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Project Background and Objectives

FDOT has funded a multiphase research effort on the use of shallow
foundations for bridge substructure on limestone.

In Phase I (BDV31-977-51), a bi-linear strength envelopes were assessed
for FL limestone formations (Miami, Ft Thompson, Ocala, etc.). Bearing
capacity equations for any footing width, shape, embedment depth and
rock-over-sand scenario were developed.

In Phase II (BDV31-977-124), three full scale load tests performed to
validate the bearing capacity equations and moduli by formation were
developed for load-settlement predictions.

In Phase III (current phase), implement bearing capacity and load-
settlement prediction methods into FB-MultiPier; investigate and
Implement lateral resistance of embedded footings and effects of inclined
and eccentric loadings on bearing capacity and load-settlement; document
the feature sets developed in FB-MulitPier in the user manual .
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s B Project Tasks
| —
| Task 1 — Implement Strength Envelopes (completed)
[ Task 2 — Implement Load-settlement Analysis (completed)
[ Task 3 — Implement Lateral Resistance (current)
* Task 4 — Investigate Effects of Inclined and Eccentric Loadings
» Task 5 — Develop Software Manual Documentation

 Task 6 — Draft Final and Closeout Teleconference
» Task 7 — Final Report
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- Task 1 — Implementation of strength envelopes and Florida bearing capacity analyses

4
| ——
« Bi-linear strength envelopes based on Florida specific formations and bulk dry unit weights.

* Bearing capacities (Q,) based on the bi-linear strength parameters (c, ¢, p,, @), footing geometry and
site conditions (homogeneous rock, rock over sand).

Qu = min (Qull Quﬂ * ;/NR
¢ =Shape factor;
N, =Rock over sand reduction factor;
Q,, =nxcxN_.+ qg+N,
QuZ = n* [C*N’c +pp* y] + q*Nq

I I
Q' 2 Q2 Pow
p=(o;+c;)/2, MPa
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Task 1 — Implementation of strength envelopes and Florida bearing capacity analyses

5
| —
For the Florida bearing capacity analyses, six approaches to define the strength envelope were considered:
Homogeneous Subsurface Rock-over-sand Subsurface

1. Using the bulk dry unit weight, formation, 4. Using the bulk dry unit weight, formation,
and recovery on a site along with strength recovery and (SPT) estimated sand modulus on a
data from Phase I & 1I. site along with strength data from Phase I & 11.

2. User supplied strength parameters and 5. User supplied strength parameters and recoveries
recoveries from triaxial, qu and BST testing from triaxial, qu and BST testing along with
on a site mass modulus of sand layer on the site

3. Using a combination of (1) and (2) data 6. Using a combination of (1) and (2) data

7 ja w Footing lDf (- IQ Footing IDf

A
e e A v I; __________________

Lower values of T_,or T

*Carter and Kulhawy (1988) bearing analysis for rocks, derived using the curved Hoek-Brown strength envelope (Hoek and
Brown, 1980) was implemented as an additional option in FB-MultiPier for plane Strain condition (L/B >10).

: &8s FDOT)
UF ¥16R1DA &)@ <BSI

FAMU-FSU

Engineering Bridge Software Institute




6

0 Task 2 — Implement Load-settlement Analysis

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

(=)
[—)
=

Deviatoric Stress, psi
b
[—)
=

UF

characterized with E; or E_based on the strain level as shown below.

» In case of elastic-perfectly plastic rock behavior, the load-settlement response of homogeneous
and rock over sand is shown below as function of E;, E,, and Q,

« The Winkler spring model uses E; up to Q, (i.e., distributed nonlinear springs)and E, subsequently
(rock over sand) in Finite element method to compute deformations and stresses.

Homogeneous Case Rock-over-sand Case
7 . [ .
“limeston Footing ID /I_/i;/g/s/éone D Foorine ID
Miami 91 pef D, _ v ! P v
Miami 97 pcf I /. 2 O [ [ Yy e
= Miami 100 pcf
f T
—— Miami 104 pcf ' T x
_— Sand
———Miami 111 pcf Lower values of T, or T,
—— Miami 107 pef
= = FEM 90 pcf . Q. (E) qu
— — FEM 100 pef i
= = FEM 110 pef b i
1 1
= = FEM 120 pcf Settlement dgu . KifromE; : i
0 1 2 3 1 range E
Vertical Strain, % !
K, from E
Esecam ----- i
6qu ’’’’’’’’’’’’’’’’’’’’’’’’’’ l
oV 3 A
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7 W Bearing Spring Implementation

Shallow Foundation Shallow Foundation Shallow Foundation

FB-MultiPier (Element View g .
FB-MultiPier (Thick View) With Vertiéal Springs) FB-MultiPier (Overlay View)
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FB-MultiPier Shallow Foundation

UF |
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o N FB-MultiPier Shallow Foundation

"

Y Model Data ‘i”glﬂ

—-Global Data Soil
Model Soil Layer Data Shallow Foundation Data
Anal){sis Settings ?  Soil Set Set 1 v| Add Del | Replace Axial FL Limestone (Homogeneous) v
Laterél Stability Soil Layer Layer1 v~  Add Del  Replace Lateral (Passive) FL Limestone v
—I-Substructure Soil Type Rock v Lateral (Friction) FL Limestone v
E::Z Cap Unit Weight 115 pcf Advanced Edit Plot
Soil Soil Layer Models Elevations
Pier Lateral Limestone (McVay) v Edit Water Table -1.5 ft
EZ:: Members Asial Driven Pile (McVay) v Plot Top of Layer] 0 t
Sarings Torsional Hyperbolic v Group Bottom of Layer -20 ft
Retained Tip. Driven Pile (McVay) % v JjL_Table Soil Data Importing and Exporting
—J- Superstructure (] Specify Top and Bottom Layer Props. Retrieve from File  |mport
So[g]sg;;ittocarcljtiiga Edit SPT Axial Design Save Lo Hie Dpott
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FB-MultiPier Shallow Foundation
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—I-Global Data
Model
Analysis Settings
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Pile Cap
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Pier

Extra Members

Load
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Soil
Soil Layer Data
? Soil Set Set 1 v Add
Soil Layer Layer1 v~  Add
Soil Type Rock
Unit Weight 115 pcf

Soil Layer Models
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Axial Driven Pile (McVay)
Torsional Hyperbolic

Tip Driven Pile (McVay)

(] Specify Top and Bottom Layer Props.

Soil Strength Criteria

(") Cydlic Loading Edit SPT

Shallow Foundation Data

Del Replace Axial
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Advanced Edit Plot
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v Table

Soil Data Importing and Exporting
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FB-MultiPier Florida Limestone

Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Soil Set 1

Footing Dimensions

Footing Width

Footing Length

Load Eccentricity along Footing Width (eB)
Load Eccentricity along Footing Length (el)

Embedment Depth

Rock Properties
Total Unit Weight of Embedment Layer

Limestone Formation Miami
Bulk Dry Unit Weight

Rock Recovery

Intact Cohesion (c_i)

Intact Friction Angle (Phi_i)

Intact Reduced Angle (Omega_i)
Intact Modulus, Rock Layer (E_i,rock)
Peak Stress (Pp)

Mass Cohesion (c_m)

Mass Friction Angle (Phi_m)

Mass Reduced Angle (Omega_m)
Mass Modulus, Rock Layer (E_m,rock)

Rock Thickness

4.5

115

100

08

589

442

0.8

36.59

306

40.68

33.92

0.64

20.71

15.5

oK

pef

pef

psi
deg
deg

ksi

Strength Envelope (Tau-Sigma Space)
2000

1500

1000

500 ﬁ

0 500 1000 1500 2000
Sigma (psi)

Tau (psi)

O Tau-Sigma Space

- Mass Curve
- Intact Curve

Update Plot

O p-q Space Settlement Plot

ac]

Opeak g

Notes

1. This method assumes a rigid boundary at bottom of the rock layer.

Cancel Show Table
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FB-MultiPier Florida Limestone

Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Soil Set 1

Footing Dimensions

Footing Width 10 ft
Footing Length 15 ft
Load Eccentricity along Footing Width (eB) 0 ft
Load Eccentricity along Footing Length (el) 0 ft
Embedment Depth 4.5 ft
Rock Properties

Total Unit Weight of Embedment Layer 115 pef

Limestone Formation

Bulk Dry Unit Weight Anastasia pef
Hawthorn
Rock Recovery Key Largo
. . Shallow Ft. Thompson .
Intact Cohesion (c_i) Ocala psi

Custom Intact

Intact Friction Angle (Phi_i) Custorm Mass deg
Intact Reduced Angle (Omega_i) 0.8 deg
Intact Modulus, Rock Layer (E_i,rock) 36.59 ksi
Peak Stress (Pp) 306 psi
Mass Cohesion (c_m) 40.68 psi
Mass Friction Angle (Phi_m) 33.92 deg
Mass Reduced Angle (Omega_m) 0.64 deg
Mass Modulus, Rock Layer (E_m,rock) 20.711 ksi
Rock Thickness 15.5 ft
OK

Strength Envelope (Tau-Sigma Space)
2000

1500

1000

500 ﬁ

0 500 1000 1500 2000
Sigma (psi)

Tau (psi)

O Tau-Sigma Space

- Mass Curve
- Intact Curve

Update Plot

O p-q Space Settlement Plot

ac]

Opeak g

Notes
1. This method assumes a rigid boundary at bottom of the rock layer.

Cancel Show Table
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Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Seil Set 1

Footing Dimensions

Footing Width 10 ft
Footing Length 15 ft
Load Eccentricity along Footing Width (eB) 0 ft
Load Eccentricity along Footing Length (el) 0 ft
Embedment Depth 45 ft
Rock Properties

Total Unit Weight of Embedment Layer 115 pct

| Limestone Formation

Bulk Dry Unit Weight Anastasia scf
Hawthorn

Rock Recovery Key Largo

Intact Cohesion (c.i) Shallow Ft. Thompson i
Ocala

Intact Friction Angle (Phii) (Custom Intact leg
Custom Mass

Intact Reduced Angle (Omega_i) Lo deg

Intact Modulus, Rock Layer (E_i,rock) 36.59 ksi

Peak Stress (Pp) 306 psi

Mass Cohesion (c_m) 40.68 psi

Mass Friction Angle (Phi_m) 33.92 deg

Mass Reduced Angle (Omega_m) 064 deg

Mass Modulus, Rock Layer (E_m,rock) 20.71 ksi

Rock Thickness 155 ft

oK

Formation Data

m] X

o Strength Envelope (Tau-Sigma Space) ‘ Formation ;3‘ copsi| o, G];aski bl g apsi | o f)gl, B,
90 42.0 42.2 444 -3.0 31.1 339 247 -3
oo #3000 Unconfined 95 499 432 498 -14 304 344 274 -14
Compression test 100 58.9 442 5602 0.8 422 349 300 0.8
N +225 Triaxial Test 105 70.9 453 640 3.7 499 354 345 3.7
£ 1000 Miami 110 84.1 46.4 730 7.3 58 359 390 7.2
e Limestone | 115 99.9 473 840 11.6 67.8 36.3 445 114
I 120 | 1188 | 48.2 969 16.6 79.2 36.7 510 15.9
500 / I 125 | 1418 | 49.1 1126 222 928 37.1 588 20.7
e 130 | 169.0 | 50.1 1314 28.5 1084 | 375 682 255
7 135 | 2025 | 51.1 1541 354 | 127.1 | 379 795 30.1
DU 500 1000 1500 2000
Sigma (psi) 300000
© Tau-Sigma Space Bl vess cunve Update Plot o Miami limestone o
O p-q Space [ Intact Curve Settlement Plot - 250000
% 500000  Ei =120x exp(0.0572xyq) o
» | B %
% 4 E 150000 e
i . - 0 £ 100000 ‘
= o
Notes 50000
1. This method assumes a rigid boundary at bottom of the rock layer. . o ® e
0

Cancel

Show Table

UF [FLORIDA

FAMU-FSU

Engineering

80 85 90 95100105110115120125130135
Bulk dry unit weight, pcf

Bridge Software Institute

<BS| FDOT



1 Formation Data - Continued

‘—'

Pile Cap \Vh;rtical Bearing Resistance - FL Limestone (Homaogeneous) - Soil Set 1 (m} X
qu_ng o 10 Strength Envelope (Tau-Sigma Space) ‘ Formation Yt c.. Dsi e GOpeak i» _ ) ; e PP, e
Footing Width " e 2000 pCf i» P i, pSi ;, a;, psl 0, pSi Bu
Footing Length " b 00 | 420 | 422 | 444 | 3.0 | 31.1 | 339 | 247 | 3
Load Eccantrcity zlong Footing Wickh (c8) ’ K - 95 499 43.2 498 -14 36.4 344 274 -14
Load Eccenvricty dong Footng Lengtn @) € f " 100 | 580 | 442 | 562 | 08 | 422 | 349 | 306 | 08
Il B s i 105 70.9 453 640 3.7 49.9 354 345 3.7
Rock Properties 'l{?,ooo - Miami 110 84.1 46.4 730 7.3 58 359 390 7.2
LR et " il . Limestone | 115 | 999 | 473 | 840 | 116 | 678 | 363 | 445 11.4
Jim=stone formation Miami - _ | 120 118.8 | 48.2 969 16.6 79.2 36.7 510 15.9
PP o Ed 500 // ' 125 | 1418 | 49.1 | 1126 | 222 | 92.8 [ 37.1 | 588 | 207
RociRecows, - e 130 169.0 50.1 1314 28.5 108.4 37.5 682 25.5
Intact Cohesion (c.i) 22 psi iy 135 202.5 51.1 1541 354 1271 379 795 30.1
Intact Friction Angle (Phi_i) iz deg 00 500 1000 1500 2000
Intact Reduced Angle (Omega.i) 08 ik Sigma (psi) 300000
Intact Modulus, Rock Layer (E_i,rock) 36.59 ksi O Tau-Sigma Space B s cunve Update Plot o Miami limestone °
Peak Stress (Pp) 306 psi O p-q Space | | Intact Curve Settlement Plot — 250000
Mass Cohesion (cm) 4008 psi E: 200000 E; =120 X exp(0.0572 x yq4¢) s
Mass Friction Angle (Phi_m) 3392 deg 5 5 #3000 Unconfined
Mass Reduced Angle (Omega_m) 064 deg ¢ E 150000 o Compression test
Mass Modulus, Rock Layer (E_m.rock) 2071 ksi i g N 0225 Triaxial Test
Rock Thickness 155 ft ' Ulpezll g }:;peak p E 100000 °
= .
Notes 50000 °
1. This method assumes a rigid boundary at bottom of the rock layer. . ® ®
0
80 85 90 95100105110115120125130135
oK Cancel Show Table Bulk dry unit weight, pcf
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Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Soil Set 1

Footing Dimensions

Footing Width

Footing Length

Load Eccentricity along Footing Width (eB)
Load Eccentricity along Footing Length (el)

Embedment Depth

Rock Properties
Total Unit Weight of Embedment Layer

Limestone Formation :Custom Intact
Bulk Dry Unit Weight

Rock Recovery

Intact Cohesion (c_i)

Intact Friction Angle (Phi_i)

Intact Reduced Angle (Omega_i)
Intact Modulus, Rock Layer (E_irock)
Peak Stress (Pp)

Mass Cohesion (¢_m)

Mass Friction Angle (Phi_m)

Mass Reduced Angle (Omega_m)
Mass Modulus, Rock Layer (E_m,rock)

Rock Thickness

4.5

115

08

589

442

08

36.59

306

339

0.64

20.71

15.5

OK

pef

pef

psi
deg
deg
ksi

Custom Rock Properties

Strength Envelope (Tau-Sigma Space)
2000

1500

1000

500 /

0 500 1000 1500 2000
Sigma (psi)

Tau (psi)

O Tau-Sigma Space

- Mass Curve
T G

Update Plot

() p-q Space Settlement Plot

: W
6
Uipeal( g P
Notes
1. This method assumes a rigid boundary at bottom of the rock layer.
Cancel Show Table

Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Soil Set 1

Footing Dimensions

Footing Width

Footing Length

Load Eccentricity along Footing Width (eB)
Load Eccentricity along Footing Length (el)

Embedment Depth

Rock Properties
Total Unit Weight of Embedment Layer

Limestone Formation :Cuslom Mass
Bulk Dry Unit Weight

Rock Recovery

Intact Cohesion (c_i)

Intact Friction Angle (Phi_i)

Intact Reduced Angle (Omega_i)
Intact Modulus, Rock Layer (E_i,rock)
Peak Stress (Pp)

Mass Cohesion (c_m)

Mass Friction Angle (Phi_m})

Mass Reduced Angle (Omega_m)
Mass Modulus, Rock Layer (E_m,rock)

Rock Thickness

45

115

N/A

N/A

306

40.7

339

0.64

201

155

oK

m} X
Strength Envelope (Tau-Sigma Space)

2000

1600

1200
£
1
=

800

400

]

0 400 800 1200 1600 2000
Sigma (psi)

© Tau-Sigma Space Update Plot

- Mass Curve

) p-q Space Settlement Plot

o F:peak p

Notes
1. This method assumes a rigid boundary at bottom of the rock layer.

Cancel Show Table
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FB-MultiPier Shallow Foundation

UF [FLORIDA

Pile Cap Vertical Bearing Resistance - FL Limestone (Homogeneous) - Soil Set 1

Footing Dimensions

Footing Width

Footing Length

Load Eccentricity along Footing Width (eB)
Load Eccentricity along Footing Length (el)

Embedment Depth

Rock Properties
Total Unit Weight of Embedment Layer

Limestone Formation Miami
Bulk Dry Unit Weight

Rock Recovery

Intact Cohesion (c_i)

Intact Friction Angle (Phi_i)

Intact Reduced Angle (Omega_i)
Intact Modulus, Rock Layer (E_i,rock)
Peak Stress (Pp)

Mass Cohesion (c_m)

Mass Friction Angle (Phi_m)

Mass Reduced Angle (Omega_m)
Mass Modulus, Rock Layer (E_m,rock)

Rock Thickness

4.5

115

100

08

589

442

0.8

36.59

306

40.68

33.92

0.64

20.71

15.5

oK

pef

pef

Strength Envelope (Tau-Sigma Space)

2000
1500

1000

500 ﬁ

Tau (psi)

0
0 500 1000 1500 2000
Sigma (psi)
(o) Tau-Sigma Space - Mass Curve Update Plot
O p-q Space - Intact Curve Settlement Plot

ac]

Opeak g

Notes

1. This method assumes a rigid boundary at bottom of the rock layer.

Cancel
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17 B FB-MultiPier Shallow Foundation

Settlement Plot

Deterministic Settlement Analysis

Settlement

Bearing Capacity E33-91 psi

Mean Mass Modulus 20.71 ksi

Poisons Ratio 01

Rigidity Factor 1.069
| Deterministic Settlement 2.048 in
1 E |
|
[ Geostatistical Settlement Analysis E

2

Coefficient of Variation of Modulus 0.75 E

Correlation Length 45 ft

Standard Deviation of Modulus 15533 ksi

— 6.4
Mean Settlement 2.661 in
Lower Bound Settlement 1.464 in
8.0
Upper Bound Settlement 4.475 in 0 100 200 300 400
Bearing Stress (psi)
Settlement Range 2
Mean Curve Lower Bound Curve Upper Bound Curve
Settlement Curve Type Mean Settlement v - - >
Notes

1. Selected settlement curve shown as bold line on the settlement plot. This curve is used for the FB-MultiPier analysis.

OK Cancel Show Table
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15 FB-MultiPier Shallow Foundation Results
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FB-MultiPier Shallow Foundation Results
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20 Wl FB-MultiPier Shallow Foundation Results

T 8- MulnPier Fe: C Res\2024 GRIPFL_TLAYER MIAMI LS C1_ GULin - o X

+.B-'-;’ meEx B ! [SitowdCoe QQe=1t=» 300
T 30 fns View [~

Display Controk ‘

Deplaced Shape |
© Contours

Per Max and Min Forces Contour Type Sod Resistance
Pile Max and Min Forces

Stress Type M

Displacernent Type

Nodal Displecements Sof Resistance Type Bearing Resistance
Node 8 Scale Factoe
29 & ! = Reverse Colors For Plot Range
Warslaton (Globsl
x 0 < Custoen Range
vy o P 189 Use Custom Range Minkmum 552 ol
7 aas1ess " Maderum 559 il
Rotation About (Globa) 55.9 55.9 Update
X 0 d
Notes
X/ d 1. The contour plot displays 00 the displaced model i the 30 Resuts
55.8 o
z0 od

2. S0l Rasistance is only avadable in conunction with Shallow

Nodal Coordinates (Globah 55.7 Foundation modeling

x % o
Y % n 55.6
z3 n

55.5

55.4

55.3

55.2

Pile Cap Soil Resistance Contours
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Global Axes
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Nodal Displacement Plot

IIHTE::BD ! SitosdCone QQ""oe
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) " Measurement Tool
Y % 6180403 4860+03 1540403 2220403 3 000+ 02 Nodes 2
Y 8 = | Al () v losds
v Show Attributes on Undisplaced Moded
Cose Show Table ' Show Attributes on Displaced Model
Node Numbering

Secton Numbering

Pie Numbenng

Eements >
N
>

v Perspective Projection
Onthog aphi Progecton
Global Axes Snap 10 Plane >
Reset View
X ‘\rV
z

FAMU-FSU n o BSI FDOT
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2 W Nodal Displacement Plot

Nodal Plot - Node 299

Data Type

Abscissa Axial v Ordinate Displacement Z v

Node Type Element Type Plot Options
(1 Node

Pier Cap

*~J
*~J

Show Curve Line

Column ("] Show Ordinate Values

Node 299
1.10e+01

9.00e+00

7.00e+00

5.00e+00

Displacement Z (in)

3.00e+00

1.00e+00

-1.00e+00
-7.50e+03 -6.18e+03 -4.86e+03 -3.54e+03 -2.22e+03 -9.00e+02

Axial (kips)

FAMU-FSU fBS] F D OT

Y i vivie
Engineering

Bridge Software Institute

UF [FLORIDA
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FB-MultiPier Shallow Foundation

B FB-MultiPier File: CAlsers\fara 1\OneDrive - University of
Ble Yew Control Hep

AB\SHALLOW 5O OOELVFL_ILAYER MIAMI LS C1 GULIn

+.H~Il.?' |||T&E‘x B E 1 3l losd Cose

QRAe=1t=» 3400

UNIVERSITY of

FLORIDA

T 30 Resuits View

Display Control
© Displaced Shape

Contours Selection Mode

Prer Max and Min Foeces Marwal Scan Diection Along Yp

Pile Max Min Forc

o == O Auto Internal Force Max. Moment (+)
Node X Cooedinate ¥ Coordinate Z Cooedinate
"~ ] )

Nodal Desplacements a3 6000 o0 1200
Node o Scale Factor 289 .00 se 1800
% < 1 e ] 6000 3

276 60.00 1688 1800
Fanslation (Globa) 73 6000 250 1200
10 & 263 6000 812 1800
68 6000 33 1800
Yo n 2% 6000 3938 1800
7 0451888 " Force Data
O AllLoad Cases Myp  Positive MXp (Bot Steel
Rotation About (Global)
Load Case Specific O v Generste Deselect AR
x 0 rod
o s Max. Moment (+) 669666 kpft  Load Case 121
zo0 wd Min. Moment () 339 wp-h Load Case 1
Max. Shear (abs) Zp 000 kips Load Case a
Nodal Coordinates (Globa)
x @ "
Max. Moment (+) MXp, Load Case 121
% X . . & v
Y 9044
23 n

000 180,00

Distance From Node 83 ()

18 Pot Zero Datum Close
180 £nd Power Nodal Selection

Global Axes

Notes
1. Two options are avadable for inspecting internal cap
forces: nodes can be manually selected, or altematively, &
ne of nodes can be automatically computed based on
sedection of Diection and lnternal Force

2.1 Manual mode, use the mouse and ‘Control’ key to
select multiple nodes in the 30 Resuts’ window. Select
ind Point Nodal Selection’ 10 let the program
autometically select ol nodes in between two selected
nades. Central rodes of the ple cap shell elements cannot
be selected

3. To de-sedect & node (that is already selected). cick on the
node in the 30 Results’ window while holding down the
‘Control key. The Desslect AT bution cheses the table of
o cunenitly selected nodes

4. Select the type of Moment' 10 feport from the
pulidown Ist. Negative MXp (Top Steely, ‘Negative MYp
(Top Steely, Positive MXp (Bot. Steed. and Positive MYp
{Bot. Steelf produce estiates of required moment
capacities, for placement of top and bottom steel. given
the current selection of nodes and bending direction.

5. The Generate’ button wil collect the moment and shear
forces for the selected nodes.

Min. Moment (-) MXp, Load Case 1

0,00/

000

Distance From Node 83 G

FAMU-FSU

Engineering

Vertical Loading

30 View Coot

¥ Node Selection

Nodal Displacemnents
Nodal Orsplacernents Plot
Nodal Rsts Export
Elerment Fovces

v Pile Cap Force Plot

Messurement Tool
Nodes >
v Losds
' Show Attributes on Undisplaced Model
“  Show Attributes on Displaced Model
Rode Numbering
Section Numberng
Pile Numbering
Clernents >
[lement Numberng >
Hement Highlghting >

v Ases (Locsh

<

Ases (Global
Substructure Data

<

Plastic Hinge Zones

Undisplaced Model

v Displaced Model
Both

v Perspective Projection

Orthocraphc Propectaon

Seap 10 Plane >
Reset View

<BSI FDOT
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FB-MultiPier Shallow Foundation

Pile Cap Forces

Selection Mode

Notes

) Manual Scan Direction Along Yp " 1. Two options are available for inspecting internal cap
forces: nodes can be manually selected, or alternatively, a
O Auto Internal Force Max. Moment (+) i line of nodes can be automatically computed based on
selection of Direction and Internal Force.
Node X Co?rdlnate g Coo_rdmate z Co?rdmate 2. In Manual mode, use the mouse and 'Control’ key to
(in) (in) (in) select multiple nodes in the 3D Results’ window. Select
83 60.00 0.00 18.00 'End Point Nodal Selection’ to let the program
289 60.00 3.62 18.00 automatically select all nodes in between two selected
78 60.00 11.25 18.00 nodes. Central nodes of the pile cap shell elements cannot
276 60.00 16.88 18.00 be selected.
73 60.00 22.50 18.00
263 60.00 2812 18.00 3. To de-select a node (that is already selected), dlick on the
68 60.00 33.75 18.00 node in the '3D Results' window while holding down the
250 60.00 3938 18.00 ‘Control' key. The 'Deselect All' button clears the table of
all currently selected nodes.
Force Data
© All Load Cases O MYp Positive MXp (Bot. Steel) v 4, Select the type of '"Moment' to report from the
i ) pulldown list. "Negative MXp (Top Steel)’, ‘Negative MYp
(O Load Case Specific O Mxp Generate Deselect All (Top Steel), ‘Positive MXp (Bot. Steel)’, and ‘Positive MYp
) } (Bot. Steel)' produce estimates of required moment
Max. Moment (+) 6696.66 kip-ft Load Case 121 capacities, for placement of top and bottom steel, given
the current selection of nodes and bending direction.
Min. Moment (-) 111339 kip-ft Load Case 1
5. The 'Generate’ button will collect the moment and shear
Max. Shear (abs) Zp 0.00 kips Load Case 43 forces for the selected nodes.
Max. Moment (+) MXp, Load Case 121 Min. Moment (-) MXp, Load Case 1
90.44 15.04
= z
& &
2 2
= =
5 g
E £
1=} k=]
= =
0.00 0.00
0.00 180.00 0.00 180.00
Distance From Node 83 (in) Distance From Node 83 (in)
8 Plot Zero Datum Close Show Table

@ £nd Point Nodal Selection

FAMU-FSU

Engineering

Vertical Loading

£&BS| FDOT
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B 8- MultiPier File: CAUSert\ ubiADOCUMert A BSIFB-MultiPlerlingutFles\ 2024 GRIMFL_TLAYER MIAMI LS C1_GUI_2LAYERIn

fle Yew Control el

+JBUF m *BQ%BD TS toad Case

QQu14=>3 00

Florida Limestone Over Sand

Y Model Data
Soil
Sol Layer Duta Shallow Foundation Duta
2 SolSet Set1 o
Sl Layer Layer 1 Add Del Replace

Sol Type Rock
Unit Weight 115 et Adverced it

Soil Layee Models Elevatsons
€da Water Table -1

Unnestox

Top of Layes 0

Rk over Sandl)

Xp

e 0
e o
L J
e o
e o

Spring of Layer 10 "
Sot Data Imgorting and Exporting
Supiciachae Specty Top and Bottom Layer Props. Retieve from e
o Strength Criterta
”""(ﬂ,_‘,‘wm e SwveloFle  Export
Soil Set 1 | Pile 1 | Pile Type 1 Elevation (ft)
0.0
v-‘I.Sft -1.5ft
i
Layer 1 | Top: qu=0.1 Gamma=115 | Bot.: qu=0.1 Gamma=115 -5.0
-10.0ft 10.0
Layer 2 | Top: Phi=30 Gamma=115 | Bot.: Phi=30 Gamma=115 -15.0
2001t} | 500

FAMU-FSU

Engineering

Global Axes

¥ \ /

Zp

<BSI

Bridge Software Institute
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Pile Cap Vertical Bearing Resistance - FL Limestone (Rock over Sand) - Soil Set 1

Footing Dimensions

Footing Width fio ft
Footing Length 15 ft
Load Eccentricity along Footing Width (eB) 0 ft
Load Eccentricity along Footing Length (el) 0 ft
Embedment Depth 45 ft

Rock Properties

Total Unit Weight of Embedment Layer 115 pef
Limestone Formation Miami v
Bulk Dry Unit Weight 100 pef
Rock Recovery 08
Intact Cohesion (c_i) 58.9 psi
Intact Friction Angle (Phi_i) 44.2 deg
Intact Reduced Angle (Omega_i) 08 deg
Intact Modulus, Rock Layer (E_i,rock) 36.59 ksi
Peak Stress (Pp) 306 psi
Mass Cohesion (c_m) 40.68 psi
Mass Friction Angle (Phi_m) 33.92 deg
Mass Reduced Angle (Omega_m) 0.64 deg
Mass Modulus, Rock Layer (E_m,rock) 20.71 ksi
Rock Thickness 55 ft
Sand Properties
Mass Modulus, Sand Layer (E_soil, m) 2 ksi
Sand Thickness 10 ft
oK 7

Florida Limestone Over Sand

Strength Envelope (Tau-Sigma Space)

2000

1500
g
S 1000
=

0 500 1000 1500 2000
Sigma (psi)
© Tau-Sigma Space - Mass Curve Update Plot

) p-q Space - Intact Curve Settlement Plot

9 Ppeak p

Notes

1. This method assumes a rigid boundary at bottom of the sand layer.

Cancel Show Table

FAMU-FSU

Engineering

Settlement Plot

Deterministic Settlement Analysis

Bearing Capacity 28031 psi
Equivalent Mass Modulus 4.291 ksi
Poisons Ratio 0.1

Rigidity Factor 0.79

Deterministic Settlement 8473 in

Notes

Settlement

4.0

8.0

Settlement {in)

120

16.0

20.0
0 100 200 300

Bearing Stress (psi)

400

- Deterministic Curve

1. Selected settlement curve shown as bold line on the settlement plot. This curve is used for the FB-MultiPier analysis.

OK

Cancel

Show Table

<BSI

Bridge Software Institute

FDOT|



27 il Strip Footing

B - MultPier Fle: C 1S WEZin - o x
Gle Yew Control Help

(EeAN G TRREBE - 'l QA«=1=» 300

okl s (STB IR | BIre nnvew =Taw)
[ Giobad Outa [ —==——
b Mode Type Project Dot il
Analysis Settings. O Chent i
Lateral Stabiy SApeead Cho C:
Substructne Qe Project Nome i
Pile Cap - High Mast Ught/Sign mn
Pile () Retaining Wall bemuudd
Sod ) Sound Wall L‘""
et O Sufoess Bt
Bxtsa Memnbers ) Pile Bert Oate Computed By W
Load Y Colura. 1721123 1l
§ e
aved 5 Bredpe Project Description JSNANS
 Supesstnucture e Fher T Span JLaii
I
an tad e
Xp i
l e
LI
LI

Bt (o
Soil Set 1| Pile 3 | Pile Type 1

FAMU-FSU

/ Engineering

m FDOT .
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Hoek Brown

Pile Cap Vertical Bearing Resistance - Hoek & Brown (Carter & Kulhawy) - Soil Set 1

Footing Width

Unconfined Compressive Strength
Geological Strength Index

Intact Material Constant

Mass Modulus, Rock Layer (E_m,rock)

Rock Thickness

|
Notes

10 ft
ps1.2 bl
61

10

113425 ki
39 ft

Strength Envelope (Tau-Sigma Space)
2000

1500

1000

Tau {psi)

0 500 1000 1500 2000
Sigma (psi)

- Mass Curve
- Intact Curve

© Tau-Sigma Space Update Plot

O p-q Space Settlement Plot

‘ 1. Hoek & Brown (Carter Kulhawy, 1988) method can only be used for the case of strip footing (L/B > 10) at the ground surface elevation (no

embedment depth).

UF [FLORIDA

OK

Cancel Show Table

FAMU-FSU

Engineering

Settlement Plot

Deterministic Settlement Analysis

Bearing Capacity 185.63
Mean Mass Modulus 11.3425
Poisons Ratio 0.1
Rigidity Factor 2.1
Deterministic Settlement 4.083

Geostatistical Settlement Analysis

Coefficient of Variation of Modulus 1
Correlation Length 5
Standard Deviation of Modulus 11.342
Mean Settlement 5.94
Lower Bound Settlement 5.126
Upper Bound Settlement 6.504
Settlement Range 0.5

Settlement Curve Type Lower Bound Settlement

Notes

v

psi

ksi

in

Settlement

4.0

o
=]

Settlement (in)

12.0

16.0

20.0
0 50 100 150 200

Bearing Stress (psi)

- Mean Curve

- Lower Bound Curve - Upper Bound Curve

1. Selected settlement curve shown as bold line on the settlement plot. This curve is used for the FB-MultiPier analysis.

OK

Cancel Show Table
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2 N Task 3 — Implement Lateral Resistance

| ——
« Vertical and lateral resistance for numerical stability of bridge foundation models.

 Lateral resistance of embedded footings in FL limerock and sand.
« FL limerock passive resistance (based on model in g-p space and base friction).

« Sand passive resistance (Log-spiral).

 Validate formulations and conduct parametric study (footing geometry: B, L, D;; Rock properties: q,, Q. Jt
REC, T; with and without backfilled annular).

Combined loading
Pier column

Footing

Soil

Lateral load

—_— -

B
% ‘ w Log spiral VZ #

passive earth

Pressure 2~

Base Friction A >

x FAMU-EFSU

Engineering

UF I[FLORIDA (¢

Homogeneous Limerock

B e

Bearing Layer (Rock) Bearing Layer (Rock)

Embedment Layer (Rock) - Embedment Depth

Embedment Laver (Rock) !

Bearing Layer (Rock) Bearing Layer (Rock)

(Sand)Embedment Layer

Embedment Depth

Limerock over Sand

Embedment Layer (Rock) - Embedment Depth Embedment Layer (Rock)

Depth

Sand Sand

&BS|

Bridge Software Institute

FDOT|



30 Task 3 — Implement Lateral Resistance

FEM

Interface for computing
ssive resistance

Interface for
computing [
bage friction

g=0,-0,
k
Aog=+
Juons|
o7 TEl
See s L-E
&Q s Es -
s) 4 z
9 % o]
<2 s %
7 %]
oy L
&
rd =
o/ 3
A% & =(0,+20.)/3
5 o P=(0,+20;)
VR f z
doe=— € : 2 =
. %]
w

Tetrahedral element (typ)..

N

OA= Triaxial Compression

OB = Triaxial Extension

OC = Triaxial Tension

OD = Triaxial Extension and Tension

\74= 0
+ [

_q r
 Stress path in extension space may be critical-SMO performing triaxial tests
« Extension strength influenced by porosity and sedimentary formation process
» Phase | research tested a few rock cores in extension space
« Extension strength, g, at vertical stress = 0 > g, 28 oteonkeylamo
- - - 2 [ ] tension Ft. Thompson
« Extension strength at vertical stress representative = — Qilla
of overburden stress need to be tested _g oo
£g
Ze
"8
§ ! - Ld
- 80 70 80 90 100 110 120 130
Dry Unit Weight (pcf)

FAMU-FSU

Engineering

UF [FLORIDA

140

150

FB-Multipier

Full embedment 1n so1l
(not showr)

Focting

I

—

F=274m

Passive resistance (hyperbelic) and
base fnction (fwo-segment) springs

Snode thick shell element (typ.)

MNote: springs not shown

P

,hv'-”,’ .
e ”\r’r-w‘ -
o

Lateral 1 V

it |

B e

in parallel |

Base friction spring

" (two-segment)

&BS|

Bridge Software Institute
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Task 3 — Implement Lateral Resistance

Sand: Plaxis passive force model (L=B=H=5m, D; = 2.5 m)

UF [FLORIDA

TE
AL DN
SN

= Py
F ENalhlid =
Q- '~

Engineering

; Vsat Yunsat ' 2 Cref o' |y'(psi
SOIL Soil Model (KN/M?) | (KN/m?) E'ref (KN/m?) |v (nu) kNm?)| (phi) | )
Footing 2:253:: 21 200x10° | 0.2
Sand Cgﬁf:r:m 19 19 95.76x10° | 027 | 10 | 39 | 14
Mohr- 3
Interface coulomb 19 19 95.76x10 0.27 | 6.6667 (26.13| 3
FAMU-FSU

Tetrahedral elements <.

X £
'
y ¥
\‘\

Fixed base nodes

FDOT\)
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Task 3 — Implement Lateral Resistance

Predicted passive and base friction force (L=B=H=5m, D; = 2.5 m)

Coulomb K, =

UNIVERSITY of

FLORIDA

cos*(0 + 0)

cos?0 cos(5-0)

sin(d + 0) sin(0 + a)
1+ \’cos(ﬁ —0)cos(0—a)

Rankine

k, = tan® (4-5" 4 9) —
2

Passive earth force

Base friction

'Ysat (kN/mS)

Pp = 0.5yD’K,B + cBDK,’?

19 o 0.6
D (m) 2.5 C'ref (KN/m?) 6.8
B (m) 5 L=B(m) 5
¢ (degrees) 39 W (kN) 2625
K, (Rankine) 4.395 S (degrees) 26
K, (Coulomb) 16.4
tand 0.49
Kpphi (Mokwa) 11.2168
Kpc (Mokwa) 4.3627
Puit (Log-spiral method) (kN) | 7060.12 Base Friction (kN)
_ 1380.2
Passive earth force (kN) F=o.cLB+W. tans
5374.96142

x FAMU-EFSU

Engineering

&
ob (=
S|
%

1+sin @
1=sin@

Pyt =R3D'Ep'B'Df
1
Ep = EVHZKW + ZCHKpC + qHqu

where R is a correction factor to account for 3D
effects given underlying use of log-spiral theory, E,
is the unit-length ultimate passive force from log-
spiral theory (Duncan and Mokwa, 2001), B is the
horizontal footing width.

FDOT\)

&BS|

Bridge Software Institute




Task 3 — Implement Lateral Resistance
-

Plaxis and predicted force-displacements: Passive and base friction
(L=B=H=5m, D; =2.5m)

7000 4

6000 7

5000 1

e
4000 -

Force, kN

3000 4
2000 +

1000

f

— Passive Resistance
—— Base Friction

—e— Measured Base Frcition (PLAXIS)
2‘0 4‘0

Measured Passive Resistance (PLAXIS)
6‘0 HID 160
Displacement, mm

2y FAMU-ESU
7 Engineering

UF $i5RIDA ()@

Passive Model

B y
P=171

Kmax

y
+ R
fPult

Pult
Rr=1- —"——

Kmax : Amax

K...x 1S the initial stiffness

Base Friction Model
F= Kmax yy = yintersection with Pult

F=Fult

y > yintersection with Pult

4BS| FDOT)

Bridge Software Institute /




2 W Task 3 — Implement Lateral Resistance
- —'

Rock: Plaxis stress paths in passive state (L=B=H=2.5m, D; = 2.5 m)

(©7.43.1.22, 0.09) §
(97.46,1.16, -0.04)

(95.22,1.34, 0.17) @

(9533121, -1.64) @

(95.16,1.38, -2.33) @&

(o_1+c 3)2 %I(\)I/m

2
-1600  -600 400 1400 2400 — 3400 4400 6400 7400 8400

Total displacements |u] (scaled up 20.0 times)
Maximum value = 0,2657m (Bement 1062 at Node 2840)

® p-(97.46,1.16,-0.04)
® p-(97.43,1.22,-0.04)

— p-q(97.43,1.26,-1.26)
£ ® p-q(97.43,1.22,-2.46)
5 —@—failure envelope
= p-g(95.22,1.34,-0.17)
= -3000.0 Q ® p-q(95.33,1.21,-1.64)
cn
o ® p-q(95.16,1.38,-2.33)
—, ~4000.0
\°

-5000.0

-6000.0

y FAMU-FSU

/ Engineering

UF [Fi5RIDA |
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Task 3 — Implement Lateral Resistance

assilve an ase Iriction properties ana predaicte maximum force
(L= B 2.5m, D, =2.5m)

Passive earth force

Base friction

Ysat (KN/m?®) 24 o 0.5
Ds (M) 2.5 C'ref (KN/mM?) 1400
B (m) 2.5 a
Emass/Eintact 0.7 L=8 (m) 25
gu (KN/m?) 7700
Depth below rock surface, Z, (m) 2.5 W (kN) 656.3
Depth of embedment (m) 2.5
K 5 (degrees) 29.5
p
5.5
tand 0.57
Passive earth force (kN) 42072.4
Pp = 0.5yD?*K,B+ 2cDB(Kp)"~1/2
Passive earth force Pp (kN) FB_ase Flr_ithiJ:)\?v(kN) 4746.3
(Reese and Van Impe 2001) 40425 =o.c.L.B+W. tang

7 FAMU-FSU

7 Engineering

&BS| FDOT\)
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Task 3 — Implement Lateral Resistance

Rock: Plaxis and predicted passive force-displacement

(L=B=H=2.5m, D, = 2.5 m)

35000
___ 30000

c
= 25000
=%

?gs 20000 —B—PLAXIS

-
15000
—&— Duncan and Mokwa
10000 2001
5000
0
0 0.05 0.2 0.25

0.1 0.15
Displacement, y(m)

p = y
1 y
+ R
Kmax fPult
Pult

K

max

is the initial stiffness

x FAMU-EFSU

Engineering

UF | %I\ii‘/clz)l{Rmfi’j)A ’

45000
40000
35000

30000

[

X 25000

a

S 20000

9
15000
10000

5000
0

—— Reese and Van Impe (2001)
—&—PLAXIS

0.0 0.1 0.1 0.2 0.2 0.3
Displacement,Y (m)

P=Knaxy Y<Ya

y n
=P
p ult <3’rm>

p=Pu y=15ypn

Yrm = kymB

Where k,,is a constant set to 0.05 for the footing model.

<BS| FDOT
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« Horizontal Passive Resistance Springs
« Horizontal Friction Resistance Springs

Task 3 — Implement Lateral Resistance

Soil Strength Criteria
[ Cyclic Loading

Y Model Data @
Global Data Soil
Model Soil Layer Data Shallow Foundation Data
Analysis Settings
? Soil Set Set 1 v Del Re € " FL Limestone (Homogeneous) v
Lateral Stability Soil Layer Layer1 v | Add Del | [Replace Passive) FL Limestone v
Sbstuchye Soil Type | Rock v Friction) |FL Limestone v
Pile Cap B
Pile Unit Weight | 110 pcf Advanced Edit Plot
Soil Soil Layer Models Elevations
Pier Limestone (McVay) v Edit Water Table | -10 ft
Extra Members A 2 7
Load Axial | Driven Pile (McVay) v Plot Top of Layer | 0 ft
Springs Torsional | Hyperbolic v | Group Bottom of Layer | -90 ft
? Tip | Driven Pile (McVay) v Table
Superstructure . Soil Data Importing and Exporting
£ Specify Top and Bottom Layer Props. Retrieve from File

Avial Design Save to File Export

UF [FLORIDA

O

FAMU-FSU

Engineering

<BSI

Bridge Software Institute

FDOT



38.

‘

UF |

Spring Model Validation

Full embedment in soil

Task 3 — Implement Lateral Resistance

UNIVERSITY of

FLORIDA

Passive resistance thyperbolic) and
iy bage friction (fwe-segment) springs
Focting T 9-node thick shell element (typ.) in parallel
Meote: springs not shown e ® e ' e ) .
-';‘ i e :
H=122m L e
. ‘p"' ™ @ - - e ,.H" e pe
'S S e F r oo ot i
g - r ot e r - P
P ot -.___“,j ” -~ - r_,p‘ » .~ r""" o i
r a
r Aot it [ e o e r
— -~ I‘\T"I - ”..l' F e r_”.' r-rl"
r 0t e r e Cail
f i ot ¢ e e’
& J\F"’ f-.r\l"' m‘!" ('-"FI
Lateral 1oad € e r "
r Y -
o Basze friction spring
e (two-segment)
Passive (coupled FEA)
Passive (BN'WF) 4"/.0 of footmg’
= 08 ||---- Basefiiction (coupled FEA) height
g Base fiiction (BN'WF) 1
P 295 of footing
206 height
E
i o |
204 11 /'Tl)f footing
= 1e1ght
Z
=]
=02
0
0 10 20 30 40 50

Lateral displacement (mm)

FEA and the BNWF force-displacement comparison

FAMU-FSU

Engineering

Bridge Software Institute

FDOT
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Questions & Answers
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