U Herbert Wertheim DEPARTMENT OF e
VI E TR LS VIL & ENVIRONMENTAL | £ ?
UNIVERSITY of FLORIDA ENGINEERING ’ 5

DEPARTMENT OF CIVIL AND
COASTAL ENGINEERING

Residual Stresses in Florida Bored Piles
BED31-977-28

FDOT GRIP Meeting

FDOT Project Managers:
PM: Rodrigo Herrera, PE.
Co-PM: Kelly Shishlova, P.E.

UF and FSU Project Investigators:
UF PI: Michael Rodgers, Ph.D., P.E.
FSU Co-PI: Scott Wasman, Ph.D.

August 14, 2025



) . . DEPARTMENT OF
UF Herbert Wertheim College of Engineering CIVIL & ENVIRONMENTAL
DEPARTMENT OF CIVIL AND COASTAL ENGINEERING ENGINEERING

Introduction: Residual Stress in Deep Foundations

Residual stresses are tension stresses that develop in the pile/shaft during the grout curing
phase; influenced by

m Length of the pile/shaft - 25 ft vs 125 ft ACP
m Layering - interbedded layers of soil and rock vs just soil
m Drilling/grouting with highly variable pile/shaft diameters

m Grout mix design/selection and volumetric change during curing

Residual stress leads to
m Different top down or bottom-up mobilized side shear in a segment of pile/shaft

m Microcracks of sufficient size (high residual stresses) that result in higher axial strains in
pile/shaft further from the applied load than strains closer to the load

Shortened pile/shaft integrity (life span)

Introduces uncertainty in the MWD QA/QC correlations
Little work has been done to quantify it and account for it in load test results

Distributed Fiber Optic Sensing (DFOS) allows cm scale resolution of temperature and strain
measurements on single cables
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Background - Grout Curing Tension Strain
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Background - Load Test Observations
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Project Objectives

The project’s primary objective is to study the thermal influence on

residual stress development in bored piles and identify an appropriate

design method for axial capacity of ACIP piles with residual stress while
adding to the MWD dataset of South Florida limestone

We will conduct a test program on 3 ACIP piles that includes:

Measuring While Drilling (MWD)

Rock core testing for strength and thermal properties

Grout mix design study and lab testing of curing temperatures and strains using DFOS
Monitoring pile temperatures and strains during curing using DFOS and strain gages
Measuring strains during axial load tests using DFOS and strain gages

Modeling of curing bored pile

Establish T-Z model(s) for bored piles with residual stress.
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Task 1: Instrumentation Planning, Literature

Review, and Sample Collection

Distributed Fiber Optic Sensing (DFOS) cables, which are not typically used for bi-
directional load tests, will be a requirement for this research

m Installation plan for cables was developed in collaboration with load test consultants
m Provides quality assurance for the DFOS cables

A literature was conducted to gain insight from prior instances where fiber optic cable
was placed in various deep foundation types

m Drilled shafts, ACIP piles, driven piles, micro-piles, etc.

Developed programming for a DAQ module to be used to collect continuous data from
the standard strain gauges placed in the reinforcement cage

m Provides a better understanding of the pile curing process from conventional gauges

The research team is working with FDOT officials to collect prior untested samples of
soil and rock to be used initially in Task 4

m Thermal conductivity of various geomaterials will be studied and considered as a
variable in understanding the overall pile curing process and performance under load
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Task 1: Instrumentation Planning, Literature
Review, and Sample Collection

Continuous Data Collection — DAQ Programming
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Task 1: Instrumentation Planning, Literature
Review, and Sample Collection

Continuous Data Collection Trials — VW Gauges
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Task 2: MWD Investigation for ACIP Test Piles

Task 2 will be comprised of 3 subtasks

Each subtask includes the completion of MWD during the
installation of one load tested ACIP pile to compare MWD
with load test results

m AME data will be transformed into MWD data and assessed

» MWD data used to determine strength layering via specific
energy

» Provide insight to materials present over the full span of the
ACIP piles

MWD will also be used to investigate variable penetration
rates during the drilling process to assess the influence on
pile geometry, pile performance, and the development of
residual stresses within the piles
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MWD Observations
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Task 2: MWD Investigation for ACIP Test Piles
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

This task consists of instrumenting and load testing 3 full
scale ACIP piles with fiber optic cables and vibrating wire
strain gages

m Axial load tests will be performed on each ACIP pile

m Data collected from DFOS and VW Strain gages will be
compared

m The DFOS data will also be used to improve and/or test
MWD correlations for the formations tested in Task 2 and 3

Development of a draft test standard for DFOS load test data
reductions
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

S—— e ' Al e

Installing VW Strain Gauges
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Connecting to DAQ System
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Task 3: Instrumented ACIP Piles for Curing

Behavior and Static Load Tests

FIU Bridge Site — TP1 Curing Strains and Temperature
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

FIU Bridge Site — TP1 MWD Profile
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Distributed Fiber Optic Sensing (DFOS) based on perturbations in the
frequency of light passing through glass fiber.

Laser pulse propagating
throught the fiber

Small part of the pulse back
to the equipment due to
scattering effect

Hot/cold spot, Vibration, ¢
Mechanical strain,...

Scattered Light Pov

o
&

Upy = Upo+ M-As+ N-AT

Where vy is the change in the Brillion
frequency, vy is the central peak Brillion
frequency at zero strain and constant
temperature, M is the strain coefficient, A¢ is
the change in strain of the fiber, N is the
temperature coefficient, and AT is the change
in temperature of the fiber.

// System performance:

* 1 m spatial resolution and 10 cm sampling
interval.
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

In touch with AFT and GRL about upcoming pile installations for better
understanding and FO cable installation in the field.

Pile strain and temp sensing (VW gages and DFOS)

[ |
® Rebar
I ® VWStrain
Gage
® Fiber Optic
Cables

Pile reinforcement cage segment

Cable and gage attachment to rebar cage

-

' Protecting DFOS cables
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Distributed Fiber Optic Sensing (DFOS) temp and strain for force and
displacements

If fiber optic cables are cast in a pile the force distribution
and the axial displacements can be determined as follows

Fa(z) =EA- ey orT(Z)
z

w(2) = u(z = z) + f e or 7 (2)dz
0

Where EA (E = Youngs modulus and A = pile cross sectional
area) is the axial rigidity of the pile, g, is the mechanical

* Rebar strain, ¢; is the thermal strain, z is the depth from the top of
e :::F’ the pile, z, is the absolute vertical displacement at the top
Strain of the pile.
Fiber
Optic

Cables

Agmechanical
+ Agthermal
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Task 3: Instrumented ACIP Piles for Curing

Behavior and Static Load Tests
CFA Pile: Thermal and mechanical strains (Bachy Soletanche Ltd, 2015)
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Alluvium and River Terrace interface (7-8 m) higher temps consistent.

Similar but smaller temperature peak at 19-20 m.

Authors attribute this to wider borehole and more concrete mass heat.

Wider pile diameter evident in strain dips 7-8 m and 19-20 m.
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Task 3: Instrumented ACIP Piles for Curing

Behavior and Static Load Tests

Bi-Directional Test (Pelecanos et al., 2017)
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Fiber Optic Installation-FIU Pedestrian Bridge Test Pile
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

FIU Pedestrian Bridge Test Pile-Fiber Optic Thermal Strains
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

FIU Pedestrian Bridge Test Pile-Load Test Strains

Mechanical Strains in Upper Pile Segment
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Fiber Optic Installation-Sawgrass Expressway Test Pile

AFT-Cell Test Pile
@24" x 65.4' Test Pile

(2) Cnmpre_ssinn Teltales
’7 ) Expansion Telltales Elevation (ﬂ)

Ground Surface
Depth: 0'(Approx.+8.0)

B =
P R v —_
. Max Cutoff +3.8 ACh—

T mEge Leval 1 —
Depth 6.5' —

m Depth (ff)  BR-SAMPLE-2

Fill: SM

LIMESTONE

Gage Level 2
Depth: 11.5°

SAND (SP-5M)

Gage Level 3
Depth: 16.5'

Gage Level 4
Depth: 215

Gage Level 5 j—
Depth: 26.5' —

65.4 ft
(20 m)

SAND (SP)

Gage Level § —]
Depth: 21.5' —

Gage Level 7 —_
Depth: 26.5° —

AFT-Cell
Depth: 40°

m Gage Level §
Depth: 47.5' 40

m Gage Level 10
Depth: 52.5' 45

LIMESTOMNE

m Gage Level 11
Depth: 57.5' -50

® 0] SAND(SP)

m Gage Level 12
Depth: 62.5' =5
- LIMESTONE Pile Tip —

Fiber Optic Cables
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests
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Sawgrass Expressway Curing Phase-Fiber Optic Temp and Strain

microstrain

75

250

200 -
150 [
100 [

s0f [t

-50
-100 [
-150

200 " L n L L L L
Jun13 Jun16 Jun19 Jun22 Jun25 Jun28 Jul01 Jul04 Jul 07 Jul 10

Temp in Upper Pile Segment

Elevation

0.5 ft
-4.5ft
-95ft |
-14.5ft
-19.6 ft
-24.6ft|
-29.7 ft

Jun13 Jun16 Jun19 Jun22 Jun25 Jun28 Jul01 Jul04 Jul 07 Jul 10

2025
Mechanical Strains in Upper Pile Segment

or pa

Elevation
0.5 ft
-4.5ft
-95ft | ]
-14.5ft
-19.6 ft
2461t
-29.7 ft

2025

microstrain

120
Elevation
115 -36.3 ft| ]
-41.3 ft
110 -46.3ft| |
-51.3 ft
-56.2 ft
105
100
95
90
85
Al “JWT‘WQ‘"‘H‘MiaIb‘ ik i
80 i
75 . L . . . . . .
Jun13 Jun16 Jun19 Jun22 Jun25 Jun28 Jul01 Jul04 Jul 07 Jul
2025
400 Mechanical Strains in Lower Pile Segment
} Elevation
300 1. 363 ft
-41.3 ft
200 -46.3 ft
-51.3 ft
100 | -56.2 ft ||
ot
-100 -
-200
-300
-400
-500

Temp in Lower Pile Segment

600 L L L . L . L "
Jun 13 Jun16 Jun19 Jun22 Jun25 Jun28 Jul 01 Jul04 Jul07 Jul10

2025
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Task 3: Instrumented ACIP Piles for Curing
Behavior and Static Load Tests

Sawgrass Expressway Load Test-Fiber Optic Strain

Mechanical Strains in Upper Pile Segment

100
oll
L T
',_.ﬂimm" SR :" i fa b
-100 5'*"%"“%' m
-200 J
£ 1 100 Mechanical Strains in Lower Pile Segment
2 300
(&) x |
=2 - ) 1 b dly
& 4op| [ Flevation 0 BN " ik i 4 Im“‘ H' MM d oh W’W‘ * t \
0.51t ‘ il
4.5 ft LR Lol |
-500 | 951t O T
-14.5 ft -100 | S L
-19.6 ft -
600 | 2461t T
-29.7 ft B 00 |
700 . . . . . . . 5
16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00 £
Jul 09, 2025 300 | Elevation
-36.3 ft
-41.3 ft
-46.3 ft
-400 -51.3 ft
-56.2 ft
-500

16:00 17:.00 18:00 19:00 20:00 21:00 22:00 23:00 00:00
Jul 09, 2025
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Task 3: Instrumented ACIP Piles for Curing

Behavior and Static Load Tests

Fiber Optic Installation-Okeechobee /Palmetto Test Pile

(Borlng: P-6C)
Elevation
m (feet, NAVDBS) N-Value
—— — 7
r 3 —
0 . 5
I 8
— 13
-5 .
63
0 7 13
i 13
15 é 39
12
-20 : . g
— 12
67.1ft =—7
- 3
(20.4 m) —
-30 e 2 24
4 7
R 40
- 10
a0 — |
— 50
— 100/5.6"
45 50
L 1
R — 100/5,0"
— 100/35"
55 | 20
11
- 21
60 T g
v i 189
— ——— 6 [ ]

Fiber Optic Cables

(Borlng: Test-1)
Elevatlon
(feet, NAVDB8) N-Value
ez
0
— 8
— T 18
5 o 2a
-
B
- 6
-10 -
T 15
e T}
15 ]
— ] s
— 27
20
- - e %
— 1 17
25 —
— 1
7 7
=30 -
—1 15
—_— 19
B |
— 22
——
-40 i
— ] a4
— T 25
34
) 7
<01 19
; 19
S
T 22
- 23
-50 -
T
55 o 7
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2 X Compresslon Tell Tales
Slte Grade
Ay ELi=+21

Gage Level 1
Eli-50

Gage Level 2
El:-100

Gage Level 3
El:-150'

Gage Level 4
El!-20.00

Gage Level 5
El:-250'

Gage Level 6
El:-30.0°

Gage Level 7
El:-35.0

Gage Level 8
El: 400

AFT-Cell/ (3] LVWWDTs

iy h\'»,i\\'\

Ell 440

Gage Leve| 9
El. 195

Gage Level 10
El:-525'

Gage Level 11
El; 575

Gage Level 12
El;-62.5'

Plle Tip

El: 650
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Task 4: Grout Mix and Geomaterial Thermal
Investigation

This task will include controlled laboratory testing of grout mix

designs and the thermal conductivity of FL. geomaterials in
South FL

m [dentify the grout mix designs used on test piles in Task 3 and
obtain core samples during Tasks 1 and 2

» Thermal conductivity measurements of geomaterials
m Controlled testing grout mixes with varied additives

m Measure temperature and thermal stress using DFOS
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Task 4: Grout Mix and Geomaterial Thermal
Investigation

Thermal Parameters of Rock (from lab tests):

Thermal Conductivity:

— P Samples Test A (WImIK) R (M K/ W) Average A Ave rag?cs:)a rting T

d " Q 1 1.431 0.699
2 1.465 0.683

1 = S aa o Goa 1448 16.07
a 1.455 0.687
1 1.88 0.532
2 1.906 0.525

s 3 1.905 0.525 1.s08 8.5
a 1.94 0.515
1 0.869 1.151
2 0.806 1.241

7 = o 503 1 105 0.879 17.78
a 0.937 1.067
1 1.61 0.621

10* 2 1.631 ©.613 1.609 20.87
3 1.631 0.613
a 1.562 0.640
1 1.562 0.640

11* = 1.646 0.608 1.648 19.2
3 1.701 0.588
a 1.682 0.595
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Task 4: Grout Mix and Geomaterial Thermal

Investigation

Thermal Parameters of Rock (from lab tests):

Linear Thermal Expansion:

*Objective: Measure linear thermal expansion of

rock samples under controlled conditions.

*Setup:

* Oedometer Cell: 1D expansion and
contraction.
« LVDT:Installed to record vertical

displacement accurately.

« Chamber Heat System: Provides
controlled thermal loading to simulate
temperature variations.

Temparaturs (€}
keep temperature at 0 C for 10 minutes

Start test from here, Temperature=0 C

increased Temperature from 0 € to 60 C in 160 minutes

Temperature Profile

keep temperature at 60 C for 10 minutes J

End Test here, Temperature=0 ¢

decreased Temperature from 60 C to 0 C in 160 minutes | /

FAMU-FSU
7 College of Engineering

= o
Clconlog phose(56.25-30 C)- (51 = V(100 xBT)=

sharp Dilation happened

1400 12000 12
Time (5]

Rock Displacement V'S Temperature

241

0341)-(-0.13%),
¢ =411 1041/C
26.25x100 TL1x 10424

1C-ea = 21/(100 x:

—EE
1 g =348 10741/

1 comtegproatioa o = S0 ,M_’jlw—miz‘;—::uh,q . m,“;“ Slightly Contraction happened
r 2N siight Dilation happened Cwatiog phas(27.1.60 C)e s = 2 l.n--';("‘:z‘;’::h):ﬂ F——
-«’ sharp Contraction happened
S - -
S
[y
fﬁz
Gstg s 280 e = Z1c100 a=f = CECCLE 20,6 04110 = w00 em=t = LEE s 0 0tuse Eak“‘-* ——
Dilation happened Contraction happened -y “‘—gazb
Rock Test @ (0 Cto27.1C)-slight | @ (27.1Cto60C)- | aaverage (0 C to 60 C)- Rock Test @ (56.25 C to 30 C)- @ (30 C to 0 C)- aaverage (56.25 C to 0
Contraction sharp contraction in total Contraction sharp Dilation slight dilation O)- in total Dilation
happened happened
Heating phase 3.46x 1076 1/C 92.1x 1076 1/C 53.9x 106 1/C

Cooling phase

41.1x 1076 1/C

2.8x107° 1/C

20.6x 1076 1/C
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Task 4: Grout Mix and Geomaterial Thermal
Investigation

7o R FAMU-FSU
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Thermal Parameters of Rock (from lab tests):

Specific heat capacity through calorimetric testing:

Specific heat for each phase

Phase Cp ()/g*ce) T(ce)
Heating 1 0.778 0to 60

Cooling 0.663 60 to -10
Heating 2 0.755 (-10 to 60)

Heat Flow vs Temperature

0.1

0.08 Cp=0.663
0.06
4

Heat Flow Q (W/g)
o

o
1 10 20
-0.02
-0.04 Cp=0.755
06
Cp=0.778 0.08 '
-0:1

Temperature T (°C)
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Task 5 will involve analyzing the complete set of data from Tasks
1-4, establishing the residual stresses in the test piles, and
revising existing T-z models for bored piles to account for the
effect of residual stresses

m Modified T-z models that include residual stress will be
established for the soil and geomaterials tested

m Models will be developed in FB-Multipier (FBMP) based on
the load tests and FLAC models
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

FLAC 3D Model: Rock

 Pile Diameter: 0.6 m
* Pile Length: 16 m

* Model Length : 25 m
* Model Width : 10 m

* The mesh size near the pile
was small, gradually
increasing with distance
from the pile.

* Hydration phase followed
by loading phase.
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Rock Thermal Parameters used in FLAC 3D:

Model Thermal conductivity Specific Heat Capacity Linear thermal-
expansion coefficient
(at):

Isotropic 1.5 W/mK 800 J/(kg K) -37 X100 K-!

* The rock sample (low initial moisture content) exhibited contraction
during the heating phase and dilation during the cooling phase.

 An average linear thermal expansion coefficient of -37 X 107° K™! was
determined from both phases.
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Pile Parameters in Hydration Phase:

Model(Mechanical) Density bulk- shear- hydration- tension- hydration-
reference reference minimum reference difference-
minimum

Hydration-Drucker-Prager 2500 kg/m3 13.9€e9 pa 10.4e9 pa 0.4 (no unit) 0.6 (no unit) 0.20 (no unit) 2.0e6 pa le-4 (no unit)
2 E 3 = —_ s 3
= > _ e s - S Q 9 s k= 2 2 -
= = Y o ) 7} 2 = g 2 B 2
g g EE 28 S z | : 52 % eg |z
= = =9 = = ~ - 5 2 2 = £ 5 g < 3 s = £
S S O ~ = 3 5 g g S S = 2 S 3 = 3 3 e
= c = 0 e ® $So ) = g £ » = S E g .. z % ]
s S - 3 = E0 = s - 2 = = gz & 3 8 2 £
= © = 8 — g = > - < < o - £ T 5 8 5 3 S
= I g 2 R = g 5 5 z 2 g g E 53 §% £
2 £ s 2 E 5 'S 5 g = = 3 g E is ik E
= 5 5 2 25 2 s | |° = z iz |G
< =y S @ > = : 5§ ° °
= 3 = S
Hydration 2 105 K- 13.7€e5 0.2 330 '1(';(14 7.2¢41/S 8314 293K 1.0 (no le4 (mo 33.5 J/mol 147 2.0 (no unit)
) ) unit) unit) J/mol/K.
W/m J/kg J/(kg K)  kg/m3 iy J/mol
K

Pile Parameters in Loading Phase:

Linear Elasitic 13.9e9 pa 10.4€9 pa 2500 kg/m3
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Interface Parameters: e

Interface Parameters was defined for each
layer (5 interfaces).

Interface parameters = 67%(2/3)C and ¢.

Zone Normal Stiffness | Shear Stiffness | C(pa) | ®(degree) B2l
(Kn) -Pa (Ks)-Pa :

C-0,C-1(side) 2.937e5
C2(side) 1e9 1e9 1.62¢e6 40
C3(side) 1e9 1e9 1.326¢6 15.6
C4(side) 1e9 1e9 1.24e6 19.34

C-5,C-6(side),Base 1e9 1e9 1.84¢6 23.67
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Hydration Phase Results (24 hr hydration)

FLAC3D 9.00 FLAC3D 9.00 Z FLAC3D 9.00
£12024 Itasca Consufing Group, Inc. Z 2024 tasca Consuting Group, Inc. £2024 kasca Consuting Group, Inc.
Zone Displacement Magnitude Zone Displacement Magnitude Zone Displacement Magnitude

4.96E02 4 96E-02 581E-04
$RED Y 45ED 5 50E-04
4,00E-02 4.00E-02 5.00€-04
350E-02 350E-02 450604
3.00E-02 3.00E-02 4.00E-04
250E02 250E-02 350604
2.00E-02 x 200E-02 3.00E-04
15002 1.50E-02 250E-04
1.00E-02 1.00E-02 200E-04
5,00E-03 5.00E-03 1.50E-04
3/18E-08 0.00E+00 1.00E-04
Interface Uniform 5.00E05

[ interace 0.00E+00

Pile Magnitude Displacement Pile and Rock Magnitude Displacement Rock Magnitude Displacement
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Task 5: ACIP Pile Load Test Analysis and Load
Transfer Function for FBMP Model

Mechanical Loading (Bidirectional Loading, O-Cell)
1-Mechanical phase(O-Cell Loading): restore from initial phase

FLAC3D 9.00

©2024 Itasca Consulting Group, Inc.

Zone Z Displacemen it
3.15E-03
3.00E-03
2.00E-03

-2.00E-03
-3.00E-03
-3.15E-03
erface Shear Stress
1.98E+06

1.00E-03
I 0.00E+00
-1.00E-03

1.75E+06
1.50E+06
1.25E+06
1.00E+06
7 50E+05
5 00E+05
2 50E+05
0.00E+00

int-stress(0.3,0,-2.5)
int-stress(0.3.0,-4.0)
int-stress(0.3.0,-5.0)
int-stress(0.3.0,-7.0)
int-stress(0.3,0,-8.5)
int-stress(0.3,0,-10.5)
i ress(0.3.0,-11.5)

3.00E-03

2.00E-03

1.00E-03

0.00E+00

0.00E+
-1.00E-03

Displacement(m)

-2.00E-03

-3.00E-03

-4.00E-03

5.00E+05

T-Z curves in different locations

Load(Pa)

1.00E+06

1.50K

—e—T-7(-2.5m)
—e—T-7(-4m)
—o—T-Z(-5m)
—o—T-Z(-7m)
—o—T-7(-8.5m)
—o—T-Z(-10.5m)
—e—T-7(-11.5m)
—e—T-7(-12m)
—e—T-Z(-13m)
—e—T-7(-14.5)
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