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Introduction
* Spatial variability
* Horizontal
* Vertical
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Introduction

Method error

* Due to underlying assumptions in empirical methods

Correlation of measurement to unit resistance

Boring

Shaft Load test
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Example: boring in footprint of shaft
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Introduction

Method error
* Increases uncertainty in computed capacities

Method A

Method B

Method C

Measured Measured

Measured
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Predicted resistance

Load test
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Example: boring in footprint of shaft
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Background

* FDOT BDK 977-23 and FDOT BDV31 977-108
* Formulated geostatistical methodologies

°* Compiled method error data

* Developed prototype and then design tools

FDOT BDK75 977-23 final report

FDOT BDV31 977-108 final report
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GeoStat design tool
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Objective

* Implement updates to geostatistical design tool
* Leverage previous FDOT research

* Compute axial design capacities of piles and shafts
* Reflect spatial variability and uncertainty
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Objective

* Quantitative benefits:
* How much variability is present in computed pile/shaft axial
capacity?

* How much uncertainty is introduced by empirical method?
* Are geological zones present?

* Qualitative benefits:
* Within a zone/site, what are representative layer definitions?

* Do additional site data need to be gathered?
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Project tasks

* Task 1: Incorporate analysis of CPT data

Read-write of key variables
Generation of variograms
Population of analysis files for simulation

ldentify method error regressions
Software manual documentation

Deliverable: report

FDOT BD-545, RPWO #43 final report
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Project tasks

* Task 2: Incorporate analysis of results from Measuring

Whlle Drilling (MWD)
Read-write of key variables

* Generation of variograms

* Population of analysis files for simulation[

Final Report

* |dentify method error regressions
* Software manual documentation

UF Graduate Researcher: Wyatt Kelch
UF Graduate Researcher: Kunyu Yang
L]
. .
eliverable: report | .
[ ]
University of Florida
Engineering School of Sustainable Infrastructure & Environment

FDOT BDV31-977-31 final report -r/is
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Project tasks

* Task 3: Conduct quality assurance (QA) testing
* Develop test input sets
* CPT
° MWD
* Add data validation checks
* Ensure integrity of data writes to simulation files
* Deliverables
* Report
* Beta version of software with CPT and MWD capabilities
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Project tasks

* Task 4: Investigate methodology for effective radius
* Assess GeoStat capabillities to aid engineers in producing
estimates of zonal radii

* Focus on effective radius of test shaft data

* Applicability of LRFD resistance factors
° If identified as feasible:

* Obtain site data from Project Manager

* Build up illustration case

* Add feature to visualize radius on plan-view plot within program
* Document if not feasible

15
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Project tasks

* Task 5: Technology transfer
° Leverage sample projects in FDOT BDV31-97-108

* Web-based
* Delivered to FDOT district engineers

° Two sessions
* Theoretical basis and driven pile sample project (2 hrs)
* Dirilled shaft sample project and Q&A (2 hrs)
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Project tasks

* Deliverable 5: Technology transfer materials
* Zip-file package

Slides
Models

 Variograms are used in geostatistical simulation

Role of variograms in
unconditional simulation

- Prepare simulation parameters .

-~ Generate geometric grid e
i Vertically divide layers into 0.5-ft increments

~- Generate covariance Matrices .

Eori = 1, ”fayers
[Aue,] = {elevation}-{1}T - ({elevation}-{1}T)T
i ol = (D / 0,203+

27

C]jk =1- Vtheoret{m!([hnorm]jk) <
i Form [L] as Cholesky factorization of [C]
i End of loop on i

~ Generate variograms

A

For i =1, Nigyers _
© Form vertical variogram

A

Variogram ordinate
[}

—\/ertical .

Lag distance

| Storea,
. Store other feature values

End of loop on i

\]

lllustrative technology transfer content for variogram generation
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Project tasks

* Task 6: Draft final and closeout teleconference
* Deliverable 6.1: draft final report

* Deliverable 6.2: Closeout teleconference

* Task 7: Final report
* Deliverable 7: Submission of final report
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Working timeline

°* Total duratior): 18 months

* Tas
° Tas
* Tas
° Tas
* Tas
° Tas
° Tas
* Tas
* Tas

<1 (
K2 (
K 3 (
< 3 (
K4 (
<5 (
K 6 (
K6 (

K 7 (

De
De
De
De
De
De
De
De

De

Ivera
lvera
lvera
lvera
lvera
lvera
lvera
lvera
lvera

0
0
0
0
0
0
0
0
0

e 1: Nov. 2021)
e 2: Mar. 2022)
e 3.1: Jun. 2022)
e 3.2: Jun. 2022)
e 4. Aug. 2022)
e 5: Sept. 2022)
e 6.1: Oct. 2022)
e 6.2: Dec. 2022)
e /:Jan. 2023)

Deliverable Approved
Deliverable Approved
Deliverable Approved
Deliverable Submitted
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Recent progress

* Task 1: Incorporate analysis of CPT data
* Key parameters

° Tip resistance
* Sleeve friction
*  Friction ratio

* UF method, Schmertmann, LCPC _
* Method error FDOT BD-545, RPWO #43 final report
* FDOT BD-545, RPWO #43 final report, Tables in Ch. 4
* Approach from Faraone et al. (2021)
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Recent progress

* Task 2: Incorporate analysis of MWD data
* Drilled shafts in limestone

* Key parameters
* Specific energy, e
* MWD estimates for rock properties such as g,

* McVay and Rodgers (2020)

* Rodgers et al. (2018)
o I\/Iethod error FDOT BDV31-977-31 final report

* Strong correlation to side shear (McVay and Rodgers 2020)
* Site-specific

22
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Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

Y

Select empirical calculation method
MWD (Rodgers et al. 2018)

- Define soil/rock layers

~ Inspect profiles of MWD Parameters

Measured values of specific energy and MWD estimates of rock parameters

-~ Assign layer properties

v

Decide upon number of layers
i For each layer:

Assign top and bottom elevations
Assign layer type

End of loop on layers

Generate variograms

For each limestone layer:
Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms
based on available pairs of (calculated) unconfined compressive strength

End of loop on layers

Formation of layer variograms using MWD site data

X X )
0000
0000
X X )
(| X )
o
lllustrative model file of MWD site data:
Plan View of Site
3.18198 —_——— :
O
445477 - O O
° u]
—
O O O 3=
-12.0915 - ~. o
£ c
fei]
£ o o O O 2
5 ©
= >
-19.7283 - Q- o
O O O o o
a
27365 - o ©
O
350018 0 . . BE
-19.0919 -11.4551 -3.81838 3.81838 11.4551 19.0919 0.0 10000 20000 30000 40000 50000
Easting (ft) e (psi)

Plan view of MWD borings

Specific energy, e (psi)
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Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

Y

Select empirical calculation method
MWD (Rodgers et al. 2018)

- Define soil/rock layers

- Inspect profiles of MWD Parameters

Measured values of specific energy and MWD estimates of rock parameters

-~ Assign layer properties

v

Decide upon number of layers
i For each layer:

Assign top and bottom elevations
Assign layer type

End of loop on layers

Generate variograms

For each limestone layer:
Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms
based on available pairs of (calculated) unconfined compressive strength

End of loop on layers

Formation of layer variograms using MWD site data

e For Florida limestone (Rodgers et al. 2018):

e = 0.0066- q,* + 13.68 q,,

e Invert to produce MWD estimate, g, yyp:

—13.7 + ,/13.72 — 4- 0.0066 - (—e)

Qumwp = 2.0.0066

dc Mmwp = 0.436 - qu_MWDO.SZS

Note: all units in psi

e MWD estimate, g, yypn (McVay and Rodgers 2020):



Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

Y

----- Select empirical calculation method
MWD (Rodgers et al. 2018)

- Define soil/rock layers

~ Inspect profiles of MWD Parameters
Measured values of specific energy and MWD estimates of rock parameters
' ¥

-~ Assign layer properties

! Decide upon number of layers

! For each layer:

i 1 Assign top and bottom elevations
i | Assign layer type

: End of loop on layers

----- Generate variograms

For each limestone layer:
Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms
based on available pairs of (calculated) unconfined compressive strength

End of loop on layers

Formation of layer variograms using MWD site data

000
0000
0000
000
o0
®

:.‘,..‘ S|mu|ate RECMWD Values ......................................................................... .

o Prepare |ength INtervalsg « e, \

Given an elevation profile of measured values of e
From top to bottom, divide profile into n,, intervals
Assign 5-ft lengths to intervals 1...n;,,-1
Assign remaining length (<5 ft) to interval n,,,

. .
’, .
........................................................... ]..........................................................-‘

- Estimate REC,;,p value within each interval -, )

t Fori=1,n,,
A . . .
Determine n,: number of e values within interval

Initialize Ngeeep to zero

for Jj=1n,
If e' 2 ethreshoz’d
naccept = naccept + 1

End of loop onj
RECMWD - accept/ne
End of loop on ¢

.......................................................................................................................

"
...................................................................................................................................

MWD estimate of RECy,p
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Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

- Simulate RQDy,, values

Y

Select empirical calculation method
MWD (Rodgers et al. 2018)

- Define soil/rock layers

~ Inspect profiles of MWD Parameters

Measured values of specific energy and MWD estimates of rock parameters

-~ Assign layer properties

v

Decide upon number of layers
i For each layer:

Assign top and bottom elevations
Assign layer type

End of loop on layers

Generate variograms

For each limestone layer:
Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms
based on available pairs of (calculated) unconfined compressive strength

End of loop on layers

Formation of layer variograms using MWD site data

- Prepare length intervals

Given an elevation profile of measured values of e
From top to bottom, divide profile into n,, intervals
Assign 5-ft lengths to intervals 1...n;,,~1
Assign remaining length (<5 ft) to interval n,,

-~ Estimate RQDy,p value within each interval- . .
Eori =1, N,
Determine n,: number of e values within interval
Initialize L;,, to length of i" interval
Initialize Lg,, and Lgop mwp tO zero
fOI’j =1,n,
If ej 2 €threshold
Mark jth entry as above threshold
End of loop on
Forj =2, n,
4 If entry j was marked as above threshold
Lsub: Lsub + Zj - Zj—7
Else
If Lsub 2 Lthreshold
Lrop_mwo = Lroo mwo + Lsub
LSUb = O ft
End of loop on
RQDymyp = LRQD_MWD/ Lin
End of loop on {

MWD estimate of RQDy,p

26

£BS|

Bridge Software Institute



Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

................. properties; range of shaft embedment lengths; presence of limestone Iaye(_(s_)__.......---"':

Y

Select empirical calculation method

MWD (Rodgers et al. 2018)

- Define soil/rock layers

~ Inspect profiles of MWD Parameters

Measured values of specific energy and MWD estimates of rock parameters

-~ Assign layer properties

v

Decide upon number of layers
i For each layer:

Assign top and bottom elevations
Assign layer type

End of loop on layers

Generate variograms Y

For each limestone layer:
Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms
based on available pairs of (calculated) unconfined compressive strength

End of loop on layers

Elevation (ft)

MWD estimate of qu

T, [ . '

Elevation (ft)

MWD estimate of Rock Recovery

Formation of layer variograms using MWD site data

_86 - 4
-0 I 1 1 1 ' -0 ' ' 1 ' ' 1 ' ' 1 ' ' 1 ' '
0.0 100.0 200.0 300.0 400.0 0.00 0.20 040 0.60 0.80 1.00
MWD estimate of gu (tsf) MWD estimate of Rock Recovery
llustrative layer definitions 27
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Recent progress: geostatistical analysis (MWD)

. Preparatory steps for stochastic simulation using MWD data

Y

----- Select empirical calculation method
MWD (Rodgers et al. 2018)

- Define soil/rock layers

~ Inspect profiles of MWD Parameters

Measured values of specific energy and MWD estimates of rock parameters

v

-~ Assign layer properties

! Decide upon number of layers

! For each layer:

i 1 Assign top and bottom elevations
i | Assign layer type

: End of loop on layers

----- Generate variograms

Layer 4: MWD estimate of qu
SSc e
m
u]
oo

T . h Oom
B
S oo
z o
k] m
= -

90

63 126 189 252 315
MWD estimate of qu (tsf)

For each limestone layer:

based on available pairs of (calculated) unconfined compressive strength
End of loop on layers

Use guidance in Chs. 2, 4, and 5 of the GeoStat Technical Manual to form variograms

Variogram

Layer 4: Horizontal Variogram

6 12 18 24
Lag distance (ft)

30 0

Layer 4: Vertical Variogram

Aty

*

-

Variogram

Feyd
»
’..",000.0’004000000

TPeeeset

1 2 3 4
Lag distance (ft)

Formation of layer variograms using MWD site data

llustrative variograms formed using q, mwp
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Recent progress: geostatistical analysis (MWD)

* Stochastic simulation using MWD site data
* Leverage geostatistical approaches for drilled shafts in limestone

* FDOT BDK 977-23
* FDOT BDV31977-108

* Simulate numerous profiles of limestone parameters, including:
* q,
4
° recovery

29

i
7

|

‘q‘

o

g

I
00
1
g

5 | —




Recent progress: geostatistical analysis (MWD)

Stochastic simulation using MWD site data (cont'd):
Calculate unit side friction (f,) using McVay et al. (1992)

* f.=05-./q, q; recovery

Integrate over candidate lengths of embedment for each profile

Produces collection of axial resistance profiles

Calculate resistance and variability Mean  Variance ~ COV

Variance

Mean , :
Variance 2 ; ;
COV =N\ PN

Resistance factor (¢)

Elevation

Profiles of axial resistance data

First-order second-moment (FOSM), Styler (2006)
First order reliability method (FORM), NCHRP 507
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Ongoing progress
* Task 4: Zonal radii

* Visua

lization

+-Hﬂ

Project Information  Profile

Project Information

Geostatistics Simulation Spatial Variability Method Error LRFD-®@

Project Number ‘ 1

Project Name ‘ACIP MWD Data

Engineer ‘ MD/MR

Date ‘ 2/18/2022

Plot Type MWD estimate of qu

@) Drilled Shaft

Table Edit Options

Foundation Member Type

() Driven Pile

Test Methods

Edit Selected Boring Data

Northing (ft)

Plan View of Site
T96811

-826.065 -

-855.319 -

-884.572 -

-913.826 -

-943.08 . . !
1241.01 12632

128539 1307.57 132976
Easting (ft)

1351.94

MWD estimate of qu

i
%D DD

Elevation (ft)

o
o o
O og o
og 0
i oBp g
-109 & o =)
-124 -
39
00 100 200 300

MWD estimate of qu (tsf)

400

Insert Rows 1 = Delete Rows
Accept Boring Changes
7 Example boring 17 13060000 -809.0000 100800 1 1
18 Example boring 18 016982 -815.1436 108100 1 1
19 Example boring 19 12073064 -821.2873 107400 1 1
20 Example boring 20 12030045 -827.4309 107400 1 1
21 Example boring 21 13121436 -813.3018 102900 1 1
22 Example boring 22 12092382 -831.7327 109400 1 1
23 Exampleboring 23 13182873 -817.6036 104600 1 1
24 Example boring 24 13139855 -823.7473 106800 1 1
25 Example boring 25 13096836 -829.8009 108600 1 1
26 Example boring 26 13053818 -836.0346 110100 2 1
27 Example boring 27 12800000 -910.0000 105200 2 1
28 Example boring 28 12756982 -916.1436 105400 2 1
29 Example boring 29 713964 -922.2873 106300 2 1
30 Brampleboring 30 12861436 -9143018 106600 2 1
31 Bxampleboring 31 12775400 -9265891 108500 2 1
32 Brampleboring 32 12022873 -9186036 110000 2 1
33 Bxampleboring 33 12879855 -924.7473 108400 2 1
34 Example boring 34 1283.6836 -930.8909 10.6400 2 1
35 Example boring 35 3229.4802 -1441.7770 4.0900 0 0
36 Example boring 36 32306535 -1449.1847 3.7400 0 0
37 Example boring 37 3231.8267 -1456.5923 34200 0 0
38 Example boring 38 3233.0000 -1464.0000 33900 0 0
39 Example boring 39 3236.8879 -1440.6038 29400 0 0
40 Example boring 40 3238.0611 -1448.0114 3.2400 0 0
41 Example boring 41 3239.2344 -14554191 33200 0 0
42 Example boring 42 32404077 -1462.8267 32700 0 0

Visualization of geological zones (shown for illustration only)
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Summary

. Beneflts of using geostatlstlcal design tool
Gauge sufficiency of available geotechnical site investigation data

* More representative layer definitions

* Prevent mixing data from different geological zones in axial resistance calculations
* Compute axial resistance and associated variability/uncertainty

* Calculate location-specific resistance factors (use must be approved by Owner)

* New methodologies for geostatistical analysis in development
« CPT

° MWD

* Assess ability to estimate zonal radius
*  Feature for zone assignment and visualization

* Technology transfer
°* Promotes use by FDOT engineers
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Thank you
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