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Å Pile rebound: 

ïUpward movement (elastic or plastic recovery) of a driven pile 
immediately after hammer impact during driving operations.

ïPhenomenon influenced by the pile material properties, soil type, 
and pile-soil interaction mechanisms.

Å Previous studies:

ïExcessive rebound is found when (Jarushiet al., 2013; Hannigan et 
al., 1998):
ÅEncounter with a very competent soil layer or rock.

ÅHigh pore water pressures in cohesive soils.

ÅInsufficient energy transfer during pile installation.

ïRebound has been monitored visually or using displacement sensors. 
Precise quantification remains difficult without high-resolution 
tracking (Cosentino et al., 2020).

ï In problematic soils (e.g., clays with low permeability), rebound can 
mask actual pile behavior, leading to premature refusal or installation 
errors (Jarushiet al., 2013).

ïRecent research highlights the importance of rebound (Reuter, 
2019;Cosentino et al., 2010):
ÅIt affects drivability analyses and bearing capacity predictions.

ÅIt may result in overestimated capacity if ignored or misinterpreted.

Technical Background: Rebound

Typical behavior Pile Rebound
(Jausgi et al., 2013)

Typical PDA pile top displacement vs time 

from one hammer blow for an FDOT HPR site
(Consentino et al., 2020)
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ÅPile Dynamic Testing (PDT):
ïNon-destructive method to evaluate load-bearing capacity during and after installation. 

ïBased on Wave Equation Analysis, which models the stress wave propagation along the 
pile induced by an external dynamic load (Smith, 1960; Lee et al., 1988; Salgado et al., 2017).

Technical Background: Pile Dynamic Test

Pile Driving Analyzer (PDA)

ÅExternal sensors attached to the pile head.

(Pile Dynamics, Inc. 2000a)

Embedded Data Collector (EDC)

ÅSensors embedded during pile casting.

(McVay et al., 2009)

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

Sensor 
Installation

Dyn. Impact 
Application and 

response recording Evaluation of pile 
Capacity

Evaluation of 
rebound

Pile Dynamic 
Testing

Displacement, 
Force and 
Velocity
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ÅCurrent Dynamic Testing Methods

ïPile Driving Analyzer (PDA) and Embedded Data Collector (EDC)

ïRequire physical sensors either attached/embedded to pile

ïEDC is limited to specific pile types (e.g., cast-in-place concrete)

ÅPhotogrammetry Approach (Previous Studies)

ïtǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ǳǎƛƴƎ ŎƻƴǾŜƴǘƛƻƴŀƭ ŎŀƳŜǊŀǎ όҖ сл IȊύ ǎƘƻǿ ƭƛƳƛǘŀǘƛƻƴǎ ƛƴ ŎŀǇǘǳǊƛƴƎ 
fast dynamic responses; sensitive to vibration interference during measurements

ÅHigh-Speed and High-Resolution Photogrammetry (Proposed)

ïProposed photogrammetry-based method enables non-contact, high-resolution 
monitoring with a sampling rate > 2,000-10,000Hz, allowing precise tracking of pile 
motion

ïTypical Pile Dynamic testing systems operate in the range of 2.5 to 10,000 Hz

Technical Considerations
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Project Objectives

ÅTo develop a non-contact method using ultra-high-speed photogrammetry 
to measure pile displacements and rebound behavior during driving 
operations across different pile types (e.g., precast concrete, steel pipe, H-
piles).

ÅTo evaluate the potential of imagen-based measurements for potentially 
estimating pile capacity, including comparisons with conventional methods.

ÅTo provide recommendations for integrating photogrammetry into FDOT pile 
testing practices, particularly in scenarios where sensor instrumentation is 
limited.
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Summary of Tasks/Deliverable Schedule

TASK AND ASSOCIATED DELIVERABLE DATE

Kickoff teleconference 06/2025

Deliverable 1: A technical report presenting the results of the technical background on pile monitoring 

instrumentations, existing applications of ultra-high-speed cameras, image processing methods, and 

past case studies.

09/2025

Deliverable 2: Development of high-speed camera sensing system and data collection, and 

development of image processing algorithm for digital image correlation

02/2026

Deliverable 3: Small-scale rebound and pile resistance demonstrational testing in laboratory 

environment.

07/2026

Deliverable 4: Medium-scale physical model testing of rebound and pile resistance in high-bay 

structural laboratory.

12/2026

Deliverable 5: Full-scale field application and demonstration at selected pile driving sites 02/2027

Deliverable 6a Draft final report. 03/2027

Deliverable 6b: Closeout teleconference meeting and PowerPoint presentation 04/2027

Deliverable 7: Final report 04/2027
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Presentation Overview

ÅProject Introduction

ÅReview of Past Deliverables

ïDeliverable 1: Technical Background and Preliminary Validation

ïDeliverable 2: Software and Preliminary Results

ïDeliverable 3: Small-Scale Rebound & Pile Resistance in Lab Testing

ÅDIC Background and 2D-DIC 

ÅTransformation from 2D-DIC to 1D-DIC

ÅCurrent Work: Medium-Scale Pile Tests

ÅFuture Work

ÅDiscussion and Comments from FDOT
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Deliverable 1: Technical Background and Preliminary Validation

ÅConducted a Literature Review About

ïHigh pile rebound (HPR), Pile Dynamic testing (PDA/CAPWAP), and Non-contact 
optical measurement techniques.

ÅPreliminary Experimental Validation Using an area Scan Camera

Slide 11

Å Achievements

ï Preliminarily we tracked pile 
displacement and velocity 
with DIC at 1,000 Hz. 

Preliminary Data

DIC

Patterns

Camera

Lights

Data Acquisition 

System
Hammer

Point A

Point B

HammerHammer Guide

Sand Container

Line Pattern

Pile of Cushion

LVDT

Accelerometer

Cammera

Lights

Hammer

Sand Container

Pile of cushion

LVDT

Accelerometer

Line Pattern

Camera

LightsTripod

Monitoring System

a) Wood pile in a bucket. b) Steel pile in a large sand 
container (medium scale).

c) Steel pile in a large sand container 
(medium scale).
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Deliverable 2: Software and Preliminary Results

ÅHardware System for Image and Video Acquisition

ïHardware architecture, area- and line-scan imaging systems, camera calibration 
and data acquisition, and data management and future development.

ÅPreliminary Experimental Tests: Wave Velocity in Piles

ÅDevelopment of a Force-Based Framework for Evaluating Pile Rebound Risk

ïRelationship between pile resistance (static and dynamic) and pile driving force 
parameters 

Wave velocity Wave velocity 
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Deliverable 3: Small-Scale Rebound & Pile Resistance in Lab Testing

ÅDeveloped the Line-Scan Camera System

ï3D printed mount, frame duplication correction, and data acquisition verification

ÅSmall and Medium Scale Testing Using the Line Scan Camera

 

ÅUpdate of the parametric analysis for the evaluation of pile rebound 
resistance components. 

Light s

Sand Container

Pile cushion

Area Camera (DIC)

Hammer

Data acquisition system Line Scan Camera

a) Small-Scale testing b) Medium-Scale testing 
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Small-Scale Pile tests

ÅProgressive Development of the Experimental System

ïPatterns evaluation, wave velocity, camera type, and hammer system.
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Å Achievements

ï Preliminarily we tracked pile 
displacement and velocity 
with DIC at 1,000 Hz. 

Preliminary Data

DIC

Patterns

Camera

Lights

Data Acquisition 

System
Hammer

Point A

Point B

HammerHammer Guide

Sand Container

Line Pattern

Pile of Cushion

LVDT

Accelerometer

Cammera

Lights

a) Wood pile: Initial validation 
of displacement with Area 

Scan Camera.

b) Steel pile: Evaluation of 
displacement measurements 
using the Area Scan Camera.

c) PVC pile: Integration and 
verification of the Line Scan 

camera.



Slide 12

Presentation Overview

ÅProject Introduction

ÅReview of Past Deliverables

ïDeliverable 1: Technical Background and Preliminary Validation

ïDeliverable 2: Software and Preliminary Results

ïDeliverable 3: Small-Scale Rebound & Pile Resistance in Lab Testing

ÅDIC Background and 2D-DIC 

ÅTransformation from 2D-DIC to 1D-DIC

ÅCurrent Work: Medium-Scale Pile Tests

ÅFuture Work

ÅDiscussion and Comments from FDOT
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ÅWhat is DIC?

ïOptical, non-contact full-field 
displacement/strain measurement

ïTracks surface texture across image 
sequence

ÅHow it Works?

ïSurface split into subsets (unique 
grayscale pattern)

ïTracking pixel subsets between a 
reference and deformed image

ïSubset shifted over deformed image 
to find best match

ïDisplacement = relative shift 
(reference Ҧ ŘŜŦƻǊƳŜŘύ

APOSTOLAKIS, G., MACKIE, K. R., IRANIPARAST, M. & SUN, P. P. 2024. UHPC girder multi-modal 
deformation measurements: Photogrammetry, physical sensing, and FEA. Structures, 70, 107790.

Digital Image Correlation (DIC): Background
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ÅCross-correlation (CC) criteria identify the maximum similarity

ÅSum of squared differences (SSD) criteria identify the minimum intensity difference

Subset Matching Criteria in DIC

Subset of in 
Reference

Subset of in 
Deformed

Thin scan line
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Journey of 2D-DIC: Area-Scan Camera
ÅArea-scan DIC captures full pile dynamics

ÅSensing

ïFreefly Wave ultra-high-speed CMOS

ïZEISS Loxia 50 mm f/2 E-mount lens

ïRandom speckle pattern+ 10 mm line patterns 
for calibration

ÅMethod: 2D-DIC

ïMATLAB on open-source Ncorr engine

ïSubset-based correlation, sub-pixel interpolation

ïZNCC criterion: robust to lighting and sharp peak

ÅValidation

ï5ƛǎǇƭŀŎŜƳŜƴǘ Ҧ ǾŜƭƻŎƛǘȅ Ҧ ŀŎŎŜƭŜǊŀǘƛƻƴ

ïCross-checked vs. head accelerometer

ïStrong agreement on shape, peak timing, net 
displacement
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Presentation Overview

ÅProject Introduction

ÅReview of Past Deliverables

ÅDIC Background and 2D-DIC 

ÅTransformation from 2D-DIC to 1D-DIC

ÅCurrent Work: Medium-Scale Pile Tests

ÅFuture Work

ÅDiscussion and Comments from FDOT
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ÅKey insight

ï2D field = more computation than axial motion needs

ïLine-ōŀǎŜŘ 5L/ Ҧ ƳǳŎƘ ƭŜǎǎ Řŀǘŀ όм5 ƻǾŜǊ н5ύΣ ƳǳŎƘ ŦŀǎǘŜǊ όŎƻƭƭŜŎǘƛƻƴ слƪIȊ 
over 2kHz, processing x100), much higher temporal resolution (16K over 4K)

Why Moved from 2D-DIC to 1D-DIC?

2D-DIC 1D-DIC
full-field, area-scan reduced-field, line-scan

ωCorrelate every subset across a 2D ROI

ωThousands of full frames per test

ωMulti-GB recordings in seconds

ωHeavy processing time and memory

ωCorrelate along one sensing line

ωRecords a single line, far less data

ωMuch faster to process

ωUp to 60 kHz, finer temporal detail
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Journey of 1D-DIC: Line-Scan Camera (Totally Different Animal!)

ÅGrabCPP
ïCustom C++ on the Teledyne DALSA API

ïCamExpert sets camera config (.ccf) file

ïSave line pixel data as uncompressed .bin

SoftwareHardware

ÅTeledyne DALSA  
ïXtium-CLHS PX8 frame grabber 

ïCamera Link HS (PCIe ×8, DMA streaming)

ïExternal active cooling 
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1D-DIC Cross Correlation (CC): Line-Scan Camera

Reference image Current image

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
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1D-DIC Sum of Squared Differences (SSD): Line-Scan Camera

Reference image Current image

Pros: Simple, local extremums

Cons: Large/small intensity 

ranges

Pros: Removes brightness 

offset

Cons: Large/small intensity 

ranges

Pros: Scale invariant

Cons: Baseline 

differences

Pros: Give valuable range

Cons: Computationally 

expensive
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Journey of 1D-DIC:  Stepped-Displacement Output

ÅStaircase artifact in 1D-DIC output
ïFlat zero intervals, then abrupt jumps

ï Inconsistent with real pile kinematics

ÅTrouble shooting methods
ïPixel-to-ƭŜƴƎǘƘ ǊŜŎŀƭƛōǊŀǘƛƻƴ Ҧ ƴƻ ŎƘŀƴƎŜ x

ï5L/ ǎǳōǎŜǘ ǎƛȊŜ ŀŘƧǳǎǘƳŜƴǘ Ҧ ƴƻ ŎƘŀƴƎŜ x

ïSpeckle / surface texture re-ŎƘŜŎƪ Ҧ ƴƻ ŎƘŀƴƎŜ x

ÅRoot cause: buffer-indexing bug in GrabCPP
ïGrabCPP callback used idx = count % 32 slots

ïSapBufferWithTrash ŀŘŘǎ м ƘƛŘŘŜƴ ǘǊŀǎƘ ǎƭƻǘ Ҧ оо ǎƭƻǘǎ

ïLƴŘŜȄ ŘǊƛŦǘǎ Ҧ ǎǘŀƭŜ ŦǊŀƳŜ ǊŜ-ǿǊƛǘǘŜƴ Ҧ  ~97% duplicated

96.97%
Duplicated frame

Ҩ

0.00%
after fix
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Journey of 1D-DIC: Validation in Displacement

ÅValidation evidence
ïTwo line-scan groups overlap the area-scan 2D-DIC reference across the full record

ï0 duplicate frames out of 242,445 frames (0.0000%)

ïLine-scan reaches 18,848 lines/sec 

Before After

Group1 Group2
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Presentation Overview

ÅProject Introduction

ÅReview of Past Deliverables

ÅDIC Background and 2D-DIC 

ÅTransformation from 2D-DIC to 1D-DIC

ÅCurrent Work: Medium-Scale Pile Tests

ïSandbox Experiment: Displacement, Velocity, and Strains

ïLƳǇǊƻǾŜŘ 9ȄǇŜǊƛƳŜƴǘΥ άIƻǇƪƛƴǎƻƴέ tƛƭŜ ¢Ŝǎǘ

ïParametric Analysis for Evaluation of Pile Rebound Risk

ÅFuture Work

ÅDiscussion and Comments from FDOT
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Steel pile: evaluation of displacement measurements using the area scan camera.

Hammer

Sand Container

Pile cushion

LVDT

Accelerometer

Camera

LightsTripod

Data acquisition system

DIC speckle pattern

Current Work: Medium-Scale Pile Tests

Progressive Development of the Experimental System
V Patterns evaluation, wave velocity, camera type, and sensor integration.
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PVC pile: integration and verification of the line-scan and area-scan cameras.

Light s

Sand Container

Pile cushion

Area Camera (DIC)

Hammer

Data acquisition system Line Scan Camera

Current Work: Medium-Scale Pile Tests (PVC Piles)
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Measurement of Displacement and Velocity
DIC

Vision-Based

PDA
Acceleration-Based

Displacement:

Á Surface-pattern tracking

Á Direct  displacement measurement

Á Avoids integration-induced drift

Velocity: 

Å Differentiation of displacement 

Å May amplify measurement noise 

Displacement:

Á Double integration of acceleration

Á Low-pass filtering before integration

Á Susceptible to cumulative drift from 

low-frequency noise and sensor bias

Velocity:

Å Single integration of acceleration

Å Residual velocity offset correction

Å Susceptible to integration-induced drift

PDA Signal Processing:
Acceleration Ÿ Low-pass filtering Ÿ Integration Ÿ Velocity Ÿ Residual velocity offset 

correction Ÿ Integration Ÿ Displacement

Camera Sampling Rates:
Line-scan camera: 18800 Hz Area-scan camera: 1722 Hz
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Background: Motion Blur Issue (Structural Dynamics)

ÅMotion blurs:

ïGlobal blur: camera moves (e.g., robotic vision, moving car), blurred background

ïLocal blur: blurred target (object) moves in a static background (e.g., shake table)

ÅWhat factors affect motion blurs?

ïShutter speed of camera (affordable -> low shutter speed)

ïRelative movement speeds between cameras and recorded objects
https://expertphotography.com/motion-blur/

https://www.premiumbeat.com/blog/motion-blur-premiere-pro/

Global blur Local blur

https://expertphotography.com/motion-blur/
https://expertphotography.com/motion-blur/
https://expertphotography.com/motion-blur/
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Motion Blur Issue in Dynamics

ÅLocal motion blur in dynamics:

ïFormulated as the accumulation of photons on 
camera sensor:

ÅὍὼȟώ )30᷿ Ὢὸȟὼȟώ Ὠὸ

ï)30ɇ - image signal processor operator 

ÅPotential solution: image deblur

ïSpatial: homogeneous vs heterogeneous?

ïSetting: single-frame vs multi-frame?

ïManner: blind (pre-estimated kernel) vs non-
blind (realistic but ill-posed)?

ïBlur kernel: blur kernel-based vs end-end 
kernel-free / learning-based?

C

XW

YW
ZW

O

u v

motion during 

exposure ◄- ◄

image blur 

Ὅὼȟώ

ὖ

Motion blur in structural dynamics

ὀ Ἑͯ  Ἑ ἠἢ ἦ
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Test FPS Image

1 12804

2 12804

3 12804

Improvement: Removing Blur (Camera Setting and Darker Pattern)  

=== Recording Details ===

Width=16384 px

Height=1 px

PitchBytes=16384

BytesPerFrame=16384

LinesPerFrame=1

Exposure=75 ˃s

Line Scan Camera

Centralizer

Hammer Guide

Pencil Line Pattern


