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Introduction

• The FDOT has developed and applied 
measuring while drilling (MWD) of drilled 
shafts to assess axial shaft capacity quality 
control.
• Little River, Kanapaha, Overland, Selmon Expy,  

and CR-250

• The process involves monitoring the torque, 
crowd, penetration rate, and rotational 
speed in real time to obtain specific energy 
per 1” of penetration which is then 
correlated to measured shaft side shear 
from static load tests, rock strength (qu), 
and SPT N values 

• The developed specific energy-side shear 
correlation is subsequently used for quality 
assurance (shaft capacities) during the 
installation of production shafts
• “qu vs. e” is established or verified on a site-

to-site basis  3

Specific energy – side shear relationship 
for drilled shafts using rock augers



Project Background

• Recently, the FDOT has allowed the use of auger cast (ACIP) piles for bridge 
piers at I-395 in Miami, West Palm-Boca Raton and Delray, as well as other 
sites

• Like drilled shafts, ACIP piles require QA/QC of their axial capacities during 
production pile installation

• ACIP Piles employ an auger bit to remove limestone similar to drilled shafts 
→ It is believed MWD could be used for ACIP axial capacity QA/QC
• Assess specific energy on at least a 1” scale on planned load tests
• Establish correlation for ACIP Piles 

• Established correlations could then be used as a new method of ACIP 
QA/QC for production piles

• Since a large amount of data is being collected, LRFD phi assessment of 
different design methods should be revisited and LRFD for standard design 
as well as MWD approach should be assessed 4



Project Objectives

• Establish side shear vs. MWD specific energy correlations on a 
number of sites using ISO compliant MWD on ACIP Pile installations 
for load tested piles

• Validate MWD correlations and developed QA/QC procedures on 
production piles at each of the sites

• Based on pile load tests and recovered field cores/laboratory strength 
testing, reassess LRFD phi factors for Auger Cast Piles in South Florida

• Use the MWD specific energy vs. pile side shear correlations from 
load tests to establish LRFD phi factors for future south Florida axial 
pile capacity QA/QC
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Tasks and Deliverables
• Deliverable 1 - Establish MWD Data Reduction Criteria and Procedures for 

ACIP Pile Drill Rigs. (Task 1)
• Deliverable 2 - MWD Specific Energy vs. ACIP Pile Side Shear Relationships 

(Task 2)
• Deliverable 3 - MWD Correlation Validation for ACIP Production Pile QA/QC 

(Task 3)
• Deliverable 4 - LRFD Phi Assessment of FDOT Design Methods of ACIP Piles 

in South Florida (Task 4)
• Deliverable 5 - LRFD Phi Assessment of MWD Specific Energy for ACIP Pile 

Axial Capacity QA/QC (Task 5)
• Deliverable 6a - Draft Final (Task 6)
• Deliverable 6b - Closeout Meeting (Task 6)
• Deliverable 7 - Final Report (Task 7)
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Task 1 – Establish MWD Data Reduction Criteria and 
Procedures for ACIP Drill Rigs

• The monitoring systems onboard the ACIP pile drill rigs, and the format in 
which the drilling parameters may be recorded and reported was 
unknown
• Time or depth referenced?

• New raw data processing criteria and procedures were developed to 
produce a workable spreadsheet in which specific energy, rock strength, 
and shaft capacity may be assessed

• Processing the raw data required a program to be written in which the 
time-referenced-data is transformed into depth-referenced-data for 
compatibility with the specific energy equation 
• This increased the complexity of post processing due to the large number of time-

referenced raw data points
• The research effort first focused on properly reducing the raw data in a workable 

format prior to the assessment of MWD specific energy
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Establishing Valid Drilling Data

• The drilling operations can include 6 different types of drilling

• Drilling
• Penetration, rotation, torque, and crowd are applied simultaneously

• Withdrawal
• Auger is being withdrawn (moving upward not downward)

• Re-drill
• Re-drilling a segment that has been previously drilled (occurs after 

withdrawal)

• Idle Rotation
• Rotation is occurring without penetration 

• Idle
• The auger is at rest

• u w/o N
• Penetration is occurring without rotation (possible void or depth 

sensor malfunction)

• Only drilling data is considered valid and used for specific energy 
and strength assessment

• Once the valid drilling data points have been established then 
proper averaging must take place
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Proper Averaging

• In rock drilling, specific energy 
is defined as the energy 
required to remove/excavate 
a unit volume of rock

• In order to properly average 
specific energy over a 
specified length equal 
individual lengths of measure 
must be used
• Length of shaft segment 
• Volume removed (LShaft x AX-sect)

• Must use weighted averaging 
• Proportional to the depth 

increment achieved
• Cannot be achieved using the 

time-referenced measurements 
alone
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Unit of 
Length

𝑁𝑎𝑣𝑔 =
𝑁𝑖+𝑁𝑗

𝑛
=

20 𝑅𝑃𝑀+5 𝑅𝑃𝑀

2
= 12.5 𝑅𝑃𝑀                                                      

𝑁𝑎𝑣𝑔 =
𝑁𝑖+𝑁𝑗1+𝑁𝑗2+𝑁𝑗3+𝑁𝑗4

𝑛
=

20+5+5+5+5

5
= 8 𝑅𝑃𝑀                                     

Incorrect Averaging:

Correct Weighted Averaging:

Cross-sectional Area 
of shaft/pile



ACIP Analysis Program

• Easy to use and navigate
• Used simple Microsoft Excel format

• Quickly assess layering within the pile
• Can assess up to 30 layers within the pile at a time

• Quickly assess rock strengths and pile capacity
• Automatically provides qu, fs, and capacity for the whole pile and within defined layers

• Capable of assessing time-referenced and depth-referenced data

• Quickly adjust analyses based on the drill rig used

• Track drilling operations and efficiency
• Provides a pile summary report and plots drilling operations vs. time

• Assist in developing a “drilling index” to automatically discern soil from rock
• Can analyze individual and compound drilling parameters based on layering or specific energy requirements 

• Compare multiple piles
• Can load 10 piles into spreadsheet at a time for quick analyses of a pile group
• Produces a data page that can be quickly dropped into GeoStat for further analyses
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Enter AME Pile Data

Can enter in ACIP MWD data for up to 10 piles
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AME Pile Info

• Based on pile selected (discussed later) it will automatically import the data into the Pile Info tab
• Can scroll through organized raw data for pile selected 

• Pile info tab also allows depth referenced data to be dropped into the spreadsheet for analysis
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Enter Drill Rig Data
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Strength Analysis Tab – Specific Energy
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Strength Analysis Tab – Specific Energy
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Parameters – Layer

N T u F

(RPM) (in-lbs) (in/min) (lbf) u/N T/u

Mean 37.6 605,640 20.4 25,345 0.56 46,852

Median 38.4 583,913 19.3 23,527 0.49 30,684

Stand. Dev. 5.2 99,246 11.4 9,809 0.32 62,421

CV 0.14 0.16 0.56 0.39 0.58 1.33

Maximum 46.8 878,595 56.7 50,508 1.56 604,163

Minimum 25.2 436,783 0.8 1,380 0.02 9,127

Count 153 153 153 153 153 153

Statistics
Compound

Summary of Statistics - Layer

N T u F

(RPM) (in-lbs) (in/min) (lbf) u/N T/u

Mean 45.8 405,382 140.8 21,108 3.10 2,857

Median 46.8 381,140 141.7 20,575 2.96 2,761

Stand. Dev. 3.1 83,881 17.2 2,207 0.50 314

CV 0.07 0.21 0.12 0.10 0.16 0.11

Maximum 50.4 580,784 165.4 26,287 4.05 3,872

Minimum 37.2 299,165 111.4 17,663 2.22 2,415

Count 457 457 457 457 457 457

Statistics
Compound

Summary of Statistics - Layer

• Low u/N ratio and high T/u 
ratio are indicative of rock 
layering 

• High u/N ratio and Low T/u 
ratio are indicative of soil 
layering

• This information will be used 
to build a “drilling index” to 
distinguish soil from rock 
automatically – Similar to CPT

Rock Layer Soil Layer
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Strength Analysis – Specific Energy – Above Threshold
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Parameters – Threshold

N T u F

(RPM) (in-lbs) (in/min) (lbf) u/N T/u

Mean 29.1 859,247 58.7 9,837 2.18 24,699

Median 28.8 771,657 57.5 8,912 2.14 12,660

Stand. Dev. 8.7 381,776 24.2 13,988 1.05 76,760

CV 0.30 0.44 0.41 1.42 0.48 3.11

Maximum 48.0 2,675,698 110.6 58,724 6.79 2,291,507

Minimum 1.2 293,652 0.4 -27,167 0.02 4,812

Count 2,194 2,194 2,194 2,194 2,194 2,194

Summary of Statistics - Above Specific Energy Threshold

Statistics
Compound

N T u F

(RPM) (in-lbs) (in/min) (lbf) u/N T/u

Mean 41.5 488,242 127.5 17,561 3.13 3,946

Median 43.2 463,630 126.0 18,928 2.95 3,639

Stand. Dev. 6.1 127,655 22.3 6,576 0.66 1,270

CV 0.15 0.26 0.17 0.37 0.21 0.32

Maximum 50.4 1,060,084 165.4 54,495 5.33 9,308

Minimum 22.8 293,630 63.0 -1,816 1.59 2,415

Count 1,505 1,505 1,505 1,505 1,505 1,505

Summary of Statistics - Below Specific Energy Threshold

Statistics
Compound

• This information will be used to build a “drilling index” to 
distinguish soil from rock automatically – Similar to CPT 18



Strength Analysis – Unconfined Compressive Strength 

*Uses drilled shaft rock auger equation developed in Rodgers et al. (2018a, b) to estimate qu19



Strength Analysis – Side Shear and Shaft Capacity 

*Uses drilled shaft side shear equation developed in Rodgers et al. (2019) to estimate fs20



Strength Analysis – Side Shear and Shaft Capacity 
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Pile Summary Report 
• Project
• Location
• Engineer
• Pile ID
• Station
• Offset
• Top of Pile Elevation
• Drill Rig Identification
• Pile Diameter
• Pile Length
• Depth Increment Analyzed 
• ISO-MWD Assessment Class
• Summary of Statistics for Specific Energy Above the e Threshold

• Mean, median, standard deviation, CV, maximum, minimum, and number 
of data points

• Quality of Rock Socket Summary
• Specific energy threshold value, total rock socket length based on the e 

Threshold, and the total specific energy based on the e Threshold

• Pile Installation Time Summary 
• Side Shear and Shaft Capacity Estimates
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GeoStat Analyses
• Automatically populates rock strength data for Geostat (GS-Deep) Analyses
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MWD “e” versus SPT “N”

• Compare MWD specific 
energy to SPT blow count 
profile
• Drilling resistance vs. driving 

resistance
• SPT blow counts obtained 

within the ACIP pile group or 
within proximity (≈50 ft)

• MWD profiles resemble the 
SPT profiles
• Indicates MWD layering is 

correct

• Layering and strengths are 
different for each pile 
group
• Separated by ≈ 2,200 feet
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Variability Over Short Distances

• Compare MWD “e” from 
pile group to load test 
MWD within proximity
• Load test MWD 50’ to 85’ 

from adjacent pile group

• Variability observed 
within the 25’ by 25’ pile 
group

• Load test MWD shows 
similar layering as pile 
group MWD but does not 
always follow the average
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MWD versus Core Strengths (qu)

• Rock cores tested in 
unconfined compression 
(qu) are compared to 
MWD qu estimates.
• ≈ 40,000 MWD qu 

strength assessments 
within 25’ by 25’ pile 
group

• 23 core samples collected

• Some piles more closely 
resemble the core 
strength layering
• Piles 1 and 5 separated by 

7.5’ center to center 26



MWD “e” versus Load Test Side Shear

• Recently obtained 1st mobilized load test with MWD 
data
• Pile segments above load cell were fully mobilized 

• 2.1” of displacement

• Allows MWD to be directly compared to load test results 
to build or verify correlation

• Highly non-linear rigidity observed in pile and 
reported in load test results

• Difficult to compare smaller layers
• Need to analyze the load test in larger layers to 

compensate for the highly non-linear rigidity

• Can compare whole upper pile segment to MWD

• Can break load test results into 3 larger layers w/ 
similar pile geometries for comparison with MWD
• Komurka and Robertson (2020)

• Indicates drilled shaft rock auger equation may be 
valid for ACIP piles that use rock augers
• Potential state-wide correlation for rock augers
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Load Test MultiPier Simulation using MWD Data
• Modeled the Test Pile in MultiPier using MWD 

strengths (qu and fs) for each of the load test 
layers
• Loaded the pile tip to simulate a load cell at midspan
• Modeled pile diameters for each segment based on 

TIP results 

• Used a prescribed displacement of 2.1”
• Actual load test mobilized 2.1”

• Modeled pile was fully mobilized by a load of P 
= 2,128 kips 

• Load test reported the pile displaced ½ - inch 
(0.35” to 0.84”@ LTA, 0.14” to 0.62” @ TOP) in 
10 minutes while sustaining a load of 2,148 kips 
→  Likely mobilized entire pile
• P = 2,253 kips → 2.1” of displacement 
• 1.3” of displacement in 10 min under final load

• Supports the use of the drilled shaft rock auger 
equation for ACIP piles in rock

Load
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Remaining Tasks

• Continue to establish the MWD specific energy vs. ACIP pile side 
shear relationship

• Validate the MWD correlation for ACIP production pile QA/QC

• LRFD phi assessment of FDOT design methods of ACIP piles in South 
Florida

• LRFD phi assessment of MWD specific energy for ACIP pile axial 
capacity QA/QC

• Draft Final

• Closeout Meeting

• Final Report
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