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Review of benefits and objectives

Qualitative:

• Better estimation of infrastructure damage as a result of excessive pile-driving induced settlements.

• Understanding pile driving induced settlement mechanisms can improve design practices in Florida.

• Avoid unnecessary countermeasures in FDOT projects. Infrastructure damage will be minimized as a 

result of pile driving. 

Quantitative:

• Produce pile driving induced settlement chart (or correlation or equation) relating PPV, Dr , distance 

from source, and input energy to be used in FDOT projects.

Objectives:

• To understand mechanisms of near-field and far-field settlement and determine influence zones.

• To measure field vibration-induced settlements in predetermined locations in Florida.

• To develop numerical models of dynamic settlements due to pile driving.

• To develop pile driving induced settlement prediction model(s) (e.g., closed formula or chart).
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Scope of work

Task 1 – Technical review of case studies

Task 2 – Survey to practitioners

Task 3 – Field testing in pile installation sites

Task 4 – Numerical modeling of pile driving induced settlement

Task 5 – Empirical prediction formula or chart for dynamic settlement

Task 6 – Guidelines and recommendations
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76 case histories and 55 papers revised to study variables involved:

➢ Vibration characteristics and input energy: vibration type, 

amplitude, frequency, and duration of the source

➢ Soil characteristics: soil gradation and type, relative density, 

and moisture content

➢ Attenuation characteristics: geometric and material damping

Pile-driving induced vibration in urban environments 

(Hintze et al. 1997 and Deckner 2013)

Energy transfer from pile to soil (top)

Hypothetical soil behavior zones in 

terms of shear strains and attenuation 

coefficients (bottom)

Technical background: variables involved in the problem
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Methods for pile driving induced settlements (Drabkin et al. 1996)  

Factor
Factor 

Code
Tested Ranges Coding of Factors

Peak Particle 

Velocity (PPV)
x1 0.1-0.7 in/sec 𝑥1 = −1 +

𝑃𝑃𝑉 − 0.1

0.3

Deviatoric Stress 

(s)
x2 2-15 psi 𝑥2 = −1 +

𝑠 − 2

6.5
Confining Pressure 

(p)
x3 10-30 psi 𝑥3 = −1 +

𝑝 − 10

10

Sand Mixture x4 Coarse, Medium or Fine

𝑥4 ranges from -1 for 

coarse sand to 1 for fine 

sand

Number of 

vibration cycles 

(N)

x5 60-500,000 cycles 𝑥5 = −1 +
𝑁 − 60

26,997

Moisture content x6 Dry, Saturated

𝑥6 ranges from -1 for dry 

sand to 2 for saturated 

sand

Initial relative 

density
x7 Loose, Medium Dense

𝑥7 ranges from -1 for 

loose sand to 2 for 

medium dense sand

ln 𝑌 = 2.27 + 1.19𝑥1 − 0.71𝑥1
2 + 0.49𝑥2 − 0.68𝑥2

2 − 0.8𝑥3 + 1.09𝑥3
2 − 0.46𝑥4 + 0.06𝑥4

2 + 0.45𝑥5 − 0.38𝑥5
2 − 0.19𝑥6 − 0.1𝑥7

Settlement for a 5.9 in. tall specimen

∆=
𝑌 ∗ 0.001

5.9
𝐻𝑡

Multifactor polynomial model. Steps:

➢ Estimate/measure PPV.

➢ Compute xi only if within the tested ranges.

➢ Calculate settlement.

➢ Compute ∆ for a sand layer of thickness Ht using

Y for a 5.9 in-tall specimen.
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Methods for pile driving induced settlements (Mohamad and Dobry, 1987)

➢ Similar to soil liquefaction hazard assessments.

➢ It is used to determine threshold PPVt and settlement susceptibility in sands.

➢ Susceptibility defined in terms of shear strain (γt), typically 0.01%.

➢ The model does not calculate specific settlements. It provides susceptibility to excessive settlements.

𝑃𝑃𝑉𝑡 = 𝛾𝑡

𝑉𝑆
𝐺

𝐺𝑚𝑎𝑥

1/2

𝑚𝑧

Determine 
mz

Determine G/Gmax
* and Vs Calculate PPVt

Calculate the threshold PPVt and

compare with measured or

computed PPV attenuation curves

to determine susceptible zones

(i.e., distances from the pile).

*Based on shear modulus degradation curves for 

the site at a shear strain of 0.01%.
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Methods for pile driving induced settlements (Massarsch 2004)

➢ Settlements depend on soil type and stratification, groundwater conditions (degree of saturation), pile type, and

method of pile installation (driving energy).

➢ Densification due to pile driving occurs within a zone of three pile diameters around the pile.

𝑆𝑚𝑎𝑥 = 𝛼 𝐿 + 6𝐷

Settlements adjacent to a single pile in 

homogeneous sand
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𝑆𝑎𝑣𝑔 = 𝛼
𝐿 + 3𝐷

3

Compression factor, α, for sand based on relative 

density and level of driving energy (depends on PPV)



Case histories: pile driving database

- Reference

- Site location

- Type of pile

- Number of piles

- Distance between piles

- Pile specifications (type, 

materials and dimensions)

- Pile length

- Type of hammer

- Type of soil

- Water table location

- Depth of penetration

- Distance from pile

- PPV

- Geophone depths

- Attenuation parameters

- Heave? Magnitude

- Settlement? Magnitude

Variables summarized in database:
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Yes

59%

No

41%

Q1. Have you experienced in any past designs or construction 

projects; any problem associated with ground surface settlement 

induced by pile driving installations?

Yes

69%

No

31%

Q2. Did you observe or experience any type of damage to 

adjacent infrastructure during pile driving because of high 

vibration levels (quantified in terms of high peak particle 

velocities) or large ground settlements or structural 

distortions?

0

1

2

3

4

5

6

7

8

Less than 10 ft 10 – 30 ft 30 – 50 ft Greater than 50 ft

Q3. At what distance from the pile driving source did 

the previously-reported settlement occurred?

Number of questions: 20

Respondent population: 22

Survey to practitioners (selected responses)
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Strictly during 

pile driving 

operation and 

some time after 

the pile driving 

operation

46%Sporadically 

during pile 

driving 

operation and 

not necessary 

any time after 

the pile driving 

operation is 

completed

27%

Others

27%

Q6. How much time do you think is necessary to monitor 

ground vibrations and soil settlements induced by pile 

driving?

Yes

86%

No

9% Not applicable

5%

Q4. Do you consider monitoring ground vibrations due 

to pile driving an important issue during the design 

phase of any deep foundation system?

Yes

0

5

10

15

20

25

30

35

40

45

50

10 – 20 ft 20 – 30 ft 30 – 40 ft More than 40

ft

Others
P
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ce
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g
e 

(%
)

Q7. From your experience, what should be the location of 

the farthest sensor? (typically a geophone or settlement 

transducer)

0

10

20

30

40

50

Less than 0.5

in

0.5 to 1 in 1 to 2 in Greater than

2 in

Others

P
er

ce
n
ta

g
e 

(%
)

Q5. What was the approximate level of ground 

settlements experienced in the project?

(Site specific)

Survey to practitioners
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Q8. From your experience what are the type(s) of driven pile(s) that 

you commonly use for your projects?

0

2

4

6

8

10

12

Less than 10

ft
10 – 30 ft 30 – 50 ft Greater than

50 ft

Others

P
er

ce
n
ta

g
e 
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)

Q9. From your experience, what is the maximum 

distance from the pile driving source at which 

infrastructure (e.g., buildings, public utilities, bridges, 

etc.) is not affected by pile driving?

(Site specific)

10%

7%

10%

10%

21%

28%

14%

Q10. Which of the following methods and/or models do you use 

to estimate dynamic soil displacement due to pile driving and/or 

to determine the impact of construction vibrations?

Spreadsheets you have in your company

Software you have in your company

Empirical methods

Finite element model

Soil strain and/or soil stiffness approaches

Not familiar with any of those

Others

0

10
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40
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Small

displacement

piles

Large

displacement

piles

Jacked piles Drilled shafts Others

P
er
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n
ta

g
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(%
)

Q11. From your experience, the installation of what type 

of deep foundation system would potentially cause more 

damage to adjacent urban infrastructure?

(Vibratory 

methods)

Survey to practitioners
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have the least amount of 

settlement

29%

12%

10%

29%

10%

10%

Q13. From your experience, what are the main sources of pile-driving 

induced settlements?

Soil consolidation

Soil liquefaction

Groundwater considerations

Impact characteristics of the pile driving source

(transmitted energy, frequency content, etc.)

Number of hammer blows

Others

Survey to practitioners

Yes

91%

No

9%

Q14. From your experience, do you think 

monitoring ground vibration due to deep 

foundation installations at multiple locations is 

important?

Yes

82%

No

18%

Q16. Do you think measuring the impact 

characteristics of the pile driving source is 

necessary?

Yes

100%

No

0%

Q17. Do you think performing a pre-construction 

survey of adjacent infrastructure before pile driving 

installations is necessary?
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Field testing: instrumentation plan and sensor purchases

Procedure:

Schematic diagram

Geophone and readers (SERCEL)

Site selection Instrumentation Data collection Analysis

Field testing EDPs:

Measure PPV

Porewater pressures

Settlements

Piezometers, magnetic extensometer, VW continuous settlement (GEOKON)

Geophones and approximate 

location of settlement transducers

Piezometers
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➢ Geophones

(Purchased 9 from Sercel)

Delayed due to COVID

➢ Piezometers

(Purchased 5 from Geokon)

Received on March 16/2020

➢ VW Settlement

(Purchased 1, we had 1)

➢ Spider Magnets

(Purchased 5, we had 5)

Measurement locations (Athanasopoulus

and Pelekis 2000)

Field testing: instrumentation plan and sensor purchases

Vibration wire 

piezometers, readout, 

and datalogger

Survey equipmentData acquisition system

Geophones and acquisition system
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Field testing: site locations

Project 1: I-4 and 

Turnpike Intersection Project 2: Wekiva Parkway
Project 3: Turnpike over Central 

Florida Pkw and CSX Bridge

In coordination with FDOT, District 5 and Turnpike Engineers:

- Roger Gobin (Turnpike)

- Michael Byerly (District 5)

- Larry Jones (FDOT)

(Likely testing site)
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Project 1: project specifications (I-4 and Turnpike intersection)

FDOT Soil Boring Viewer

Pier 11 Location

Geotechnical Investigation Near Pier 11
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Project 1: project specifications (I-4 and Turnpike intersection)
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Construction Site

Highway Route

Florida Turnpike and I-4 

Summarized subsurface conditions at project site 

Soil borings

1psi= 144psf



Modeling: progress flowchart

Testing Site 
Selection

Summarize Soil 
Profile

Analyze 
CAPWAP/ PDA 

Results  

GRLWEAP 
“Calibration” 

from PDA 
Results

PLAXIS

1) I-4 and Turnpike 

Intersection

2) Wekiva Parkway

3) Turnpike over 

Central FL. Parkway 

and CSX Bridge 

From soil borings 

and FDOT soil 

boring viewer

From geotechnical 

reports provided by 

FDOT

To calibrate forcing 

function and penetration 

displacement per blow

Apply forcing function to 

analyze response in soil 

continuum

Task in progress

CAPWAP/PDA measurement → GRLWEAP “calibration” → Numerical simulations
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Modeling: information obtained from foundation reports

PDA/ CAPWAP Data

Structural Drawings

Boring Information Pile Driving Log 20/28



Modeling: pile driving log record and GRLWEAP
GRLWEAP inputFrom pile driving records, CAPWAP/PDA, and foundation reports

CAPWAP/PDA (measured)
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Modeling: main phases in the numerical model

Pile driving numerical model stages:

1. Define material properties (HSS model) and 

drainage conditions

2. Define model geometry (pile, soil layers and 

`plastic zone clusters)

3. Mesh definition

4. Initialization of soil stress field

5. Activation stage: pile and plastic zone cluster

6. Dynamic analysis: application of 1824 blows 

separated one second between each other.
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Numerical 

model mesh

Close up 

view

Stress function at 

the top of the pile



Modeling: numerical material parameters (HSS model)

Parameters used for the 

HS small model in our 

numerical simulations:

Reduction factors 

for the plastic soil 

adjacent to the pile
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References used for definition of 

parameters:

- For the sandy layers:

Brinkgreve et al. (2010)

- For the clayey layers:

Vucetic and Dobry (1991)

Likitlersuang et al. (2013)



Modeling: overview of results from numerical models
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Comparison of different soil parameters

and dimensions for the plastic zone.

Comparison of discontinuous and

continuous modeling approaches with

values from GRLWEAP on top of the pile.
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Modeling: comparison versus PPV values in nearby projects

PPVs: Computed with model vs. measured values in nearby projects

(Bayraktar et al. 2013):

➢ Sand Lake Rd. over the Turnpike,

➢ SR 528 over the Turnpike,

➢ Turnpike over Shingle Creek,

➢ Turnpike over US 441, and

➢ Kissimmee Park Rd. over Turnpike.

Project locations

Data from Turnpike over Shingle Creek 

(Bayraktar et al. 2013)

Computed with model vs. measured values in nearby projects 

(Bayraktar et al., 2013)
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Conclusions and challenges

1. Continuous pile driving process is currently modeled

successfully using plastic zone and soil-pile interaction

concepts.

2. A continuous pile driving model matches better pile response

than a discontinuous model. A continuous model considers

changes in the state of stresses as the pile is installed.

3. Results computed by assuming “wished-in-place” locations

of the pile at different elevations applying single hammer blows

at those locations, and accumulating those values (i.e.,

“discontinuous” approach) do not constitute an accurate

method to study pile driving dynamics and can produce

misleading results.

4. Some numerical issues were found: stiffness errors, model

divergence, computational time, and characteristics of forcing

function and stroke height changes with depth.
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5. Rayleigh damping in the soil mass was used to

supplement constitutive model damping. Definition of

damping is key.

6. Ultimate goal: find relationships among

PPV → distance from source → settlement for

different input energies and soil types in

Florida.



Tasks timeline and future plans

Task 1 – Technical review

Task 2 – Survey

Task 3 – Field testing

Task 4 – Numerical modeling

Task 5 – Prediction method

Task 6 – Recommendations

Completed

Completed

Completed

Pending

Working on it!

Comments

Pending
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