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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
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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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ABBREVIATIONS

The following symbols are used in the paper:

Latin lower-case italic

fn = Natural frequency of vibration

kg (T) = Reduction factor for the modulus of elasticity at a uniform temperature “7";

k, (T) = Yield stress reduction factor for steel at a uniform temperature ‘7"

r = Radius of gyration in the weaker axis;
U., = Displacement of the column restricted by the axial constraint at n' time-step;
Ug, = Displacement of numerical spring representing axial constraint at n time-step;

Unn = Free thermal expansion of the column at n™ time-step;
Uth_setup= Thermal expansion of the setup at n™ time-step;

t = Thickness;

tol = Tolerance;

Latin upper-case italic

A = Cross-sectional area of the member;

E, = Young’s modulus of elasticity of the material at ambient temperature;
E.o =Modulus of elasticity of column at ambient temperature;

E(T) = Modulus of elasticity for structural steel at temperature ‘7",

F.,  =Force generated in the column;

F;, ~ =Force generated in the numerical spring;

Fypec = Force on the specimen;

F,ys =Force on the system;

Abbreviations XXVii



G = Applied gravity load,

K = Effective length factor;
K.o = Initial stiffness of the column under investigation at ambient temperature;
K = Stiffness of the numerical spring;

Ksenp = Setup stiffness;
Kspee = Specimen stiffness;
Kss = System stiftness;

P..(T) = Critical buckling strength of the compression member at a temperature ‘7,
Pp(T) = Design compressive strength in at temperature ‘7",
T = Temperature of the column;

T = 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;
T, = Temperature at n™ time-step;

w = Width;
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Greek lower-case

a = Imperfection factor;
ar, = Coefficient of thermal expansion at temperature T, ;
b = Severity factor;

yu (T) = Partial safety factor for material,

&n = Strain induced in the column restricted by the axial constraint;
&nn = Strain induced in the column under to free thermal expansion;

&pn = Strain at the proportional limit for temperature at n™ time-step;
n = Initial imperfection factor (Maquoi and Rondal, 1978);

A(T) =Non-dimensional slenderness of the column, at temperature ‘7”;

uV = Microvolts;

o, . :

Gc'n, = Stress developed in the column due to temperature at n™ time-step;
cn

Oini = Initial stress on the column under G.

Omax = Ultimate stress in the member at ambient temperature;

o = Stress at the proportional limit for temperature at n' time-step;

pn

0, (T) = Yield stress at a temperature ‘7",

Oyn = Yield stress for temperature at n™ time-step;

0y = Yield stress at ambient temperature;

@ = Stiffness ratio;

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

temperature ‘7";

Wn = Angular frequency of vibration,

Abbreviations XXIX



Greek upper-case

A = Delta;

Q = Ohms;

Scientific lower-case
cm = centimetre;
kN = kilonewton;

kW  =kilowatts;

Ipm = 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;
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Mo = Molybdenum;
Mn = Manganese;
MS/s = Million samples per second;

Nb = Niobium;

N = Newton;
Ni = Nickel;
Si = Silicon;
Ti = Titanium;
A% = Volt;

W/mK = Watt per meter kelvin;

Zr = Zirconium.
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