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s B Project Description
= ﬁ
This research is separated into three phase project:

Phase 1: Assess strength envelope for Florida Limestone and develop
Bearing Capacity Equations of shallow foundations on limestone. (finished)

Guidelines for laboratory testing for the purposes of developing strength envelope
for Limestone
New design equations for bearing capacity of shallow foundations on Limestone

Phase 2: Validate the new Florida Bearing Capacity Equations derived in the
current work by field testing. (expected to last 2 years)

Phase 3: Implementing the validated equations into FB-Multipier. (expected
to last 1.5 years)

An updated version of FB-Multipier capable of evaluating shallow
foundations would be released after Phase 3.

UF [FLORIDA



i B Project Benefits
= ﬁ
I. Qualitative:

Development of design bearing equations for shallow foundations will
result in safer and more competitive foundations for bridge piers in case of
limestone near the ground surface.

I1. Quantitative:

» Better understanding of the strength characteristics of Florida
Limestone.

» Value of index testing (e.g. dry unit weight, etc).
» Newer bearing capacity equations for Florida Limestone.

« Recommendations on how to handle less than 100% rock recoveries for
strength and bearing capacity.

UF [FLORIDA



5 Background

‘ﬁ

» Florida has many locations with limestone in the vicinity of the ground
surface (e.g. Miami-Dade, Broward, Palm Beach. etc.).

« The FDOT has seen an increase in Design-Build contracts proposing the
use of shallow foundations for bridges located on limestone.

* An integral part of shallow design is the estimation of the ultimate

contact (bearing) stress, g, between the foundation and underlying
limestone layer.

« Limited study of Florida Strength Envelope and Bearing Capacity
Equations for Shallow Foundations on Rock.

UF [FLORIDA



- Background
‘ﬁ

Existing Bearing Capacity Method

Current AASHTO and Federal design (NCHRP 651) «

methods, give gy, of the form (Carter and Kulhawy, oy

1988) B "' _ . E" B
Qu: = (Vs + (my/s + $)%)qy g

Where )

q,: unconfined compressive strength of the rock

m & s: empirical parameters — associated with
Geological Strength Index (GSI)

For instance, (Hoek and Brown, 2002) uses the parameters m &
s to assess the major principal stress, ¢’; in terms of the minor

principal stress, ¢’; (€.9. confining stress in triaxial testing) of
rock mass at failure:

u

’ ’ 0-,3 :
o,.=03t+tqu|m,—+s
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- Background

‘ﬁ

UF

Deficiency of Existing Method

* Hoek-Brown’s GSI (Geological Strength Index) criterion based on joints within
rock not intact porous rock.
How is GSI Assessed?

* Hoek-Brown’s method was developed empirically and may not be appropriate
for Florida Limestone which is highly porous — strength envelope function of
stress.

« Strength of the Florida rock under compression or extension loading, may not be
consistent with the assumption of current AASHTO and Federal design (NCHRP
651) methods.

* In addition, because of the porous nature of Florida Limestone, the rock may
exhibit strain softening as well as crushing which could significantly impact q;.

« Atypical bearing capacity design in Florida should consider the limestone layer
overlying sand solution.

UNIVERSITY of
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Background

—~—
I Florida Geology:

ADAPTED FROM OPEM-FILE REPORT 80 - GEOLOGIC MAP OF FLORIDA
Eon |Era Period |Epoch Comments Subsurface
Recent or
i Soils (Qh)
Quaternary Holocene ice age ends Soils (Qal Qbd Qtr Oul
Pleistocene - - Anastasia/ Key Largo/ Miami
ice age begins . :
_g g Soils (TQu, TQd, TQuc); S/LS mix (Tgsu) TQsu  {
earliest humans |_, _ _ ) .
= o Pliocene Tic: Intracoastal LS; Soils (Tt, Tjb, Tci, Tmc, Tc)
2 &E.-Q Soils (Thee, Thp, Thpb)
E ‘}e. Chatahoochee D5; 5t Marks LS; Torreya
@ = Miocene i i
o & (Soils/LS); Other soils (Trm, Tab, Th, Thc, Ths)
g Arcadia formation [Tha, That]
o =~ ﬁ%‘ Oligocene Suwannee LS; Some dolostone (Ts, Tsm)
.a E?%
o q,% Eocene Ocala LS/ Avon Park (To, Tap)
T Palecenece |
ﬁ -E Cretaceous
£ = 1
o | 2 Jurassic
m =
= Triassic
Permian
— I
E 2 Pennsylvanian
e |2 82 I
E v Mississippian First reptiles
= Devonian First amphibians
n —— I
Silurian
Ordovician First land plants |
Cambrian First fish I

UNI
1 e = s - Lrmestone

Millions
Years

0.01

16

5.3

23.7

36.6

57.8
66

144
208
245

545
4600



Background

S

Calcite (Rhombohedral)
" Limestone — 2.10<Gs<2.72
(Calcium Carbonate -CaCQ,) | Aragonite (Orthorhombic)
Florida 2.85<Gs<2.94
Dolostone
carbonate —= : : :
rocks (Dolomite - MgCa(CO), == Calcite +Magnesium-rich water
2.8<(Gs<3.0
Marls === (Carbonate (35-65%) +soil (clay, silt
— And sand)
Formations Number of| % carbonate % calcite % aragonite % dolomite % quartz
specimens| range |average| range |average| range |average |range|average| range |average
Ft. Thompson 14 64-80 | 72 55-78 67 0-15 5 20-36 28
Anastasia 40 66-98 | 90 | 50-98 | 84 0-47 6 2-34 10
Key Largo 39 99100 995 | 3995 | 79 561 20 0-1 0.5
poor indurated Miami| 12 77-90 84 52-82 70 0-34 14 10-23 16
medluml mdyrated 34 89-98 | 95 74.97 91 0-22 4 911 5
Miami
.med|um to \.Ne||. 14 88-99 | 96 76-09 91 0-21 5 1412 4
indurated Miami
Arcadia dolostone 26 64-96 | 84 0-18 2 49-94| 82 4-36 16
Hawthorn marl 22 23-77 | 64 0-40 12 12-73| 51 23-77 | 36
Hawthorn dolostone |~ 49 67-93 | 81 0-38 12 38-87| 69 7-33 19
Hawthorn limestone 7 77-89 | 84 62-83 76 0-16 8 11-23 16
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10 |

Background
‘ﬁ

SMO Florida Limestone strength testing (~8500 specimens):

v4 = total dry unit weight = dry unit weight in air (ASTM D6473) / cylindrical volume

Y = Unit weight of solids = G v,,

n = bulk pOI’OSity =1- Yt / Vst

Cumulative Frequency
40% 600 B0 100%

0% 20%

Dry Unit Waight (pcf)

50% Population — v, = 105 pcf
75% Population — v, < 123 pcf

UF [FLORIDA

Cumulative Frequency

0%  20% 40% EO% B0 100%

2 EEEE3EREES
Bulk porosity n

50% Population —n = 37%
75% Population — n > 28%



1 Project Objectives

‘ﬁ

UF

Acquire and setup a triaxial apparatus at the State Materials Office capable of 1500
psi cell pressure, 40,000 Ib axial capacity with instrumentation to monitor applied
stress, strain and pore pressure.

Collect Florida Limestone and marl samples from multiple surface formations
(Miami, Anastasia, Fort Thompson, Suwannee, etc.) where shallow foundation for
bridge structures could exist.

Assist SMO technicians in preparing and performing triaxial compression,
extension, unconfined compression and split tension testing of Florida Limestone
and marl samples.

Develop strength envelope for compression and extension for Florida Limestone
and marl considering index properties.

Develop a stress-strain model including strain softening if necessary and
Implement into a Finite Element code to model both the homogeneous and 2 layer
(rock over sand) bearing capacity problem.

Develop bearing capacity equations for both homogeneous and 2 layer (rock over
sand) problem for Florida Limestone and marl conditions.

UNIVERSITY of

FLORIDA



., g Task1l: Triaxial Rock Testing Equipment
‘—

Variable Power Supply
(Set to 15.0 VDC)

Covered the setup and running of the Volage Adjs AC Pover Card
Trautwein — TruePath Triaxial Testing ~ \
Equipment for Florida Limestone: sample | ‘g
preparation, applying sample confinement E=5=0
and back pressure, triaxial compression or VS Cilf
extension loading, as well as data acquisitiol ewox

- Module .
and analysis.

AC Power Cord

-
Current
Adjust

Displacement
Transducer (DCDT)

DC Power Cable 7

AC Power Outlet
110VAC, 60 HZ

Platen

X Load Frame
Serial Cable

UF [FLORIDA



. g Task 1: Triaxial Rock Testing Equipment

‘—

The triaxial system used for this study

to test Florida limestone was designed

to satisfy the objectives:

* A Hoek cell from RocTest with cell
pressure rated for 69 MPa (10,000 psi).

« A 180-kN (40,000-Ib) capacity strain-
controlled Sigma-1 load frame by
GEOTAC.

« GEOTAC Sigma-1 CU SI software and
instrumentation for controlling the load
frame strain rate and sample monitoring.

« Adirect current displacement transducer
(DCDT) is attached to the top of the Hoek
cell assembly to measure the vertical Acemmulator

displacement of the rock specimen during o
shear. Dry Nitrogen
« Avolume change measurement device.

Hoek Cell:

o3 (oil pressure)

20

RARR1L

o, loaded
through steel platen

'..
B
2
]
-
o
=
=
-
=
e
=
=
24
174
3]

o3 (oil pressure)

UF [FLORIDA

Yolume
Change

Hoek Cell




1+ glask 2: Qu and Qt Testing with Index Measurements

‘ﬁ

Besides SMO existing data, additional specimens were
obtained and tested (q, and g, ) with a number of Index
measurements: 1) Unit Weight, 2) specific gravity, 3) void ratio
& porosity, 4) carbonate content, 5) moisture content, and 6)
saturation obtained for each specimen. Task 2 focused on
Identifying the 4 Index tests which best are correlated to rock
strength (g, and q,) and established correlations between the 4
best index tests for all recorded rock strength data including
formation information.

UF [FLORIDA



15 glask 2: Qu and Qt Testing with Index Measurements

= —
The unconfined strength — both split tension and unconfined compression — are strongly
correlated to the material bulk porosity, which is inversely represented by the bulk dry unit

UF

weight.

4
14

UNIVERSITY of

FLORIDA

28 MPa

21

07

0.0

a Key Largo
8 ~ @ Anastasia
S o= Miami6
—— & Miami 5 1
g — xShallow Ft Thompson
£ Miami 2
+ Arcadia dolostone
3 Hawthom
~
g
I
60 70 80 90 100 110 120 130 140 150 160 p
94 110 126 141 157 173 189 204 220 236 25.1kN
Bulk Dry Unit Weight
g and bulk dry unit weight for different formations
% = Hawthom delostone
+ Hawthom marl (air-dry)
- = @ Hawthom marl (moist)
+ = |8
-
¥
58 X
g ¥ X
™ L]
¥
@ ™
2 s . - -
75 85 95 w15 15 13 145 155 pef
118 134 149 16.5 181 196 212 228 24.3kNIm?

Bulk Dry Unit Weight

g, results for marl

]
£ X | DQuKeyLargotests
* Qu Anastasia tests
© Qu Miami tests 4
3 S " QuAmadiatests o x
x Qu Hawthorn tests %
- s
s -2 |~ QuShaliow Ft Thompson tests N
=R
RE]
s 2
N o
s 3
- -
33
312
g e

190 pef
94 10 126 141 18T 173 189 204 220 236 kNm?

Bulk Dry Unit Weight

g, and bulk dry unit weight for different formations

s g
c B
= = Hawthorn dolostone
x Hawthorn Marl (air-cry)
& g ® Hawthorn Marl {moist) L
2=
R F
2 ;
£ @
i3 E
H
2. s
g >
-
H
8
k]
£3 B
=
3 x
2
=
5B PR
& o o
3 o gf'o I °
ot f ey Ty v,
= o L P
7 85 95 108 115 125 13 s pef
18 134 149 185 181 106 12 28 kNim?

Bulk dry unit weight

q, results for marl



s gask 2: Qu and Qt Testing with Index Measurements

‘

0, (psi) = 3.864 g003Vup b q (DSi) = 2.468 F, €3 ¢03C

Where,

Measured 9, (ksi)

Yat:
B=

B=

Dry unit weight
Lifvg < Yao
Yat/Yaro 1 Yot = Yato

Yao = 22 KN/m?3 (140 pcf)

Il —

o [Z]

= -

@ |

- -

o N

0 -

I

o o

< e

< o

o ™

~ o

o

d o
0
0.0

UF

y=1.18x
R?=0.63
*  Data Set
#1; n=5116
03 06 09 12 15 ksi
21 41 62 82 103 |Ppa
Estimated g (ksi)

UNIVERSITY of

FLORIDA

Where,

" 4

Measured G

07 14 24 28 MPa

00

C: Carbonate content, 0.5~ 1.0
Yqt: Dry unit weight

F.: Tension formation factor,
0.7~13

B=1ifv4 < V4o

B = Vvae/varo if var = Vawo

Yoo = 22 KN/m3 (140 pcf)

n =69 °
.
s .
2
]
s °
3
E .
%
g e,
® .
L
- .
s D
- .
L4 y =1.00x
L . 2= 0.76
- )
0 100 200 300 400
0.0 0.7 14 21 28

Estimated ¢,

psi

MPa

q (psi) = 5.89 e004e mmmmmmmp  , (psi) = 3.24 F, 0047186205

Where,
C: Carbonate content
vqe: Dry unit weight
F,: Compression formation
factor, 0.7 ~ 1.5
B =1ifv4 < Yo

Where,
va- Dry unit weight
B=1ifyy<vqo
B = vYar/Yato if Vet = Yaro
Yao = 22 KN/m@ (140 pcf)

B = vae/Yato if Yot = Varo
s Yao = 22 kN/m?2 (140 pcf)
= n=178 y=092x
R*=059
A
¥ &
- @
o s
s =@
g_\-
B2 o
8
33 3
hard ©o
- =]
= 13
g o
0 03 06 09 12 15 18 21 24 ks

MPa

%

62 83 103 124 145 165
Estimated q,

00 21 44

MPa
ksi

n=178 y=1
R

Measured qu
00 21 41 62 83 103 124 145 -

03 06 09 12 15 18 241

0

ksi
MPa

06 09 12 15 18 21 24
41 62 B3 103 124 145 165
Estimated q,

0 03
00 21



17 | Task 3: Triaxial Testing of Florida Limestone and Intermediate Geomaterials

‘ﬁ

Triaxial Testing of Samples from Each Formation Considered:
« Strain or Deformation Controlled — Quantify Brittle or Ductile Behavior

» Measurement of Axial and Volumetric Response
« Assess Poisson Ratio — needed for assessing horizontal stress
and stress path for shallow foundation loading

« Multiple Conventional Triaxial compression and extension tests at
different cell pressures (25 psi, 50 psi, 130 psi, 200, psi, 300 psi,
600 psi, > 1000 psi) to develop strength envelope

 Differentiate strength results based on dry unit weight and
Formation (Miami, Fort Thompson, Key Largo, Anastasia, etc.)

UF [FLORIDA



18 | Task 3: Triaxial Testing of Florida Limestone and Intermediate Geomaterials
= —

- Ductile -

40 -
z §
3 :
30 -------------------------- /\\ 4 —m—
PR B [\ ]
S al [\ e ——
15% -------------------------- / \ o 2 N S B N
10 ‘ """"""""""""" / 1 1 _.f"'wf./
g/ 5
uf | | | 0 L B B
02 04 08 08 1 0 05 1 15 2 25 3 3.5
- e (%)
(@) (b)

UF [FLORIDA

Key Largo formation:

(@) y4 = 18.9 KN/m? = 120 pcf, o5 = 345 kPa = 50 psi;
(b) y4 = 15.7 KN/m?3= 100 pcf, o, = 3,100 kPa = 450 psi



19 i Task 3: Triaxial Testing of Florida Limestone and Intermediate Geomaterials

‘ﬁ

~ - - -s3=50psi = ------- $3=130 psi

N $3=50 psi | ———— $3=130 psi $3=200 to 300 psi « « « « « $3=600 psi
b §3=200 to 300 psi « ¢+« « $3=600 psi $3=1000psi

0 $3=1000psi = P i ‘

~ Brittle “

0 [\ /N

/ \

ev (%)

36 3 256 2 156 1 05 0
O'd/03

tile

€ (%)

 Birittle stress-strain (rupture) behavior typically
associates with dilative volumetric responses.
* Ductile ...... associates with ....... contractive.

UF [FLORIDA



20 B Task 3: Triaxial Testing of Florida Limestone and Intermediate Geomaterials

= —
‘ Not typically encountered

for shallow formations

|

Bulk Dry Unit Weight Range |

o3 60 - 65 66-85 86-110 111-120 121-130 >130  pcf

(MPa) | (psi) 9.4-10.2 | 10.3-13.4 | 135173 | 17.4189 19.0-20.4 >20.4 kN/m?
0-0.1| 0-10 | Transition | Transition| Brittle Brittle Brittle Brittle
0.2-0.3|25-50| Ductile |Transition|Transition| Brittle Brittle Brittle

0.9-1 {130-150, Ductile | Ductile |Transition| Transition| Brittle Brittle

1.4 200 Ductile | Ductile | Ductile | Transition | Transition | Brittle

>2.1 | =300 | Ductile | Ductile Ductile Ductile | Transition [Transition

>7 | >1000 | Ductile | Ductile | Ductile | Ductile Ductile Ductile

UF

shallow formations

Typically encountered for J

Some formations (such as Anastasia) would be more predominantly
ductlle even in the 121-130 pcf zone.

UNIVERSITY 0

FLORIDA




.Task 4: Development of Strength Envelope of Florida Limestone and 1GMs
21

TA

Start of triaxial
shearing phase

Crushing under :
Isotropic loading | |
phase i

0 05 1 15 2 25 3 35
Axlal Strain (%)

UF|UNIVERSITY of Onset of breakage of cementation, crushing and ductile flow

FLORIDA



22 | Task 4: Development of Strength Envelope of Florida Limestone and 1GMs
-

Labels on series
represent Bulk Dry

Labels on series
represent Bulk Dry

@ o Unit Weight Unit Weight
8 =
0 o
w5
° 130
g
T o« o
o =
o~ =
. o
- o
e o © <
=R=] 90 =R=]
00 02 04 06 08 1.0 1.2 14 16 1.8 2.0 22 24 26 2.8 3.0 3.2 3.4 3.6 3.8 ksi b 00 02 04 06 08 1.0 1.2 14 16 1.8 2.0 22 24 26 2.8 3.0 3.2 3.4 3.6 3.8 ksi
a) 00 14 28 41 55 6.9 83 9.7 11.012.4 13.815.2 16.5 17.9 19.3 20.7 22.1 23.4 24.8 26.2 MPa ) 00 14 28 41 55 6.9 83 9.7 11.012.4 13.815.2 16.5 17.9 19.3 20.7 22.1 23.4 24.8 26.2 MPa
p P
£ £ E
= Labels on series = Labels on series
represent Bulk Dry represent Bulk Dry
&, L& Unit Weight < © Unit Weight
© - © o
w o ® %
w o o~ o
- lo = @
T < o oo o
© = < o
P =] - o
< o ~ =
- o s o

0.0
0
0
0

. = =3 =3
C) 0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 18 Ksi d) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 i
0.0 14 2.8 41 55 6.9 8.3 9.7 10 124 MPa 0.0 0.7 14 21 28 3.4 41 48 55 6.2 MPa
P p
£ E

Labels on series
represent Bulk Dry

» o | UnitWeight 110
=3 13
S 0.0 02 04 06 08 1.0 1.2 14 16 1.8 20 22 24 26 28 3.0 3.2 34 3.6 3.8 ks
e) 0.0 1.4 28 41 55 6.9 83 9.7 11.0 12.4 13.8 15.2 16.5 17.9 19.3 20.7 22.1 23.4 24.8 26.2 MPa
P
UNIVERSITY of Bilinear strength envelope: a) Key Largo Formation; b) Anastasia Formation; ¢) Miami Formation; d) Shallow Ft
FLORIDA Thompson Formation; e) Hawthorn Formation



23 | Task 4: Development of Strength Envelope of Florida Limestone and 1IGMs

‘—

o™
— = tan
c = 0.5/q,94 e I o ,awﬂk\*‘“"“"mﬁw
singo — Qu—d4at or tano = Au—ddt in p-q diagram qu;;- .................................... Q” 4
Autqdt Qutqat .
C=——0ra=ccosg
cos@
sing = tan a and sinw = tan
(psi) 50+ a 50 + c cosgp %2
pp pSl = = -
1 — tana 1 — Sin (p Qyf2 50 quf2 Pp p= (01+03)f2

Schematic of bilinear strength envelope for intact rock

Value of 2" slope () on Florida strength envelopes

0.69 y,, — 68 4.4y, —68
0.0136y,2 — 2.2 74 + 85 0.55y,2 — 14y, +85

Anastasia 0.0691y,% —16.45y4 +972  2.8y4? —104.7 vy +972

o = -6.7 for y4 < 120 pcf ® = -6.7 for y4 < 19 kN/m?3

Generic Florida formation 0.79y4 — 90 5y — 90

UF [FLORIDA



Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
24 [ and Two Layer Systems and Develop Bearing Capacity Equation

slastic  plastic
q (—A—\

* Implement elastic-
perfectly plastic material
model in FEM code for
rock

* Implement elastic-
plastic hardening cap

model in FEM code for
sand (Souza Neto et al. 2011)

~ qfailura

o

¢ = Vert Strain

A

q A

___I. _____

- _ Utaiture
| plastic ‘

elastic g
e = Vert Strain

— 4

Rock B

— 4B

B

* Model Strip and
Rectangular Footing on
Rock

* Model Strip and
Rectangular Footing on
Rock Overlying Sand

Rock

UF UFEBRRSIfﬁB Sand



s B Tasks Outline and Discussion
= —
Validation of Elastic, Perfectly Plastic Model:

Material properties used in validation simulation

Validation of elastic, perfectly plastic model 3D triaxial test

Cohesion only material C - @ material simulation
Porosity 0.4 0.3 0.3
Dry unit weight 110 pcf 110 pcf 110 pcf
Young's modulus 5,000 psi 43,511 psi 43,511 psi
Poisson's ratio 0.3 0.23 0.23
Friction angle (o) 0o 300 300
2"d slope (o) 0o 300 00
Cohesion intercept 1.72 tsf 1.72 tsf 1.72 tsf

UF [FLORIDA
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Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
26 [j and Two Layer Systems and Develop Bearing Capacity Equation

‘—

Validation of Elastic, Perfectly Plastic Model:

—121ft
o o !

o wseT =

¢ 108

y<s9z

UNIVERSITY of

FLORIDA

1200

1000

800

600

400

Devatoric stress (psi)

200

aaloy

oq/o3 =4 41|

0.00
0.10
0.20
0.30
0.40
0.50

0.70

Vertical displacement (ft)

0.80
0.90

0.00

~ 005 4
&=

Z 010 4

placemer
°

7025 4

al d
o

1
= 035 4
G}

045 -

Bearing stress (tsf)
4 6

—— Whitman and Hoeg,1966
—— Simulation
——Vesic's

Bearing stress (tsf)
30 40

q,=cNc =172 x%x5.14 = 8.84 tsf

g
2 020

040 4

Simulation

— — Vesic bearing equation

0
I
|
|
|
|
|
|
|
|

q, = cN. + 0.5yBN,
=1.72x30.144+ 0.5 x 100 x 14.4 x 22.4
% 0.0005 = 60.7 tsf



Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
27 Jj and Two Layer Systems and Develop Bearing Capacity Equation

—~ —
Validation of Drucker-Prager-Cap model for soil:

Bearing stress (kPa)
0 200 400 600 800

-0.005
-0.01
-0.015 r
-0.02 f
-0.025 r
-0.03 f

-0.035 F —simulaitonresult

wey

Vertical displacement (m)

— Vesic's result

=)
b=

-0.045 *
gy =cNc+05%xBXx yXxN,

=0+05%x4x16.5x224=739.2kPa

plastic shear strain
9.655e-03 :

0.00724

0.00483

ot

0.00241

UNIVERSITY o 1.005e-13
UF FLORIDA




Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
28 i and Two Layer Systems and Develop Bearing Capacity Equation

‘—

Parametric Studies:

WBI2,
D[l
;0.
=B
— gss 1
4& L <] : 3 J- J-‘t‘_ r >
& R Y R R S { {
" I5Sm : ; } H
. | A i o S flf&%}
= HE T yuss] HHT
B/L=0andD =0 = *1me P
S : j: HE aEegs :1 I.I-ﬂ
g :
y {7

B/IL>0andD >0
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Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
29 [ and Two Layer Systems and Develop Bearing Capacity Equation
N I ——

p-q diagram T1-0 diagram
No. | a(MPa) | a(tsf) | a(°) | B (° poltsf) | c(MPa) | c(tsf) | @ (°) w(°) | o, MPa) | gy, (tsf) | ===
93 0.1 1.04 38 -5 15 15.66 | 0.160 167 | 51.38 | -5.02 2.77 28.92
94 0.1 1.04 38 12.53 | 0.160 167 | 51.38 0.00 2.24 23.39
95 0.1 1.04 38 0 1.3 13.57 | 0.160 167 | 51.38 0.00 242 25.26
96 0.1 1.04 38 0 1.5 15.66 | 0.160 167 | 51.38 0.00 2.77 28.92

5

5

o

S
=
el

=

o
[N

o7 | o4 | 104 | 38 12 | 1253 | 0160 | 167 | 5138 | 502 | 224 | 2339
9% | 04 | 104 | 38 13| 1357 | 0160 | 167 | 51.38 | 502 | 242 | 2526
99 | 04 | 104 | 38 | 5 15 | 1566 | 0160 | 167 | 5138 | 502 | 277 | 28.92
100] 04 | 104 | 38 | 10 | 12 | 1253 | 0160 | 167 | 51.38 | 1006 | 2.24 | 23.39
101 04 | 104 | 38 | 10 | 13 | 1357 | 0.160 | 1.67 | 51.38 | 10.16 | 242 | 2526
102] 04 | 104 | 38 | 10 | 15 | 1566 | 0160 | 167 | 5138 | 1006 | 277 | 28.92
103 01 | 104 | 38 | 15 | 12 | 1253 | 0.160 | 1.67 | 51.38 | 1554 | 224 | 2339
104 04 | 104 | 38 | 15 | 13 | 1357 | 0160 | 167 | 5138 | 1554 | 242 | 2526
105] 04 | 104 | 38 | 15 | 15 | 1566 | 0160 | 167 | 5138 | 1554 | 277 | 28.92
106 | 04 | 104 | 38 | 20 | 12 | 1253 | 0160 | 167 | 5138 | 2134 | 224 | 2339
107] 04 | 104 | 38 | 20 | 13 | 1357 | 0160 | 167 | 5138 | 2134 | 242 | 256
108 04 | 104 | 38 | 20 | 15 | 1566 | 0160 | 167 | 5138 | 2134 | 277 | 28.92
109 05 | 522 | 27 | 20 2 | 2088 | 0581 | 607 | 30.63 | 21.34 | 352 | 36.75
M0 05 | 522 | 27 | 20 | 25 | 2640 | 0581 | 607 | 3063 | 2134 | 427 | 4458
M| 05 | 522 | 27 | 20 3 [ 3132 | 0581 | 607 | 3063 | 2134 | 502 | 5241
2| 05 | 522 | 27 | 15 2 | 2088 | 0581 | 607 | 30.63 | 1554 | 352 | 36.75
3| 05 | 522 | 27 | 45 | 25 | 2610 | 0581 | 6.07 | 30.63 | 1554 | 427 | 4458
14| 05 | 522 | 27 | 15 3 | 3132 | 0581 | 607 | 3063 | 1554 | 502 | 5241
5| 05 | 522 | 27 | 10 2 | 2088 | 0581 | 607 | 3063 | 1046 | 352 | 36.75
M6 | 05 | 522 | 27 | 10 | 25 | 2640 | 0581 | 607 | 3063 | -10.16 | 427 | 44.58
7| 05 | 522 | 27 | 10 3 | 3132 | 0581 | 607 | 30.63 | 1016 | 502 | 5241
8| 05 | 522 | 27 | 5 2 | 2088 | 0581 | 607 | 30.63 | 502 | 352 | 36.75 . .
9| 05 | 522 ] 27 | 5 25 | 2610 | 0581 | 607 | 3063 | 502 | 427 | 4458 S I d 324 D ﬁ: S f
20| 05 |52 | 27 | 5 3 | 3132 | 0581 | 607 | 3063 | 502 | 502 | 5241 Imu ate I erent et 0]
21 05 | 522 | 27 2 | 2088 | 0581 | 607 | 3063 | 000 | 352 | 36.75 —

122 | 05 | 522 | 27 25 | 2610 | 0581 | 607 | 3063 | 000 | 427 4458 Strength Proper‘“es’ and MOduI“

0
0
123 0.5 5.22 27 0 3 31.32 | 0.581 6.07 | 30.63 0.00 5.02 5241
5
5

124 0.5 5.22 27 2 20.88 | 0.581 6.07 | 30.63 5.02 3.52 36.75
125 0.5 5.22 27 25 26.10 | 0.581 6.07 | 30.63 5.02 4.27 44.58

126 0.5 5.22 27 5 3 31.32 | 0.581 6.07 | 30.63 5.02 5.02 5241
127 0.5 5.22 27 10 2 2088 | 0.581 6.07 | 30.63 | 10.16 3.52 36.75
128 0.5 5.22 27 10 25 26.10 | 0.581 6.07 | 30.63 | 10.16 4.21 44.58
129 0.5 5.22 27 10 3 31.32 | 0.581 6.07 [ 30.63 [ 10.16 5.02 5241

130 0.5 5.22 27 15 2 20.88 | 0.581 6.07 [ 3063 [ 15.54 3.52 36.75 F Oot i n g S "

131 0.5 5.22 27 15 25 26.10 | 0.581 6.07 [ 3063 [ 1554 4.27 44.58

132] 05 | 520 | 27 | 15 | 3 | 3132 | 0581 | 607 | 3063 | 1554 | 502 | 5241 . .
133 | 05 [ 522 | 27 | 20 2 [ 2088 | 0581 | 607 | 3063 | 2134 | 352 | 3675 3 Dlﬁerent Wldths (B)’ 3 L/ B’
13| 05 |52 | 27 | 20 | 25 | 2610 | 0581 | 607 | 3063 | 2134 | 427 | 4458
15| 05 |52 | o7 | 20 | 3 [ 3132 | 0581 | 607 [3063 | 2134 | 502 | 5241 :

136 | 05 | 52 | 31 | 20 | 2 | 2085 | 0626 | 654 | 3693 | -2134 | 37 | 3863 3 DepthS, and MUItlple DepthS between
137 | 05 | 522 | 31 | 20 | 25 | 210 | 0626 | 654 | 3693 | 2134 | 45 | 4698 . . .
138 | 05 | 520 | 31 | 20 | 3 | 3132 | 062 | 654 | 3693 | 2134 | 53 | 5533 d d I g I
139 | 05 | 520 | 31 | 15 | 2 | 2088 | 0626 | 654 | 3693 | 1554 | 37 | 3863 FOOtIng ana under yln SOl
190 | 05 | 522 | 31 | A5 | 25 | 2610 | 062 | 654 | 3693 | 1554 | 45 | 4698 . .
141 05 [ 6520 | 31 | 45 | 3 [ 3132 | 0626 | 654 [ 3693 | 1654 | 53 | 5533 > 10 OOO S|mUIat|OnS
12| 05 |52 | 31 | A0 | 2 | 2088 | 062 | 654 | 3693 | 1016 | 37 | 3863 !
193] 05 | 522 | 31 | 10 | 25 | 2610 | 0626 | 654 | 3693 | 1016 | 45 | 4698
14| 05 |52 | 31 | A0 | 3 | 3132 | 062 | 654 | 3693 | 1016 | 53 | 5533

145 0.5 5.22 31 -5 2 20.88 | 0.626 654 [ 3693 [ -5.02 37 38.63
146 0.5 5.22 31 5 25 26.10 | 0.626 654 ] 3693 | -5.02 45 46.98
147 0.5 5.22 31 -5 3 31.32 | 0.626 654 | 3693 [ -5.02 53 56.33




Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
30 [ andTwo Layer Systems and Develop Bearing Capacity Equation

‘ﬁ

Bearing Capacities (Tsf)

B=6.6ft, D=0ft B=13.2 ft; D=0t B=661ft D=3.3ft B=13.21t; D=661t

Strip | L/B=10 | LB=5 Strip | Strip | LB=10 | LB=5 L/B=10 | L/B=5 Strip | LB=10 | L/B=5
BIL=0 | BIL=01 | BiL=02 | S48 | =02 | v=01 | BIL=01 | BiL=02 | 59U8™® | By=01 | BiL=02 | S9U&® | Bi=0 | BIL=01 | BlL=02 | SOUa®

113 | 3059 | 3153 334 3811 | 4646 | 3174 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

114 | 3059 | 3153 3341 3811 | 5429 | 374 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886
115 | 3059 | 3153 334 3841 | 3999 | 374 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

116 | 3059 | 3153 334 3611 | 4698 | 3174 | 3257 3445 | 3940 38.84 4113 | 4708 | 37.38 40.30 4270 | 45.85
117 | 3059 | 3153 3341 3811 | 5502 | 3174 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

118 | 3059 | 3153 334 /A1 | HM.03 | T4 3257 3445 | 3948 38.64 4113 | 4708 | 37.38 40.30 4270 | 45.85

119 | 3059 | 3153 334 3811 | 4802 | 3174 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

120 | 3059 | 3153 3341 33BN 55.33 | 3174 | 3257 3445 39.46 38.84 4113 4708 | 3736 40.30 4270 48.86

121 | 3059 | 3153 3341 3811 | 4207 | 3174 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

122 | 3059 | 3153 334 3641 | 4947 | 374 | 3257 3445 | 3940 38.84 4113 | 4708 | 37.38 40.30 4270 | 45.85
123 | 3059 | 3153 3341 3811 | 56147 | 3174 | 3257 3445 | 3946 38.84 4113 | 4708 | 37.38 40.30 4270 | 4886

124 | 3059 | 3153 334 3841 | 4343 | 04| 3257 3445 | 3948 38.64 4113 | 4708 | 37.38 40.30 4270 | 45.85
125 | 3059 | 3153 334 3841 | 5001 | 374 | 3257 3445 | 3940 38.84 4113 | 4708 | 37.38 40.30 4270 | 45.85

UF [FLORIDA



Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
31 Jj andTwo Layer Systems and Develop Bearing Capacity Equation
-

Bearing Equations:

1. Because of the bilinear strength envelope used for Florida carbonate rock, the ultimate
bearing capacity for Strip Footing on Top of Rock:

1

0
—_ H A 9
Qu 'Quz) a1 ; 8
Qui=¢N, Qu--frmmmmmmmeme £ yosen .
Qp=cN’ + P N, ‘ 2 X ra
_ 1.8 cosQ - Z o
c 0.188—sin(p ooting i s
No== cosP al  Stress path ‘ L
o—Sinw i v 0 2 4 6
N = 1.8 [sin® - sinw| Pp p .
y 0.8—sinw
10
_ - - 9 =0.985 ®
p . gvs.t-o . % 4 e 0,996
sing = tana 2
sinw = tan g6 . : :
B & 5 Bearing equations for the strip
c = a 3 4 i footing are well summarized.
- 2 3
cos@ i
e

01 2 3 4 5 6 7 8 9 10

UNIVERSITY Of Bearing Eq. B=4, D=0, B/L=0
UF [FLORIDA



Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
32 [ andTwo Layer Systems and Develop Bearing Capacity Equation

—~ —
Bearing Equations:

2. The depth of the footing contributes q N, to the bearing capacity, with g =y’ * D.
FEM results of D = 0 and D = 2 were compared in order to correlate the N, parameter:

= (1. 5* - 10)*(3*sing - 1) Qu=min (Qu1, Q)
= Sea level standard atmospheric pressure Qu = ¢ N + N
P P QUZZCN’-FppN +C]N
70 2 80
0 | VT 14633);33:?28 18 y=297x-08659 70 V= 10105% ;
16 60 R*=0.9286 l
50 _ 14 ‘
40 £ 12 50 5
2 1 ' = 40 -‘r
= 30 = 3 -
= ‘s ® @ = 0.8 t B ) ® 30 b
20 ‘. o' e e 06 !3 20 ...
. 04
10 = 0.2 s ? 10 J'
0 oo o o | oo
0 2 4 6 0 0.2 04 0.6 0.8 1 0 20 40 60 80
Py sin (15p, - 10)* (3sin ¢ —1)
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Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
33 | and Two Layer Systems and Develop Bearing Capacity Equation

‘
Bearing Equations:
3. Two different geometries were modelled in FEM analyses: B=2mand B =4 m, to
modify bearing equations using different width; FEM analyses were performed using
footings with different shapes: B/L = 0 (strip footing), B/L = 0.1, 0.2 and 1.0 (square), the
shape factor could be ~hgoined- 12 10
. (i)—o.oss TR AL 10 | Y=LK 2 Y= 1.0306x
B 238 o8 a1
B\0:66  E . Ze .
F=1+0.245 (—) £ : £
L w = o 4
L 4 . IEILJ4 ; TP .
l V4 L RN 4
2 = . .
. Lo ) @ :] '
- 01 2 3 45 6 7 8 910 012345678910 001 2 3 45678 910
Qu = min (Qul’ QUZ) * é: Square footing B=2 L/IB=5B=2 L/B=10B=2
Qu B neN + ANq 14 12 12
Qu=n[cNe+p,N,]+aN, R TR A 10 y=1.0287
(2] 10 (2] 8 me R2=1
28 E E
& g £
s 6 s s
B, . o4 : Ha ;
2 _." 2 ., 2 '.-,
0 & 0 @ 0 )
001 2 3 456 7 8 910 012 3 45678910 01 2 3 456 7 8 9 10
Square footing B=4 L/B=5B=4 L/B=10 B=4

UNIVERSITY of
UF FLORIDA Note: The ratio on the figure = (Bearing capacity of non-strip footing) / (Bearing capacity of strip footing)



Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
34 [ andTwo Layer Systems and Develop Bearing Capacity Equation

—~ —
Bearing Equations:

4. Based on the bearing ratio results the Rock-Over-Sand reduction factor Ny was
determined:

AN , AN
K

Qu, Rock-Over-Sand — Qu, Rock/ NR
Ng: Reduction factor compared to rock only subsurface Footing

Ng = 0.86 x R™°25 ifR < 0.3
Ng=12-01R  ifR>0.3

R =0.093 T2(E,,/E,0q), limit R t0 2.0 Rock o T
T: Rock thickness in feet {if T isinm, then R = T2(Eii/E g ----------r-rmrmrrmrmmamacdoaeaeaaane
E..i/E;ock = Modulus ratio of soil and rock layers Sand

2.5
y = 0.8588x%25

e R?=0.9575
: 3
Qu=min (Qu, Qup) * &/ Ny E :
Qui=ncN;+aN, 515
— ) a4 .
Qu2_n[CNc+ppN7]+qu é
2 3 ———
- 1.2021
3
2 o5
=
0
0 0.5 1 15 2 2.5
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Task 5: Numerical Modeling of Stress Distribution and Bearing Failure of One
35 i and Two Layer Systems and Develop Bearing Capacity Equation

Bearing Equations: K

5. Recovery-adjusted Strength Envelope:

dn=qg* REC L
a, = REC+a = REC*O.SMCos(arcsinW) ------
uw tw
tana,, = REC*tang = RECTuwAtw
Quwtqtw
tang,, = RECxtanf = RECx*sinw

_ = (04+03)/2
Pom = Py Pp p= (o4t03)

Qu =min (Quli Quz) * f

_ 0.5 Qu=neNe+gN
G = (Vs + (m/s +5)°°)qy Qup=n[cN+ pz N, 1+ aN,

““
#a 100%
#b 85%
#c 70%
#d 55%
#e 40%
25%
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5 B Summary & Conclusions of Research

—~ ﬁ
Florida carbonate rock (limestone, dolostone, marls) formations are

relatively young (10,000 yrs to 57 million yrs)

« Each formation has different carbonate content, as well chemical content
(Calcium vs. Magnesium) and crystal structure (calcite vs. aragonite)

* 75% of rocks’ total dry unit weight, v, < 123 pcf and porosity, n > 28%

* Rock strength is controlled by index measurements (dry unit weight),
carbonate content, formation and stresses (e.g. triaxial, footing, etc.)

* Rock’s stress-strain response is generally ductile [f (y4 , o3)], but brittle
for high unit weights and low confining stresses

« Strength Envelopes for of Florida rock is impacted by its high porosity,
I.e. crushing

» From triaxial test results; the strength envelopes show significant downward
slopes beyond the point of the peak strength, at much steeper rate than the
envelopes for brittle rocks

» Strength envelope and Florida Bearing Capacity Equations may be adjusted
by rock recovery ratio, REC.

» Guidelines to establish the strength envelope for other rock formations in
Florida were presented in the Appendix F of Final Report.

UF [FLORIDA



5 Summary & Conclusions of Research
—~ —
« Split tension and Unconfined compressive strength of Florida Rock
function of dry unit weight y4. (R? =0.59)

B=1ify4<7Va0

qt (pSI) — 3864 eO.OSYdtB qu (pSI) — 589 e()_04ydtB B= Yat/Yato i Ya = Yawo

Yao = 22 KN/m? (140 pcf)

« Split tension and Unconfined compressive strength of Florida Rock
function of dry unit weight y,, Carbonate content, C, and Formation
Factor, F (R? >0.7)

9, (psi) = 2.468 F, 003"4B c0.5¢ q, (psi) = 3.24 F, g0-04%a:B g2C3
« Besides g, and g, triaxial testing required to establish strength envelop

beyond onset of crushing, Pp — upward downward slope 3 (p —) or o (=
- G)

UF [FLORIDA



s |l Summary of Research Conclusions
—~— ﬁ
» Florida Bearing Capacity Equations were developed based on the bilinear
strength envelope, which can be applied to any footing shape, any depth, and

any rock thickness (which is applicable where a caprock is usually
encountered atop a thick sand layer, such as the case in south Florida):

Shape, B/L
// Layering

Qu =min (Qub er) * C::/NR
Qm‘ :nCNc + qu

Qu2 —-n [C N’c +ppNy] + QN
T Depth
Width

« Strength envelope and Florida Bearing Capacity Equations could be
adjusted by rock recovery ratio, REC.

UF [FLORIDA



Recommendations

‘ﬁ

UF

Other Florida Limestone formations need to have their own strength
envelopes established as function of dry unit weights; assess carbonate
content and formation factor (crystal structure) for q, and g..

Use porosity as an index property to describe the Florida carbonate rock.

10 to 15 to

0, 0, 0,
ny 0to5% 5to10% 15% 20% >20%
No vug,
Vug relatively Slightly Vugay to \Very Extremely
orosity smooth vu vu vu
p y ok agy vuggy agy agy

Due to the magnitude of bearing capacity stresses — field validation of
Bearing Capacity Equations is warranted.

UNIVERSITY 0

FLORIDA



0 B Further research
= ﬁ
Next phase will focus on field testing to validate the equations derived in

the current work:

1. Validate the Florida bearing capacity equations based on field load tests
Including different rock formation, embedment and layering (rock over
sand).

2. Validate load — settlement response of shallow foundation.
3. Develop LRFD Resistance Factors for Bearing Capacity Predictions.

Phase III — Implementation of BC and settlement equations into FB-
Multipier.

UF [FLORIDA



" Publications

‘ﬁ

FDOT Report BDV31-977-51, Strength Envelopes for Florida Rock and
Intermediate Geomaterials, May 2019

Nguyen, McVay, Song, Wasman, Rodgers, Horhota, Herrera, and Wang, “Strength
And Index Measurement of South Florida Carbonate Rock,” ASCE IFCEE,
GSP 294, 2018, https://doi.org/10.1061/9780784481585.006

Nguyen, McVay, Song, Wasman, Herrera, and Wang, “Strength Envelopes of
Florida Carbonate Rocks near Ground Surface,” ASCE Journal of Geotechnical
and Geoenvironmental Engineering, 2019,

https:// DOI: 10.1061/(ASCE)GT.1943-5606.0002069

“Bearing Capacity of Shallow Foundation in Florida Carbonate Rocks” — In progress
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