्रि तु से बने विशेष विस्त र रॉड ऊष्म  ि  वनयंवत्रत िरने और 

ि वडंग फे्रम िी िठ रत  बन ए रखने िे विए उपय ग में ि ए गए। प्रय ग में एि इस्प ती सं्तभ 

ि  अवि और संरचन  द्व र  िग ए गए प्रवतबंि  ंिे अिीन विषय बन य  गय , और ९ प्र रंवभि 

तन ि स्तर  ंतथ  ४ प्रवतबंि स्तर  ंिे स थ म ाँग-क्षमत  िक्र तैय र विए गए। 

३ वभन्न वडज इन स्लेंडरनेस ि िे नमून  ंिे विए िुि ४८ संपीड़न परीक्षण विए गए, वजनमें 

त पम न ि  क्रमशः  ८०० वडग्री सेम्मियस ति बढ य  गय । परीक्षण  ं िे दौर न विस्थ पन ि  

सटीित  से म पने में समस्य एाँ  आईं, ज  नमूने िी अविि िठ रत  िे ि रण उत्पन्न हुईं। इस 

चुनौती ि  सम ि न एि मॉडि-आि ररत प्रत्य स्थ और ऊष्मीय क्षवतपूवतण रणनीवत द्व र  विय  

गय , वजसे पहिे िचुणअि अनुिरण और वफर ३६ प्रय ग त्मि ह इविड अवि परीक्षण  ंसे सत्य वपत 
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विय  गय । प्र प्त म ाँग-क्षमत  िक्र, ि ंग और उनिे सहय वगय  ं(२०२१) द्व र  प्रस्त वित सैद्ध ंवति 

िक्र  ंसे मेि ख ते हैं। 

भूिंपीय परीक्षण  ंिे विए, ररयि ट इम ह इविड वसमुिेशन (आर.टी.एच.एस.) ि  वसमुविंि–

ररयि ट इम पे्लटफॉमण पर वििवसत ररयि ट इम वनयंत्रि िे म ध्यम से ि गू विय  गय । इसिे 

विए तीन हट्णज ति िी उच्च गवत चक्रीय ि वडंग हेतु ड यन वमि ह इडर  विि उपिरण खरीदे 

और परीक्षण विए गए। एि प्रत्य स्थ एिि-अियिी स्वतंत्रत  प्रण िी (एस.डी.ओ.एफ.) ि  

प्रय ग त्मि ढ ाँचे िे रूप में उपय ग विय  गय । इस प्रण िी ि  परीक्षण च र प्र िृवति िंपन 

आिृविय  ंपर विय  गय , वजससे प्रण िी िे व्यिह र, तु्रवटय  ंिे स्र त और सम ि न ि  समझ  ज  

सिे। 

एि सेंटर   भूिंपीय डेट  ि  उपय ग िरते हुए परीक्षण विस्त ररत समयम न (एस.एच.एस.), 

ि स्तविि समयम न (आर.टी.एच.एस.) और संवक्षप्त समयम न (आर.एच.एस.) में विए गए। 

अविवनयंत्रि िी देरी ि  विशे्लषण िचुणअि ह इविड अनुिरण द्व र  विय  गय  और उसी िे 

आि र पर एि उन्नत अग्र-प्रवतवक्रय  क्षवतपूवतण य जन  (ए.एफ.सी.) तैय र िी गई, वजसे 

आर.टी.एच.एस. परीक्षण  ंद्व र  सत्य वपत विय  गय । इस पूरी प्रण िी ि  आगे जवटि गैर-रेखीय 

एस.डी.ओ.एफ. और एम.डी.ओ.एफ. संरचन ओ ंपर ि गू िरने हेतु सम य वजत और प्रम वणत 

विय  गय । 

अंततः , आई.आई.टी. वदल्ली िी हेिी स्ट्र क्चसण प्रय गश ि  में वििवसत द न  ंढ ाँच  ं– ह इविड 

अवि अनुिरण और ररयि ट इम ह इविड अनुिरण – ि  ह डणिेयर-इन-िूप प्रण िी िे स थ 

सफित पूिणि ि य णम्मित और म न्य विय  गय । 
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ABBREVIATIONS 

The following symbols are used in the paper: 

Latin lower-case italic 

fn = Natural frequency of vibration 

𝑘𝐸(𝑇) = Reduction factor for the modulus of elasticity at a uniform temperature ‘T’; 

𝑘𝑦(𝑇) = Yield stress reduction factor for steel at a uniform temperature ‘T’; 

r = Radius of gyration in the weaker axis; 

𝑢𝑐,𝑛 = Displacement of the column restricted by the axial constraint at nth time-step; 

𝑢𝑠,𝑛 = Displacement of numerical spring representing axial constraint at nth time-step; 

𝑢𝑡ℎ,𝑛 = Free thermal expansion of the column at nth time-step; 

𝑢𝑡ℎ_𝑠𝑒𝑡𝑢𝑝= Thermal expansion of the setup at nth time-step; 

t = Thickness; 

tol = Tolerance; 

Latin upper-case italic 

A = Cross-sectional area of the member; 

𝐸0 = Young’s modulus of elasticity of the material at ambient temperature; 

𝐸𝑐,0 = Modulus of elasticity of column at ambient temperature; 

E(T) = Modulus of elasticity for structural steel at temperature ‘T’; 

𝐹𝑐,𝑛 = Force generated in the column; 

𝐹𝑠,𝑛 = Force generated in the numerical spring; 

𝐹𝑠𝑝𝑒𝑐 = Force on the specimen; 

𝐹𝑠𝑦𝑠      = Force on the system; 
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𝐺          = Applied gravity load; 

K = Effective length factor; 

𝐾𝑐,0 = Initial stiffness of the column under investigation at ambient temperature; 

𝐾𝑠 = Stiffness of the numerical spring; 

Ksetup = Setup stiffness; 

Kspec = Specimen stiffness; 

Ksys = System stiffness; 

𝑃𝑐𝑟(𝑇) = Critical buckling strength of the compression member at a temperature ‘T’; 

𝑃𝐷(𝑇) = Design compressive strength in at temperature ‘T’; 

T = Temperature of the column; 

Tn = Period of vibration of a structure; 

Latin upper-case 

CMF = Current measured force; 

CMS = Current measured stroke; 

CSD = Current specimen displacement; 

CTD = Current target displacement; 

CTS = Current target stroke; 

D = Depth; 

H = Height; 

L = Length of the member; 

TEF = Target elastic force; 

Tn = Temperature at nth time-step; 

W = Width; 
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Greek lower-case 

α = Imperfection factor; 

𝛼𝑇𝑛
 = Coefficient of thermal expansion at temperature 𝑇𝑛; 

β = Severity factor; 

𝛾𝑀(𝑇)  = Partial safety factor for material, 

𝜀𝑐,𝑛 = Strain induced in the column restricted by the axial constraint; 

𝜀𝑡ℎ,𝑛 = Strain induced in the column under to free thermal expansion; 

𝜀𝑝,𝑛 = Strain at the proportional limit for temperature at nth time-step; 

𝜂 = Initial imperfection factor (Maquoi and Rondal, 1978);  

𝜆̅(𝑇) = Non-dimensional slenderness of the column, at temperature ‘T’; 

μV = Microvolts; 

𝜎𝑐,𝑛

𝜎𝑐,𝑛
, = Stress developed in the column due to temperature at nth time-step; 

𝜎𝑖𝑛𝑖 = Initial stress on the column under G. 

𝜎𝑚𝑎𝑥 = Ultimate stress in the member at ambient temperature;  

𝜎𝑝,𝑛 = Stress at the proportional limit for temperature at nth time-step; 

𝜎𝑦(𝑇) = Yield stress at a temperature ‘T’; 

𝜎𝑦,𝑛 = Yield stress for temperature at nth time-step; 

𝜎𝑦,0 = Yield stress at ambient temperature; 

ø = Stiffness ratio; 

𝜒(𝑇) = Strength reduction factor to account for flexural inelastic buckling at 

temperature ‘T’; 

𝜔n = Angular frequency of vibration,  
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Greek upper-case 

∆ = Delta; 

Ω = Ohms; 

Scientific lower-case 

cm = centimetre; 

kN = kilonewton; 

kW = kilowatts; 

lpm = litres per minute; 

min = minutes; 

mm = millimetre; 

mV = millivolts; 

psi = pounds per square inch; 

Scientific upper-case 

AC = Alternating current; 

Al = Aluminium; 

C = Carbon; 

Cr = Chromium; 

Cu = Copper; 

°C = Degree centigrade; 

DC = Direct current; 

Fe = Iron; 

GHz = Gigahertz; 

Hz = Hertz; 

K = Kelvin; 



  

Abbreviations  xxxi 

Mo = Molybdenum; 

Mn = Manganese; 

MS/s = Million samples per second; 

Nb = Niobium; 

N = Newton; 

Ni = Nickel; 

Si = Silicon; 

Ti = Titanium; 

V = Volt; 

W/mK = Watt per meter kelvin; 

Zr = Zirconium. 
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