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TechnicalEBackgioundiekRebaund

Time k \ Pile rebound:
| Set I Upward movement (elastic or plastic recovery) of a driven pile
IS v € immediately after hammer impact during driving operations.
§ I Phenomenon influenced by the pile material properties, solil type,
3 Rebound a'nd pllesm.l interaction mechanisms.
2 5 \ Previoussstudies:
max L . . . . .
I Excessive rebound is found whelaushet al., 2013; Hannigan et
Typical behavior Pile Rebound al., 1998): _ _
(Jausgi et al., 2013) A Encounter with a very competent soil layer or rock.
. A High pore water pressures in cohesive soils.
> v =< \DMX~lin A Insufficient energy transfer during pile installation.
: | Rebound=DMX-iSet 0,89 I Rebound has been monitored visually or using displacement sen
i_ 1 | Precise quantification remains difficult without higésolution
£ oa- A S tracking (Cosentino et al., 2020).
£ T ¢=U.2/m .. . . . -
g o2 S0l [ In problematic solls (e.g., clays with low permeability), rebound c:
NS P S mask actual pile behavior, leading to premature refusal or installa
o || [ errors Jarushet al., 2013).
o 20 a0 o so 10 1o 140 10 10 0 zo | Recent research highlights the importance of rebound (Reuter,
Time (Milliseconds) 2019;Cosentino et al., 2010):
_ _ _ _ A It affects drivability analyses and bearing capacity predictions.
Typical PDA pile top displacement vs time : . g -
from one hammer blow for an EDOT HPR site A It rpay result in overestimated capacity if ignored or misinterpreted.

(Consentino et al., 2020)



TedhnicalcBaickgrioundi RileyRymnantie:Test

A Pile Dynamicdestinge(RDT):
I Nondestructivemethodto evaluateload-bearingcapacityduringandafter installation

I Basedon Wave EquationAnalysiswhich modelsthe stresswave propagationalongthe
pile inducedby an externaldynamicload (Smith,196Q Leeet al., 1988 Salgadeet al., 2017).

A /Stea |:| Him_ Evaluation of
- < Rar 4.» .
N Sensor Dyn. Impact Displacement, rebound
[ ]« suiker P —» Installation » Application and »  Force and
E::j«i DED:_LH ICI: Appurtenances response recording VeIOCity Evaluation of p||e
~— Pile Cushion — X
aa Capacity
Embedded Data Collector (EDC)
[ § Soil A Sensors embedded during pile casting.
. File— Side Resisit : : (McVay et al., 2009)
i g Pile Dynamic
Testing \
T § Pile Driving Analyzer (PDA)
A External sensors attached to the pile head.
_ _ - T g (Pile Dynamics, Inc. 2000a)
Soil
LifICI]" ié‘\ Toe Resisitance
Dashpot Bilinear Spring T
(b)
Slide 3

. (a) ) . (b
Pile model used in wave equation analyses
(Coduto et al.. 2016)



TedhnicalcCorisideraiions

ACumrent DynanicdestinyMethods

I Pile Driving Analyzer (PDA) and Embedded Data Collector (EDC)

I Require physical sensors either attached/embedded to pile

I EDC is limited to specific pile types (e.g.,-0agllace concrete)
APhotogrammetry /Approathi{(Rrevious Studies)

it NbBOA2dza a0GdzZRASa&a dzaAy3d O2y@OSyidaAzylf OF

fast dynamic responses; sensitive to vibration interference during measurements

AHigh-Speetand HigiResolution Photegrammetry{Riopesed)

I Proposed photogrammetrpased method enables netontact, highresolution
monitoring with a sampling rate > 2,04®,000Hz, allowing precise tracking of pile

motion
I Typical Pile Dynamic testing systems operate in the range of 2.5 to 10,000 Hz

Slide 4



Project @Qhjectives

A To develop:aon-contact method wsing tiitishigh-speed photogrammetyy
to measureppiledtisplacementsrand isebaudnd lbehavauring driving
operations:across differenti pile types (e.9.; precast-concrete| steel pipe, H
piles).

A To evaluate the potentialfofimagdrasedrmeasurements foropotentially
estimating pile capacityincluding.comparisons iwithbconventionalmethods.

A To providerecommentiationsfor integrating photogrammetryninto FDQT «pile
testing practicesy particularly: i scenarioswheemsorinstiumentations
limited.

Slide 5



UCF

SummaryofriasksiDeliverable-Sehedule

Kickoff teleconference
Deliverable 1: A technical report presenting the results of the technical background on pile monitor
instrumentations, existing applications of ultrligh-speed cameras, image processing methods, and

past case studies.
Deliverable 2: Development of highpeed camera sensing system and data collection, and

development of image processing algorithm for digital image correlation
Deliverable 3: Smalécale rebound and pile resistance demonstrational testing in laboratory

environment.

Deliverable 4. Mediurrscale physical model testing of rebound and pile resistance in Hgly

structural laboratory.
Deliverable 5: Fulkcale field application and demonstration at selected pile driving sites

Deliverable 6a Draft final report.

Deliverable 6b: Closeout teleconference meeting and PowerPoint presentation
Deliverable 7: Final report

Slide 6
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Presentation@verview

A Project Introduaiion

A ReviewdfiBasbBelivetdbles
I Deliverable 1: Technical Background and Preliminary Validation
I Deliverable 2: Software and Preliminary Results
I Deliverable 3: Sma$cale Rebound & Pile Resistance in Lab Testing

A DICHBackgroundranei2DIC

A Transformationffrom22BEDICtto11BDIC
A Cunrent Wotk: NVediumSecalerRiladests
A Future Work

A Discussionand CommentssiiorDBDOT

Slide 7



Deliveraible 1 TTechnidal-Background and: RreliminanyMalidation
A Contluctedza kiterattre ReviewbAbout

I High pile rebound (HPR), Pile Dynamic testing (PDA/CAPWARP), andrthot
optical measurement techniques.

A Preliminary iExperimental/Malidation tising ancarea ScamEamera

Accelerometer

Hammer Guide Hammer

Data Acquisition

Hammer

Pile of cushion

Camera onitoring System Hammer

/3 LVDT

\ \_Accelerometer

“ .\ Line Pattern

Cammera

a) Wood mpileiin-abbucket. b) Steelpile in:a-arge-sand ¢) Steel pile in:azlarge:sand container
container (mediumsscale). (medium scale).

Slide 8



Deliveraile 2 :sSoftware and RreliminaneResults
A Hardware SystenidomhmagenanddddeeAcgtiisition

I Hardware architecture, areand linescan imaging systems, camera calibration
and data acquisition, and data management and future development.

A Preliminany E=xperimenialdestsyWave MelocityrinePiles

@ 3 o J,;" : i
> & . | i

Wave wvelocity \1,

A DevelopmentofarFare8asetFFrameworkdor Evaluating | Pile IRebouriakRisk

I Relationship between pile resistance (static and dynamic) and pile driving force
parameters

Slide 9



vl  Deliverale B:ssmabealerRebound: &iRile-Resistariea in lrabifesting
A Developetithel LinScantGameraySystem

I 3D printed mount, frame duplication correction, and data acquisition verification
A Smalland\vediunsScale:Testingiblsing theslinenSeamn=Camera

Hammer Pile cushion

________________

a) SmalScalettesting b) Medium-Scalettesting

A Update of the pparametric:analysis fah thevevaltiatian pfipilexebatnd
resistanceccamponents.

Slide 10



UCF

SmaltScaterRiedests

A ProgressiveobevelopmentfahthedExperimentalsSystem
I Patterns evaluation, wave velocity, camera type, and hammer system.

Data Acquisition

Hammer
System

DIC
Patterns

Lights

Camera

a) Wood pile: nitialwalidation
of displacementwith/Area
ScantCGamera.

N —

Accelerometer Hammer Guide Hammer

Pile of Cushion

Sand Containey Cammera

b) Steelpile rEvaluation of c) PV G pilerintegrationrand
displacementrmeasurements verification of the ILinesSecan
using the /Areas Scan-Camera. camera.

\___—

Slide 11
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Presentation@veridew

A Project Iwtirodluiion

A ReviewdfffRssbBlalivetdbies
I Deliverable 1: Technical Background and Preliminary Validation
I Deliverable 2: Software and Preliminary Results
I Deliverable 3: Sma$cale Rebound & Pile Resistance in Lab Testing

A DICHBackgroundranar2DIC

A Transformationffrom22BDICtto11BDIC
A Cunrent Wortk:'WMediumScalerRile dests
A Future Work

A Discussionand CommentssfronbEDOT
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Digital ImagecCorrelation(R21C)yaBackgralind

Reference image

A What is DIC?

I Optical, noncontact fultfield
displacement/strain measurement

Region of
interest (ROI)

I Tracks surface texture across |magm;

sequence

A How it Works? s B
I Surface split into subsets (unique
grayscale pattern) (a)

I Tracking pixel subsets between a
reference and deformed image

I Subset shifted over deformed image
to find best match

I Displacement = relative shift
(referencelh RS T2 N SR U

APOSTOLAKIS, G., MACKIE, K. R., IRANIPARAST, M. & SUN, P. P. 2024. UHR@@italer multi

Y pay)

Speckle
pattern

e, DAV

Subset i

O

u
Correlation
criteria
V

Deformed image

Speckle Pattern
Application

Camera Sys. Image/
EE—
Deployment Vldeo

Strain
Measurement

Displace
ment Field

Subset Position
Tracking

Digital Image Correlation Flowchart

deformation measurements: Photogrammetry, physical sensing, andSkturesy0, 107790. Slide 13



Sutbset\Matching GritefianinDIC

A Croesscorrelation (CC) criteriadicentifyhenmaximunirsimitayity
A Sumofssquared differences {SSD) eriteriaridentify theyminimum intensityedifiecence

Type Formula Subset of in Subset of in

Reference Deformed

Cross-Correlation (CC) Family

Direct CC Cec =) figi
Zero-Mean CC (ZCC) Croc =Y (fi = f)(gi — 9)
Normalized CC (NCC) Cnoo = %
L ](: L []ﬂ— ~ 100 o 0 0 (100 0 100 | LOO 100 100|100 | 10O
Zero-Mean Normalized CC (ZNCC) Cynce = Z(f’ - ,f\)(‘qi —9) — ::: ::: l:ﬂ I:O ::: 1:: ::: |:n ,:ﬂ ,:] ::: ::(:
VI = )9 — 9)° —
Sum of Squared Differences (SSD) Family b Ll s i o Bl
Direct SSD Cssp = 2 (fi — 9i)*
Zero-Mean SSD (ZSSD) Crssp = 2, [(fi = f) — (9 — .@)}2
2
. fi gi
Normalized SSD (NSSD) Cxssp = ) [ = — =
\/ > 17 \/Z g; )
. . L . fi—f 9i — g
Zero-Mean Normalized SSD (ZNSSD) v used in this project C7nssp = D [ — = ' =
VX(fi— 1?2 VX(9i—9)?

f(x;, y;i) and g(z;,y;) denote the gray values of the i-th pixel in the reference and deformed subsets,
respectively;

f and g are the mean gray values of the reference and deformed subsets, respectively.
Slide 14 Thin scan line




Jounney of22EDIC: sAreeScancGamera
A AreascanDIC gaptures: fullipile/dynamics

10 10% Test # 1 o 10 <104 Test # 2
A %mm % ;Z :zz:i:;t::g: Egige)lemmeter) ?z; ;Z :zz:i:;:sgz E.I—)\ifglerometer)
i FreeflyWave ultrahigh-speed CMOS 3 lj—_;'&,\, g {—.J\,f\ﬁ a
i ZEISS Loxia 50 mm f/2&r®unt lens 3 S il TR T R O ! I TR B I
0 0.005 0.01. 0015 0.02 0.025 0 0.005 0.01. 0.015 0.02 0.025
i Random speckle pattern+ 10 mm line pattern PO D Acceleration tmebistory
for calibration . — . B
A Meth@d: 2D‘IC g jf:— t :t_> zigﬁiglemmeter) ;;? -f:— 11:: ::E.Ii)ige)lemmeter)
. 3 g F A
I MATLAB on operourceNcorrengine E%F | E -j;b
- _— | ] - __ I
I Subsetbased correlation, supixel interpolation 5" 5o o o oo o oo oo oo oo oo

Time (s) Time (s)

I ZNCC criterion: robust to lighting and sharp p (® Velocity time history
A Vallldaﬂ]ﬁﬁl 0.45 Test#1 i Test # 2

, g 035 2 Displacement (DIC) g 035 B Displacement (DIC)
. w N A A~ A X A ~N\ = = Displacement (Accelerometer) = - Displacement (Accelerometer)
I 5AaLl | OSYSYU Ih St 20 :oxp 5 0|
S o015 S ons|-
I Crosschecked vs. head accelerometer 2 oo |- M e
: _005 ‘ il L l 1 l 1 l 1 : _005 1 l 1 l L l L [ '

'|' Strong agreement on Shape, peak t|m|ng’ net 0 0005 001 0015 002 0025 0 0005 001 0015 002 0025

Time (s) Time (s)

d |Sp|acement @ Displacement time history
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Presentation@veruwiew

A Project Iwtirodluiion

A ReviewdfffRasbBlalivatdbies

A DICHakkgronhdran22DIC

A Transtormmationffrom22BDICHto115DIC
A Cunrent Wotk:WMediumScalerRile dests
A Future Work

A Discussionand CommentssfronhEDOT

Slide 16



Why Moved ffram 2DDIC to11EDIC?

ss= 2D-DIC —

weme full-field, areascan reducedfield, linescan

wCorrelate every subset across a 2D RQ wCorrelate along one sensing line

wThousands of full frames per test wRecords a single line, far less data

wMulti-GB recordings in seconds wMuch faster to process

wHeavy processing time and memory wUp to 60 kHz, finer temporal detail
A Keyiinsight

I 2D field = more computation than axial motion needs
i Lineol aSR 5L/ Ih YdzOK fS&aa RFEOGF &6mM5 20
over 2kHz, processing x100), much higher temporal resolution (16K over 4K)

Slide 17



Jounney of1IIEDIC: LineScancCamerar(totallyi Differe nihAnimal!)

<[> Software

Load .ccf/ Init. Sapera Allocate Register
Get options object ring buffers callback

Stop grab & ress Start grab Write ‘
cleanup metadata file

Callback . Toggle RAW

writes buffers di
6 bin recording

A GrabCRPP
I XtiumCLHS PX8 frame grabber I Custom C++ on the Teledyne DALSA Al
I Camera Link HS (PGR DMA streaming) I CamExpersets camera configdch) file

I External active cooling I Save line pixel data as uncompressed .k

Slide 18



Coc = 3 figi 8 1.4038515 -

Crzcc = Y(fi — (g — 9)

Czec = Y(fi — (g — 9)

Crcc = Y(fi — H)(gi — 9)

1D-DICECrsess cCorelation (CC)id-BeanccCamera

Reference image 3 15 E @ ®\ Q ﬁu\
300 T T T T T T T
g
3 2001 -
e
5 100 =
14
0 ! i 1] | ! 1 1 1 |
200 400 600 800 1000 1200 1400 1600 1800 2000
Pixel
300 Current image: sliding wi (purple) shows the REFERENCE ROI shape
T T T T T T T T T
2
« 200 -
=3
5 100
(]
0 ||| | 1 | | 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000
«107 Direct Cross-Correlation
1.4038516 [~ T T T T T T T T T 3
1.4038514 = 1 1 1 1 1 1 Il 1 1 =
200 400 600 800 1000 1200 1400 1600 1800 2000
Zero-Mean Cross-Correlation
1F T T T T T T T T T =
3 ol 1|
N
B 1= | 1 1 1 1 1 1 1 1 =
200 400 600 800 1000 1200 1400 1600 1800 2000
lized Cross-Correlation
1F T T T T T T 3
Q
Q 0 =1
z
gL L | | 1 1 1 1 1 1 _
200 400 600 800 1000 1200 1400 1600 1800 2000
2 Zero-Mean Nor d Cross-Cor
T T T T T T T =
38
z OF B
N
A1 | L | | | 1 1 1 1 ,
200 400 600 800 1000 1200 1400 1600 1800 2000
Pixel
Slide 19

Pros: Give local extremums
Cons: Sensitive to brightness

Pros: Removes brightness offset
Cons: Large/small intensity ranges

Pros: Independent of intensity
Cons: Baseline differences

Pros: Give valuable range
Cons: Computationally expensive

Reference image




1D-DICsSum 0f Squaredbifferences ($SID):-BoencGamera

|
|
. 2 Y |
300 . I Refereml.‘.e image I =, é {T] {7 G’)\ @\ G\J\I |
ﬁlzoo— i |
S ol 1 I
& | | 1 | | 1 | I
0 200 400 600 800 1000 1200 1400 1600 1800 2000 I
Pixel
Current image: sliding window (purpls‘j shows the REFERENCE ROI shape :
I T T T ) T T T :
7 T
- 1
| | | I I | I 1
400 600 800 1000 1200 1400 1600 1800 2000 I
«108 Sum of Squared Differences i |
o ' ' ‘ ' ‘ ' Pros: Simple, local extremums 1
Cssp = (f; — gi)?  Beswowsr - Cons: Large/small intensity |
2.330842 = | 1 1 | 1 | | 1 | rangeS 1
200 400 600 800 1000 1200 1400 1600 1800 2000 I
x10° Zero-Mean SSD | . |
2006059~ ' ' ' ' - Pros: Removes brightness |
- 2.0060585 — -

Czssp = Z[(fz - .f) - (Qi - g)P 2.006058 — 1 offset :
R ‘ . . ‘ . ‘ ‘ . ‘ | Cons: Large/small intensity I

200 400 600 800 1000 1200 1400 1600 1800 2000
ranges |
T T T =0 T | I
2 | Pros: Scale invariant I
C =% fi o 2 . 1
NSSD NN S 2 1 Cons: Baseline "
ZC‘DU 4é0 5&0 B‘UU 1UIUO IZ‘UU 14‘00 16|UO 13‘00 2000 dlﬁerences :
e : : : Zero-Mean .‘";Tu lized SSD : : _ . 1
2 o Pros: Give valuable range |
_ (-H (59 B . : 1
Canssp = > { S0 Ve g)z} & Cons: (_Zomputatlonally :
o= ZC‘KJ 4’|JG Eéﬂ BE‘JU 1U|00 12‘00 14‘00 16|00 18‘00 2500 exp e n S Ive I
Pixel 1
|
|
|
1
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Jounneyof1IEDIC: SteppedDisplacementc@uiput
A Staircasesartifactrin 2DICutput d

I Flat zero intervals, then abrupt jumps 08 =
I Inconsistent with real pile kinematics Eo.s- E’
: g 5

A Trouble shoeotingnmethads

| PIXGthO-f S y. 3 l:l K N\B é | f 7\ C_))N\] l:l A 2 y I_b QU-Z’ : t::z:z:::g::ag; 19 8

i 5L/ &adzoaSid airlsS IxRadaAadyYSyild [ '2;0‘“’"5‘”:60 e

i Speckle /surface texture® K SO b ¥2 OKI Yy .o Time (ms)
A Root causebbtfffeindexing hugiinGrabCRP BT Fanction

I GrabCPleallback usetx = count % 32 slots What the hardware does What the formula assumed

Cycles through 33 slots (32 real + 1 trash) GetEventCount() % 32 - cycles through 32 slots only

i SapBufferWithTrash RRa m KA RRSY
i LYRSE RNXTilas N\ & i-SpoStpiciiddy

96.97%

Duplicated frame

@
0.00%

after fix

Slide 21 [] Trash buffer m



Journey of1TDIC: WalidationnroRisplacement

Before 17 After 0.8 25
08 — 0.6 120
5o £ £ 04 15
(S 2 S
] £ ]
Q 8 Q
S 047 110 @ 2 02- 10
7] . 3 7]
(] A (]
0.2+ Linescan — Group 1 15 0 Linescan — Group 1 15
N Linescan — Group 2 Linescan — Group 2
! = = Areascan = = Areascan
0 : ‘ : 0 -0.2 ' ' ' ' 0
0 200 400 600 800 0 200 400 600 800
Time (ms) Time (ms)

A Validation evitlenee

I Two linescan groups overlap the aresgan 2EDIC reference across the full record
I O duplicate frames out of 242,445 frames (0.0000%)
I Linescan reaches 18,848 lines/sec

Slide 22

Displacement (mm)



Presentation@veridew

A Project Introduaiion

A ReviewdffiRasbBlalamatdbies

A DICHRakkayowhdrah2b2DIC

A Transtommaionfiom2BEDICtw1IBDIC

A Cunrent Wotk: MediumScaterRiladests
I Sandbox Experiment: Displacement, Velocity, and Strains

i LYLINREOSR 9ELISNAYSY(GY dal 2L Ayazyé tAf
I Parametric Analysis for Evaluation of Pile Rebound Risk
A Future Work

A Discussiomand Comments-sfronpEDOT
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Cunrent Wiotk: \WiediumScalerRiedests

ProgressivebbevelopmenifahthexExperimentalsSystem

V Patterns evaluation, wave velocity, camera type, and sensor integration.

Pile cushion

Camera Data acquisition system  Hammer

Accelerometer

DIC speckle patern

Sand Containe

Steel pile:cevaluation ofidisplace ment measurements using the:area scan-camera.
Slide 24



Cunrent Wotk: MediumScalePRiadestis (P\CeRiles)

Hammer Pile cushion

Data acquisition syste

Line Scan Camera

Sand Container

PVCopile!integration and«etificationfaf thenlirgcanand-arescancameras.
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MeasurementafiDisplacementrandeVelacity

DIC PDA
VisionBased AccelerationBased
CoTmTmEmmmmmmmmmmmmmmmm e mmmmmmm—_———m cTTTmmmmmmmmmmmmmmmmmmmmmmmmmm—— Test # 1
Displacement: Displacement: = 018
A Surface-pattern tracking A Double integration of acceleration E 0.14 -
< : < o . _ Z 0.10 |-
A Direct displacement measurement A Low-pass filtering before integration £ - e
) . < 0.06 | — D (Accelerometer)
A Avoids integration-induced drift A Susceptible to cumulative drift from 2 00 - D (Line-Scan-Camera)
2 TR — — —D (DIC)
low-frequency noise and sensor bias | oo v b L
0.04 004 005 0.06 0.07 0.08
T . Time (s)
Velocity: Velocity:
A Differentiation of displacement A Single integration of acceleration ect# 1
A May amplify measurement noise A Residual velocity offset correction 0
@ 30 |- V (Accelerometer # 1)
A Susceptible to integration-induced drift £ u — — — V (Accelerometer # 2)
______________________________________________________________________ : 20 |- V (Line-Scan-Camera)
PDA Signal Processing: ‘§ 0 - — —V(DIO)
Accel eratipassYfliowering Y Integration " 3% ,L _ ,_
i y - ; : > 0 AT
correction Y Integration Y Displacement 10:||||||||||||||||||||||||
______________________________________________________________________ 003 004 0.05 006 007  0.08

Camera Sampling Rates:

Line-scan camera: 18800 Hz Area-scan camera; 1722 Hz Time (s)
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Badkground \MetioneBlurdssue (Structuiral Rymnaniics)
A Metion blurs:

Global blurcamera moves (e.g., robotic vision, moving car), blurred background

I Local qurqurred target (object) moves in a statlc background (e.q., shake table)
= , , IF = ||

Global blur Local blur |
A What factors dffectmotionbblurs?
Shutter speed of camera (affordabte low shutter speed)
I Relative movement speeds between cameras and recorded objects

https://expertphotography.com/motiorblur/
https://www.premiumbeat.com/blog/motiorblur-premierepro/
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https://expertphotography.com/motion-blur/
https://expertphotography.com/motion-blur/
https://expertphotography.com/motion-blur/

Moti@n Blur Issue inoynamics

A Locdlrmotiontluriindgynamics: | |
i Formulated as the accumulation of photons on "2, wy e";‘;ﬂiﬂri“rfft -
camera sensor: 5 ZWX \ 0
Aoy ) 3(0 "deRy Q9
I ) 3¢ -image signal processor operator
A Potential solution: iimageidehlur u
I Spatialt homogeneous vs heterogeneous?
I Setting:singleframe vs multframe? image blur

i Manner. blind (preestimated kernel) vs nen Oty
blind (realistic but itbosed)?

I Blur kernel:blur kernelbased vs endénd
kerneklree / learningbased?

6 xE E [MIA] A
Motion blur in structural dynamics
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Improvement: IRemowind Bluic((CameraiSetiingdane RarkenRattern)

FPS Image

1 12804
2 12804
3 12804

Line Scan Camera

R T T S Sy S O ' === Recording Details ==3
_____ : ' Width=16384px
l : : Height=1px
|

|

I

: PitchBytes16384

: BytesPerFramel 6384
. LinesPerFranrel

I

|

Exposure=7%S
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