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Site Investigation & Interpretation (CPT-Based)

Foundation Systems & Design Methodology

Performance Verification & Validation

Load–Displacement Application

1

2

3

4

Summary & Concluding Remarks5
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Main Sources

3

The data interpretations, methodologies, and design frameworks presented in this 
webinar are sourced exclusively from the author's peer-reviewed publications.

Performance-Based Deep Foundation Design / A. Eslami
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Aims, Scope & Objective

To transition from the Art of Estimation to the Science of Certainty, unifying bearing capacity, 
settlement, and structural capability within a single load-displacement framework.

4

To deliver a professional roadmap for Performance-Based Design, where behavioral 
response remains constant, through a design inherently adaptable to ground variability.

Data Acquisition & 
Interpretation:

•  High-resolution 
stratigraphic 

intelligence (qc, fs, u₂)

•  Integrating material 
properties and 

installation records

•  SBT classification 
and stiffness profiling

Objective

Aim

Scope

Direct Design 
Methodology:

•  Foundation system 
selection and 

performance-based 
framework

•  Bearing capacity: 
direct and indirect CPT 

methods

•  Load-transfer 
mechanisms and 

resistance distribution

Performance 
Verification & 

Implementation:

•  Worked examples 
and case histories

 •  Installation records 
and construction 

control

•  Load test vs. 
predicted performance

Load–
Displacement 

Application:

 •  Load–displacement 
records and field 

calibration

•  Relevant Data-Based 
Design (RDBD)

•  Normalized load–
displacement and 

stress–strain 
framework

Performance-Based Deep Foundation Design / A. Eslami
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1. Geotechnical Engineering & Site Investigation

❖ Geomaterials:
     Soil, Rock & Ground Water

❖ Geosynthetics:
     Geotextile, Geogrid, Geomembrane, …

❖ Geostructures:
     Foundation, Earth Retention Systems, …

Geotechnical Engineering World

5I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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(1) Maps

(2) Aerial Photos 

(3) Site Visit

(4) Non-Destructive Tests

(5) Remote Sensing

(6) On-Situ Testing

(7) In-situ Penetration Testing

(8) Boring and Sampling

(9) Laboratory Testing

(10) Physical Modeling

(11) Full-Scale Tests

(12) Instrumentation & Monitoring

1. Geotechnical Engineering & Site Investigation

Data Sources

6I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

In-Situ Tests; more pronounced and 
applicable in Foundation Engineering 
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SPT CPT DMT PMT VST

1. Geotechnical Engineering & Site Investigation 

Major In Situ Penetration Tests: Schematic & Records

𝒒𝒄, 𝒇𝒔 & 𝒖𝟐

Tip resistance, sleeve 
friction & excess 

porewater pressure

𝑲𝑫, 𝑰𝑫 & 𝑬𝑫

Horizontal stress index, 
material index & 

dilatometer modulus

𝑷𝑳 & 𝑮
Limit pressure & 
shear modulus

𝑺𝒖

Undrained shear 
strength

𝑵
Blow count

7I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Geotechnical Engineering & Site Investigation

Cycle of Data, Design, and Performance 

ICE, Geotechnical Manual (2012)

Data Design Construction

Data Design Construction

Buildability concerns require data 
to influence choice of most 

appropriate construction method

Construction Process influences choice 
of appropriate design parameters

Alternative Design

Past

Present

8

(Lato et al., Geostrata; 
February/March 2026)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Why In-Situ Testing?

9I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Laboratory & In-Situ Tests; Complementary & Interactive

Laboratory Test Limitations

• Undisturbed Sampling Challenges: True in-situ soil conditions are hard to preserve.

• Soil Disturbance & Preservation: Handling and storage can alter natural properties.

• Volume Changes: Shrinkage or swelling may distort laboratory measurements.

• Inadequate Confinement: Lab conditions cannot fully replicate field stress states.

• Scale & Boundary Effects: Small specimens and boundaries can bias results.

Field Test Advantages

• Bypasses Sampling Difficulties: No need for extracting undisturbed samples.

• Maintains In-Situ Stress State: Preserves natural soil behavior during testing.

• Fast and Efficient: Simple execution with rapid data acquisition.

• Economical: Reduces laboratory handling and associated costs.

• Direct Foundation Relevance: Data immediately applicable to design and analysis.
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2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Penetration Rate: 20 mm/s

Set of Data: Per 25 mm or 1 inch

Equipment & Procedure

10I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

CPT; mostly applicable in soft to medium, compressible & problematic deposits
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❖ Measured Parameters

      qc, fs, u

❖ Corrected Parameters

• Corrected tip resistance:

• Friction ratio:

• Pore pressure coefficient:

𝒒𝒕 = 𝒒𝒄 + 𝒖𝟐(𝟏 − 𝒂)

𝑹𝒇 = ൗ𝒇𝒔
𝒒𝒄

𝑩𝒒 = ൗ∆𝒖
(𝒒𝒕−𝝈𝒗𝒐)

Standard Cone;
Base area: 10 𝐜𝐦𝟐

2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Data & Graphical Presentation

11I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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z qc fs u2

m MPa MPa MPa

0 0 0 0

0.02 0.06 -0.0003 0

0.04 0.24 -0.0003 0

0.06 0.16 0.001 -0.0005

0.08 0.71 0 -0.0005

0.1 2.47 0.0004 -0.001

0.12 2.79 0.0147 -0.001

0.14 2.48 0.0215 -0.001

0.16 2.31 0.0386 -0.001

0.18 2.32 0.0479 -0.001

0.2 2.27 0.0639 -0.001

0.22 2.27 0.0759 -0.0005

0.24 2.22 0.0878 -0.0005

0.26 2.1 0.0957 -0.001

0.28 2.07 0.0976 -0.001

0.3 1.99 0.0981 -0.0005

0.32 1.88 0.096 -0.0005

0.34 1.81 0.0926 -0.0005

0.36 1.79 0.092 -0.0005

0.38 1.75 0.0873 0

0.4 1.75 0.083 0

0.42 1.83 0.0764 0

0.44 1.92 0.0728 0

0.46 1.96 0.072 0

0.48 2.06 0.0743 0

0.5 2.08 0.0762 0

0.52 2.05 0.0812 -0.0005

0.54 1.99 0.0863 -0.0005

0.56 1.97 0.0879 -0.001

0.58 1.91 0.0897 -0.001

0.6 1.92 0.0888 -0.0005

0.62 1.91 0.0865 -0.0005

0.64 1.9 0.0885 -0.0005

0.66 1.83 0.0903 -0.0005

0.68 1.73 0.0935 0

0.7 1.68 0.0918 -0.0005

0.72 1.5833 0.0877 0

0.74 1.4867 0.0836 0

0.76 1.39 0.0795 0

0.78 1.36 0.0806 0

0.8 1.33 0.0792 0

0.82 1.28 0.0775 0

0.84 1.2 0.0772 0

0.86 1.18 0.0739 -0.0005

0.88 1.16 0.0704 -0.0005

0.9 1.14 0.0648 0

0.92 1.09 0.0634 -0.0005

0.94 1.04 0.0619 0

0.96 1.02 0.0586 -0.0005

0.98 0.98 0.0558 0

1 0.99 0.0536 0

Tons of Data in 1 Meter !!!

2. Cone & Piezocone Penetration Tests (CPT & CPTu)

Data & Graphical Presentation

12I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami



A. Eslami                                                  Performance-Based Deep Foundation Design 13

3. Applications of CPT & CPTu in GE

❖ Malamocco Breakwater Offshore Project,  Venetian 
Lagoon, Italy (AUT:GMD; Eslami et al., 2022)

13

Soil Profiling

Soil DescriptionCPTu result

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

❖ Bolivian Experimental Site for Testing (B.E.S.T.) 
(Fellenius et al., 2017)

14

Soil Profiling: 

Typical & In-Situ Tests

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Borehole data and SPT N values for BH-E2 (Fellenius et al., 2017)
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3. Applications of CPT & CPTu in GE

❖ Bolivian Experimental Site for Testing (B.E.S.T.) 
(Fellenius et al., 2017)

15

Soil Profiling: 

Typical & In-Situ Tests

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

CPTU sounding diagram for BH-E2 (Fellenius et al., 2017)
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3. Applications of CPT & CPTu in GE

❖ Bolivian Experimental Site for Testing (B.E.S.T.) 
(Fellenius et al., 2017)

16

Soil Profiling: 

Typical & In-Situ Tests

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

DMT results for BH-B2 (Fellenius et al., 2017)
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Robertson et al. (1986)

3. Applications of CPT & CPTu in GE

Robertson (2016)

17

Soil Behavior Classification: Charts & Diagrams

Schmertmann

(1978)

Douglas & Olsen 

(1981) 

Campanella et al. 

(1983)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

18

Jefferies and Davies (1991): 𝐈𝐒𝐁𝐂 (𝐈𝐂)

𝐈𝐒𝐁𝐂 = 𝟑. 𝟒𝟕 − 𝐥𝐨𝐠 ൗ
𝐪𝐜

𝐏𝐚

𝟐

+ 𝐥𝐨𝐠𝐑𝐟 + 𝟏. 𝟐𝟐 𝟐

𝟎.𝟓

Soil classification based on ISBCT (Li et al., 2015)

Values of Ic on the Robertson 
(1990) classification chart 

(Jefferies and Davies, 1991)

Soil Behavior Classification: Charts & Diagrams

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

Eslami and Fellenius 

(1997)

Eslami et al.

(2016 & 2022)

Eslami et al.

(2018)

19

Soil Behavior Classification: Charts & Diagrams

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

20

CPT (𝐪𝐜) correlations with SPT (𝑵)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

(Adopted from Robertson & Campanella, 1983) 

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

21I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Coupled Geotechnical Parameters

Sands

Clays

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

• Identification

• Improvement Justification

• Design Procedure

• Method Selection

• Performance Assessment

Available ground improvement methods for different soil types 
(modified from Schaefer et al., 2012) 

Role in Ground Improvement

22I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Applications of CPT & CPTu in GE

Role in Ground Improvement

23

❖ Blast or Explosive Densification (Eslami, 2015)

Pre & Post Soil Improvement Records Comparison

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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• 43-story Building
• Milestone in floating foundations technology

The soil profile: 

• 0–5.5 m depth: Old fill (GWT at 2 m) 

• 5.5–9.1 m depth:  Becarra sediments

• 9.1–33.5 m depth: Tacubaya clays;                                

Moisture content = 100 – 400%, 𝑪𝒄 = 8; 𝑺𝒖 = 35–70 kPa

• 33.5–70.0 m depth: Tarango sands

4. Case History

The Palace of Fine Arts, located across the street 
from the Tower, settled over 3 m (10 ft) from 1904 
to 1962 (Zeevaert, 1957).

Case No. 1: Torre Latino Americana, Mexico City (Coduto et al., 2016) 

24

The foundation and the sublayer profile 
(Coduto et al., 2016)

Piles

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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Classic log & SPT result (Zeevaert, 1957)

4. Case History

𝐪𝐜 < 𝟏 𝐌𝐏𝐚

Stratigraphic characteristics of Mexico City soil 
deposits (Romo & Garcia, 2003)

25I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Case Study No. 1: Continued - Profiling
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Typical compression Index 𝑪𝒄 values
(Holtz et al., 2023)

4. Case History

26

• In-situ testing: recognition of challenging sublayers 

• Significancy of end-bearing deep foundations

• Optimized application of floating foundations

• Restrict the settlement within the allowed range

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Case Study No. 1: Continued - 

Major Investigation, Design and 

Performance Aspects
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• Soft marine clay located on the bedrock

• Project Cost: Over $12 billion

• The Longest bridge-Tunnel Combo (50 km)

• The max span = 180 m

• 700 drilled shafts

• 660 of piles in the marine environment

• The piles length: 7 m to 107 m

• Average diameter of 2.5 m

• About 400 CPTu & geotechnical data

4. Case History

Geographical location of HZMB project 
(Duan et al., 2021)

Case No. 2: The Hong Kong Bridge (Duan et al., 2021)

27I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. Case History

Simplified comprehensive geological longitudinal profile of island and tunnel 
(Duan et al., 2021)

Case Study No. 2: Continued – Soil Profiling

28I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. Case History

Offshore piezocone testing in this study 
(Duan et al., 2021)

Typical CPT records of HZMB project 
(Duan et al., 2021)

Case Study No. 2: Continued – CPT Records

29I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. Case History

CPT profiles and pile alternatives: NWU Site (CPT data from Finno, 1989)

Compare and contrast two pile installation depths based on the given CPTu profile:
a) At the depth of 6 m
b) At the depth of  15 m

Pile Toe

Case No. 3-a: CPT Records for Characterization & Installation Depth 

(Finno, 1989) 

30I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. Case History

Differentiate the toe (base) resistance of three pile installation depths based on the given CPTu:
            a) around 10 m; b) around 20 m & c) around 30 m

CPT profiles and pile alternatives: UBC research site (CPT data from Campanella et al., 1989)

𝐪
𝐜−

𝐚
𝐯

𝐠
=

𝟎
.𝟒

 𝐌
𝐏

𝐚

𝐪
𝐜−

𝐚
𝐯

𝐠
=

𝟗
.𝟒

 𝐌
𝐏

𝐚

Pile Toe

𝐪
𝐜−

𝐚
𝐯

𝐠

=
𝟐

.𝟓
𝐌

𝐏
𝐚

Pile Toe

Pile Toe

Case No. 3-b: CPT Records for Characterization & Installation Depth 

(Campanella et al., 1989) 

31I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Foundation Engineering

Interaction of Superstructure & Substructure

Groundwater
Level

B
 -

 1
.5

 B

Influenced 
Subsoil

Structure

FoundationSu
p

e
rs

tr
u

ct
u

re
Su

b
st

ru
ct

u
re Foundation

System

Foundation elements or systems are structural units that transfer load combinations from the 
superstructure to the underlying geomaterials. Foundation units may tolerate the loads individually 
or by contribution of other elements such as basement walls, floors, or slabs (Eslami et al., 2020).

32I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Foundation Engineering

❖ Embedment Depth

Current categories of foundations

(Eslami et al., 2020)

• Shallow Foundations (a)

• Shallow + Soil Improvement (b)

• Semi-deep Foundations (c)

• Deep Foundations (d)

(a)
(b)

(c)
(d)

Foundations Classification

33I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Foundation Engineering

❖ Form and Function

• Vector-acting Foundations (a)

• Section-acting Foundations (b)

• Surface-acting Foundations (c)

• Block-acting (Hybrid) Foundations (d)

(Eslami et al., 2025)

(a) (b)

(c) (d)

Foundations Classification

34I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

❖ Load Transfer System

• Linear (1D) Foundations

• Planar (2D) Foundations

• Volumetric (3D) Foundations
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1. Foundation Engineering

Different Types of Deep Foundations

35

Displacement (Driven Piles)

Replacement (Drilled Shafts)

CFA
Prebored & Precast Piles (PPP)

Helical Pile Drilled Displacement Piles (DDP)

❖ Special❖ Conventional

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Foundation Engineering

• Near-surface soils deficient in bearing capacity or vulnerable to scour in riverine, 
coastal, and offshore environments

• To overcome excessive settlement and differential movement of shallow 
foundations on compressible, soft, or consolidating soil strata

• Transfer of large concentrated structural loads to competent bearing strata 
beyond the shallow founding horizon

• Mobilization of axial resistance against uplift, overturning, lateral forces, seismic 
actions, and combined V–M–H loading

• Enhancement of subgrade stiffness and settlement control for dynamic, machine, 
and high-groundwater construction conditions

• Rehabilitation and performance recovery of existing shallow foundations where 
settlement or capacity has reached critical limits

When, Where and Why Deep Foundations Are Required

36I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Foundation Engineering

2. Bearing Capacity

37

3. Resistance Distribution

5. Load - Displacement

4. Settlement

Role in Foundation Engineering: 

Geotechnical Design

1. Selection & Installation

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

2. In-Situ Tests Application

38

3. Static Load Test

5. Numerical & Laboratory Modelings

4. Dynamic Analysis & Load Test

Common Approaches for 

Bearing Capacity of Deep Foundations

1. Static Analysis

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

ttt ArR .=

s s s fR = r .A .D

stu RRR +=

u
a

R
P

FS
=

Ultimate Bearing Capacity

39

Toe Capacity Shaft Capacity

rt

rs  

Shaft Resistance

Total Resistance

Vertical Displacement

R
e

s
is

ta
n

c
e

Toe Resistance

Pile Bearing Capacity

(qs)

(qb)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

Unified Pile Design (CFEM)

𝐪𝐛 = 𝐍𝐭 × 𝛔𝐳=𝐃𝐟

′

 𝐪𝐬= β × 𝛔𝐳−𝐚𝐯𝐠
′

𝛔𝐙=𝐃𝐟

′  is the effective vertical stress at depth  𝐙 = 𝐃𝐟

The values of 𝛃 and 𝐍𝐭 are as given in Table

Static Analysis

40I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

Direct & Indirect Approach

41I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

Relative Density (𝐃𝐫) Friction Angle (𝝋)

(Mitchell & Durgunoglu, 1983)

Estimating Soil Engineering Parameters

𝐪𝐮 = 𝛔′𝐍𝐪           Eq. 1

𝐪𝐮 = 𝐪𝐜 or 𝐪𝐭      Eq. 2

𝐍𝐪 = 𝐟 𝛗 Eq. 3

Eq. 1, Eq. 2 & Eq. 3 →

𝛗 = 𝐟 𝛔′ & 𝐪𝐜

42I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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Stiffness (𝐄𝐬) Undrained Shear Strength (𝐒𝐮)

3. Deep Foundations: Geotechnical Design

𝐪𝐮 = 𝐒𝐮𝐍𝐂 + 𝛔 Eq. 1

𝐪𝐮 = 𝐪𝐭                            Eq. 2

Eq. 1 & Eq. 2 → 𝐒𝐮 =
𝐪𝐭−𝛔

𝐍𝐂

43

Estimating Soil Engineering Parameters

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

Simple model to estimate pile group settlement 
proposed by Terzaghi and Peck (1948)

Unified approach: load, resistance, and 
settlement distribution along depth

 (Fellenius, 2015)

Settlement & Resistance Distribution

44I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Deep Foundations: Geotechnical Design

Direct Application for Settlement

45

Schmertmann (1978) 

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. CPT & Pile: Scale Effects

1. Embedment depth

2. Influence zone

3. Data production processing and averaging

4. Diameter

5. Nonhomogeneous condition

6. Penetration rate and failure mechanism

7. Ultimate capacity interpretation

Schematic view of pile and cone penetration test 
differences in material, penetration rate, and 
dimensions (Eslami et al., 2020)

Scale Effect Correlations: Determinant Factors 

Penetrometers can be realized 
as a model pile

46I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. CPT & Pile: Scale Effects

❖ Embedment Depth

Schematic view of 
transformation of shear 

failure from shallow to deep 
(Nottingham, 1975)

❖ Ultimate Capacity Condition

Interpretation of load displacement 
diagram for Case 001-L&D31 (Moshfeghi 

& Eslami, 2016)

Scale Effect Correlations: Load-Displacement

47I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. CPT & Pile: Scale Effects

Stress strain Strength curves for different in situ tests; (a) strength measured
by in situ tests at the peak of the stress strain curve, (b) variation of shear modulus with

strain level (c) Variation of shear stress with shear strain (Sabatani et al., 2002)

Scale Effect Correlations: Shaft Resistance

48I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. CPT & Pile: Scale Effects

49

Scale Effect: 

Shaft Resistance

 (Eslami et al., 2020)

Performance-Based Deep Foundation Design / A. Eslami

Scale Effect: Toe Resistance

 (White & Bolton, 2005)

Partial embedment 
reduction factor on base 

resistance 
(White & Bolton, 2005)
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List of common CPT- and CPTu-based methods for pile bearing capacity

No. Method/ Reference No. Method/ Reference

1 Begemann (1963, 1965, 1969) 15 Fugro-05  (Kolk et al.  2005)

2 Meyerhof (1956, 1976, 1983) 16 UCD-05 (Gavin and Lehane 2005)

3 Aoki and Velloso (1975) 17 ICP-05 (Jardine et al. 2005)

4 Nottingham (1975), Schmertmann (1978) 18 UWA-05 (Lehane et al. 2005)

5 Penpile (Clisby et al.1978) 19 NGI-05  (Clausen et al. 2005)

6 Dutch (de Ruiter & Beringen 1979) 20 Cambridge-05  (White & Bolton 2005)

7 Philipponnat ( 1980) 21 Togiliani (2008)

8 LCPC (Bustamante & Gianeselli 1982) 22 German (Kempfert and Becker 2010)

9 Cone-m (Tumay & Fakhroo 1982) 23 UCD-11 (Igoe et al. 2010, 2011)

10 Price and Wardle (1982) 24 V–K (Van Dijk and Kolk 2011)

11 Gwizdala (1984) 25 SEU (Cai et al.  2011,  2012)

12 UniCone (Eslami  & Fellenius 1997) 26 HKU (Yu and Yang  2012)

13 KTRI (Takesue et al. 1998) 27 UWA-13 (Lehane et al. 2013)

14 TCD-03 (Gavin and Lehane 2003) 28
Modified UniCone (Niazi and Mayne 

2016)

5. CPT- & CPTu-Based Methods

Direct Application for Deep Foundations Axial Capacity

50I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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5. CPT- & CPTu-Based Methods

Meyerhof Method (1956, 1976, 1983)

51I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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5. CPT- & CPTu-Based Methods

LCPC (French) Method, (Bustamante & Gianeselli, 1982)

𝐫𝐭 = 𝐤𝐜𝐪𝐜𝐚

𝐫𝐬 =
𝟏

𝛂
𝐪𝐜

52

𝐤𝐜 ∶ 𝐓𝐨𝐞 𝐫𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐟𝐚𝐜𝐭𝐨𝐫

𝐪𝐜𝐚: 𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐭𝐢𝐩 𝐫𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐟𝐨𝐫 𝐭𝐨𝐞

𝛂 ∶ 𝐒𝐡𝐚𝐟𝐭 𝐫𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐟𝐚𝐜𝐭𝐨𝐫

𝐪𝐜 ∶ 𝐀𝐯𝐞𝐫𝐚𝐠𝐞 𝐭𝐢𝐩 𝐫𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐟𝐨𝐫 𝐬𝐡𝐚𝐟𝐭

Method for determining equivalent 𝐪𝐜

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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5. CPT- & CPTu-Based Methods

𝐓𝐨𝐞 𝐑𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐅𝐚𝐜𝐭𝐨𝐫; 𝐤𝐜 

53I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

LCPC (French) Method, (Bustamante & Gianeselli, 1982)
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5. CPT- & CPTu-Based Methods

𝐒𝐡𝐚𝐟𝐭 𝐑𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞 𝐅𝐚𝐜𝐭𝐨𝐫; 𝜶 

54I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

LCPC (French) Method, (Bustamante & Gianeselli, 1982)
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5. CPT- & CPTu-Based Methods

UniCone Method, Eslami & Fellenius (1997)

55

Toe Capacity

𝐫𝐭 = 𝐜𝐭 × 𝐪𝐄𝐠

𝐜𝐭 = 𝟏

𝐪𝐄 = 𝐪𝐭 − 𝐮𝟐

𝐪𝐭 = 𝐪𝒄 + (𝟏 − 𝐚)𝐮𝟐

𝐪𝐄𝐠 = 𝐧 𝐪𝐄𝟏 × 𝐪𝐄𝟐 × ⋯ × 𝐪𝐄𝐧

Fellenius (2002):

Adjustment factor:

𝐜𝐭 =
𝟏

𝟑𝐁
 (𝐁 𝐢𝐧 𝐦𝐞𝐭𝐞𝐫)

𝐜𝐭 =
𝟏𝟐

𝐁
 (𝐁 𝐢𝐧 𝐢𝐧𝐜𝐡𝐞𝐬)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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5. CPT- & CPTu-Based Methods

Shaft Capacity

Shaft coefficient correlation

Chart for soil classification
(Eslami & Fellenius, 1997)

UniCone Method, Eslami & Fellenius (1997)

𝐫𝐬 = β × 𝛔𝐳−𝐚𝐯𝐠
′  Eq. 1

𝐫𝐭 = 𝐍𝐭 × 𝛔𝐳=𝐃𝐟

′  Eq. 2

𝐫𝐭 = 𝐪𝐜                                        Eq. 3

Eq. 1 & Eq. 2 →
 𝐫𝐬

𝐫𝐭
=

β
𝐍𝐭

            Eq. 4

Eq. 3 & Eq. 4 → 𝐫𝐬=
β
𝐍𝐭

 × 𝐫𝐭 𝐨𝐫 𝐪𝐜

𝐜𝒔 = 𝐟
β
𝐍𝐭

𝐫𝐬 = 𝐜𝐬 × 𝐪𝐄𝐠

𝐪𝐄𝐠 = 𝐆𝐞𝐨𝐦𝐞𝐭𝐫𝐢𝐜𝐚𝐥 − 𝐦𝐞𝐚𝐧 𝐰𝐢𝐭𝐡𝐢𝐧 𝐩𝐫𝐨𝐩𝐨𝐬𝐞𝐝 𝐥𝐚𝐲𝐞𝐫

56I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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5. CPT- & CPTu-Based Methods

1000 case records

German Method (Kempfert & Becker, 2010)

57I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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a) Location, b) Longitudinal view of the causeway, c) Configuration of installed piles 

6. Case Study

(a) (b)

• Decreasing the existing route: 300 to 120 km

• Total length of 1260 m

• 19 spans 

• 100 m in length for the main span

Case No. 4: Urmia Lake Causeway: Long Piles & Super Soft Deposits 

(Eslami et al., 2011, 2019 & 2024) 

58

• More than 400 pipe piles

• Total installed length of 32 km

• Piles 813 mm in diameter and 66 to 75 m in depth

• Total 800 m piles for static & dynamic tests

(c)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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6. Case Study

Case No. 4: Continued – Profiling & SBC

59

Typical CPT logs SBC charts via a) Robertson et al. (1986), b) 
Robertson (1990), c) Eslami & Fellenius (1997), d) 
triangular chart (Eslami et al., 2023)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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6. Case Study

Case No. 4: Continued - Sensitivity  

60

𝐒𝐭 =
𝐒𝐮−𝐮𝐧𝐝𝐢𝐬𝐭𝐮𝐫𝐛𝐞𝐝

𝐒𝐮−𝐫𝐞𝐦𝐨𝐥𝐝𝐞𝐝

𝐒𝐮 =
𝐪𝐭−𝛔𝐯𝟎

𝐍𝐤
  (Mayne & Peuchen, 2018)

𝐒𝐮−𝐫𝐞𝐦𝐨𝐥𝐝𝐞𝐝 = 𝐟𝐬 (Eslami et al., 2020)

𝐒𝐭 =
𝐍𝐬

𝐑𝐟
 (Schmertmann, 1978)

Sensitivity profiles of Urmia Lake 
deposit via two approaches 
(Ebrahimipour & Eslami, 2024)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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Pile total capacity distribution (length of 75 m, 

diameter of 813 mm) (Eslami et al., 2011)

6. Case Study

Case No. 4: Continued – Load Tests & Capacity Distribution

61

Static load test result; a) Compressive 

(length of 30 m, diameter of 356 mm), 

b) Tension (length of 70 m, diameter of 

305 mm (Eslami et al., 2011)

(a)

(b)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. Case Study

The test comprises a 457 mm diameter, 9.5 mm wall (18-inch, 0.375 inch), closed-toe, steel-
pipe pile to be driven to 17 m (56 ft) depth (stick-up is about 3 ft) and grouted after driving.

Soil profiles with CPTu data and N-indices

Case No. 5: Pile Prediction Event, Alabama (Fellenius, 2025)

62I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. Case Study

Case No. 5: Continued – Predicted Load-Displacements

Load-movement curves for the prediction pile 
calculated for unchanged input by Prof. Fellenius

Submitted revised load-movement curves 
and associated "capacities“ by predictors

• Attracted invitation response: total of 94 individuals from 26 countries. 

• Separate received predictions :74, mostly (52) from USA, Canada, and Brazil

63I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. Case Study

Distributions of shaft resistance 
extracted from the records

Submitted force distributions at an 
applied load equal to "capacity"

64I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Case No. 5: Continued – Predicted Load Distributions
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2. Case Study

65

Prediction through CPT-Based Methods (Heidarie Golafzani & Ebrahimipour, 2025)

# Methods Year Qt (kN) Qs (kN) Qult (kN)

1 Modified Unicone 2016 434 1225 1659

2 German-Upper 2010 1064 663 1727

3 German-Lower 2010 745 486 1232

3 ICP 2005 1093 945 2038

4 UWA 2005 734 942 1676

5 UniCone 1997 964 1028 1992

6 LCPC 1983 1082 858 1940

7 Dutch 1979 734 573 1307

8 Schmertman 1978 1224 903 2127

9 Meyerhof 1976 1670 780 2450

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Case No. 5: Continued – Sample Prediction
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2. Case Study

Case No. 6: Probabilistic Comparative Assessment of Static Analysis, 

SPT and CPT-Based Methods (Heidari et al., 2020)

66I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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Assessment of different predictive methods for a database including 60 driven piles and 
their adjacent CPT records

❖ Static Analyses
• CFEM
• API

❖ SPT-based methods
• Meyerhof (1976)
• Shioi and Fukui (1982)
• Bazaara and Kurkur (1986)
• Briaud and Tucker (1988)
• Decourt (1995)

❖ CPT-based methods
• Schmertmann (1978)
• DeRuiter and Beringen (1979)
• Bustamante and Gianeselli (1982)
• Meyerhof (1956, 1976, 1983)
• UniCone (1997)

Square-concrete, 
23%

Open-Ended 
pipe pile, 

15%

Closed-ended pipe 
pile, 45% H-Pile, 2%

C-C*, 12%

PHC**, 2%
Round-concrete, 

2%

Other, 15%

Pile Shape Distribution

Sandy Soil, 32%

Clayey Soil, 45%

Mixed Soil, 23%

SOIL TYPE DISTRIBUTION

2. Case Study

Case No. 6: Continued – List of Methods

67I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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Characteristics of studied piles according to their 

material; (a) Length, (b) dimension, (c) ultimate bearing 

capacity and (d) soil type

• A database of 62 piles with their 

adjacent CPT records from AUT:GEO-

CPT&Pile database

• From to different continents: 

• Asia (31%), 

• Europe (24%), 

• North America (42%), and 

• Australia (3%). 

• About 47%, 23%, and 30% of site soils 

are clayey soil, mixed soil, and sandy 

soil, respectively.

2. Case Study

68I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Case No. 6: Continued – Database Characteristics
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CPT-based methods

area ratio=82.5%

2. Case Study

Case No. 6: Continued -  Probabilistic Assessment of 

Model Uncertainty for Predictive Methods

69I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

General view of oil tanks at Ostend Belgium 
(Van Impe et al., 2013)

❖ Tanks Characteristics

• 48 m in diameter and 19 m in height,

• Each holding 33000 𝒎𝟑

• Triangle configuration - 65 m center to center 

Case No. 7: Three oil tanks - Belgium (Van Impe et al., 2013 & 2015) 

70

Relevant CPTu log in Ostend 
(Van Impe et al., 2013)

❖ Soil Profile

• 0–12 to 15 m depth: Old fill (GWT at 2 m) 

• 12-15 to 18 m depth:  Sand 

• 18 to 100-120 m depth: OC Clay 

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

Test pile loading system, with 8 deep anchors 
inclined at 12◦, each enabling a 500 kN tensile force

❖ Loading Test & Resistance Distribution

Load and resistance distribution (Fellenius, 2014)

71

Case No. 7: Continued

• Pile Cap: 0.6 m thick and 49 m diameter

• 422 Omega Piles as pile group

• Piles: 460 mm diameter and 22 m depth

• Total ultimate capacity: 1950 kN

❖ Foundation System

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Discussion on Toe & Shaft Resistances

72

Pile ultimate shaft resistance: calculated 
and measured (Fellenius, 2014)

Case No. 7: Continued

Pile ultimate toe resistance: calculated 
and measured (Fellenius, 2014)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Discussion on Load-Displacement and Capacity

73

Load-movement Curve (Fellenius, 2014)

Case No. 7: Continued

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Project Overview

• $3.8 Billion Design-Build project, awarded by VDOT in 2019

• Design Joint Venture of HDR and Mott MacDonald

• 2.7 miles marine trestle bridges over the James River on 1-64

• Connect Hampton to Norfolk, VA

• North and South Trestles connect shoreline to man made island expansions

Case No. 8: James River bridge, Virginia (Batten & Keaney, 2021) 

74I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Subsurface Exploration

• Historic VDOT Marine Trestle Data: 17 SPT and 
35 CPTu

• Supplemental Marine Trestle Data: 135 SPT 
and 149 CPTu

Case No. 8: Continued

❖ Jack up barges for deep water

❖ Spud barges for shallow water

75

❖ Pile Types

• North & South Trestles:

54-inch precast prestressed concrete cylinder 
piles, 6.75-inch wall thickness, bed cast, NOT 
spun cast

• Willoughby Bay Trestle:

24-inch precast prestressed concrete square piles

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Typical CPT Sounding

76

Case No. 8: Continued

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Subsurface Profile North Trestle

77

Case No. 8: Continued

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Calibration to SLTs

78

Case No. 8: Continued

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Case History

❖ Project-Based Calibration of Parameters 

79

Case No. 8: Continued

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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1. Load-Displacement Context

80I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

• Accurate Capacity Determination

• Facilitates Settlement Check

• Provides Stiffness Parameters

Circular PLTs                 

(Consoli et al., 1998)

Square Concrete Footings 

(Consoli et al., 1998)

Driven pile, pull out test 

(Eslami et al., 2011)

Bidirectional test on a bored pile        

(Fellenius, 2023)

Displacement (mm) Displacement (mm)

Displacement (mm)

Performance-Based Deep Foundation Design / A. Eslami

Interpretation of load–displacement 
diagram (Fellenius, 1990) 

Load – Displacement; Significancy
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1. Load-Displacement Context

81

Confining 
Geomaterial 

Strength Confining 
Geomaterial 

Stiffness

Installation 
Effects

Interface 
Properties

Loading Type 
(Compressive, 
Tensile, Cyclic)

Foundation 
Embedment

Foundation 
Geometry

Structural 
Material

Time 
History & 

Aging

Drainage 
Conditions

Sensitivity & 

Thixotropy

Loading 
Pattern 

(Slow-Rapid)

Displacement (mm)

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Load – Displacement; 

Dominant Factors
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1. Load-Displacement Context

82I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Methods for Load-Displacement Appraisal
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1. Load-Displacement Context

83I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Methods for Load-Displacement Appraisal – Cont.
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2. CPT-Relevant Pile Ultimate Capacity Criteria 

84I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. CPT-Relevant Pile Ultimate Capacity Criteria 

Summary of Selected Case Records

85I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. CPT-Relevant Pile Ultimate Capacity Criteria 

86

Interpretation of load displacement diagram for 
Case 001-L&D31 (Moshfeghi & Eslami, 2016)

Load-Displacement Interpretation 

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. CPT-Relevant Pile Ultimate Capacity Criteria 

Comparison of Investigated Interpretation Criteria for 

The Ratio of Predicted to Measured Capacity

87I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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2. CPT-Relevant Pile Ultimate Capacity Criteria 

Comparison of The Estimated to Measured 

Capacity Ratios for Different Piles: a) Mean, 

b) Standard Deviation

88I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Cumulative Probabilities of Different 

CPT-Based Methods
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Prospect: Data-Based Approach in Design

3. Relevant Data-Based Design (RDBD) 

89

Data Design Performance Data Design Performance

Past Present

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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❖ Reliability-based criteria

• Input variables, 

• Model assumptions, 

• Soil behavior classification

• Loading direction and 

• Influence zone and averaging technique 

• Data processing

• Pile installation method

• Friction Fatigue

• Failure Criterion

• Data production-cone type

• Mean and coefficient of variation, 

• Best-fitted line,

• Cumulative probability, 

• 20% accuracy level, and 

• RMSE

• Efficiency ratio 

3. Relevant Data-Based Design (RDBD) 

❖ The statistic and probabilistic criteria

90I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Relevant Data-Based Design (RDBD) 

91I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Relevant Data-Based Design (RDBD) 

92I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami



A. Eslami                                                   Performance-Based Deep Foundation Design 93

3. Relevant Data-Based Design (RDBD) 

Typical Case 1

CPT records and pile load test for selected and design piles (AUT:Geo-CPT&Pile database) 

93

No. Case ID Location Shape Material L (m) B (mm) Loading Mode Qu (kN)

1 Selected Pile Sweden Square Concrete 12.8 235 Compression 458.9

2 Design Pile Norway Circular Concrete 15.5 280 Compression 468.3

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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3. Relevant Data-Based Design (RDBD) 

Typical Case 1

Variation of model parameter for selected and design piles

94I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami
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4. Driven Piles; Data-Centric Load-Displacement

95I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Database Summary

• 71 Cases of Driven Piles

• Driven in Sand, Clay and Mixed Deposits

• Embedment Depths between 6 to 56 m

• Diameter between 235 to 914 mm

Performance-Based Deep Foundation Design / A. Eslami
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4. Driven Piles; Data-Centric Load-Displacement

96I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Trending of Load–displacement 

for Dominant Factors

Hyperbolic trending of load–displacement for dominant factors: a) embedment depth, 
b) breadth, c) surrounding soil type (Eslami & Ebrahimipour, 2024)

(a) (b) (c)

Performance-Based Deep Foundation Design / A. Eslami
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4. Driven Piles; Data-Centric Load-Displacement

Normalized Trending 

(a) (b) (c)

Normalized hyperbolic trending of load-displacement for dominant factors: a) embedment 
depth, b) breadth, c) surrounding soil type (Eslami & Ebrahimipour, 2024)

Normalization Approach:

• Load: Brinch-Hansen 80% (1963)
• Displacement: Breadth 

Relative Displacement & Normalized Load:

• 1 % →  0.5 Pu (FS=2)
• 5 % →  0.8 Pu
• 10 % →  0.9 Pu

97I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

From CPT-Based Methods

Performance-Based Deep Foundation Design / A. Eslami
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5. DD Piles; Stress-Strain Framework 

❖ Providing a Unitless Framework

❖ Facilitating Broader Practical Application

❖ Enhancing Foundation Selection

❖ Aligning with Established Engineering Principles

Footings stress - strain (Briaud & Gibbens, 1999)

98

𝐒𝐭𝐫𝐞𝐬𝐬 (𝛔) =
𝐀𝐱𝐢𝐚𝐥 𝐋𝐨𝐚𝐝 (𝐏)

𝐏𝐫𝐨𝐣𝐞𝐜𝐭𝐞𝐝 𝐀𝐫𝐞𝐚 (𝐀)

𝐒𝐭𝐫𝐚𝐢𝐧 (𝛆) =
𝐃𝐢𝐬𝐩𝐥𝐚𝐜𝐞𝐦𝐞𝐧𝐭

𝐁𝐫𝐞𝐚𝐝𝐭𝐡 (𝐁)

Breadth (B)

PProjected 
Area (A)

Projected 
Area (A)

B

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Stress-Strain Approach

Performance-Based Deep Foundation Design / A. Eslami



A. Eslami                                                  Performance-Based Deep Foundation Design 99

5. DD Piles; Stress-Strain Framework 

99I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Database Summary

• 60 Cases of DD Piles: Fundex, De Waal, Olivier, 

Berkel D, APGD, Omega, and Atlas

• Installed in Sand, Clay and Mixed Deposits

• Embedment Depths between 6 to 21 m

• Diameter between 356 to 720 mm

Cone penetration test (CPT) qc and schematic pile profile for selected cases

     

          

           

     

     

          

         

      

 

 

 

 

 

 

 

 

 

 

  

  

  

  

  

  

  

  

  

  

  

          

 
 
 
  

  
 

 

        

      

          

         

      

     

          

        

      

                        

                

                        

             

                          

             
                          

                

Performance-Based Deep Foundation Design / A. Eslami



A. Eslami                                                  Performance-Based Deep Foundation Design 100

5. DD Piles; Stress-Strain Framework 

100I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Stress-Strain Trending

Performance-Based Deep Foundation Design / A. Eslami

Pressure (stress)-relative displacement (strain) diagrams for all compiled cases: a) pmax ≤ 

10 MPa, b) 10 < pmax ≤ 20 MPa, c) pmax > 20 MPa (Eslami et al., 2026)

(c)(b)(a)

• Embedment Depth

• Pile Breadth

• Surrounding Deposit: (Shaft and Toe)

Dominant Factors 

Appraisal
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5. DD Piles; Stress-Strain Framework 

Serviceability Limit State (SLS), Non-Linear Elastic: 0.1 → 0.5  to  1 %

Ultimate Limit State (ULS), Plastic: 1 → 5  to  10 %

Operation State, Linear Elastic: 0.01 → 0.1 %

101I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Dominant Criteria & Hyperbolic Fitting

Performance-Based Deep Foundation Design / A. Eslami
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5. DD Piles; Stress-Strain Framework 

102

Pressure (Stress, 𝛔) – relative displacement (Strain, ε) diagrams for various 

foundations; Spread Footings: Heidari et al. (2025), Helical Piles: Rahimi et al. 

(2024), Driven piles: Eslami & Ebrahimipour (2024) 

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

Stress – Strain Comparison for Various Foundations
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1. Summary

• Determining optimum embedment depth

• Estimating axial capacity directly & indirectly

• Supporting reliable load-displacement predictions

❖ Geotechnical Design

❖ Load Transfer Mechanisms

• Integrating CPT records with measured Load–Displacement curves

• Resistance distribution: Separating shaft and toe resistances

• Capturing true mobilization at working loads, not only ultimate capacity

103

❖ Data Provision

• Soil behavior captured efficiently and comprehensively

• Deriving site-specific stiffness and strength parameters

• Reducing uncertainty, supplementing lab tests

❖ Verification & Reliability

• Calibrating models with measured Load–Displacement records

• Validating CPT-based predictions against field performance

• Reducing uncertainty through performance-based verification

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami



A. Eslami                                                  Performance-Based Deep Foundation Design 104

2. Concluding Remarks

104

1. Digital Intelligence

From discrete snapshots to continuous subsurface intelligence, high-resolution CPTu data 
eliminates the blind spots of traditional sampling, ensuring design is built on the true 
stratigraphic record.

2. Interaction Mastery & Design Logic

The foundation is an integral part of a unified system, where soil–foundation interaction 
binds the substructure and superstructure into a single, harmonious behavioral response. 
Direct CPTu-based design bypasses empirical correlation, transforming cone resistance into 
precise load-transfer models through a reproducible, mathematical discipline.

3. The Reliability Handshake
When the measured load-displacement record aligns with the CPT-predicted trend, 
judgment is validated, uncertainty reduced, and professional confidence established.

4. Rational Implementation

Bearing capacity, settlement, and structural capability are not competing constraints, they 
are unified expressions of load-displacement behavior. The ground is a variable, the design 
adapts to it, but performance must be consistent.

I. Site Investigation II. Foundation Systems III. Performance Verification IV. Load–Displacement V. Concluding Remarks

Performance-Based Deep Foundation Design / A. Eslami

True performance-based foundation design is achieved by unifying; 

"load, resistance, and deformation within a calibrated load–displacement framework"

Core Principle:
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Thank You; 

Questions Welcome

https://abolfazleslami.com/ 
LinkedIn

Special Thanks to:

Amirhossein Ebrahimipour; Research Fellow

For His Insightful Collaboration

https://abolfazleslami.com/
https://www.linkedin.com/in/abolfazl-eslami-1a1806268/
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