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Presentation Outline

▪ Introduction

▪ P-Y curves for LLP applications

▪ Three methods for P-Y curves from DMT:

▪ Gabr and Borden 1988

▪ Robertson 1989

▪ Marchetti 1991

▪ Case history Livorno LLP test (1991) analysis and validation of deflections

▪ Gatineau test site: Sample LLP analysis 
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Introduction

▪ Pile foundations are structural elements to transfer loads from superstructures to deeper,
competent soil or rock strata

▪ Piles are commonly designed to resist axial loads (compression or tension), but sometimes also
laterally loaded

▪ When a pile is laterally loaded, it deflects primarily in the loading direction, mobilizing soil
resistance along its length

▪ The soil–pile interaction is nonlinear and depends on factors such as soil stiffness, strength, pile
geometry and load magnitude

▪ The response is characterized by bending moments, shear forces and lateral deflections along the
pile shaft, with maximum deformation typically occurring at shallow depths
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Introduction to LLP and P-Y Curves

▪ LLP analysis is generally more complex than for axially loaded piles, because of the nonlinear and
heterogeneous nature of soil response

▪ Numerical or semi-empirical methods based on P–Y curve approach are widely adopted

▪ P-Y curves approach (Hetenyi 1946): soil is modeled with a series of independent and nonlinear
springs (Winkler model), where the lateral soil reaction (P) at each depth is expressed as a function
of the local lateral deflection (Y)

▪ Three main methods were developed to estimate P-Y curves from DMT results :
Gabr and Borden (1988), Robertson (1989), Marchetti (1991)

▪ Prediction of the two latter methods are compared with measured deflections in the case history
LLP test site of Livorno (Italy 1991)
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Software for LLP analysis using P-Y curves

▪ LLP analysis using Ensoft LPi 2018

▪ The freeware version of the software may be downloaded from 

https://getintopc.com/softwares/ensoft-lpi-2018-free-download/
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Gabr and Borden (1988) method

Initial Tangent Modulus  Es1

𝐸𝑠1 = 6.5
𝑃𝑜 − 𝜎ℎ0

𝑏
𝑑

𝑃𝑜 first DMT reading

𝜎ℎ0 in-situ horizontal at-rest pressure

b half blade thickness (7 mm)

d pile diameter

𝐏

𝐏𝐮𝐥𝐭
= 𝐭𝐚𝐧𝐡

𝑬𝒔𝟏 𝒚

𝐏𝐮𝐥𝐭

Ultimate soil resistance Pult

Pult = NpSud Np = 3 +
σv0

′

Su
+ J(

Z

d
) ≤ 9

Np= non dimensional ultimate clay resistance coefficient 
Su= undrained shear strength from DMT
σv0

′ = effective vertical stress at depth Z
J = empirical coefficient; 0.5 for soft clay, 0.25 for stiff clay
Z = depth
d = pile diameter 
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Gabr and Borden (1988) method

Comments:

▪ First method for P-Y curves from DMT data

▪ Developed specifically for stiff OC clay and tends to overpredict

deflections in non OC clays

▪ ES1 based on P0, related to total horizontal stress and not to soil

compressibility
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Robertson 1989 method for P-Y curves from DMT data
(for clay and sand)
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Robertson 1989 method

▪ Adaptation of early Matlock 1970 method:  y/y50 ≥ 8 → p/pult = 1  (asymptot p = pult)

▪ Applicable in OC and NC clay and based on Su
▪ Applicable in sand (based on φ)

Parameters:
p : soil reaction

y : pile deflection

pult : ultimate soil resistance

p/pult : ratio of soil resistance

y50 : pile deflection for p = 50% pult

y/y50 : ratio of pile deflection
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Robertson 1989 method

Ultimate soil resistance (Pult)

Pult = NpSud Np = 3 +
σv0

′

Su
+ J(

Z

d
) ≤ 9

Np= non dimensional ultimate clay resistance coefficient 
Su= undrained shear strength from DMT
σv0

′ = effective vertical stress at depth Z
J = empirical coefficient; 0.5 for soft clay, 0.25 for stiff clay
Z = depth
d = pile diameter 

Reference pile deflection ( 𝑦50)

𝑦50 =
23.67𝑘𝑆𝑢(𝐷0.5)

𝐹𝑐𝐸𝐷

𝐹𝑐= 10 (empirical stiffness factor)

𝐸𝐷= dilatometer modulus

Su= undrained shear strength from DMT

𝑘 reduction factor to capture the effects of pile installation

k = 

1, 𝑂𝐶𝑅 ≤ 1

 
4

3
−

𝑂𝐶𝑅

3 
, 1 ≤ 0𝐶𝑅 ≤ 2

2

3
, 𝑂𝐶𝑅 > 2

𝐏

𝐏𝐮𝐥𝐭
= 𝟎. 𝟓 (

𝐲

𝐲𝟓𝟎
)𝟎.𝟑𝟑
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LLP Livorno case history with Robertson 1989 method

▪ DMT data exported from SDMT Pro (Z, σ’v0, ED, Su, OCR)
▪ Evaluate all other parameters (k, Np, Pult, Y50)
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LLP Livorno case history with Robertson 1989 method

Evaluate P-Y values: calculation every 1 m depth and selection of Y/Y50 as in the table below
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LLP Livorno case history with Robertson 1989 method

Optional plots of P-Y curves every 1 m
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Marchetti 1991 method for P-Y curves from DMT data
(for clay only)
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Marchetti 1991 method

This method simplifies previous methodologies and improves them by adopting tangent hyperbolic 
curve (Gabr and Borden 1988) and DMT compressibility parameter ED (Robertson 1989)

Parameters:

▪ p : soil reaction

▪ y : pile deflection

▪ pult : ultimate soil resistance
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Marchetti 1991 method

Ultimate soil resistance (Pult)
Pult = α K1 P0 − U0  d

𝛼 = reduction factor = 
1

3
+

2

3
(

𝑍

7𝑑
) ≤ 1

K1 = 1.24

Z = depth, d = pile diameter

𝑃𝑜 = Corrected DMT-A reading

𝑈0=in-situ hydrostatic pressure

Initial Tangent Modulus ( Es1)
𝐸𝑠1 = 𝛼 𝐾2 𝐸𝐷

𝐸𝑠1= initial tangent soil modulus,

𝐾2 = 10(
𝑑

0.5
)0.5

𝐸𝐷= dilatometer modulus

𝐏

𝐏𝐮𝐥𝐭
= 𝐭𝐚𝐧𝐡

𝑬𝒔𝟏 𝒚

𝐏𝐮𝐥𝐭

y significant for y/d ≤ 4%
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LLP Livorno case history with Marchetti 1991 method

▪ DMT data exported from SDMT Pro (Z, P0, U0, ED)
▪ Evaluate or input all other parameters (K1=1.24, K2, α, Pu, Es1)
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LLP Livorno case history with Marchetti 1991 method

Evaluate P-Y values: calculation every 1 m depth and selection of Y/D as in the table below
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LLP Livorno case history with Marchetti 1991 method

Optional plots of P-Y curves every 1 m
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Ensoft Lpi 2018 software for LLP - Input and Processing
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Input P-Y curves in Ensoft Lpi 2018 software
Step 1 Create the subsoil profile by using user input P-Y curves



www.marchetti-dmt.itD. Marchetti & K. Das Studio Prof. Marchetti - Italy

Input P-Y curves in Ensoft Lpi 2018 software
Step 2 Create layers starting from first test depth (generally 1.0 m interval – max 20 layers)
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Input P-Y curves in Ensoft Lpi 2018 software
Step 3 For each layer, input unit weight for top and bottom depth of layer and P-Y curves
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Input Pile properties in Ensoft Lpi 2018 software
Step 4 Choose pile type from the list
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Input Pile properties in Ensoft Lpi 2018 software
Step 5 Input shaft dimensions
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Input Pile properties in Ensoft Lpi 2018 software
Step 6 Input concrete properties, Max. coarse aggregate size of the employed concrete
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Input Pile properties in Ensoft Lpi 2018 software
Step 7 Input reinforcing bar properties
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Input Pile properties in Ensoft Lpi 2018 software
Step 8a In section ‘Pile Head Loading’, select condition 1 for free head and input loads
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Input Pile properties in Ensoft Lpi 2018 software
Step 8b In section ‘Pile Head Loading’, select condition 2 for fixed head and input loads
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Details of LLP case history in Livorno (CH clay)

▪ Pile diameter = 0.5 m

▪ Pile length = 18 m

▪ Two different pile conditions:
▪ Free head loading (kN): 100, 180, 220, 260 
▪ Fixed head loading (kN): 50, 100, 140, 180, 220, 260, 300

▪ Pile casing: OD = 508 mm, ID = 495.4 mm

▪ Compressive strength of concrete = 30 MPa

▪ Reinforcement steel:
▪ 20 bars  Ф 24 mm up to depth 5.35 m
▪ 8 bars  Ф 24 mm from depth 5.35 m to 18 m
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LLP analysis output P-Y curves Robertson 1989
LLP Livorno case history free head condition 



www.marchetti-dmt.itD. Marchetti & K. Das Studio Prof. Marchetti - Italy

LLP analysis output P-Y curves Marchetti 1991
LLP Livorno case history free head condition
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LLP Livorno case history: validation of Robertson 1989, 

Marchetti 1991 compared with field test measurements
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Free Head Pile Robertson 1989 - Marchetti 1991 - measured

100 kN horizontal load 180 kN horizontal loadLLP tests Livorno
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Free Head Pile Robertson 1989 - Marchetti 1991 - measured

220 kN horizontal load 260 kN horizontal loadLLP tests Livorno
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Free Head Pile Robertson 1989 - Marchetti 1991 - measured
LLP tests Livorno

Applied 

Load

Field 

measure

Robertson 

(1989)

Error 

Robertson

Marchetti 

(1991)

Error 

Marchetti

[kN] [mm] [mm] [%] [mm] [%]

0 0 0 0 0 0
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0

50

100

150

200

250

300

0 20 40 60 80 100 120

L
o

a
d

 [
k
N

]

Pile head deflection [mm]

Field test Robertson 1989 method Marchetti 1991 method



www.marchetti-dmt.itD. Marchetti & K. Das Studio Prof. Marchetti - Italy

Fixed Head Pile Robertson 1989 - Marchetti 1991 - measured

300 kN horizontal load
LLP tests Livorno
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Fixed Head Pile Robertson 1989 - Marchetti 1991 - measured
LLP tests Livorno

Applied 

Load

Field 

measure

Robertson 

(1989)

Error 

Robertson

Marchetti 

(1991)

Error 

Marchetti

[kN] [mm] [mm] [%] [mm] [%]

0 0 0 0 0 0

50 1 1 0 1 0

100 4 2 -50 2 -50

140 5 4 -20 5 0

180 8 8 0 7 -13

220 10 12 20 8 -25

260 13 23 76 10 -23

300 17 31 82 14 -18
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LLP test in Livorno (1991)

Comments on Robertson (1989) and Marchetti (1991) performance:

▪ At the lowest load, where initial tangent modulus is estimated by ED,

Roberston method provides good prediction

▪ At medium to high loads, Robertson method overpredicts deflections.
Possible reason: p = pult only for y/y50 ≥ 8, too conservative !!

▪ Marchetti method (tanh function) provides very good predictions at

all loads in the LLP test of Livorno
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LLP tests in Gatineau (2025)
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Pile testing Specifications for the Gatineau Pile Testing Event (2025)
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Site characterization tests for the Gatineau Pile Testing Event (2025)
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Summary of information for the LLP prediction in Gatineau

▪ DMT (CPT and Boreholes) detect mostly a stiff silty clay subsoil

▪ Robertson 1989 and Marchetti 1991 are both applicable

▪ Pile EB1: LLP with expanded base (pile toe geometry assumed irrelevant)

▪ Pile diameter 0.25 m

▪ Pile reinforcement: 4 inch steel pipe (101.9 mm)

▪ The concrete and grout compressive strength is 30 MPa

▪ Steps discussed in the previous slides will be adopted for the LLP simulation
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Gatineau LLP test site (September 2025): DMT test results
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Medusa DMT tests results in Gatineau (2025/9)
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Medusa DMT tests results  in Gatineau (2025/9)
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Medusa DMT tests results  in Gatineau (2025/9)
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Medusa DMT tests results  in Gatineau (2025/9)
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Medusa DMT tests results in Gatineau (2025/9)
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Input LL Pile properties in Ensoft Lpi 2018 software (Gatineau 2025)
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EP1 Free Head LLP pile deflection using Ensoft Lpi 2018

Robertson 1989 method Marchetti 1991 method
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EP1 Free head Sample LL Pile prediction (Gatineau 2025)
warning: assumed pile conditions may be different from final pile test conditions !
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Summary-Conclusions-Discussion

▪ Gabr & Borden (1988): first method with hyperbolic expression, but ignoring ED

▪ Robertson (1989): introduced ED for initial tangent modulus, cubic parabola

▪ Several comparisons and case histories (Robertson (1989), Briaud, J.-L. et al. 
(2018), Auburn University / B-424–2 style report and FHWA / DOT(2024)) 
concluded Robertson 1989 method underestimates soil reaction (p-values) with 
overprediction of pile-head deflection

▪ In Livorno LLP test case history

▪ Robertson 1989 prediction overestimated measured deflections

▪ Marchetti 1991 prediction agreed with measured deflections
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Summary-Conclusions-Discussion

▪ Differences Robertson 1989 vs Marchetti 1991 (P–Y relationship)

▪ Robertson 1989

▪ non-hyperbolic, soil stiffness too low in small-medium strain range, ‘delaying’ ultimate 

resistance pult

▪ 𝑝 approaches 𝑝𝑢lt only after very large displacements = 8y50

▪ Excess computed deflection, mostly in the pre-yield regime

▪ Marchetti 1991

▪ Hyperbolic tangent captures smooth transition from initial stiffness to ultimate resistance

▪ Soil nonlinearity more realistic

▪ Achieves p/pult ≈ 1 at smaller more reasonable displacements
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Summary-Conclusions-Discussion

▪ Ensoft Lpi 2018 software simple tool for processing pile behavior (including LLP)

▪ Pile properties must be corresponding to in situ conditions (important as P-Y 
curves)

▪ Gatineau LLP test predictions valuable for additional validation

Special thanks to Robert Edde and all event organizers
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