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Introduction
* Spatial variability
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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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Previous research efforts

* FDOT BDK 977-23, BDV31 97/7-108, BDV31 977-143
* Formulated geostatistical methodologies

* Compiled method error data

* Developed prototype and design tools
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Motivation
* How do variability and uncertainty affect design?
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Motivation
* How do variability and uncertainty affect design?
* Example: resistance factors
Term description Symbol Value
Dead load factor Yo 1.25
2 2 Live load factor i 1.75
1 (]/ ) @ +y ) ) \/1 + COVQD + COVQL Dead to live load ratio Qn/Q1 2.00
R D L 2 Dead load bias fact Aop 1.08
QO 1+ COVy uf«: |o§3 bia|: ?‘a:tcofr AZL 1.15
d) = Q Mean resistance bias factor Ar 1.0
. XD . . 2y . 2 2 Dead load coefficient of variation COVop 0.128
(AQD QL + AQL) exp <ﬁ \/ln ((1 + COVR) (1 T COVQD T COVQL))> Live load coefficient of variation COVEL 0.18
Target reliability index B 3.0
Resistance factor, , NCHRP 507 lllustrative values of component terms for

evaluation of LRFD resistance factors, ¢
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Motivation
* How do variability and uncertainty affect design?
* Example: resistance factors
Term description Symbol Value
Dead load factor Yo 1.25
2 2 Live load factor i 1.75
1 (]/ QD +y ) \/1 + COVQD + COVQL Dead to live load ratio Qn/Q1 2.00
R D' . L))" 2 Dead load bias fact Aop 1.08
QO 1+ COVy uf«: |o§3 bia|: ?‘a:tcofr AZL 115
d) = Q Mean resistance bias factor Ar 1.0
. XD . . | 25 . 2 2 Dead load coefficient of variation COVop 0.128
(AQD QL + AQL) exp <ﬁ \/ln ((1 + COVR ] (1 T COVQD T COVQL))> Live load coefficient of variation COVEL 0.18
Target reliability index B 3.0
Resistance factor, , NCHRP 507 lllustrative values of component terms for

evaluation of LRFD resistance factors, ¢

COV, : Coefficient of variation in resistance
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Motivation

* Direct incorporation of variability and uncertainty can

benefit foundation design
* Assess sufficiency of available site data

* More uniform levels of conservatism

* Site-specific reflection of variability
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Site measurements lllustrative layer definitions in GeoStat Computed resistance
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Consider a set of 88 SPT-N values

. Elevation (ft)
SO . o wu o
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[llustrative collection of 88 SPT-N values
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Examine pairs of values 2.5 ft apart
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8062)000 o © = >0
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[llustrative collection of 88 SPT-N values

O 10 20 30 40 50
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Pairs that lie 2.5 ft apart
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Examine pairs of values 5.0 ft apart
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[llustrative collection of 88 SPT-N values
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Examine pairs of values 12.5 ft apart
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[llustrative collection of 88 SPT-N values
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Strength of correlation and covariance vary
with respect to distance (h)

SPT-N (blows/ft)
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Variograms compactly express spatial
variability phenomena

A Variance, o2, of dataset

Variogram ordinate

Lag distance

Variogram: v(h) = o? — C(h)
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Variograms compactly express spatial
variability phenomena

Variogram ordinate

A Decreasing
correlation

Variance, o2, of dataset

>

Lag distance

Distance between any two

measurements (h)
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Variograms can reveal geological zones

Variogram ordinate

Horizontal sill
. Horizontal
. and vertical

. . ' ranges
Vertical sill | 9
| >
Lag distance
— Horizontal Vertical
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®
o ° ° ::.
Variograms are necessary for geostatistical °e?
simulation .

wst

o Prepare S|mu|at|on parameters .............................................. . o Generate Variograms ......................... .

..................... : :‘ Ger?erate geometrlc grld ..'_ Eor [ = ’I, n[ay?rs ‘
: i i Vertically divide layers into 0.5-ft increments  { | i Form vertical variogram

- Prepare simulation parameters ~~ Generate variograms e, -,

ierizn; iu:c::lc simulation .'.". E ; [C]Jk = 1 - Vtheoretica[( [hnorm]Jk) <«

P dSgn ot ayer Form [L] as Cholesky factorization of [C]

Fork =1, ngy

; _ . P _ P ; —Vertical :
Mphiaviai i | Endoflooponi > |

{Gaeviatest = [L1-In} . : :
Perform normal score transform of CDFs to generate {q,cong} ., AR & ) H H H
| Empirically relate {g,c,nq} to other required soil/rock parameters 'x. H : H I_a g d |Sta n Ce
End of loop on j N H H H
| Use empirical methods to determine unit skin (£,) and tip (q;,) resistances K H

; Generate geometric grid Fori =1, Ngyers E . ) E E
Vertically divide layers into 0. Form vertical variogram : l : E A
o~ Generate covariance mMatrices e, 2 sil i . . ; E (] SI | |
P Fori= 1, Nigyes £ H Lo (FeNnerate covariance MATFICES sersssssssssssssssssssssssssssssssnnnnns H s S i
e om0y levationy : i . Generate covariance matrices 3 =
L ool = (Baedi?/ 0205 § a, HE . :
(= 1-v, (gl ) HE For — 1 n E
i | Form [L] as Cholesky factorization of [C] E — Vertical H . A l - I layers O
End of loop on i : : o . —
L7 [Age] = {elevation}-{1)T - ({elevation}-{1})T | 5
Store a, . H 2
Store other feature val HE — . HI -
| e i [ hnorm]jk =( Aelev]jkz / aVZ)O 5 < : /‘\_ %
NN )
®)
=
O
>

___________Q___________
<

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

Integrate unit resistances to estimate skin, tip, and total axial resistance

(EZT:?‘n(:)fultoeogels):ﬂiptive statistics of skin, tip, and total axial resistance ‘."’ ., E Store av

: S i Store other feature values

Geostatistical simulation algorithm : End of loop on (
S I --------------------------------------
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Use geostatistical tool to assess shaft axial T
capacities within an example site :

-
File Control Help o
+ i E a capERs
Project infarmation  Profile  Geostatistics Simulation Spatial Variability Method Error LRFD-@ MODELING OF EXAMPLE SITE B
Project Information Foundation Member Type
Project Mumber 5.1 Overview
R (® Drilled Shaft O Driven pile ) )
Exampte Site B Presented in Ch. 5 is a second, detailed walkthrough of geotechnical site modeling and axial
Project Name | ©XamP resistance simulation for an example bridge site. The data sets discussed in Ch. 5 represent
Table Edit Options it Selected Boring D one instance of the ranges and types of geotechnical site data that may be collected when
Engiieer LTI investigating the foundations of a bridge site possessing medium variability. An example site
8772020 Insert Rowes. 1 = Delete Rows. exhibiting high variability is discussed in Ch. 4. In addition, the extent or size of the site of
sy Accept Boring Changes interest in Ch. 5 is large relative to that discussed in Ch. 4. Within the context of modeling and
simulation in GeoStat, use of the associated (medium variability, large extent) site data is
Plot Type qu - Boring e Easting Northing et || e | divided into several steps. Such division reflects the left-to-right progression across_the _seven
Flevation tabs of the GeoStat user interface (Ul), where the layout of the GeoStat Ul is detailed in the
. . . o rogram Help Manual.
Plan View of Site Elevation vs qu it (0 (# prog P
2596.06 29
1 799.049% 339.3160 55000 1 The site of interest in Ch. 5 is referred to as Example Site B, or, Site B. Cataloging of the
2 TS3 34659523 3002840 89000 1 available Site B data for modeling within GeaStat is discussed in Sec. 5.2. Initial selection of
4 B PP Ea— E—— 125000 N boundary soil and rock (iimestone) layer elevations s discussed in Sec. 5.3. Also documented
q Prer 28 70426603 s757240 131000 , in Sec. 5.3 are layer-related considerations specific to the type of foundation member being
202065 .l - : considered (pile, shaft),
-2 5 EndBent3F  B0022579 4949520 33,1000 1
& Pier 2E-B 7933.2467 397.6680 13.1000 1 9 s Initial formation of spatial correlation structures (i.e,, variograms) for each defined layer, and
p soos|  7ierosr| 4030000 127000 , Brldge Software Institute solely for the purpose of identifying geological zones, is then discussed in Sec. 54
a B-700R 77572001 20000 11,4000 1 Obsew?twons aqd considerations re\algd to ‘(he wqem.ﬁcauon of geological zongs within Site
1463.24 B . P e B T1a0m0 \ 8 are discussed in Sec. 55. These considerations include assessment of zonal anisotrapy and
£ 3 - illustration of how zones are defined (modeled) within GeoStat. Two zones are identified
g [ ) = 10 B714 80277107 7272420 212000 1 amang the Site B data set, where detailed walkthroughs of characterizing zone-specific layer
£ 2 -
£ H 1 B-718  8300.1675  1022.1000 331000 1 4 definitions and variograms are illustrated in Sec. 5.6 (for zone 1) and Sec. 5.7 (for zone 2). For
2 E : B ooz ssiosmes]  1ssnaan) 125000 4 Technical Manual each of the two illustrations, comparisons are made to respective quantities obtained from
896822 . i P
13 B-731 85483451 2360.0590 16.1000 1 the site-wide data set to demonstrate the _m‘\porlar\(e of accounting for geo\.ogl(él zones,
Summary observations regarding the site-wide, zone 1, and zone 2 data sets (with respect to
21 14 Pier 37 72261115 4027520 14,0000 1 M
variograms) are provided in Sec. 5.8.
3 15 Pier38-2 74657483 4579210 120000 1
146 16 Pier 36-3 74713899 3024520 14,4000 1 The focus of the walkthrough for Site B then shifts to stochastic simulation of axial resistance
330408 " Pior 392 76538975 4882610 05000 1 in Sec. 5.9, where one set of simulations is conducted for each of zone 1 and zone 2
o PTr p—— 31110 103000 , Interpretation of simulated profiles of axial resistance, which reflect spatial variability
“n phenomena of the zone-specific data, is provided in Sec. 5.10.
i9 Pier 36-1 74358675 3928790 14,5000 i
236006 . 20 Pier38D 74221571 3276400 125000 1 Comparisons are subsequently made between zone-specific simulation results to further
854835 119677 324837 529957 735158 940318 00 2000 4000 6000 8000 2 Pier 390 75706099 3185210 11.3000 1 emphasize the importance of accounting for distinct geological zones. Considerations for
Easting (1) quitsh 22 Pier 400 77222443 309.4030 11,1000 1. inc g method error into the simulated, zone-specific results are detailed
109

GeoStat software GeoStat technical manual (Ch. 5)
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Consider a site with 90 boring locations

Northing (ft)
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Determine layering

File Control Help
'
=]

Project Information  Profile  Geostatistics Simulation ~Spatial Variability Method Error LRFD-@

Table Edit Options Correction Factor For Automatic Hammer
Plot Type SPT-N - Plot Type Unit Weight 7 Insert Rows 1 = Delete Rows Accept Layer Changes 1
Elevation vs SPT-N Elevation vs Unit Weight Layer Soil Type Top Elevation Bottom Elevation Mean Unit Coefficient of Include
34 Weight Variation
(ft) (ft) (pch)
9 2 33.10 -40.00 105.00 030 ]
2 4 -40.00 -137.53 131.00 on 1
-16 "
[
- []
-41 T
o
o
g E -66 o -
s g "oog
S S =}
Op
& o 9 o iz
o
-116
-1
-166
=191 =191
00 500 100.0 1500 2000 0.0 500 1000 150.0 200.0
SPT-N (blows/ft) Unit Weight (pef)
Plot Legend Notes
[ ] Soil Data Point (Selected Layer) a Soil Data Point —  layer Bottom Elevation 1. Soil Types: 1 = Plastic Clay | 2 = Clay and Silty Sand | 3 = Clean Sand | 4 = Limestone and Very Shelly Sand.
0 ) 2. To graphically insert a new soil layer Bottom Elevation, hold down the Ctrl key and then left-click ance within either plot window.
[ customize Abscissa Maximum * [ customize Abscissa Maximum
3. To graphically drag an existing layer Bottom Elevation, left-click and hold within either plot, and then drag the layer to the desired
Tick Marks ° Tick Marks ° elevation.
Update Plots Export

GeoStat — Profile tab 25
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Determine layering

Elevation (ft)
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Form horizontal and vertical variograms
for each layer

Eile Control Help

o <
N =] i
Project Information  Profile ~ Geostatistics Simulation Spatial Variability Method Error LRFD-®
Layer 2 h Generate Variogram Variogram Data
Layer Detrend Detrend Variogram Horizontal Number of Horizontal Horizontal Horizontal Horizontal Horizontal Horizontal Vertical Numberof Vertical Vertical Vertical Vertical Vertical Vertical Status
Polynomial Model Lag Horizontal Tolerance Bandwidth Range Nugget Sill Worst Lag Vertical Tolerance Bandwidth Range Nugget sill Worst
Degree Lags Case Lags Case
(ft) (ft) (ft) (ft)
1 o 0 1 23m No 0 25 1.00 No Not Inc
2 Yes ¥ 1 10 17.50 35.00 200.00 0.00 Yes " 6 200 4.00 0.00 0.75 Ne ¥ Completed 7
e Bridge Software Institute
Technical Manual
Elevation vs qu for Layer 2 Histogram for Layer 2 Horizontal Variogram for Layer 2 Vertical Variogram for Layer 2
-3 105 2 1

* ¢

F\evatmn (ft)
[m]
Frequency
Van.aj;ram

Variagram

‘ . ' : Technical Manual - Chs. 2, 5
Illll- -

-145 ] ] 0
[o] 151 302 453 604 755 0 312 468 624 780 0 70 140 210 280 350 0 5 10 15 20 25
qu (tsf) qu (tsf) Lag distance (ft) Lag distance (ft)
B Mean (Arithmetic, Geometric) 91.53,45.31  Number of Points 10 Number of Points 6
P Coefficient of Variation 1.24  Minimum Number of Pairs 30 Minimum Number of Pairs 18
Variance 1291645 Maximum Number of Pairs 203 Maximum Number of Pairs 66
Number of samples 183 Average Number of Pairs 119 Average Number of Pairs 43

GeoStat — Geostatistics tab 27
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Inspect variograms

* Example: layer 2
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Inspect variograms

* Example: layer 2

1.50
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0.00

Variogram ordinate
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Inspect variograms

* Recall that variograms can reveal geological zones

Horizontal sill
Q e mmmm oo .
2 . Horizontal
g . and vertical
. . ' ranges
E Vertical sill | J
(@)) e e it
.0
g
| >
Lag distance
— Horizontal Vertical
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Return to plan view of site and select subsets
of borings

* Example: Western “strip” of 25 borings

3000
= X
2000
= X
=
2 1000 Zone 1 X

; SRRIREROR ST
' X

0 2500 5000 7500 10000
Easting (ft)
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Return to plan view of site and select subsets
of borings

* Example: Eastern “strip” of 23 borings

3000
E X
;2000
S X
5
2 1000 Zone 2 X

; WW
X

0 2500 5000 7500 10000
Easting (ft)
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Use geostatistical tool to analyze each zone

* Form (or recheck) layer definitions
* Form variograms
* |nspect variograms
* Conduct geostatistical simulation
* |ncorporate method error
* View elevation profiles of computed axial resistance
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Comparison of site-wide vs zonal data

* Example: unconfined compressive strength (q,) values

within layer 2
-40
O All

= -60 Zone 1
c -80 0| OZone?2
2 H O
S -100
@
w -120 O

-140

0 200 400 600

800

Relative frequency

o
Ao

o o O O
o = N W

B Al
Zone 1

B Zone?2

25 50 75 100 125 150 175 200
q, (tsf)
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Comparison of site-wide vs zonal variograms

* Example: vertical variograms for layer 2

15000 Site-wide variance __ |
- 12000 . o Allborings m
T 9000 : - I
% Zone 2
'(>% 6000 ® s 02e ®
3000 {
0 Zone 1
0 0.25 0.5 0.75 1

Normalized lag distance
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X X )
0000
° ° ° 0000
Define drilled shaft diameters and ranges of | ¢
o
embedment lengths
40 40
\ \
2 : ’ 2
'53 Embedment ] E;?nzz(jlment E;?]Z?ment Embedment §
55 ft—E - = 54 ft
= < O
.% O '% Oo Do
105 ft 5 : 5 - 114 ft
-120 L -120
-160 -160
. . -200 -200 . .
42-in. drilled shaft 0 100 200 300 400 0 100 200 300 400 42-in. drilled shaft
q, (tsf) q, (tsf)
Zone 1 Zone 2 36
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Conduct geostatistical simulation for each 3T

Zone

- Unconditional simulation

-~ Prepare simulation parameters -

- Generate geometric grid -
Vertically divide layers into 0.5-ft increments

- Generate variograms

Fori=1, Nigyers )
Form vertical variogram

Sill

- Generate covariance matrices -
Fori=1, Niayers

" [Due] = {elevation}-{1}T - ({elevation}-{1}7)T
! [hnorm]jk = ([Ae[ev]jkz/avz)uS
qjk =1- Vthemetical([hncrm]jk)
- Form [L] as Cholesky factorization of [C]
End of loop on i

Vertical

i
Variogram ordinate
Q

Lag distance

Store a,
Store other feature values
End of loop on i

.

-~ Perform stochastic simulation

Fori=1, N
Forj=1, Niayers
Assign ng,q for current layer
Fork =1, ngq
Generate standard normal deviate {n},
End of loop on k
{Gdeviatest = [L]-{n}
Perform normal score transform of CDFs to generate {q,,cond
. Empirically relate {g,,cnqat to Other required soil/rock parameters
End of loop onj
Use empirical methods to determine unit skin (f;) and tip (qyp) resistances
Integrate unit resistances to estimate skin, tip, and total axial resistance
End of loop on i
Compute descriptive statistics of skin, tip, and total axial resistance

Simulation algorithm

File Control Help

+ iy S =

Project Information Profile  Geostatistics Simulation  Spatial Variability Method Error  LRFD-®

General Geomatry

Minimum Length (ft) 5
Maximum Length (ft) 40
Increment (f) 1
Shaft Geometry
Diameter (in) 41.7300
Casing Length (ft) 7
Bell Length (ft) 0
Bell Diameter (in) o
Pile Geometry
Section Type Square
Width (in) 0
Depth (in) 0
Thickness (in)
Pile End Type Open

Foundation Member Material Properties
Ec (ksi) 4000
Slump (in)
Limiting Settlement (%)

Unit Weight (pcf) 150

Soil
Ground Surface Elevation (ft)

Water Table Elevation (ft)

Layer Separation
O soil Type 1 (Plastic Clay)
(O Soil Type 2 (Clay and Silty Sand)
®) Soil Type 5 (Void)
Unit Weight (pcf)
Cu (tsf)

N (blows/ft)

Simulation
O conditional
@® Unconditional
Number of Simulations
Boring
Northing of Foundation (ft)

Easting of Foundation (ft)

33.10

1500

Layer Mean Coefficient of ~ Variance sample Vertical Horizontal  Horizontal Detrend
Variation Count Range Range sill
2 9153 1.24 12916.45 183 400 200.00 1.00 Yes
Notes

1. The above table is not editable. The values reflect input and calculations carried out on the Profile and Geostatistics pages.

2. Only those layers that were assigned a 'Completed’ status on the Geostatistics page are displayed in the above table.

Simulation Status:

Run Simulation

GeoStat — Simulation tab
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Incorporate method error
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Measured versus predicted side shear resistance
for drilled shafts in limestone (McVay et al. 2012)

File Control Help
:
+ o 9 =
Project Information ~ Profile

Driven Pile

Drilled Shaft

@ Default

O Custom

Limestone

@ Default

O custom

Geostatistics  Simulation Spatial Variability Method Error  |RFD-@

a b v,
SsPT
a b v,
Clay
Sand
a b o
McVay
ONeill

Process Method Error

Notes
1. Method error calculations for skin friction resistance are based on McVay et al. (2012).

2. Method error calculations for end bearing resistance are based on McVay et al. (2012).

Notes
1. Method error corrections for skin friction are based on NCHRP 507.

2. Method error corrections for end bearing resistance are based on NCHRP 507.

Notes
1. Method error corrections for skin friction are based on McVay et al. (2003).

2. Method error corrections for end bearing are based on FHWA-RD-95-172, with a=0.

GeoStat — Method Error tab
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View elevation profiles of com

File Control Help

+-BEI!

Project Information Profile

Geostatistics  Simulation Spatial Variability Method Error LRFD-®

puted results

Plot Legend
Plot Type | ®Rn @ | Spatial Spatial + Method Update Plots Export
Side Resistance Tip Resistance Total Resistance
50y 50 50 pn
2 2
2 2
2 2
2 2
-56 14 -56 -56 14
41 t{
) 1
L Y]
62 1Y -62 62 1Y
5 Ly
by LS|
| |
LY LY
-68 1 -68 -68 .
74 74 74
= = =
£ -80 £ -8 £ -80
s s s
=3 =3 =3
@ @ @
o o o
-86 -86 -86
92 92 ]
98 98 98
104 104 104
L
110 -110 -110
] 1000 2000 3000 4000 ] 800 1600 2400 3200 4000 0 1000 2000 3000 4000
tons tons tons
[[] Customize Abscissa Maximum 0 [[] Customize Abscissa Maximum | 0 [ Customize Abscissa Maximum | 0
Tick Marks 2 Tick Marks | 2 Tick Marks | 2

LRFD-¢ tab for plotting profiles of resistance factors, ¢, and factored resistances
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Computed profiles of unfactored resistance
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Computed profiles of resistance factor, ¢
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Computed profiles of factored resistance
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Outline
* |ntroduction

* Characterization of spatial variability

* |llustration case

°* Summary
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Summary
* Spatial variability is intrinsic to site data

* Method error is present in empirical approaches

* Geostatistical design tool has been developed to directly

address spatial variability and method error
* (Can be used to compute axial resistance

* Driven piles
* Drilled Shafts s
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Summary

* Benefits of using geostatistical 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)

* Additional types of site measurements in development

CPT
Measuring while drilling (MWD) for drilled shafts in limestone
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