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ABSTRACT

Impact-echo (IE) is a widely accepted and appliea-destructive evaluation technique
for quality control and defect characterizatiortancrete structures. IE is an acoustic

method based on the propagation of impact-genesitess waves that are reflected by
material defects or interfaces. Numerical simulaiasing finite element method (FEM)
have been used to study the impact-echo resporstruofural component with complex

geometry and boundary conditions.

The present study focuses on developing a modeigthodology to simulate stress
wave propagation in concrete plates. The significandeling parameters that influenced
the wave propagation and behavior were identifigseld on the literature review. A set
of thirteen simulations were run to study the dffgfceach parameter. Time histories
were recorded at four different locations to repreghe waveform in an IE test. Fast
Fourier transform (FFT) using Matlab was perfornettansform the time-domain

displacement histories to frequency-domain ampétsioectra.

The impact of steel ball on concrete plate was neabesing a force-time function with
amplitudeF,,,, for a given duration,. A gradually increasing force-function such as a
half-cycle sine cubed was used to reduce the higignaency ringing observed due to an
abruptly increasing force. Similarly, distributitfte force over two or more nodes

eliminated the localized deformation of the conengate surface.



The unwanted wave reflections from the mechanioahdaries of a semi-infinite
deteriorated the displacement waveform and hadiaarse effect on thickness-mode
frequencyf;. Absorbing layer with increased damping (ALID) bbdaries were used to
effectively absorb these wave reflection and giveosie accurate amplitude spectrum.
By implementing these absorbing boundaries, a fsgmit reduction in model and

computation cost was achieved.

Wave reflections from the free edges are impondregn modeling stress wave
propagation in bounded sections. The foundatioarlapproach, where the concrete
plate is supported by a flexible foundation layeas used for modeling bounded

concrete plates.

The relative difference in the stiffness of conerabd foundation layety dictated the
dynamic response of the system which primarilyatied in piston-mode. A higher value
of R was useful in separating the piston-mode from liiekhess-mode frequencies to
obtain a more accurate spectrum. The relative réifiee in the plate and foundation layer
impedance®;, influenced the behavior of propagating wave aiherface. A high

value ofR, was used to increase the coefficient of reflecwf the interface such that
most of the incident compression wave reflectek laasctension wave in the concrete

plate.



CHAPTER 1. INTRODUCTION

1.1 INTRODUCTION

Impact-echo (IE) is a method for non-destructivaleation (NDE) of concrete structures
based on the propagation and interaction of mechhimpact induced stress wave in the
concrete medium. It has a wide range of applicatamging from quality control
(thickness measurement, grouting in tendon duptsx\einjected in surface opening
cracks, etc.) to defect characterization (locatstr@pe and size of voids, surface opening
cracks, delaminations etc.) (Sansalone & Stre&7)19t has also been used to measure
the early age mechanical properties (set time aedgth gain) of concrete (Pessiki &

Carino, 1988; Pessiki & Johnson, 1996; Pessiki &&01997).

New technologies such as stack imaging of speatnglitude based on impact-echo
(SIBIE) (Ohtsu & Watanabe, 2002) and rapid datauesition through multisensor
(Zhang, et al., 2012) and contactless sensing201?) have been used to improve the

process and quality of defect characterizationgiie IE method.

Various numerical techniques like finite differertoae domain (FDTD) and finite
element method (FEM) have been employed to simtha&ténpact-echo response of
various concrete, reinforced, and composite stratttomponents. These techniques are

based on the fundamental theory of elastic stresgeygropagation in an infinite solid



and have been successfully applied over a wideerahgections with complex geometric

and boundary constraints.

FE models built using ABAQUS were analyzed to stthsystress wave propagation in
semi-infinite and bounded concrete plates duediocat-duration transient load. The
formulation of impact load, its distribution and&tion, and mechanical boundary
conditions were identified as significant modelpayameters. A total of thirteen
simulations were run to investigate the effectafteparameter on the wave propagation

characteristics.

Half-cycle sine and half-cycle sine cubed formwalas were used to represent the impact
of a steel ball on concrete surface. This impaat lvas distributed firstly over a single
node as a concentrated load and then over nineeatsras pressure load. The impact was
applied at three different sités(doubly symmetric)/, (singly asymmetric) and

I; (doubly asymmetric).

To study the transient response of semi-infinitegisas, absorbing layer with increased
damping (ALID) was used to absorb the unwanted waflections from the mechanical
clamped boundaries. This absorbing layer was imgieed in the FE model by

introducing a mass proportional Rayleigh dampingfficient Cy,.

A foundation layer approach was used to model vpawpagation in bounded concrete

plates. Relative stiffned®, and relative impedand®; of the concrete and foundation



layer were found to have significant influence ba tlynamic property of the structure

and the behavior of stress wave at the interface.

1.2 RESEARCH OBJECTIVES

This research is primarily aimed at developing @ahm@ology for finite element (FE)
modeling of impact-generated stress wave propagaticoncrete. In order to achieve

this research objective the following approach wsed.

1. Perform an in-depth literature review of previotigdges conducted on impact-
echo tests on concrete plates and numerical madelistress wave propagation
using finite element analysis.

2. Develop an efficient and accurate dynamic finiengnt (FE) simulation of
mechanical wave based impact-echo method for s&mite and bounded
concrete plates.

3. Identify influential modeling parameters that affdee wave propagation
characteristics in the concrete medium and congaretmetric studies of the
identified parameters.

4. Study different methods to eliminate transient waaflection from the
numerical boundary and apply one of the methodisarFE model.

5. Develop a Matlab code to transform the displacertierg-histories recorded at
various nodes to amplitude spectra in frequencyalom

6. Compare the results for different parametric steidied draw conclusions based

on the waveforms and amplitude spectra.

5



1.3 ScoPE OF THE PROJECT

The report is organized into five different chaptéChapters 2-6) that discusses the

following topics.

1. Chapter 2 provides the necessary background kngeled the theory of elastic
stress wave propagation in a solid medium. The rg¢éneethodology behind the
impact-echo method is also briefly discussed.

2. Chapter 3 provides the background for the numesicalilation of the stress
wave propagation in concrete plate. The modelinignpfct load, constraints on
time step and element size, and the stabilityriaitef the time-stepping
integration technique are covered. Modeling techesofor semi-infinite and
bounded sections are discussed in detail.

3. Chapter 4 describes the finite element model usekhis research. It also
discusses the modeling parameters that were iggghtd significantly influence
the wave propagation characteristics in the coagkzte.

4. Chapter 5 discusses the influence of the modelangrpeters identified in
Chapter 4. Time histories and amplitude spectra@&oh simulation case is
discussed in detail.

5. Chapter 6 presents the summary and conclusiorseatsearch work and

proposes the future work that may be carried osufiport the present findings.



1.4 SUMMARY OF FINDINGS

A set of thirteen simulations were run to studyeiffect of different parameters on the

behavior of the propagating stress waves. Thevatig findings were observed.

1. A high energy sudden impact (represented by halfecsine) yields a high
frequency ringing in the waveform. This ringingeff can be eliminated by using
a gradually increasing impact load (half-sine cybed

2. Distributing the impact load over two or more nodéminates the undulations
observed due to localized surface deformationgaaeconcentrated load.

3. Eccentric loading does not excite higher flexuraldes in the assemblage other
than the piston-mode frequency. However, the regplvaveform varies from
that of symmetric loading case due to the earlyarof side reflections.

4. Non-reflecting and absorbing boundaries such aallserbing layer with
increased damping (ALID) can effectively absorb bloendary reflections in a
semi-infinite sections. This greatly reduces theletgize and the computational
cost.

5. Modeling of bounded sections with complex boundanehere side reflections
are equally important, can be achieved by supppttie concrete on a foundation
layer composed of different material propertieo(estic impedance). These
properties dictate the behavior of propagatingsstieaves at the interface.

6. The foundation layer supporting the concrete skitalbes as a spring that
vibrates in the piston-mode. This frequency caedmly identified in the

respective amplitude spectrum.



The following notations were used in this report.

A;

Are flected

Arefracted

F max

Cross-sectional area of plate/foundation layer

Amplitude of incident wave

Amplitude of reflected wave

Amplitude of refracted wave

Stiffness proportional Rayleigh damping coefficent

Mass proportional Rayleigh damping coefficients

Velocity of P-wave

Velocity of R-wave

Velocity of S-wave

Damping matrix

Young’'s modulus of elasticity

Elastic modulus of plate

Elastic modulus of steel ball

Amplitude of impact load



HS Half-period sine

HSC Half-period sine cubed

G Shear modulus

Kr Axial stiffness of the foundation layer

[K] Stiffness matrix

Lp Length of amplitude layer with increased damping|(?)
[M] Mass matrix

N Mesh density per wavelength

R Coefficient of reflection

Ry Ratio of plate stiffness to foundation layer stfs

R, Ratio of plate impedance to foundation layer impeda
{R} Vector of externally applied loads

T Distance of the reflecting interface from the pahtmpact/thickness of

concrete plate

Tr Thickness of foundation layer

{U} Displacement vector



{}
(U}

f@®
fr

fSDOF

fen

Velocity vector

Acceleration vector

Acoustic impedance

Acoustic impedance of material 1 from which the wés/propagating

Acoustic impedance of material 2 into which the @/&/propagating

Mass of concrete

Mass of steel ball

Force-time function

Thickness mode frequency of plate of thickness T

Fundamental frequency of SDOF approximation ofgpfatindation

layer assembly

Piston-mode frequency

Peak frequency corresponding to thickness-modeearamplitude

spectrum

Acceleration due to gravity

Drop height in (m)
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n Number of samples

r Radius of steel ball (m)

te Contact time of impact load

v, Velocity of the steel ball (m/s)
Af Frequency resolution

At Sampling time / time increment
At., Critical time increment

Ax Element size

B Correction factor

Amin Minimum wavelength

v Poisson’s ratio

Vp Poisson’s ratio of plate

Vg Poisson’s ratio of steel ball

p Material density

Emax Fraction of critical damping in the mode with highdamping defined

11



Wmax Maximum cyclic frequency of impact load

WspoF Cyclic frequency of SDOF system

12



CHAPTER 2. BACKGROUND

Impact-echo is a NDE method which utilizes propegaiechanical waves to determine
the subsurface conditions. This chapter providievaat information that is required to
develop a basis for understanding the methodoldg¢iyeoimpact-echo technique. A brief
review on the elastic stress waves and its propagat an infinite solid plate that

defines the working principle of IE method is apgovided. The stress waves
propagating in a layered media and its behavidratacteristics at an interface of two

dissimilar media is also briefly discussed.

Various studies exploring the numerical simulatdm solid concrete plate subjected to
transverse elastic impact to form the basis of etyeaho method has been carried out in
the past. Background information related to nunareodeling of wave propagation is

separately provided in Chapter 3.

2.1 ELASTIC STRESSWAVESIN SOLIDS

The linear deformation in a solid body under thigoacof a short-period transient force at
the surface (e.g. an impact of steel sphere onretssurface) can be viewed as
propagation of stress waves. Lamb studied the gaipm of these stress waves due to

an impulse at the surface of a half space (Lam@4)L.8nd solid plate (Lamb, 1917).

13



Wave propagation theory has been widely used ttystarious geometric and loading

situations (Rayleigh, 1888; Miklowitz, 1984; Graf®75).

Body waves and surface waves are the two typeswésvpropagating in a solid
medium. Body waves (P-waves and S-waves) exisds infinite medium and are
undisturbed by the material boundaries or deforwnati Surface waves (R-waves) travel
along the surface of the medium. Figure 2.1 issttfeematic representation of wave

propagation and particle motion of P-, S- and Resst waves in a solid half-space.

The P- or primary waves are longitudinal or dileta&l waves which causes the particle
to oscillate in the direction of wave propagatibhese waves cause compressive and
tensile stresses in the medium. The particle maifdhe wavefront is in outward

direction during the compression phase and in idwdection during the tension phase.

The S- or secondary waves are transverse or dgstartwaves causing the particle to
oscillate in the direction perpendicular to the wavopagation direction. These waves
produce shear stress in the medium and do notg#iyand they obey the continuity

equation for incompressible media.

Rayleigh or R-waves are the surface waves thatggate along the surface or interface
of a solid medium. These waves cause the partatedve in elliptical manner such that
the surface appears to be moving in up and dowiomothe amplitude of the wave
decreases exponentially with increasing depth fiteerpoint of impact (Brekhovskikh,

2012)

14



211 Energy and Veocity of Stress Waves

The displacement field and radiation pattern afsstrwaves in solid plate was
investigated by Miller and Pursey (Miller & Pursd@54). The R-waves have the largest
amount of wave energy about 67 % of the total ihpaergy. The wave energy of P-
wave is 7 % and that of S-wave is 26 % (Miller &$ry, 1955). Figure 2.2 shows the
displacement and energy distribution of stress walke to a harmonic point source
(Woods, 1968). The displacements due to P-waves maximum amplitude directly
beneath the source of impact whereas the amplatidisplacement due to S-waves is

negligible around the area.

The velocity of the propagating stress wave inrdimite isotropic elastic medium is
dependent on the material properties of the mediimoshenko, Goodier, & Abramson,
1970). P-wave travels at the highest speed inid s@dium with a velocitg, given by
Equation 2.1. S-wave also referred to as secontlaves is the second wave to arrive
travelling at a velocit¥ given by the Equation 2.2. Rayleigh wave propagtie

slowest among the three waves at a veldGitgiven by Equation 2.3 (Viktorov, 1967).

Cp = EQ —v) 2.1
p(1+v)(1-2v)
| _£__ e
2p(1+v) [p
0.87 + 1.12v
R — 2.3
R 1+v s

15



2.1.2 Behavior of Stresswavesin Layersand | nterfaces

Various studies have been conducted to investihatbehavior of wave propagation
between layers by implementing appropriate boueddBrekhovskikh, 2012; Thomson,
1950). Concrete plates behave as a medium boundiedeébboundaries on either side.
The propagating stress waves are guided in theumednd refract, reflect or undergo
mode conversion fulfilling the Snell’s law at thdssundaries. Figure 2.3 shows that a P-
wave incident at free boundary gets transmitteld-asave and SV-wave (the particle

motion and direction of propagation occur in aicattplane).

An interface is defined as the boundary betweendissimilar materials with different
acoustic impedance properties. Acoustic impedéanisethe property of material defined
as the product of P-wave spegdand density of the medium. The relative difference
in the acoustic impedances of the two materialstioing the interface dictates the

behavior of the propagating P-waves.

The amplitudes of the reflecteld,f;.creq and the refracted, s qcreq Waves depends
upon the relative difference in the acoustic impees between the two regions
separated by the interface. These amplitudes aes ¢y Equations 2.4 and 2.5 for an
incident P-wave with amplitudé;, propagating from material 1 with impedariento
material 2 with impedanc®,. The ratio of the amplitude of reflection to tha@itude of

refraction is termed as coefficient of reflecti®rand is simplified as Equation 2.6.
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For the case when,Z<Z; (e.g. concrete/air) the amplitude of the refractede
approaches zero. The amplitude of reflected waegusl to the amplitude of incident
wave and there occurs a phase change. This mestrtbeéhincident compressive wave is

reflected back as a tension wave.

2.1.3 Scattering, Divergence and Attenuation

As the P-wave propagates in the solid medium, &gefront spreads out therefore
decreasing the amplitude of the particle motion tedresulting displacement and

stresses. This condition occurs due to the phenomehdivergence and attenuation.

Divergence is the spreading out of the stress waxefront as it propagates in a solid
medium. For non-planar waves, reduction in acoysgssure also occurs due to
divergence. For a point source producing sphewealkefront, pressure wave vary as the

inverse of the path length due to phenomenon ardence.

Scattering occurs as a result of reflection, reéioacand mode conversion due to small

discontinuities within the medium or interfacesvibetn dissimilar media. Attenuation on
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the other hand takes place due to absorption attesog of the wave. Internal friction
and heat production leads to absorption of wave. heterogeneous medium like
concrete, it affects the frequency content of ttegagating pulse. The higher frequency
components are attenuated with path lengths anfildfeency spectrum of the pulse is
continuously shifted to lower frequencies. Thusdaasitivity and the acoustic pressure

decrease with path length.

2.2 |IMPACT-ECHO METHOD

The impact-echo (IE) method was first developedheyjoint efforts N. J. Carino and M.
Sansalone (Sansalone & Carino, 1986; Carino, 280the National Institute of
Standards and Technology (NIST). Since then thiatthas been tested and applied
for quality control and defect characterizatiorvafious plain, reinforced and post-
tensioned concrete structures (Schubert, Wiggeriafd ausch, 2004; Schubert &

Kohler, 2008).

Figure 2.4 illustrates the principle and workingtoé IE method. The impact of steel
sphere on the concrete surface generates elastss staves which propagate in the
medium. The propagating waves are reflected bynataliscrepancies or external
boundaries. The surface displacements are meaynmegteiving transducer and
analyzed in the frequency domain. The distancéefé¢flecting interface from the point

of impactT is given by the Equation 2.7.
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Wheref,, is the peak frequency identified from the frequespgctrum ang is a factor
related to shape of the section. For platgsfeector of 0.96 was established (Sansalone,
Streett, 1997). More recent study shows thét related to the zero group velocity
frequency of mode Lamb waves in a plate struct@ibgon & Popovics, 2005). A

B value of 0.953 for poisson’s ratioof 0.2 was adopted for present study.

221 Impact

During an impact (collision of steel sphere in toacrete surface) a portion of the
potential energy in the sphere is transferred ¢éoelastic wave energy in the plate which
causes particle displacements. In the case of etsy@ mechanical impact source is
normally used to generate a stress pulse withcserfii acoustic energy to overcome the

effects of attenuation and divergence.

The impact theory proposed by Hertz has been studiarrive at various mathematical
formulations to accurately represent the forceg(tunter, 1957; McLaskey & Glaser,
2010). This pulse can be simplified as a force-tiometion consisting of a half-period

sinusoidal force with maximum amplitudg,, for a duration ot (contact time).

For the purpose of this study two force-time fuoies: (a) Half-cycle Sine (HS), and (b)
Half-cycle Sine Cubed (HSC) are considered to merethe impact load. Equation 2.8

and 2.9 represents the force-time function forttheimpact cases.
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HS f(t) = Epgxsin (7;:)

2.8

2.9

HSC f(t) = Epayx Sin (Z)

The contact time of an impact can be approximajethé Hertz elastic solution for a

sphere dropped onto a thick plate as given by EopugP.10 (Goldsmith, 1960). The

amplitude of the impact force occurstat2 and is defined by Equation 2.11.

= 0. 00858W 2.10

1.140(v,)%*m,

2.11
max = P
m
0.4
15mv?
Um = . (5 p)ms
16( )05
v, =4/2gh
4 3
mg = psgnr
1 —v?
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E
1—v?
8, = L
nE

p
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2.2.2 Waveforms

During an impact-echo test, the stress wave causacge displacements which are
captured by the transducer/recorder placed adjacehe impact source. Analog voltage
vs. time signal captured by the data acquisiticA@)system represents these surface

displacements and is called waveform.

The waveform carries vital information about theisture in terms of the frequency
produced by multiple reflection of P-wave at boutydand interfaces. The arrival of R-
wave in the waveform causes a relatively large deavd displacement and resembles an

inverted half-sine wave, similar to the force-tifoaction used to represent the impact.

For a concrete/air interfaces, the first and thesequent odd multiples of reflected P-
wave causes an outward displacement of the paatideare thus compression wave. The
even multiples of the reflected P-waves are refi@ets tension wave thus causing an
inward displacement of the solid particle. Theseeasive P-wave reflections excite a
particular mode of vibration referred to as thicksienode. The frequency with which
inward displacement occurs can be determined bgdake inverse of the time taken by
the P-wave to travel twice the thickness of théeplath a velocity o, as shown in

Equation 2.12.

BCp
fr o7 2.12
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2.2.3 Frequency Domain Analysis

The time-domain waveform for an actual plate dgfsom that of an ideal plate and is
complicated by the reflections of the S- and mooleverted P-waves. In such a case, it is
difficult to identify the key thickness mode freequy directly from the waveform. For
easy identification of the thickness frequency,wlaeeform is transformed to frequency
domain to generate amplitude spectrum. The freqagmt an amplitude spectrum are
well separated and the thickness frequency camasity édentified in terms of distinct
peaks. In this study, amplitude spectra from tispldcement-histories are obtained by

implementing fast Fourier transform (FFT) using Miat(Guide, 1998)

Frequency resolutioAf (Equation 2.13) is the frequency difference ircokge points in
the amplitude spectrum and is the inverse of prooisumber of samples and the
sampling intervalit. A high frequency resolution is desirable to captil the key
frequencies in the amplitude spectrum during aratyecho test. A rule of thumb is to
select a sampling frequen¢y/At) that is twice greater than the maximum frequency t

be captured (Nyquist frequency).

Af = At 2.13
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Figure 2.1 Wave propagation and particle motion of compressional, shear

and Rayleigh waves.

23



Vertical Rayleigh s
Component Wave

Horizontal

r-2 (~0.5 Component

Relative
Amplitude

Shear
Window

Wave type | Percentage of
total energy

Rayleigh 67
Shear 26
Compression 7

Figure 2.2 Schematic illustration of displacement and energy distribution
of stress waves in a half-space due to harmonic normal load

(Reproduced from Woods, 1968).
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Figure 2.5 Representation of impact load by force-time function.
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CHAPTER 3. FINITEELEMENT MODELING OF IMPACT-ECHO

TESTING

3.1 INTRODUCTION

Numerical methods such as finite-difference timeadm (FDTD) and finite element
method (FEM) have been explicitly used to simuitess wave propagation in solid
medium (Chang & Randall, 1988; Ham & Bathe, 20T2)ese methods have been
successfully applied to study the impact-echo resp@f concrete plates (Sansalone,

Carino, & Hsu, 1987; Abramo, 2011).

This chapter provides relevant background on fieigenent (FE) modeling of stress
wave propagation is concrete medium. The topicgem@lin this section forms the basis
of the FE simulation and observed results discukgedin Chapter 4. The FEM
consideration for impact load, element and timeréigzation, numerical integration
algorithm and stability criteria are reviewed. Reting and absorbing boundary
conditions for stress wave propagation in semnitéiplate are discussed. To simulate
the wave propagation in bounded solid, a new agpr@proposed which makes used of
a flexible foundation layer. Some of the technigdissussed in the subsequent sections
are specific to the finite element analysis (FE#ffware ABAQUS and may vary for a

different FEA platform.
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3.2 IMPACT LOAD

The impact of a steel ball on concrete surfacebeanumerically represented by the
force-time function as discussed in Section 2. Pkt amplitude of this force-time
function F,,,,, affects the magnitude of stresses and displacentiegit occur due to the
stress waves generated by the impact. The valBgQfshould be chosen such that
induced deformations are under the linear elastiit.IThe contact time, affects the

cutoff frequency of the pulse and significantlylirgnces the analytical result.

Figure 3.1(a) and (b) respectively show the fance history and the amplitude
spectrum for the two force functions discusseddati®n 2.2.1. As observed the energy
of the HS load is more than that of HSC load. TfeeeeHS would induce higher particle
displacements than the HSC impact load. Howeveathglitude spectrum for the two
load cases show that the maximum useful frequenhigher for the HSC case and

covers broader range of excitation frequency.

As shown in Section 5.2 an impact load applied @eveingle node produces minute
oscillations in the waveform which occurs as a ltesfuocalized deformation in the
node. This effect can be eradicated completelydaygutwo or more nodes to distribute

the impact over a larger region.
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3.3 ELEMENT TYPE

In the present study, three-dimensional models Wweile using ABAQUS/standard.
First-order linear solid continuum elements (C3@)e used to represent the concrete
plate. The C3D8 element is an 8-node brick eleméhtnodes only at the corners. The
stresses/displacement at any intermediate locatiobtained by linear interpolation

between the corresponding corner nodes (ABAQUS1R01

Linear elements were used as the stresses/dispateaused by the propagating wave
is very small and within the elastic range. Foruaately representing the wave
propagation problem, a very fine mesh is requiceckpture the wave traveling with
wavelengtrg,,,;,. Full integration was chosen as opposed to redintedration to avoid

the excitation of any zero-energy mode or spurimasles in the model.

3.4 SPATIAL AND TEMPORAL DISCRETIZATION

To avoid the errors associated with the numeriaadeting of elastic wave propagation
in a continuous medium, the discretization in teme space must be carefully chosen.
The effective element length and the correspontimg step should be able to represent

the complete wave travel accurately.

The element sizdx depends entirely upon the wavelength of the wagpamyating
through the element. It should be small enouglafiwre the wave with minimum

wavelength,,;, and should not be so small that the wave crossesl&ment in one
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wavelength. It is recommended that at least 10 etesper wavelengtiNj should be

used for accurate modeling (Seron, Sanz, Kindé&aadal, 1990).

A
min 3.1

The time incremendt can be calculated using the expression given byatmu3.2,
whereAt., represents critical time increment. Time incremera dynamic problem
also depends on the type of dynamic integratiohrtieie implemented in the analysis.
The limit on the temporal discretization basedldynamic integration technique is

discussed below in Section 3.5.

A
At S AtCT‘ =~ C_P 32

3.5 NUMERICAL TIME-STEPPING METHODSFOR SIMULATING DYNAMIC RESPONSE

Stress wave propagation is a dynamic problem irchvtiie response of the system varies
with time. Equation 3.3 gives the equilibrium eqaatgoverning the linear dynamic

response of system of finite elements (Bathe, 1996)

[MI{U} + [C{U} + [K]{U} = {R} 3.3

Here,[M] [C] and[K] are the mass, damping and stiffness ma§R¥;is the vector of

externally applied loads; and/}, {U}, and{U} are the response of the system
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(acceleration, velocity and displacement respelgtiiirect integration refers to the
calculation of the response history step-by-stainduvhich the integration satisfies the

equilibrium equation at discrete time interval

3.5.1 Implicit vs. Explicit Algorithm

The type of dynamic integration scheme (implicieaplicit) used in FE procedures
determines the size of element and the time incnénnged in the analysis. The criteria
on which the integration schemes are comparedampuatational cost and numerical

stability in arriving at an accurate solution o throblem.

In implicit schemes, the difference equations amlzined with the equation of motion
and the displacements are calculated directly byrepthe governing equations. In the
case of an implicit analysis, the maas| and stiffnes§K] matrices are built for each

time step. For a large number of elements and dsgrkefreedom, these matrices become
quite large drastically increasing the computatidinae. An Implicit algorithm is
unconditionally stable meaning that result is stabkspective ofit used however; the
accuracy may be largely affected. Implicit analysisore suitable for structural

dynamics problem where the response is dominatéovisr modes.

In an explicit formulation, the response quantites expressed in terms of previously
determined values of displacement, velocity anelacation. Such methods do not
require factorization of the stiffness and masgimat the step-by-step solution thus

making it computationally more economical. Howe\ar explicit algorithm is
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conditionally stable meaning that the time increm&nshould not exceed the critical
time stepdt,., for the solution to converge. Explicit schemesaiten more useful for
wave propagation problems such as the one invéstigia this project, where the high

frequency modes are important.

3.5.2 Stability Analysis

When implementing an explicit algorithm in the dgme analysis of stress wave
propagation in concrete plate, care must be takemetet the conditional stability criteria
(Equation 3.4) imposed by the scheme. Herg,, is the maximum cyclic frequency of
the impact being applied on the concrete plateégpd is thefraction of critical damping
in the mode with highest damping defined by Equefid. Herel,, andCy are
respectively the mass and stiffness proportiongldRgh damping coefficients. For the
models with absorbing layer with increased dam#iigD) the stability criteria reduces

to Equation 3.6.

2 ,
At < At = w ( 1+ S;maxz - Emax) 3.4
max
Cy Wmnax Ck
$max 200 2
2 Cu \ Cm
At < Aty = —— 1+( ) — 3.6
Wmax 2(‘Jmax zwmax
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3.6 NON-REFLECTING AND ABSORBING BOUNDARY CONDITIONS

The formulation of the IE method is based on theppgation of stress waves in an
infinite solid medium (ideal plate). An ideal plasea structure composed of two parallel
surfaces, extending infinitely in the lateral difen. However, due to computational

limitation of FEM only a finite length plate can benulated in practice.

The Dirichlet and Neumann boundary conditions ef it formulation possess the main
challenge in the wave propagation simulation imde plate. The propagating waves are
reflected by these boundary conditions which coimates the recorded displacement
histories. An easy way around is to build a motdat ts sufficiently large such that the
boundary reflections do not reach the recordetrtiocdor the given analysis time. This

however, makes the FE model extremely large and taithe computational cost.

Various non-reflecting and absorbing boundarieshsen proposed and applied to
diminish the effect of boundary reflections. Thesiner-Kuhlemeyer (LK) boundary is a
non-reflecting boundary that uses a viscous damvgiarappropriate damping constant to
absorb wave energy (Lysmer & Kuhlemeyer, 1969). DKdoundary is readily

available in FEA software ABAQUS element library“adinite elements” and can be
easily implement in the model. However, it has beeted that these elements are only

effective for normally incident and the value ofigang cannot be adjusted (Oh, 2012).

The energy absorbing layer is another approactsti@giresses the wave reflection by

attenuating the outgoing waves. A perfectly matdagdr (PML) is an absorbing
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boundary in which the layer matches the impedahteeocore area and absorbs the
waves at all tangential angle of incidence (Berent@94). Absorbing layer with
increased damping (ALID) is an absorbing layer ties Rayleigh damping to attenuate
the amplitude of the propagating wave. Analyticaldels implementing PML and ALID
absorbing boundaries significantly reduces the ggomand computational size of the
numerical model (Drozdz, 2008). ALID is preferrexcthis study as it is easier to

implement it in the FE package by using Rayleigmpiag.

3.6.1 Absorbing Layer with I ncreased Damping

The absorbing layer with increasing damping (ALH2 the same basis as the LK
boundaries. These layers are attached to the Iptatedaries and the energy absorption is
achieved by the means of viscous damping definetidss proportional Rayleigh
damping C,, in the model. In the damped region, the mechaeicatgy of the stress
wave is viscously dissipated as energy in the natelt has been observed that high
damping in the system results in increased resistanthe propagation of the stress

wave in the damped layer and yield inaccurate regdi

Figure 3.2 represents the FE model showing a qusetgion of the concrete plate with
an ALID boundary region of lengthoL The length.,, is an important factor to consider
while modeling ALID, as it affects the relative féifence between the impedances of the
elements in the wave absorbing region. A largesdiffice in the impedance between the

adjacent elements leads to internal reflectiorth@fvave (Olsson, 2012).
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3.7 WAVE PROPAGATION IN BOUNDED SOLIDS

The wave reflections from the side boundaries mportant when studying stress wave
propagation in bounded solids. Therefore to capgtuedoundary reflections, limitations
are imposed on the locations where mechanical yrwbnditions can be applied to

support the model.

3.7.1 Foundation Layer Approach for Bounded Solids

A new approach for modeling wave propagation inramad concrete sections is
discussed. A flexible foundation layer having thens area as that of concrete plate of
thicknessT} is used to support the concrete plate. The relativigon between the two

parts is entirely eliminated by applying tie coastts.

The main concept behind the foundation layer apgra@to create a reflecting interface
at the base of the concrete plate such that the@entcompression P-waves gets reflected
back as tension waves (Refer Figure 3.3). Thisadarpossible by defining a relatively
low acoustic impedance for the foundation layehsihat the coefficient of reflection

R approaches -1. For the concrete/foundation layerfacce of numerical model M3
(Refer Table 4.1) the value &fis calculated ag0.94. This indicates that most of the

incident wave is reflected at the interface andeh® phase change.
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3.7.2 Modesof Vibration

Lin and Sansalone studied the transient responsetangular (Lin & Sansalone, 1992)
and circular bars (Lin & Sansalone, 1992) usingn&hod and identified resonant
frequencies due to cross-sectional modes in thefwem. When the concrete foundation
layer assembly is impacted by a load, various moflegrations including the

thickness-mode are excited in the system.

The concrete plate supported by the foundatiorr lbgbaves as a rigid body supported
on a soft spring with stiffness equal to the agtédfness of the foundation layer. When
this system is excited by an impact, the wholerab$gvibrates in a piston-mode

fp similar to the compression and tension of a sprangl, the frequency of this piston-

mode can be detected in the amplitude spectrum.

3.7.21 Single Degree of Freedom Approximation

The dynamic characteristic of such systems carppeoaimated by using a single degree
of freedom (SDOF) system represented Figure 3.4@€h 1995). In this study, the
SDOF model comprised of a mass, equal to that of a concrete slab, supported on a
spring with stiffness equal to the axial stiffne¢she foundation layek given by
Equation 3.7. Hereq is the areak is the elastic modulus arfy is the thickness of the

foundation layer. The circular frequeney,r of the SDOF system is given by Equation

3.8 and the frequency in Hz is calculated by u&ggation 3.9.
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3.7.2.2 Eigenvalue Analysis

The modes of vibration and corresponding natuegjudencies of the concrete plate
supported on foundation layer can be obtained bippeing an eigenvalue analysis.
Figure 3.5 shows the mode shape and frequencytordifferent modes (Mode 4, 9, 14
and 20) for concrete plate supported on (a) 100amdn(b) 25 mm thick foundation
layer. When the assembly is impacted by the Ide&lrésonant frequency (not the

thickness-modg;) corresponds to higher modes for models withfafstindation layer.
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Figure 3.2 FE model showing a quarter section of the concrete plate with an ALID boundary region of

length Lp as used in analysis M6.
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41



Equivalent
Concrete SDOF
system

Foundation Layer

Figure 3.4

SRR

Representation of the FE model by an equivalent SDOF

system.

42



17

Mode 20

Freq. (Hz) 777 1025 164 1255
(a) Concrete plate supported on 100 mm thick founddéger

Freq. (Hz) 770 1043 1616 1949

(b) Concrete plate supported on 25 mm thick founddtgar

Figure 3.5 Mode shapes and corresponding natural frequencies for concrete plate supported on
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CHAPTER 4. PARAMETRIC STUDY OF IMPACT ECHO MODELING

PARAMETERSFOR CONCRETE SLAB EVALUATION

4.1 INTRODUCTION

This chapter describes the modeling approach fpaghgenerated stress wave
propagation in concrete plates. The numerical satian of a concrete plate impacted by
a steel sphere represented by force-time functias performed using FE software
ABAQUS. Dynamic analyses for all the given casesaweerformed and time histories
were recorded for a given time period. These wawe$dn the time domain were then
converted into frequency domain by the means affaarier transform (FFT) to

generate amplitude spectra for each case.

A list of parameters that influence the wave pre@p@g characteristics was identified. A
total of thirteen computer simulations for the @gation of impact generated stress
waves were run by varying a particular parametatedeeping all the other constraints
constant. The waveforms and the amplitude speatiadbtained were examined to
guantify the influence of each parameter in theevyaropagation characteristics and
thickness frequency detection accuracy. These paeamand their influence on the
behavior of the propagated wave have been discusskail in the subsequent sections.

The observations and result for each of the sinmratare also discussed.
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4.2 ANALYSISMATRIX

Table 4.1 showcases an analyses matrix which tedsulle different parametric set
analyzed in each simulation. These parameters iengified based on the in-depth
literature review of the impact echo method andevaropagation theory in concrete and
other medium. In the following subsections, eagnificant parameter is discussed in

detail.

4.2.1 Impact Force-Time Function

The impact of a steel sphere on a concrete suckatde numerically represented by a
force-time function as discussed in Section 2.Phk contact time,, the amplitude of
the forceF,,,, and the shape of the force-time function are tiygortant properties that
determine the frequency content of the pulse, hadrtagnitude of stresses and

displacements of the particle motion.

For this study, two force-time formulations werasmlered; namely, half-cycle sine
(HS) represented by Equation 2.8, and half-cyeie subed (HSC) given by
Equation 2.9. Figure 4.1 represents the time histad frequency content of the two

force formulations considered in this study.

A contact timet, of 60 pus and maximum amplitudg,, of 1 kN was adopted to
represent the drop of a 13 mm dia. steel sphene &beight of 0.3 m on the concrete

plate.
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Impact Force Distribution

The distribution of impact load on the concretdate was identified as another
important parameter that influenced the waveforaratteristics. Two force distribution
scenarios were used in the simulation as showigur& 4.2. In the first case, the HSC
impact was applied as a point load over a singtierad the impact location, and in the

second case the HSC impact was imparted as a pedead distributed over four

elements at the impact location.
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4.2.3 Impact Location

Three scenarios with locatiohs I,, andl; were studied to understand the effect of
location of the impact load on the resultant wauafand spectrum. The position of these
impacts on the concrete plate is shown in detdtigure 4.3. Locatio, represents the
symmetric case in which the impact is impartedhatdenter of the plate and is thus
farthest from the side boundary. This case waslated to minimize the reflections from
the sides and limit the excitation of higher fleumodes due to eccentricity in loading.
Locationsl, andl; are asymmetric loading cases, where the influehtiee boundary
reflections will distort the resulting waveform. & focations were chosen in a way that

this influence would be higher féy thani,

4.2.4 Mechanical Boundary Condition

In order to prevent rigid body motion, mechanicalibdary conditions are required in FE
software ABAQUS to perform transient dynamic ansly$hree different mechanical
support/boundary conditions were investigated is $kudy which are discussed in the
following subsections. These boundaries had dissiraffects on the propagation of
stress waves and the displacements waveforms ahécbubsequently discussed in detail

in Section 5.3, 5.5 and 5.6.
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4.24.1 Clamped Section

Clamped boundary condition utilizing pin supporesrgvapplied on the side of concrete
section of size 2 mx2 mx0.25 m as shown in Figude Applying pin supports at all

boundary nodes restricts the translation and mtaif the plate in all directions.

4.2.4.2 Absorbing Layer with Increased Damping

An absorbing layer with increased damping (ALID)sv&udied to examine its
effectiveness in absorbing the unwanted side rifies due to clamped boundary
conditions. The energy absorbing ALID region ofgén L, equal to 250 mm with
specific values of mass proportional Rayleigh dargmoefficientC,,;, was built around

an elastic concrete core as shown in Figure 4.5.

The energy absorbing region ALID, consisting okfdlifferent layers each measuring

50 mm in width (total lengthd-of 250 mm), was built around the sides of thetelas
concrete core. Each layer was assigned the sanegiah@troperties as that of the
concrete core with an additional mass proportiétatleigh damping coefficierdt,.

This coefficient introduces damping forces corregjog to the absolute velocities of the
model and simulates a viscous damper that absleddsaundary reflections. The value of

C, was chosen to increase in linear steps from 10A®000 for each progressive layer.

48



4.2.4.3 Foundation Layer

The boundary condition for FE model of boundedisaatonsisted of a flexible
foundation layer on which the concrete plate wapstted. The concrete and FL part
were perfectly tied together to avoid relative defation between them. Mechanical
supports consisting of pin and roller supportshess in Figure 4.6 were then applied at
the bottom of the foundation layer to support thearete-plate assembly. This restricted
the vertical and horizontal translations, and rotet about the vertical axis of the

concrete slab.

4.25 Foundation Layer Properties

The stiffness and the acoustic impedance of thedation layer were identified as the
major parameters that influence the waveform chartics and effectiveness of the

boundary condition in identifying the thicknessguency.

4251 Stiffness

To evaluate the influence of foundation layer sgfs on the dynamic and wave
propagation characteristics, a param&edefined as ratio of plate stiffness to
foundation layer stiffness was investigated. Fannuations with constant concrete plate
stiffness and varying foundation layer stiffnesgevein. These values of the foundation
layer stiffness were achieved by adopting a diffefeundation layer thickness while

keeping the elastic modulus same.
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4.2.5.2 Acoustic Impedance

To study the effect of acoustic impedance on theevpaopagation and dynamic
characteristics, a paramefey defined as the ratio of acoustic impedance of ptatbat
of foundation layer was explored. As shown in Tablk four simulations, each with a
constant acoustic impedance of concrete plate affieaent value of acoustic
impedance of foundation layer were run. The spegdiue of impedance for foundation

layer was achieved by varying the elastic moduhgsdensity of the layer.

4.3 FINITE ELEMENT MODEL OVERVIEW

The finite element analysis of the propagatiomgbact generated stress wave in a
concrete plate was carried out using FE softwaré@BS. Dynamic time history
analysis was performed initially using the implisttiver in ABAQUS due to its
unconditional stability. Simulations were also using dynamic/explicit solver, which
meet the conditional stability criteria discussed®ection 3.5.2. The use of an explicit
solver yielded the same displacement historieh@agtplicit solver, but it significantly

reduced overall computational time.

The force-time function was applied as an amplitiodel at the impact location for each
simulation. Displacement time-histories were reedrdt nodes RR,, and Rat distance
of 30 mm, 60 mm and 150 mm from the location ofaetpas shown in Figure 4.10. Each
simulation was run for a total time of 1 ms anddisplacements at the nodes were

recorded at an interval of 1 pus. These time-histonere then processed using fast
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Fourier transform (FFT) using Matlab to obtain #meplitude spectra in the frequency

domain.

4.3.1 Section Properties

The concrete plate was modeled as a 3D deformabtkvgith dimensions measuring

2 mx2 mx0.25 m as shown in Figure 4.7 (a). An gqutr, homogenous and linear elastic
material with properties listed in Table 4.2 wasdito define the concrete medium. The
P-, S- and R-wave velocities of the propagatingsstwvave in the concrete were

calculated to be 4025 m/s, 2465 m/s and 2239 mafectively.

Similarly, the foundation layer with dimensions 221m and variable thickness was

modeled using an isotropic, homogenous and lineatie material. The thickness of the
layer was varied for different simulation casesliasussed in Section 5.5. The isometric
view of a 25 mm thick foundation layer and its pedyes are given in Figure 4.7 (b) and

Table 4.2 respectively.

4.3.2 Element Discretization

8-node linear brick continuum elements (C3D8) weged to discretize the concrete and
the foundation layer in all the simulations. Figdr8 represents the FE model of the
concrete and foundation layer sections. Elemensizefof 10 mmx10 mmx10 mm were
used as shown in Figure 4.9. A total of 1%&ments were used to represent the

concrete plate (2 mx2 mx0.25 m) and 12,000 elemeais used to represent the
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foundation layer (2 mx2 mx0.025 m).The ALID boundasas also discretized in the
same manner as the concrete core with C3D8 linearemts of size

10 mmx10 mmx10 mm..
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Table 4.1  Analysis matrix comparing various parameters used in the study.

€S

Force-time Force Impact . Foundation Layer
D Function Distribution Locr;tion Boundary Condition Properties !

HS | HSC | Point Pressunel, | I, | I; | Clamped| ALID Fot'ggsflon Ry R,
M1 | v v v v 1.16 34
M2 v v v v 1.16 34
M3 v v v v 1.16 34
M4 v v v v
M5 v v v v
M6 v v v v 0.47 34
M7 v v v v 2.33 34
M8 v v v v 4.67 34
M9 v v v v 1.16 5886
M10 v v v v 1.16 111
M11 v v v v 1.16 10.8
M12 v v v v 1.16 34
M13 v v v v 1.16 34




Table 4.2 Properties of 250 mm thick structural concrete and 25 mm

thick foundation layer.

Property Units Concretg Foundation Layer
ThicknessT (mm) 250 25
Area (m?) 4 4
Modulus of elasticityE (GPa) 35 3
Poisson’s ratioy - 0.2 0.3
Density,p | (Kg/m?3) 2400 20
P-wave velocity(p (m/s) 4025 14210
Acoustic impedance | (Kg/m? —s) | 9.66x16 2.84x10
Axial stiffness,K (N/m) 5.6x10M 4.8x10M
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Figure 4.1 HS and HSC force-time function: (a) tinigtory; and, (b) distribution of

frequencies.
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All dimensions in mm

(b)

Figure 4.2 Distribution of impact force over: (a) single node; and, (b) nine
nodes.

56



LS

8

1000 ~ | ®

1000

«-500
\ —] ®
1000 1000

Impact Location

All dimensions in mm
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(a)

All dimensions in mm

(b)

Figure 4.7 A typical section of: (a) concrete plate; and, (b) foundation

layer.
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(b)

Figure 4.8 View of the FE model showing: (a) concrete part; and, (b)

foundation layer part.
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Figure 4.9 Overall size of C3D8 ABAQUS elements.
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Figure 4.10 Plan (top) and elevation (bottom) showing typical location of

recorders Ry, Ry, and R3 at distances of 30 mm, 60 mm and

150 mm respectively from the point of impact I;.
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CHAPTER 5. RESULTSAND DISCUSSION

A total of thirteen FE simulations were run to stulde influence of parameters identified
in Chapter 4. In this chapter, the results and mag®ns for the analysis cases are
compared to signify the influence each parametexave propagation characteristics.
Displacement time-histories recorded at nogéaRa distance 30 mm from impact
location) was considered for comparing the wavegofon all the simulation. A
frequency resolution of 122 Hz, achieved by zerddag, was used to resolve the
amplitude spectra in the frequency domain. Thekttess-mode frequendgy for the

0.25 m thick concrete plate was determined as H¥/according to Equation 2.12.

5.1 IMPACT FORCE-TIME FUNCTION

Two simulations M1 with HS and M2 with HSC forceag functions (listed in Table 5.1)
were run to study the effect of force-time functmmthe waveform characteristics. These

force-time function parameters are introduced ictiSe 4.2.1.

Figure 5.1 compares the displacement time-histdoiethe two simulation cases. A high
frequency artificial ringing was observed for Mhgdathis is attributed to the steeper
initial slope of the HS force function. A gradulde at the start of the applied force as

in the case of HSC reduced the artificial ringing.
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Figure 5.2 compares the amplitude spectra fortloechses. The artificial ringing
observed for M1 in the displacement-time-historg\atso translated to the amplitude
spectrum represented by the peak at 48 kHz. Tinggng however does not hinder the
accuracy of the amplitude spectrum in measuringtio&ness-mode frequency. For both
M1 and M2, the peak corresponding to the thickmaedef,, was observed at 7813 Hz
which is comparable tfi of 7671 Hz. Another peak was observed at 1953 Hzlwh
corresponds to the piston-mode frequeficgf the system that is discussed in Section

3.7.2.

511 Summary

The formulation of force-time function is importantdetermining the maximum
frequency of useful energy. For the same contaw #} and amplitudé,,,, half-cycle
sine cubed (HSC) yields a higher maximum usefwuesncy than the half-cycle sine
(HS). Modeling the impact load by HS force-time dtian induces high frequency
oscillations or “ringing” in the waveform. This cée eliminated by using HSC

formulation which has a softer initial slope.
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Table 5.1

Summary of analyses evaluated to study force-time function.

Force-time Force Impact . Foundation Layer
D Function Distribution Location Boundary Condition Properties

HS | HSC | Point Pressurel, | I, | I; | Clamped| ALID FOEQSS:'On Ry R,
M1| v v v v 1.16 34
M2 v v v v 1.16 34
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Figure 5.1 Comparison of displacement time-history for models with force-time function modeled as HS

(M1) and HSC (M2).
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Figure 5.2 Comparison of amplitude spectra for models with force-time function modeled as HS (M1) and

HSC (M2).
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5.2 IMPACT FORCE DISTRIBUTION

Two simulations were run with HSC force-time loagltfistributed over; (a) single node
for M2; and, (b) nine nodes (four elements) for {R&fer Table 5.2). Figure 5.3

represents the time-histories for the two cases.

In the case of M2, applying the impact over a gngdde led to localized deformations
on the surface and undulations were observed dgfmning of the displacement time-
history. Redistributing the impact load over folegreents helped in eliminating the

undulations due to localized deformations.

Figure 5.4 shows the amplitude spectra for modélsalhd M3. No notable difference
except in the amplitude values were observed fdr tiee case. The piston-mode and
thickness-mode frequency peaks were observed 8&H2%nd 7813 Hz for both the

cases.

521 Summary

Localized deformation of the concrete surface tgitase (represented by undulations in
the displacement history) when the impact loadigcentrated over a single node. This
effect can be eliminated by modeling the impactilaa a pressure load distributed over
two or more nodes. However modeling the impactoaentrated load does not affect

the accuracy of the thickness-mode frequency.
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Table 5.2

Summary of analyses evaluated to study force distribution parameter.

Force-time Force Impact " Foundation Layer
D Function Distribution Location Boundary Condition Properties

HS | HSC | Point Pressurel; | I, | I; | Clamped| ALID FOEQSS:'On Ry Rz
M2 v v v v 1.16 34
M3 v v v v 1.16 34
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Figure 5.3 Comparison of displacement time-history for models with impact load distributed over single

node (M2) and multiple node (M3).
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5.3 IMPACT LOCATION

Three simulations, M3, M12 and M13, given in Tabla were run to study the influence
of location of impact load imparted at sitesld, and as discussed in Section 4.2.3. The
HSC force-time function distributed over four elartseewas used at the impact site for all
the three simulations. The concrete plate was stgghby a foundation layer and

mechanical boundary condition defined in Sectidh443 was considered.

Figure 5.5 compares the displacement time-histdoiethe three models and it was
observed that the displacements forahd & (eccentric load cases) differ from that for |
(symmetric load case) starting at 5P. This diffeeebecomes more pronounced at 10P
when higher amplitudes and frequencies in the dcgrhent history were observed. This
behavior is attributed to the reflected waves reggthe recorder location earlier for |

and klocations as compared farlbcation.

Figure 5.6 compares the amplitude spectrum fottttee models. For all the three
models, thickness-mode and piston-mode frequemaes identified at 7813 Hz and
1953 Hz respectively. For models M12 and M13, tifeceof higher frequency wave
reflections was observed which may present difficii detecting the thickness-mode

frequency.
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531 Summary

For the concrete plate with foundation layer boupdandition, eccentric impact loading
does not excite any higher flexural mode other tharpiston-mode of the foundation
layer. However, the displacement histories for atrc@deviates from that of symmetric
loading at around 5P owing to the early arrivailhef P-waves reflected from the free
boundary of the concrete plate. This deviation beeoprofound at around 10P during

which the side wave reflections increases.
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Table 5.3

Summary of analyses evaluated to study influence of impact load location.

Force-time Force Impact . Foundation Layer
D Function Distribution Location Boundary Condition Properties

HS | HSC | Point Pressurel; | I, | I3 | Clamped| ALID FOEQS::'On Rk Rz
M3 v v v v 1.16 34
M12 v v v v 1.16 34
M13 v v v v 1.16 34
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Figure 5.5 Comparison of displacement time-histories for different impact locations on a concrete plate.
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Figure 5.6 Comparison of amplitude spectra for different impact locations on a concrete plate.




5.4 BOUNDARY CONDITION

To study the effect of the boundary condition om pinopagating stress waves, three
simulations M4, M5 and M8 were run (Table 5.4). Mbil4 consisted of a concrete
plate of 2m x2 m x0.25 m dimensions supported bamped boundary. Model M5
consisted of an ALID region built around the sidéshe elastic concrete plate (with
dimensions, 1.5 m x1.5 m x0.25 m). The ALIL, (@f 250 mm) region comprised of five
subsequent layers, each measuring 50 mm in widtthaving a specific value @¥,.

Model M8 consisted of a 2m x2 m x0.25 m concredégpbupported on a 2mx2 mx0.1 m

foundation layer with material properties listedTiable 4.2.

Figure 5.7 represents the displacement time-hesdar three models. It was observed
that the influence of the boundary reflections id Msrupts the waveform pattern as the
arrival of P-waves was no easily distinguishablddifg the wave attenuating region
(ALID) absorbed these side reflections and prodwcetbre uniform waveform. The
displacement waveform for the foundation layer (N&8jyuite similar to that of M5

(ALID) and the arrival P-waves are easily distirgiable.

Figure 5.8 shows the amplitude spectrum for thedlamalysis cases. The peak for M4
was observed at 3662 Hz which was very differemmfthe calculated thickness-mode
frequencyfr of 7671 Hz. For case M5, a peak was observed & Az6vhich was very
close to the estimatef@d frequency. For M8, two distinct peaks were obse@e7690 Hz
and 1465 Hz which corresponds to the thickness-mpgand piston-mode,

frequencies respectively.
79



5.4.1 Summary

For a semi-infinite section, wave reflections frtme clamped boundaries influence the
displacement time-history and yield erroneous gesguency in the amplitude spectrum.
To avoid such discrepancies a sufficiently largelet@an be built to shun the effect of
boundary reflections for the analysis time. Thigvbeger adds extensively to the
computational cost. The same effect can also bieasth by using non-reflecting or

absorbing boundaries.

A significant reduction in model’'s geometric sizelacomputational cost can be achieved
by implementing the absorbing layer with increadachping (ALID) boundary

condition. While modeling the ALID boundaries, feagthL, and the mass proportion
Rayleigh damping coefficiertl,, affects it efficiency in attenuating the amplituafehe

propagating wave.

The foundation layer approach was successfullyiegppb study the wave propagation in
concrete plates of a finite dimension. The ampétsgectrum of the system consisting of
a concrete plate supported on flexible foundatayet is dominated by the piston-mode

and thickness-mode frequencies.
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Table 5.4

Summary of analyses evaluated to study the effect of boundary condition.

Force-time Force Impact . Foundation Layer
D Function Distribution Location Boundary Condition Properties

HS | HSC | Point Pressunel; | I, | I3 | Clamped| ALID FOEQB(;I::lon Rk Rz
M4 v v v v
M5 v v v v
M8 v v v v 4.67 34
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Figure 5.7 Comparison of displacement time-histories for models with clamped boundary (M4) and ALID

(M5).
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55 PLATE-FOUNDATION LAYER STIFFNESS RATIO Rk

Four simulations M3, M6, M7 and M8 with concretatetfoundation stiffness ratiokR
of 1.16, 0.47, 2.33 and 4.67 were analyzed as suizedan Table 5.5. These values of
stiffness ratio were obtained by varying the thess of the foundation layer for each
model (as given in Table 5.5) while keeping allesthroperties of the foundation layer

constant. No change to the section or materialgit@s of the concrete plate was made.

Figure 5.9 represents the displacement time-hesdar the set of simulations used in
this parametric study. The amplitude and periothefdisplacements varied for the
different simulations. The amplitude spectra fa thspective models are shown in
Figure 5.10. The piston-mode frequencies were @dsected in the FFT plot, and their
values are listed in Table 5.6 along with thickressle frequencies. The fundamental

frequencies of the equivalent SDOF system areisgented in this table.

The FFT plot for analysis case M6 witlg ®alue of 0.47 showed some ambiguity in the
detection of thickness-mode frequency represenad/id closely spaced peaks at 7935
and 8789 Hz. For all other analysis cases, disfigaks were identified as the thickness-

mode frequency.

Figure 5.11 shows the vibration mode excited fodeid13 and M8. For model M8
(flexible foundation layer) Mode 9 was excited. Roodel M3 (stiff foundation layer) a

higher mode, i.e. Mode 20, was excited by the irhjma.
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551 Summary

The ratio of the plate stiffness to the foundateyer stiffnesR, determines the piston-
mode frequency of concrete-foundation layer assgmbhigher value oRy, that
represents a more flexible foundation layer, impsothe accuracy of the amplitude
spectrum in distinguishing the thickness-mode astbp-mode frequency. A stiffer
foundation layer possess ambiguity in distinguigtiime thickness-mode frequency from

the amplitude spectrum.

Concrete plate supported on flexible foundatiortdyehaves as a rigid mass supported
on soft spring and vibrates in piston-mode thatisily detected in the amplitude
spectrum as a distinct peak. This mode of vibrat@am also be estimated by calculating
the fundamental frequency of a SDOF model compgisigid mass (equal to mass of

concrete plate) supported on a spring of stiffigs&@xial stiffness of foundation layer).
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Table 5.5 Summary of analyses evaluated to study the effect stiffness ratio.

Force-time Force Impact " Foundation Layer|
D Function Distribution Location Boundary Condition Properties

HS HSC | Point Pressunel; | I, | I3 | Clamped| ALID FOEQSS:'On Rk Ry
M3 v v v v 1.16 34
M6 v v v v 0.47 34
M7 v v v v 2.33 34
M8 v v v v 4.67 34

98

Table 5.6  Table summarizing FE models with varying axial stiffness property of foundation layer.

Foundation Layer
Frequency

1D T E K; Ry
fth 1:T fP fSDOF
(mm) | (GPa) (N/m) Hz Hz Hz Hz
M6 | 10 3 1.2x10% | 0.47| 8789 7671 | 2563 3561
M3 | 25 3 48x10t | 1.16| 7813 7671| 1953 2252
M7 | 50 3 2.4x10 | 2.33| 7690 7671 | 146% 1592
M8 | 100 3 | 1.2x101 |4.67| 7690 7671| 1009 1126

Note: the area of the foundation layer is 4far all cases
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Figure 5.9 Comparison of displacement time-histories for the models with varying thickness of

foundation layer.
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Figure 5.11 Results of Eigen-value analysis to determined the vibration

mode excited by the impact load for model: (a) M8, and (b) M3.
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5.6 PLATE-FOUNDATION LAYER IMPEDANCE RATIO Rz

Four simulations, namely M3, M9, M10 and M11 atelisin Table 5.7 were run to
understand the effect of concrete-foundation impedaatio on the propagating stress
waves. The impedance ratiRg were taken as 34, 5886, 111 and 10.8 for M3, M8Q M

and M11 respectively as discussed in Section £22.5.

Table 5.8 summarizes the foundation layer matprigberties used in the models to

attain the respective;.

Figure 5.12 represents the displacement time-hestdor these different cases. For
models M3, M9, and M10, the compression incidentevwaas reflected back as tension
wave at 2P while for M11, there was no phase chahyee interface and the
compression incident wave was reflected back asygoession wave at 2P (P represents
the arrival of the first reflected P-wave at theoaut surface, equal to 62 ps). Figure 5.13
compares the amplitude spectra for the differentiation cases. For models M3, M9
and M10, distinct peaks representing the thickmesde frequency were identified

whereas no such peak was observed for M11.

The varying elastic modulus of the foundation lagiso affects the axial stiffness and
hence the piston-mode frequency of the systemM®ptthis frequency (approx. 13 Hz)
was undetectable in the FFT plot at the standaglLiency resolution. For M11, only one

peak was observed at 3296 Hz which can be attdidotéhe concrete-plate assembly
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vibrating in the same mode. Higher value of plateridation impedance ratio increases

the accuracy of identification of distinct peaktp@ring to thickness-mode frequency.

5.6.1 Summary

The ratio of the plate impedance to the foundatigmedanceR; influences the behavior
of wave at the concrete/foundation layer interfac@igherR; will yield a higher
coefficient of reflectiorR and therefore maximum of the incident wave willrbtected.
Models with low value oR;, produces erroneous frequency peaks and the thigknes

mode frequency cannot be distinguished.
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Table 5.7  Summary of analyses evaluated to study the effect impedance ratio.

Force-time Force Impact . Foundation Layer
ID Function Distribution Location Boundary Condition Properties

HS HSC | Point Pressurel; | I, | I3 | Clamped| ALID FOEQSeartlon Rk Ry
M3 v v v v 1.16 34
M9 v v v v 1.16 5886
M10 v v v v 1.16 111
M11 v v v v 1.16 10.8

¢6

Table 5.8  Table summarizing the FE models with varying impedance property of foundation layer.

D Foundation Layer Properties R Frequency
E Cp p Z z fen fr fe | fspor
(Pa) | (m/s)| (Kg/m®) | (Kg/m? —s) (Hz) | Hz | (Hz)| (H2)
M9 | 1x10° 82 20 1.6x103 5886 | 7568 7671 - 13
M10 | 2x10% | 3101 28 1x10° 111.3| 7568| 7671| 610 | 581.5
M3 | 3x10° | 14210 20 2.8x10° 34 | 7813| 7671 | 1953 | 2252
M11 | 3x10° | 44940 20 8.9%x10° 10.8 | 3296 7671 - 7121




R _

Displacement (m)

ok _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (sec) x10°

Figure 5.12 Comparison of displacement time-history for models with varying acoustic impedances of

foundation layer.



6

x10° M9

R, =B4 ' ' ' ' Rz =|5886
25 g

Fourier Amplitude
Fourier Amplitude

0 1 2 3 4 5 0 1 2 3 4 5

Frequency (Hz) x 10" Frequency (Hz) x 10"
x10° M10 x10° M11
25+ Rz, =11%.3 25¢ R; #10.8
J(b] QO
0 =]
2 2} 1 2 2t
g 5
z . S5} .
S | )
= =
3 3
| i L i

0 1 2 3 4 5 0 1 2 3 2 5
Frequency (Hz) « 10" Frequency (Hz) «10°

Figure 5.13 Comparison of amplitude spectra for models with varying impedances of foundation layer.



CHAPTER 6. SUMMARY, CONCLUSIONSAND FUTURE WORK

This chapter summarizes the current research iiga¢isin and draws significant
conclusions based on the numerical simulation@dwut to study wave propagation in
concrete plates. At the end of this chapter padéhiture research topics are proposed

that can be explored to extend the present studyadtate more complex problems.

6.1 SUMMARY

This research investigates the numerical modelirgjress wave propagation in the
concrete plates when impacted by a steel sphereugaFE models were developed to
study the wave propagation characteristics in bedrahd semi-infinite plate sections.

Dynamic analysis of the models was carried outgi8iBAQUS FE software.

The research was focused on developing a modeletgadology for the propagation of
elastic stress wave in concrete for which diffelcages were analyzed. The impact of the
force-time function defined by a half cycle sineldralf cycle sine cubed function on the
waveform was studied. The effect of the impact lapdlied on a single node vs

distributed over several nodes was examined.

The efficacy of energy absorbing layer in attemgathe unwanted side reflections was
examined by providing ALIDs at the boundaries @& #nea of interest. The damping was

achieved by introducing mass proportional Rayleigmping in the layer.
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A new modeling technique for the bounded concret#i@en was established by modeling
a foundation layer to support the concrete slabaatric studies of individual material
properties of the foundation layer were conductedriderstand the importance of each

property in determining the characteristics ofwsve propagation.

6.2 CONCLUSIONS

Based on the results of the set of FE models tleat \mvestigated in the present study,

the following conclusions and inferences were drawn

1. The formulation of force-time function is importantdetermining the maximum
frequency of useful energy. For the same contawt #j. and amplitude,, ., half-
cycle sine cubed (HSC) yields a higher maximumulde¢quency than the half-
cycle sine (HS).

2. Modeling the impact load by HS force-time functioduces high frequency
oscillations or “ringing” in the waveform. Usingnaore gradual slope to represent
the force-time function can be used to eliminagedttificial ringing.

3. Localized deformation of the concrete surface tgase (represented by
undulations in the displacement history) when thpact load is concentrated
over a single node. This effect can be eliminatedbdeling the impact load as a
pressure load distributed over two or more nodesvé¥er modeling the impact
as concentrated load does not affect the accurfatye ehickness-mode

frequency.
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. For a semi-infinite section, wave reflections frdme clamped boundaries
influence the displacement time-history and yieldeeous peak frequency in the
amplitude spectrum. To avoid such discrepanciedfeciently large model can
be built to shun the effect of boundary reflectiémsthe analysis time. This
however adds extensively to the computational dds. same effect can also be
achieved by using non-reflecting or absorbing beuied.

. A significant reduction in model’'s geometric sizelacomputational cost can be
achieved by implementing the absorbing layer wittreased damping (ALID)
boundary condition. While modeling the ALID bouniéss the lengtiL., and the
mass proportion Rayleigh damping coeffici€ptaffects it efficiency in
attenuating the amplitude of the propagating wave.

. The foundation layer approach was successfullyiegppd study the wave
propagation in concrete plates of a finite dimensithe amplitude spectrum of
the system consisting of a concrete plate suppanetexible foundation layer is
dominated by the piston-mode and thickness-modgié&ecies.

. Concrete plate supported on flexible foundatioretdyehaves as a rigid mass
supported on soft spring and vibrates in piston-eneht is easily detected in the
amplitude spectrum as a distinct peak. This modebwohtion can also be
estimated by calculating the fundamental frequexicy SDOF model comprising
rigid mass (equal to mass of concrete plate) supgan a spring of stiffness

K; (axial stiffness of foundation layer).

. The ratio of the plate stiffness to the foundateyer stiffnessky determines the

piston-mode frequency of concrete-foundation lagsembly. A higher value of

97



Rk, that represents a more flexible foundation layaproves the accuracy of the
amplitude spectrum in distinguishing the thicknessde and piston-mode
frequency. A stiffer foundation layer possessesiguity in distinguishing the
thickness-mode frequency from the amplitude spettru

9. The ratio of the plate impedance to the foundatigmedancer,; influences the
behavior of wave at the concrete/foundation lagtgrface. A higheR, will
yield a higher coefficient of reflectiok and therefore maximum of the incident
wave will be reflected. Models with low value Bf produces erroneous
frequency peaks and the thickness-mode frequenuyotde distinguished.

10. For the concrete plate with foundation layer boupdandition, eccentric impact
loading does not excite any higher flexural modeepthan the piston-mode of
the foundation layer. However, the displacemertbhiss for eccentric deviates
from that of symmetric loading at around 5P owingtte early arrival of the P-
waves reflected from the free boundary of the cetecplate. This deviation
becomes profound at around 10P during which thes&le reflections

increases.

6.3 FUTURE WORK

The scope of the current research is limited t&rsquare plate geometry that is free

from any internal defects. Moreover, all the sintiolas and observations are specific to
plates of thickness of 0.25 m. The present resezagtbe extended to provide modeling
basis for thin and deeper generalized sectionfowinlg future research topics are

proposed to support the current project:
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. Study the wave propagation characteristics in j@sef complex defects such as
surface opening cracks, voids, delamination, partigouted cracks, etc.

. Study the transient response of concrete platenitect with steel plate, soil, rock
etc. and analyze the influence of the underlyingenia@ on the identification of
thickness-mode frequency.

. Study the accuracy of the foundation layer approadg$olating the piston-mode
and thickness-mode frequencies for a reduced dre@ncrete plate.

. Conduct a comparative analysis to study the effengss of the foundation layer
in comparison to other absorbing boundaries sudegi®y matched layer (PML),

Lysmer-Kuhlemeyer (LK) boundaries, etc.
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