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Introduction

• Spatial variability
• Horizontal

• Vertical
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Spatially varying 

properties

Shaft Boring

Soil

Elevation view, illustrative 

(contour image from McVay et al. 2012)

Plan view, illustrative 

(contour image from Zhu and Zang 2013)

Shaft Boring
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Introduction

• Method error 
• Due to underlying assumptions in empirical methods

• Correlation of measurement to unit resistance
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Boring

Soil

Load testShaft

Boring

Example: boring in footprint of shaft
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• Method error 
• Increases uncertainty in computed capacities

Introduction
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Load test

Example: boring in footprint of shaftPredicted resistance
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Previous research efforts

• FDOT BDK 977-23, BDV31 977-108, BDV31 977-143
• Formulated geostatistical methodologies

• Compiled method error data

• Developed prototype and design tools

7
FDOT BDV31 977-108 final report GeoStat design toolFDOT BDK75 977-23 final report
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Motivation

• How do variability and uncertainty affect design?
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• Example: resistance factors
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Resistance factor, ϕ, NCHRP 507

ϕ =

𝜆𝑅 𝛾𝐷 ∙
𝑄𝐷
𝑄𝐿

+ 𝛾𝐿 ∙
1 + 𝐶𝑂𝑉𝑄𝐷

2 + 𝐶𝑂𝑉𝑄𝐿
2

1 + 𝐶𝑂𝑉𝑅
2

𝜆𝑄𝐷 ∙
𝑄𝐷
𝑄𝐿

+ 𝜆𝑄𝐿 ∙ 𝑒𝑥𝑝 𝛽 ∙ 𝑙𝑛 1 + 𝐶𝑂𝑉𝑅
2 ∙ 1 + 𝐶𝑂𝑉𝑄𝐷

2 + 𝐶𝑂𝑉𝑄𝐿
2

Illustrative values of component terms for 

evaluation of LRFD resistance factors, ϕ
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Motivation

• How do variability and uncertainty affect design?
• Example: resistance factors
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Resistance factor, ϕ, NCHRP 507

ϕ =

𝜆𝑅 𝛾𝐷 ∙
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2 ∙ 1 + 𝐶𝑂𝑉𝑄𝐷

2 + 𝐶𝑂𝑉𝑄𝐿
2

Illustrative values of component terms for 

evaluation of LRFD resistance factors, ϕ

COVR : 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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Outline

• Introduction

• Characterization of spatial variability

• Illustration case

• Summary
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Consider a set of 88 SPT-N values
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Illustrative collection of 88 SPT-N values
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Examine pairs of values 2.5 ft apart
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Illustrative collection of 88 SPT-N values
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Examine pairs of values 5.0 ft apart
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Illustrative collection of 88 SPT-N values Pairs that lie 5.0 ft apart
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Examine pairs of values 12.5 ft apart
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Strength of correlation and covariance vary 

with respect to distance (h)
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Variograms compactly express spatial 

variability phenomena

𝑣 ℎ = 𝜎2 − 𝐶 ℎ
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Variograms compactly express spatial 

variability phenomena
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Variograms can reveal geological zones
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Variograms are necessary for geostatistical 

simulation

Unconditional simulation

For i = 1, nsims

For j = 1, nlayers

Assign ngrid for current layer

For k = 1, ngrid

Generate standard normal deviate {η}k

End of loop on k

{qdeviates} = [L] {η}

Perform normal score transform of CDFs to generate {quncond} 

Empirically relate {quncond} to other required soil/rock parameters    

End of loop on j

Use empirical methods to determine unit skin (fs) and tip (qtip) 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

Prepare simulation parameters

Perform stochastic simulation

Generate variograms

For i = 1, nlayers

Form vertical variogram

Store av

Store other feature values

End of loop on i

Vertically divide layers into 0.5-ft increments

Generate covariance matrices

Generate geometric grid

For i = 1, nlayers

[Δelev] = {elevation} {1}T - ({elevation} {1}T)T

[hnorm]jk = ([Δelev]jk
2 / av

2)0.5

[C]jk = 1 - vtheoretical([hnorm]jk)

Form [L] as Cholesky factorization of [C]    

End of loop on i

av
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Sill

Lag distance

Vertical

Unconditional simulation

For i = 1, nsims

For j = 1, nlayers

Assign ngrid for current layer

For k = 1, ngrid

Generate standard normal deviate {η}k

End of loop on k

{qdeviates} = [L] {η}

Perform normal score transform of CDFs to generate {quncond} 

Empirically relate {quncond} to other required soil/rock parameters    

End of loop on j

Use empirical methods to determine unit skin (fs) and tip (qtip) 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

Prepare simulation parameters

Perform stochastic simulation

Generate variograms

For i = 1, nlayers

Form vertical variogram

Store av

Store other feature values

End of loop on i

Vertically divide layers into 0.5-ft increments

Generate covariance matrices

Generate geometric grid

For i = 1, nlayers

[Δelev] = {elevation} {1}T - ({elevation} {1}T)T

[hnorm]jk = ([Δelev]jk
2 / av

2)0.5

[C]jk = 1 - vtheoretical([hnorm]jk)

Form [L] as Cholesky factorization of [C]    

End of loop on i

av

V
a
ri

o
g

ra
m

o
rd

in
a
te

Sill

Lag distance

Vertical

Geostatistical simulation algorithm 
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Use geostatistical tool to assess shaft axial 

capacities within an example site

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

GeoStat – Profile tab
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Determine layering
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Form horizontal and vertical variograms       

for each layer

GeoStat – Geostatistics tab

Technical Manual - Chs. 2, 5
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• Example: layer 2

28

Inspect variograms
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• Example: layer 2
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Inspect variograms
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• Recall that variograms can reveal geological zones
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Inspect variograms
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• Example: Western “strip” of 25 borings

31

Return to plan view of site and select subsets 

of borings
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• Example: Eastern “strip” of 23 borings

32

Return to plan view of site and select subsets 

of borings
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• Form (or recheck) layer definitions

• Form variograms

• Inspect variograms

• Conduct geostatistical simulation

• Incorporate method error

• View elevation profiles of computed axial resistance

33

Use geostatistical tool to analyze each zone
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Comparison of site-wide vs zonal data

-140

-120

-100

-80

-60

-40

0 200 400 600 800

E
le

v
a
ti

o
n

 (
ft

)

qu (tsf)

All

Zone 1

Zone 2

0

0.1

0.2

0.3

0.4

0.5

25 50 75 100 125 150 175 200

R
e
la

ti
v
e
 f

re
q

u
e
n

cy
qu (tsf)

All

Zone 1

Zone 2

• Example: unconfined compressive strength (qu) values 

within layer 2
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Comparison of site-wide vs zonal variograms
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Define drilled shaft diameters and ranges of 

embedment lengths

Zone 1
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Conduct geostatistical simulation for each 

zone
Unconditional simulation

For i = 1, nsims

For j = 1, nlayers

Assign ngrid for current layer

For k = 1, ngrid

Generate standard normal deviate {η}k

End of loop on k

{qdeviates} = [L] {η}

Perform normal score transform of CDFs to generate {quncond} 

Empirically relate {quncond} to other required soil/rock parameters    

End of loop on j

Use empirical methods to determine unit skin (fs) and tip (qtip) 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

Prepare simulation parameters

Perform stochastic simulation

Generate variograms

For i = 1, nlayers

Form vertical variogram

Store av

Store other feature values

End of loop on i

Vertically divide layers into 0.5-ft increments

Generate covariance matrices

Generate geometric grid

For i = 1, nlayers

[Δelev] = {elevation} {1}T - ({elevation} {1}T)T

[hnorm]jk = ([Δelev]jk
2 / av

2)0.5

[C]jk = 1 - vtheoretical([hnorm]jk)

Form [L] as Cholesky factorization of [C]    

End of loop on i

av
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Simulation algorithm GeoStat – Simulation tab
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Incorporate method error

Predicted (tsf)
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Measured versus predicted side shear resistance 

for drilled shafts in limestone (McVay et al. 2012)

GeoStat – Method Error tab
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View elevation profiles of computed results

LRFD-ϕ tab for plotting profiles of resistance factors, ϕ, and factored resistances
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Computed profiles of unfactored resistance
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Computed profiles of resistance factor, ϕ
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Computed profiles of factored resistance
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• Introduction
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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 44
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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
45
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Thank you


