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Project Background and Objectives

Background

Å FDOT has funded a multiphase research effort on the use of shallow foundations 

for bridge substructure on limestone (10+ year effort)

Å In Phase  (BDV31-977-51) ï Developed Florida limestone strength envelopes 

and bearing capacity equations for any footing width, shape, embedment depth 

and rock-over-sand scenario

Å In Phase  (BDV31-977-124) ï Performed three full  scale load tests to validate 

the bearing capacity equations

Å Developed moduli by formation for load-settlement predictions

Phase III  Objectives

Å Implement bearing capacity and load-settlement prediction methods into FB-

MultiPier

Å Investigate and implement lateral resistance of embedded footings

Å Investigate effects of inclined and eccentricity on bearing capacity

Å Document the feature sets developed in FB-MulitPier in the user manual

Bell , FL
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ÅTask 1 ï Implement Strength Envelopes

ÅTask 2 ï Implement Load-settlement & Bearing Capacity Analysis 

ÅTask 3a ï Implement Lateral Resistance 

ÅTask 3b ï Oblique Loading Effects

ÅTask 4 ï Investigate Effects of Inclined and Eccentric Loadings

ÅTask 5 ï Develop Software Manual Documentation

ÅTask 6 & 7 ï Draft Final, Closeout Teleconference, and Final Report

Project Tasks
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Task 1 ï Implement Strength Envelopes

Qu = min (Qu1, Qu2)  zʊȾ.R       

ʊ  Shape factor; 

NR = Rock over sand reduction factor;

Qu1 = n cz Nzc + q Nzq

Qu2 = nᶻc .zȭc + pp Nzg ] + q Nzq

Å Bi-linear strength envelopes based on Florida specific formations and bulk dry unit weights.

Å Bearing capacities (Qu) based on the bi-linear strength parameters (c, ű, pp, ɤ), footing geometry and 

site conditions (homogeneous rock, rock over sand).



6
Task 1 ï Implement Strength Envelopes
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Task 2 ï Implement Load Settlement & Bearing Capacity Analysis

Å In general, Florida Limestone exhibits elastic-perfectly plastic stress-strain behavior which may be 

characterized with Ei or Esecant (Es) based on the strain level (load-settlement response of homogeneous and 

rock over sand is shown below as function of Ei, Es, and Qu) as shown below.

Å The Winkler spring model uses Ei up to Qu (i.e., distributed nonlinear springs) and Es subsequently (rock 

over sand)  in Finite element method to compute deformations and stresses.

Å Probabilistic settlement adopted and influenced by rock mass modulus CV, modulus ratio, and stress-

dependent harmonic mean modulus. Homogeneous Case Rock-over-sand Case

(Es)

Ei

Ei Es
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Task 2 ï Implement Load Settlement & Bearing Capacity Analysis



9 Task 2 ï Implement Load Settlement & Bearing Capacity Analysis

Full -Scale Shallow Foundation Load Test 2, 
Fort Lauderdale (Yang et al., 2025)

Vertical (Bearing) Springs

Ei

(Es)
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Task 2 ï Implement Load Settlement & Bearing Capacity Analysis

Problem CASE 1

Footing Geometry

B, ft 10 10 10

L, ft 20 20 20

Df, ft 0 0 0

Depth of Water Table Dw, ft 25 25 25

Total Unit Weight gtotal, pcf 90 110 135

REC % 1 1 1

ɔdt pcf 90 110 135

Rock Thickness T, ft 20 20 20

Erock (mass modulus) psi 1 1 1

Esoil (mass modulus) psi 0.03 0.03 0.03

FORMATION - MIAMI MIAMI MIAMI

Qu Excel ksf 65.8283 117.076 350.726

Qu FBMP ksf 65.8246 117.067 350.721

% ERROR % 0.01% 0.01% 0.00%

FDOT REPORT ksf 66.48 118.3 354.06

% ERROR % -1.00% -1.05% -0.95%

Problem CASE 2

Footing Geometry

B, ft 10 10 10

L, ft 20 20 20

Df, ft 10 10 10

Depth of Water Table Dw, ft 25 25 25

Total Unit Weight gtotal, pcf 90 110 135

REC % 1 1 1

ɔdt pcf 90 110 135

Rock Thickness T, ft 10 10 10

Erock (mass modulus) psi 1 1 1

Esoil (mass modulus) psi 0.03 0.03 0.03

FORMATION - MIAMI MIAMI MIAMI

Qu Excel ksf 74.568 146.172 450.613

Qu FBMP ksf 74.571 146.17 450.643

% ERROR % 0.00% 0.00% -0.01%

FDOT REPORT ksf 75.2 147.46 454.18

% ERROR % -0.84% -0.88% -0.78%

Problem CASE 3

Footing Geometry

B, ft 10 10 10

L, ft 20 20 20

Df, ft 0 0 0

Depth of Water Table Dw, ft 25 25 25

Total Unit Weight gtotal, pcf 90 110 135

REC % 1 1 1

ɔdt pcf 90 110 135

Rock Thickness T, ft 5 5 5

Erock (mass modulus) psi 1 1 1

Esoil (mass modulus) psi 0.03 0.03 0.03

FORMATION - MIAMI MIAMI MIAMI

Qu Excel ksf 42.814 76.145 228.1

Qu FBMP ksf 42.811 76.139 228.10

% ERROR % 0.01% 0.01% 0.00%

FDOT REPORT ksf 43.88 78.08 233.7

% ERROR % -2.49% -2.55% -2.45%
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Task 3 ï Implement Lateral Resistance

ÅStress path in extension space required for passive strength 

assessment 

ÅExtension strength influenced by porosity and sedimentary 

formation process

ÅLack of extension tests on limestone cores

ÅExtension strength, qe, at vertical stress = 0 Ó qu

ÅExtension strength at representative overburden stress need to be 

tested



12
Task 3 ï Implement Lateral Resistance

Triaxial Extension Tests on Florida Limestone

Dsa = 0

D
s

r =
 +

Å Tests with a range of isotropic 

stresses encountered in the field (15 

psi, 50 psi, and 300 psi).

Å Preliminary assessment of passive 

strength (extension space).

Å Limited samples from Ocala, 

Miami, and Ft Thompson 

formations.

Å Complimentary triaxial 

compression tests performed at 

isotropic stress of 50 psi.

300 psi

Pre-Test          Post-Test

Miami Formation

15 psi

Pre-Test            Post-Test

Miami Formation

Hoek Cell Triaxial Test
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Task 3 ï Implement Lateral Resistance

Compression and Extension Strength Envelopes

Ft. Thompson Ocala 
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Task 3a ï Implement Lateral Resistance

Passive Force, P, and Base Friction, Fb, Displacement, y, Model

where R3D is a 3-D modifying factor, B is the footing width, ὑ  ὸὥὲτυ ȟ Kpű, Kpc, 

and Kpq represent the passive earth pressure coefficients associated with friction angle, 

cohesion, and surcharge, respectively, ɔ is the unit weight of soil, H denotes the footing 

thickness, c is the cohesion, q is the surcharge loading, x=1 for a single footing, Ὀ is the 

distance from the ground surface to the top of the footing.
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where Ŭ is the adhesion factor, c is cohesion, L is the footing length, W is the dead 

load on footing, ŭ is the interface friction.

Passive Resistance

Base Friction
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Task 3a ï Implement Lateral Resistance

FEM Validation: Full -Scale Footings in Granular Material

Case Source Soil Type
Foundation Member Geometry Soil Properties Test Results

L (m) B (m) H (m) c (kPa) ◖ (°) ɔ (kN/m3) ŭ (°) Pult, kN Dmax/H

1

(Rollins 

and Cole, 

2006)

Silty Sand 5.18 3.05 1.12 27.3 27 19 21 1428 0.05

2

(Rollins 

and Cole, 

2006)

Clean Sand 5.18 3.05 1.12 0 39 18.4 30 1090 0.05

3

(Rollins 

and Cole, 

2006)

Fine Gravel 5.18 3.05 1.12 3.8 34 20.8 26 774 0.04
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Task 3a ï Implement Lateral Resistance
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Task 3a ï Implement Lateral Resistance

Lateral (Passive and Friction) 

Springs
Case 1-Silty Sand (Rollins and Cole, 2006 ) Case 2-Clean Sand (Rollins and Cole, 2006 )Case 3-Fine Gravel (Rollins and Cole, 2006 )
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Motion of Footing Under Oblique Loading

Task 3b ï Oblique Loading

) χυ ÆÏÏÔÉÎÇÓ &ÏÏÔÉÎÇ ×ÉÔÈ ÓËÅ×ÅÄ ÄÉÒÅÃÔÉÏÎ ÏÆ ÍÏÔÉÏÎ
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Passive Resistance on Perpendicular Faces

Task 3b ï Oblique Loading
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Task 3b ï Implement Lateral Resistance

Skewed Passive Resistance Solution
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading

Length and Width of Footing, L=B = 5 ft

Soil body = 50ќx50ќx50ќ

Width of Footing, B = 5 ft

Length of Footing, L = 50 ft

Soil body = 100ќx50ќx50ќ

Rectangular footing (L/B=10):Square footing (L/B=1):

Width of Footing, B = 5 ft

Length of Footing, L = 110 ft

Soil body = 200ќx50ќx50ќ

Strip footing (L/B>20):

Å Investigated load inclination and eccentricity effects on FL 

Limestone BC with Plaxis models

Å Based on FEM results, identified methods (modified Vesiĺ, 

Meyerhof, etc.) for conservative modification to vertical bearing 

spring pressure values

Load Case 1 - concentric, Load Case 2 - eccentric, 

Load Case 3 - eccentric-inclined (inclination-7 

degrees), horizontal component positive (+), to the 

direction of the eccentricity, Load Case 4 - inclined 

(inclination-7 degrees) and Load Case 5 - eccentric-

inclined (inclination-7 degrees), horizontal 

component negative (ī), to the direction of the 

eccentricity as presented by Meyerhof (1953).
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading

Bearing Capacity Method with Validation of Inclination Factors

Miami Formation Exponents Ft. Thompson Formation Exponents

All Formation Exponents

Miami Formation Exponents All Formation Exponents

Anastasia Formation Exponents

All Formation ExponentsFt. Thompson Formation Exponents

Cases: a = 0°, 3°, 7°, 14°, 20°; Df = 0 and B; L/B = 1, 10, 20
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading

Bearing Capacity Method with Eccentricity
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Task 4 ï Investigate Effects of Inclined & Eccentric Loading

FB-MultiPier  Enhancements
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Help Manual UI Walkthrough

Deliverable 5
ÅUpdate the FB-MultiPier software manual to include shallow 

foundation guidelines covering strength assessment, immediate 

settlement, and all implemented feature sets from Tasks 1ï 4.

Task 5 ï Develop Software Manual Documentation



28
FB-MultiPier  UI ï Pier with Shallow Foundation
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Vertical (Bearing) Springs Lateral (Passive and Friction) Springs

FB-MultiPier  Implementation
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Vertical (Bearing) Springs Lateral (Passive and Friction) Springs

Ei

(Es)

FB-MultiPier  Implementation
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FB-MultiPier  - New Model Types
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FB-MultiPier  - Pier with Shallow Foundation
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FB-MultiPier  - Footing Detail
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FB-MultiPier  - Define Soil Layering



Case Layer Cases Recommended FB -MultiPier  Models Case Layer Cases Recommended FB -MultiPier  Models

1a

Bearing: FL Limestone (Homogeneous)

Passive: None

Friction: Hyperbolic (Columb)

1e

Bearing: FL Limestone (Homogeneous)

Passive: C-Phi Material

Friction: Hyperbolic (Columb)

1b

Bearing: FL Limestone (Homogeneous)

Passive: FL Limestone

Friction: Hyperbolic (Columb)

1f

Bearing: FL Limestone (Homogeneous)

Passive: C-Phi Material

Friction: Hyperbolic (Columb)

1c

Bearing: FL Limestone (Homogeneous)

Passive: FL Limestone

Friction: Hyperbolic (Columb)

2a

Bearing: FL Limestone (Rock over Sand)

Passive: FL Limestone

Friction: Hyperbolic (Columb)

1d

Bearing: FL Limestone (Homogeneous)

Passive: FL Limestone

Friction: Hyperbolic (Columb)

2b

Bearing: FL Limestone (Rock over Sand)

Passive: None 

Friction: Hyperbolic (Columb)
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FB-MultiPier  - Layer Cases
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FB-MultiPier  - Define Soil Layering
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FB-MultiPier  - Axial Bearing Models
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Footing Dimension

Rock Properties

Sand Properties

FB-MultiPier - FL Limestone (Rock over Sand) Model
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FB-MultiPier  - Limestone Formations
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FB-MultiPier  - Settlement Plot
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FB-MultiPier  - Lateral Passive Models
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FB-MultiPier  - FL Limestone
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FB-MultiPier  - Resistance Plot
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FB-MultiPier  - Base Friction Models
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FB-MultiPier  - Hyperbolic (Coulomb)
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FB-MultiPier  - Define Applied Loads
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FB-MultiPier  - 3D Results (Displaced Shape)
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FB-MultiPier  - 3D Results (Soil Resistance Forces)
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FB-MultiPier  - Contour (Bearing Resistance)
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FB-MultiPier  - Contour (Bearing Resistance)
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FB-MultiPier  - Contour (Base Friction)


