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Civil & Coastal
Engineering

Scope

Increase Axial Capacity of Drilled Shafts in Florida’s
Sands and Silts (i.e., Cohesionless Soils) through Side
and Tip Grouting

Tasks:

— Design Side Grouting System
— Small Scale Shaft Test to Evaluate Side Grout System
— Larger Scale Test Shaft (3'x25") in FDOT Test Chamber
(Controlled Test)
e Monitor Soil and Shaft Stresses and Load Transfer
e Excavate and Evaluate Side and Tip Grouting Process

— Full Scale Test Shaft at Keystone Heights Florida (3.5'x25")
(Field Conditions)

— Develop Design Approach for Side and Tip Grouted Drilled Shafts
in Cohesionless Soils
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Why Grout a Drilled Shaft in Civil & Coastal
Cohesionless Soils? Engineeripg

Out of the Various Deep Foundation Types, Drilled
Shafts have one of the Lowest Unit Side Resistance
and Unit End Bearing in Cohesionless Soils.

For Example

Driven Concrete Pile VS. Drilled Shaft
Perimeter = 40’ Perimeter = 40’
N=30 N = 30
f, = 1,150 (psf) f, = 850 (psf)
g. = 96 (tsf) g. = 18 (tsf)
; UF [FLORIDA
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Civil & Coastal
Engineering

Introduction of Tip Grouting
Drilled Shaft Tip Resistance — FHWA

Un-Grouted Shaft Conventional Base
Grouted Shaft
s Gr = 0.6 x SPT N (tsf)
1.6 2500
14 |
=2 = 2000
£ i W
of & 1.2 g
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gl 1 g 1500 r
0| Ll +
2le 08 ¢ z : :
L g Range of: aeits a 1[}[}[} :"' , Uﬂgﬂut&d Sh&ft-[:]-ﬂﬁdﬂlgl
% 06 | = : ) Grouted shaft( fully locked)
/ =e=e== Trend Line '_5' ) b e Grouted shaft (50% released)
04 | / =500 ¢ ’, Crouted shaft( fully released)
02 /1 : + = Ungrouted shaft(reloading)
/ D | | | ' | | | | | | |
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Settlement of Base o
. UNIVERSITY of

Diameter of Base 4 UF FLORIDA

Reese and O’Neill, 1988 (Left), Thlyyakkandl et. al., 2013b (nght) The Foundation for The Gator Nation




Civil & Coastal
Engineering

Tip Grout Flow

Conventional Tip Grouting

Mullins and Winters, 2004 No Tlp Grout Bulb



Skin Resistance
After Side Grouting

Before Cavity

Expansion < ! N After Cavity
e

. Expansion

Civil & Coastal

Engineering

Thiyyakkandi et. al., 2013b (Right)

Depth (m)

4=
I

LA
1

Fe =31 337 357

¢ FE analysis ($c=317)

@ FE analysis (Fe=33")

4 FE analysis( $c=357)

# Frompressure cell data

# Back calculated from pile’s unit skin friction
UNIVERSITY of

UF [FLORIDA
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Civil & Coastal
Engineering

Soil Stresses
Side & Tip Grouting

Cylindrical Cavity Expansion

0 I L L L B B B
50| —
T
< 100} —
6: ] - - -
5 150} 4 Spherical Cavity Expansion
s | B 0 (7T 7T T T T T T 71T
£ 200 — -
| — T—'U = — 50 —
S 250 — ~ -
. < 1000 —
3004 L] 5 i i
(] 2000 4000 6000 8000 10000 g 150 |
Cylindrical Cavity Limit Pressure, P, (kPa) =
: - _
< 200/ _
© _ _
.“é"
= 250/— —
300 R
0? 5000 10000 15000 20000

Salgado and Randolph, 2001 (Cavity Limit Pressure Charts)

Spherical Cavity Limit Pressure, P, (kPa)



Design of Side & Tip Grouting Cvil & Coastal
System Engineering

Internal Grout
Delivery System
for Side Grouting

Impermeable Side
Membrane

Internal Grout
Delivery System
for Tip Grouting

UNIVERSITY of

UF [FLORIDA

The Foundation for The Gator Nation
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_ Civil & Coastal
Membrane Seal Design Engineering

Testing Design of Seals using Water
Over 100 psi in Ground with No Leaks




Short Shaft (3’ x 6') Civil & Coastal

Construction of Side & Tip Grout Engineering
Systems

Side Grout Tubes
RHDPP Membrane

Membrane Seal



Short Shaft (3' X 6') Civil & Coastal
haft Construction — FDOT Test Chamber - "&'"¢¢"'ng

Membrane Seal

g_ ’ K
,/'\
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\

‘\
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Short Shaft (3’ X 6') Eivil.& Coa.stal
Side Grouting jgtheering

3" x 6" Shaft -
Average Depth of Side Grout Zone = 5 g =
Initial Lateral Stress, o, = 0,*K, = 1.9 psi/ ¢ i

or 13KPa i

0 2000 4000 6000 8000 10000
Cylindrical Cavity Limit Pressure, P, (kPa)

700 kPa = 102 psi

30

120 \\
Y B NA

F‘ressrure / ( \

. During 90 -.-;

umpSltmI-'.e / l

{ipsi} 80
70 l
60 l

0 10 20 30 40 50 60 70 BO 90

NO Upward Grout FIOW Valume of Grout (Gallons)
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Short Shaft (3’
Tip Grouting

3" x 6" Shaft

Depth of Tip Grout Zone = 6’

Initial Mean Stress, 0., = (2*0,)+0,._
3

X 6")

~ 3psi

or 20 KPa

Cavity Expansion Below Tip

Civil & Coastal
Engineering

=
[=}
o

150

200

Initial Mean Stress, 6, (kPa

250
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TR ANRY
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Short Shaft (3' X 6') Civil & Coastal

Summary & Conclusion Engineering

Membrane Seal
Prevented Concrete
Flow to the Outside of

Side Membrane Grouted Membrane Seal

& Side Membrane
Prevented Grout Flow In
the Upwards Direction

. : : -d during Side Grouting
Side Grouting Prior to =g

Tip Grouting Ao
Increases stresses in b S L

Vicinity of Shaft Tip ~ S Increased Stresses due

Side Grouting Leads
to Cavity Expansion
14 during
Tip Grouting



Long Shaft (3’ X 25') Civil & Coastal
FDOT Test Chamber — Soil Placement Engineering

Test Soil: A-2-4 // /
(Silty Sand — from /
FDOT Borrow Pit /
In Lake City, FL) — /
18 Inch Soil Lifts
8% Moisture Content /
50% Relative Density | /
y =110 Ib/ft3 & @' =33° /
10.00% {//
Estimated SPT Blow 0 e ae o O
Counts:
3 - 5 at 8 ft Depth (Middle of Side Grout Zone) . UF ”F“falhﬂfbﬁ

15 — 20 at 25 ft Depth (Tip Grout Zone) The Foundation for The Gator Natio



Civil & Coastal
Engineering

Long Shaft (3’ x 25")
FDOT Test Chamber — Pressure Cells

East West
- I 4 4
Gages at21 5t
\ ' Sln —
ey -
N v nsn Y e / \
“a | nsn _ 2%.5ft P
A \ ' “ho \\ /
S j _911,1 _,jsmo
g I b O |Li |
|
3.LJe 6
e g i DR
1=
UNIVERSITY of
121 UF FLORIDA
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Long Shaft (3’ x 25") Civil & Coastal
FDOT Test Chamber — Casing & Soil Lifts Engineering

Placement of Casing, Soil Lifts, &
Pressure Cells in Test Chamber

Monitoring Density & Moisture
Content (Performed by SMO)



Long Shaft (3’ x 25")
Side Grouting

Civil & Coastal
Engineering

Ilrl’TII‘I"[IlI
(Salgado 2001)

| i
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Long Shaft (3’ x 25")

Pressure Cell Data during Side Grouting

Horizontal Soil Stress at a Depth of 21.5 Feet (Middle of Side Grout Zone)

g
90 0.5' From Shaft : % =
Gauge #15 (Red) X 73 psi
— 80 - Gauge #16 (Dark Blue) : BRI
‘@ 70 | Gauge#17 (LightBlue) &\ s
& Gauge #18 (Pink) /‘h.m e
e 60 - 4' From Shaft - /
a 50 Gauge #9 (Orange) o o —
4 Gauge #10 (Blue-Green)
» 40 E
o Average Horizontal
30 2.25' From Shaft Pressure = 70 psi
Gauge #11 (Purple)
20 Gauge #12 (Green)
10
0
9:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00

Vertical Soil Stress at a Depth of 21.5 Feet (Middle of Side Grout Zone)

g 70 0.5' From Shaft o e

-— Gauge #13 (Blue) / i /
I £ 67 psi

o 60 Gauge #14 (Red) P °

25 :

7)) % %

(]

bad L 3

a

9:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00

Civil & Coastal
Engineering

Pressure Cells at
Depth of 21.5’
(Middle of Side
Grouted Zone)

—— -._\
/ “18 \
l \

!“9 #11 =157 #16 #12 “1‘

E|I II """ '.I IIW

N
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Long Shaft (3’ X 25') Eiv"'& Coa.stal
Tip Grouting ngineering

0 : — T
> (Salgado 2001) A
. y 50 - -
Depth of Tip Grout Zone = 25 P
. &
Initial Mean Stress, o,,, = (2*0,)+0,,_ /;ﬂ’- .
3 =12 psi. £ | .
or83kPa & |
E 200 =
£ - E
250 - =
sopl e Lo e A4\ PRCTA TR
0 10000 15000 20000
A(::I Cavity Limit Pressure, py (kPa)
5,900 kPa = 856 psi (Max)
—Grout Pressure at ﬁump 1
- Volumevs Pressure ~=Grout Pressure at Front End\of Shaft
- \
F 700 | ,
. Shaft Moved Up
‘ -
lﬂ.;_‘ ".: o m ‘
ik \,? \ s v ks g g Repare Grout Pump
0.4” Upward Shaft Movement 0

=]
o

10 15 2 25
Grout Volume (ft’)

(0.2” Differential Movement with Soil)



Long Shaft (3’ X 25') Civil & Coastal
Strain Data during Tip Grouting Engineering

A=0.2"
Internal Forces during Tip Grouting Phase
50
Wi
— 150 Axial Force Above Side Membrane (Blue) - /
g Grout Force at Tip: /
£ =0 et - .
8 50 “:\ I 59 Kips
g NN |
S 550 \ M / | sokipsMaxabove T 765 Ki
ips X above
é - \ w J Side Membrane & IpS
B i 824 Kips Max below
750 | Axial Force Below Side Membrane (Light Red) \t'/%\} \\\l Side Membrane (Tip)
-850

Shaft Capacity = 2 x Skin = 1,648 Kips 824 Kips

(650 psi Grout Pressure
& 1267 in? Tip Area)




Long Shaft (3’ X 25') Civil & Coastal

Top-Down Test Engineering

UNIVERSITY of

UF [FLORIDA

The Foundation for The Gator Nation




Long Shaft (3’ x 25")

Strain Data during Top-Down Test

» Above Side Membrane

Mobilized Side Resistance . Appiied Load (Jack)

« Along Side Membrane

" 155 Kips Side Resistance Along SideMembrane . - 180 KipsTip Resistance
g o

-

T E— : o

= Below Side Membrane (Tip)

Civil & Coastal
Engineering

380 Kips
\
7~ A=0.07"

t1 145 Kips

L
- w— cro - ~—

— -

o ——

.
- ——

45 Kip Side Resistance Above SideMembrane .«

Force (Kips)

L,

TS 280 Kips Maximum AppliedLoad

23

T 1155 Kips

180 Kips

40% of Applied
Load Carried by
Side Grouted
Zone



Long Shaft (3' X 25') Civil & Coastal

Load vs. Displacement (Top-Down Test) Engineering
& Exhumed Side & Tip Grouted Shaft

400 | i

Elastic Shortening (Red)

350 g
Shaft Displacement (Blue)

300 ' '
M
R
5 250
T
©
3 200
T
2
Q 150 B O o T = —t4—=——
Q.
<

100 e e s

50

0 A 1
0 0.05 0.1 0.15 0.2 0.25 0.3

0.19% of Shaft Diameter Average Shaft Displacement (in)




Field Shaft (3'1/2' X 25') Civil & Coastal

FDOT Test Site — Layout (Piles, Shafts, Engineering
- In Situ tests)

36 fi ‘ 35 ft

Reaction Shafts , ,
.~ 48” x 55’ Side and Tlp

Grouted Drilled
Shaft 42” x 25’
(Field Shaft)

361t

UNIVERSITY of

23 UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3-12" x 25")

O

@)

SAMPLE | SAMPLE |PERCENT Percent Passing ORGANAASHTO| UNIFIED | SPT
NUMBER| DEPTH (ft) MOISTURE #10  #40 #60 #100 #200 |LL/PI| % | CLASS | CLASS |N-Value
159 100 | 983 | 920 | 483 | 331 [ 26711
17.9 100 | 978 | 944 | 726 | 603 |50/34
335 100 | 9.1 | 983 | 904 | 8.2 |72/51
182 1 100 | 990 | 939 | 513 | 386 |25/12| 14
100 | 95 | 948 | 267 | 78 | NP.
100 | 999 | %7 | 225 | 36 | NP
185 - 20.0 100 | 100 | 990 | 323 | 51 | NP.
23.5-925.0 100 | 100 | 976 | 21.2 | 40 | Np. | 2.7
285-30.0] 271 100 | 9.3 | %8 | 295 | 38 | Np. | 28
335-350| 262 100 | 990 | 906 | 232 | 52 | NP. | 25 | A3 | SPSM | 54
385-400| 283 100 | 993 | 944 | 245 | 46 | NP A3 5P 84

FDOT Test Site — Stratigraphy

10

Depth (ft})
e o
o LA

Pt
Ln

30

35

40

26

Civil & Coastal
Engineering

400 600

——CPT 14
e CPT 15
CPT 16

e CPT 17

UNIVERSITY of

UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3-12' x 25")  £'v!&Coasa
FDOT Test Site — Soil Properties S e

Soil Surface
Elev. = 0 (ft) RAVAVAN

Layer 1

NAvg_ =6

Ymoist = 115 (Ib/ft?)
Cu = 1 (kip/it?)

Water Table \ 4
Elev. = -8 (ft)
Layer 2
Navg = 5.5 (blow/ft)
Ymoist = 120 (Ib/ft?)
Top of Side Ppear = 39
Grout Zone
Elev.=-15 (it) | |
Layer 3
Navg = 16 (blow/ft)
Ymoist = 125 (Ib/ft?)
Ppeax = 41.2°
Quttimate = 36.2°

i=6”
Shaft Tip
Elev. 250
Layer4{> 25“:} UNIVERSITY ﬂf
Navg = 55 (blow/ft) UF
Vmow = 130 (o) 2 FLORIDA

The Foundation for The Gator Nation
¢|pea|( = 41.20 .




- ‘

Pressurf Cell #5

’
Proposed Shaft —\ 2

Pressufe Cell #4
—

Pressure Cell #3 —

Ii
Pressure Cell #2 1

2 2

Pressure Cell Numbers

Scale: 1" =1'-Q"

AE:T;F

4 Ground Surface —

Field Shaft (3-12" x 25") oo .
FDOT Test Site — Push-In Pressure Cells ~"&'"¢€"'1&

4

V4

Civil & Coastal

/~ Reaction Shafts — — N

N

XK

PVC Pioe /
(Casing)

25FT
CPT Rod /

/ [ |
Push-In

Pressure
Cell 55FT

Proposed Shaft

*

PVC Casling and CPT Rod
(General Front Vlew)
Scale: 1" =8'-0"

—| 8FT |-

e el

UNIVERSITY of

2% UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3'1/2' X 25') Civil & Coastal

Construction of Side & Tip Grout Engineering
Systems

UNIVERSITY of

FLORIDA

The Foundation for The Gator Nation

s UF




Field Shaft (3-12’' x 25") V! & Coastal
Shaft Construction — FDOT Test Site

Engineering

Pressurized
Membrane Seal

UNIVERSITY of

UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3-12’' x 25") V! & Coastal

Construction Timeline Engineering

Completed Shaft Construction & All Grouting in 2 Weeks

- Grout Membrane Seals (24 hr.)
- Grout Side Membrane (4 & 6 Days)
- Grout Tip (13 Days after Shaft Construction)




Field Shaft (3-12’' x 25") V! & Coastal
Side Grouting SURALLLAN

? 2 7 R U
Average Depth of Side Grout Zone = 20’ i e Eb 1
Initial Lateral Stress, o, = 3.9 psi /;1 : :
or 26.7 kPa ™r ¢
2 ]
R oo :
800 .ﬂj 200 b= =
g TR = | = ;
‘g- 400 il /- '\l""A -\ N R U VIR W B VS A
& 300 *4*20' /’ )\ L ;— on T 4000 6000 8000 10000
5 i — " T el peo s g
3 200 — —N — Cylindridal Cavity Limit Pressure, py (kPa)
B = "y Lem—? AN i
N e i N _
0 100 / 300 4ﬂ 500 \ Xm 2,500 kPa = 363 psi
Grout Volume (gal) .
— \ 400 psi
Grout Pump Leaking Past Repaired Pump Diameter 42 — 57.5”
Ball Valve — Reduced Flow & UF UF\]I:BRRSIITBE
Increase Greater Pressures

SWitChed Delivery Pipes The Foundation for The Gator Nation



Field Shaft (3-12’' x 25") V! & Coastal

Pressure Cell Data during Side Grouting fRgineerips

EE— N
Push-In Pressure Cells at Depth of 21.5’
(Middle of Side Grouted Zone)
—Pressure 1 (2 ft Away) =——Pressure 2 (2 ft Away) —— Pressure 3 (4 ft Away) =——GroutVolume
2 120 600
% 100 500 ,%
; PR w g
@ 80 # 400 %
o >
£ 60 / 300 5 21.%5’
£ &
% 40 ,‘r/ 200
e — m—
9 2 : A+ 100
// #1 #2 #3
0 0
. /- | Vs
Residual Horizontal — |— —
: : : 2FT 2FT
Grout Pump Recirculating Stress, 30 psi
back into Reservoir 33 Ty 4 FT

#4 & #5



Field Shaft (3-12' x 25’) ¢Vl &Coastal
Tip Grouting SURALLLAN

! L Ll L} ) I T L) 1 L) " 1 ¥ 1 L]
Depth of Tip Grout Zone = 25’ j (Selgaro 2000 2
Ve  (r% 50 —
Initial Mean Stress, o, = (2 Op)+o,. | / \
3 = 7.6 psi 2 o0} o
or524KPa ; | oesed
500 T T ) \ & 150 —~
: 3 ‘ g
800 ! ] ﬁ
~ 700 ] E 200 |- E
& 600 — NN I -
5 500 T EENEENEEENEN == /A‘ e ]
3 ' | [y 1
?400 ; ! ! & 300 PR T W A B S e AN Ny s M N
300 /’/é“ ot 1 ‘l o 5000 10000 15000 20000
0 o=l __-::';’;':’ [ ] | \‘ Spherigaf Cavity Limit Pressure, p; (kPa)
100 ST e : \ .
T mEmEE ~\ 8,000 kPa = 1,160 psi (Max)

0 10 20 30 4 50 60 7 835 Observed: 600 psi (Max)

Grout Volume (gal)

,,,,,,, 80 gals — Estimate 41” x 14" tip
0.34” Upward Shaft Movement <=~ UNIVERSITY of
(0.27” Differential Movement with Soil) 34 UF FLORIDA

The Foundation for The Gator Nation



Field Shaft (3-12' x 25")  £'V!&Coasa
Strain Data during Tip Grouting e el

ernal force above (blue curve) and below the side grouted zone A= 0.27"
(max strain — purple curve; average strain — red curve; grout -

pressure — green curve) #.
100
- | -

-100 —F ..‘MA—#\;‘ f" A ‘
| =
T | \_/I( N | e, ———
S I W L1 U1
o | | -\ ! ]
L 500 T chf N 87 Kips
. ' ' /Y ¥ !
< | | | s
0 | | | ' | \| End of Grouting _
-900 | | : | | T 713 KIpS
0:00 0:15 \—Y—}O:SO 0:45 : 1:00 1:15 : 1:30
Clean Grout I\“’“e(”"’MM’ )
Pump (10 min) Chaned Tip-
Manchette _
(25 min) 800 kip

Side Resistance Acting along Side™ (500 psi Grout Pressure
Grouted Zone ~ 713 kip &D ~41.2")



Field Shaft (3-12' x 25’) ¢! & Coastal

Top-Down Test SREineerigs

Reaction Shafts 48" x 55’

UNIVERSITY of

36 UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3'1/2' X 25') Civil & Coastal

Strain Data during Top-Down Test Engineering
Measured Internal Force

850 Kips
Internal Forces during Top-Down Test +
Applied Load (Jack) == Above Side Grouted Zone ~ A=0.18"
=& Below Side Grouted Zone (Tip)
= 0 ,
2
5 -200
é -400 .
= 764 Kips
- -600
o 241 Kips
-1000
10:45 11:15 11:45 12:15 12:45 13:15 13:45 14:15 14:45 15:15 15:45
Time (HH:MM)

Failed Reaction Shafts (4’ x 55’) P ——
Maximum Upward <, South Shaft — 0.58” 3 UF FLORIDA

DlSpIacementS North Shaft —_ 0.37” The Foundation for The Gator Nation

-




Field Shaft (3'1/2' X 25') Civil & Coastal

Strain Data during Top-Down Test Engineering
Measured Mobilized Force

Mobilized Resistance during Top-Down Test ESEIps
«~=Applied Load (Jack) ====Skin Above Side Grouted Zone \l/
==Skin Along Side Grouted Zone  ===Tip Resistance ~ A=0.18
600 | ‘
400
- 200 T T86 Kips
5 0
o =———— . e e P -
600 e e e e e e :
800 [————— == | = 523 Kips
-1000 |
10:45 11:15 11:45 12:15 12:45 13:15 13:45 14:15 14:45 15:15 15:45
Time (HH:MM)
241 Kips
Recall during Tip Grouting 61% of Applied
~ 713 kip Acting along Side Grouted Zone Load Carried by
Side Grouted

~ 800 kip Mobilized End Bearing Zone



Field Shaft (3'1/2' X 25') Civil & Coastal
Load vs. Displacement & Load Engineering
Distribution during Top-Down Test

Fully Mobilized above Side Grouted Zone \ Top Load (kip)
N =8 S8 8 88 8 8
=+ Shaft Displacement (Top)  =—Elastic Shortening , \. T T ]
Y ) P / \
= \ /
g /
g £ -0 \' '/
< = ~. -
2 E
q — _ /

0 0.1 0.2 03 04 /‘ 0.5

Displacement (in) 1% of Sha ft Diameter

R <,V R
NSNS

Not Fully Mobilized along Side Grouted Zone 7




Field Shaft (3'1/2' X 25') Civil & Coastal

Statnamic Load Test — Additional Engineering
Instrumentation

Instrumentation
(i.e., Embedded)

—Grout Cap

UNIVERSITY of

UF [FLORIDA

The Foundation for The Gator Nation




Field Shaft (3-12' x 25)  Civil & Coastal

Statnamic Load Test Engineering

Set Up Catch Frame & Place Reaction Weights (Dead Load)

,j-','_ ») i v
4 .'., 'y p:
7 )
i 4 -
w1t
[ /



Field Shaft (3'1/2' X 25') Civil & Coastal

Unloading Point Method Engineering
(Middendorp, 1992)

1.45" Displacement (~ 3.5% Diameter)

3,500 |

——dynamic vs javg displ = dynamictinertia static force =—ingrtia = damping
3,000 //-\
2,500 / P
2,000 /
1,500 // 3
=
/ ®
©
1,000 / S
500
_ ; ‘:
_@—/ T —
0.00 -0,20 -0./40 -0./60 -0,80 -1.,00 T 20\-14?> -1,60 -1,80 -2,00
-500
-1,000

displacement (in)



Field Shaft (3'1/2' X 25') Civil & Coastal

Load Distribution during Stathamic Load Engineering
Test

Static ReS|stance 2 600 kip

Depth (feet)

' P ’ ’
240 e
I ’ ” ’
260 b )
0 200 400 V600 800 1000 1200 1400 1600 | 1800 2000 2200 2400 2600 2800
Load (kips)

Tip ~ 1,000 kip Side Grout Zone ~ 1,350 kip




Field Shaft (3'1/2' X 25') Civil & Coastal

Force & Energy Method Engineering
(Tran & McVay, 2012)

o e Static End Bearing (Tip)

e 0 0 O O e T S - 1,300 kip

Balance Force & Energy

M 3 Static Side Resistance

i Match Force & Velocity

« Above Side Grouted Zone

005 0 -0.05 -0.1 -0.15 -0.2 -0.25 -0.3 -0.35 -0.4 -0.45 -0i5\-055 -0.6 -0.65 -0.7 -6276\-0.8 -0.85 * Slde GrOUted One

DISPLACEMENT (IN) i~ 1500 |

>1,200 klp

Side Grouted

-y
L]
L]
L]

Skin Friction, kip

Total Static Resistance:
1,300 kip + 1,400 kip = 2,700 kip
(Tip) (Total Side)

o 1 L
0 0.02 0.04 0.06 0.08 0.1 012
Displacement, ft




Field Shaft (3'1/2' X 25') Civil & Coastal

Mobilized Side Resistance along Side Engineering
Grouted Zone — Stathamic Load Test

Why a Greater Mobilized Side Resistance along
Side Grouted Zone during Statnamic Load Test?

1,200 to 1,350 kip during Statnamic Load Test
VS.
713 kip during Tip Grouting
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1200 to 1350 kips
From Statnamic
Test

I
During Statnamic Test Both Skin and End ,
Bearing on Side Grout Zone Mobilized

vy 1.57

57.5"

] /13 kips tip Grout Testing
600 psi x Ring Area ~ 700 kips
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Civil & Coastal
Engineering

Predicted Capacity
Ungrouted Drilled Shaft (42" x 25')

Alpha Method

(2) Unit
Depthto Ave.Cone Undrained Side Surface Side
Mid-Point Tip Resist., Vertical Shear Resistance Area (Top Resistance
of Zone, z Q. Stress, o, Strength, (1) Alpha fot Bft) Asser (Top B ),
Layer (#) soil Type — Depth (ft) (ft) (ton/ft?)  (Ib/f®) c, (kip/ft®) Value,a  (kip/ft}) (%) ,_(ia‘p)_____~~
) 4 18.06 460 1 0.55 0.55 g7.96 (48 = qsl:)

Ty e

(1) a=0|(ifz <§?tfc?=_0'.5-5-(i7z =5 ft); @ = 0 (bottom of shaft for 1 diameter length & length of casing)

(2) Ultimated Unit Load Transfer in Side Resistance, f,, = a*C,

Beta Method
Avg. (3) Unit

Depthto Uncorrect Vertic-al (2) ?ide

Mid-Point edBlow Effective Corrected Resistance Surface Side

of Zone,z Count (N- Stréss, 0. (1)Beta Beta Value e Area, Asz. Resist, q,

Laver (#) 5ol Type _Depth(ft)  (ft value)  (Ib/ft))  value (Bo) (B) (kip/ft®)  (ft%) (kip)
SIS ~ s —_--~~~\

2115 5.5 1122  1.0422  0.3821 0.43 77 l’ 33 =0g \
3 ¢ sand 15-25 v 20 16 1636 0.8963  0.8963  1.47 120 \_161 =qg.’
a4 Sand  25-40 325 55 2456  0.7304  0.7304 179 N/A N/A

(1) Bo=1.2(ifz<5ft); Bg=1.5-0.135V(z) (if5ft <z <86 ft); By =0.25 (if z > 86 ft)
(2) Corrected Beta, B = (N/15)*Bg (if N < 15)

(3) Unit Side Resistance, f. = f*o,’

49




Predicted Capacity Eivi' & Coastal
Ungrouted Drilled Shaft (42" x 25') ngineering

-

Side Resistance above Side Grouted Zone, Q. .p0ve (Kip) (:g_l_) =0 + Qs

Side Resistance along Side Grouted Zone, Q. 50 (kip) 161 (=qs

Total Side Resistance, Q. 1.4 (kip) 243 |=Qs; +Q,; %0

Recall Measured above Side Grouted Zone
--=,* 87 kip during Tip Grouting
= 2 E——-/ g .= -
Tip Area, A; (ft') 9.62 »" « 86:kip during Top-Down test
(1) Avgerage Tip N-Value 28 _
(2) Unit Tip Resistance, g, (ton/ft%) 16.8 I ~-566 klp

P
-
-

(3) Tip Resistance, Q; (kip) 323" Total Axial Resistance
(1) Average N-Value of Soil 1.5*D above Tip down to 3*D below Tip Conventional Drilled Shaft

(2) Unit Tip Resistance (AASHTO 2007), g7 (ton/ft’) = 0.6*N at 2.1" Settlement
(3) Tip Resistance, Q- (kip) = A-{ft®)*qs(ton/ft*)*2(kip/ton) (50/0 of Shaft Diameter)

Tip Area, A, (in%) 1385.44

Recall Mobilized Resistance of Side & Tip Grouted Shaft:
Side Grouted Zone: 713 kip Mobilized during Tip Grouting vs. 161 kip
End Bearing: 1,300 kip Mobilized during Statnamic Test vs. 323 kip



Predicted Capacity

Conventional Base Grouted Drilled Shaft Engineering
(FDOT Soils & Foundations Handbook)

Tip Area, A (ftz) 9.62

(1) Grouted Tip Area, Arcoues () 8.30
Avgerage Tip N-Value 28

(2) Unit Tip Resistance, gy, (ton/ft%) 16.8
Side Resistance, Q; (ton) 121.5

(3) Maximum Grout Pressure, GP,., (ton/ftz) 12.6

(4) Grout Pressure Index, GPI 0.75
Maximum Displacement, %D (%) 3.6

(5) Tip Capacity Multiplier, TCM 1.67

(6) Grouted Unit Tip Resist., 9 groureq (ton/ft?) 27.97

(7) Grouted Tip Resistance Q, (ton) m>
(8) Unltimate Resistance (ton) (>35?57<>

Civil & Coastal

464 kip Total End Bearing

/' Conventional Base Grouted Drilled
Shaft (2x Grouted Tip Resistance)

Recall Mobilized Resistance of Sidé\&‘Tip\@routed Shaft:
End Bearing: 1,300 kip Mobilized during Statnamic Test vsf‘464~k\i\|:\)
Total Resistance: ~ 2,700 kip Mobilized during Statnamic Test vs. 707 kip



Predicted Capacity Civil & Coastal

Side & Tip Grouted Drilled Shaft Engineering
Resistance of Side Grouted Zone - K, Method
(Thiyyakkandi & McVay, 2013)

(2) Post (3) Post
Depth to Post Grout Vertica Grout GroutUnit  (4) Post
Mid-Point Peak Surface Effective Vertica Side Grout Side
Soil Layer of Soi Friction =~ Ar€a A, Stress, g Stress, 0,; Resist, fiz. Resist,, ..
(%) Depth (ft) Layer (ft) Angle, &. lj:‘t-‘) ('b/"t-‘] (1) K, ( b',v'}‘tz] Xg (k‘p_a"‘tzj ¢z (kip)
,,-=~
3 15-25 20 41.2 156.69 1636 1.85 o 3027 4.40 \_6894) = Qazxz
(1) Use &. = &_=36.2° (See Plot Below) (5) Total Side Resistance (Post Side Grout), Qo= 770 =689 + 81 kips
(2) Post Side Grout Vertical Effective Stress, 0,.' =K.*o,’ Tt

e

(3) Post Grout Unit Side Resistance along Side Grouted Zone, f,3.¢. = 0., *[sin®./(1-5ind.)]*sin(S0-&;)

EJ)

(4) Post Grout Side Resistance along Side Grouted Zone, Q.z.¢z = foz.4.%A.

(S) Total Side Resistance after Side Grouting, Quomoraxz = Qe-ziove + Qa3-is

Depth (m)

Recall Mobilized Side Resistance along

Side Grouted Zone during Tip Grouting:
713 kip Observed vs. 686 kip Predicted &

f
210 ac®
$c=31°33°35°37°

© FE analysis (@¢=31°)
o FE aml}'sis(¢c=33°)
52 A FE analysis ($¢:35°)
# Frompressure cell data
@ Back calculated frompile’s unit skin friction



Predicted Capacity

Side & Tip Grouted Drilled Shaft
Resistance of Side Grouted Zone - PMT Method
(FDOT BDK-545 #31, 2009)

(1) Unit
Side
Resist. (2) Friction (3) Total
Post Grout 3jong Side along Side  Side
Residual Residual Peak Surface  Grouted Grouted  Resist,
Stress Stress Friction Area,A:  Zone,f.. Zone, Qg Quz-roarem
(Bar)  (Ib/in®)  Angle, ¢, (ft) ot (ksf) s (Kip)  (Kip)

3.5, 50.76 41.2 156.69  4.74 (:74§ i’ 824 =743 +8lkips
(1) Post GrSOtUgit Side Resistance along Side Grouted Zone, f...s\er = ("Residual Stress”)*tan(&;')
where: Interfacé Friction Angle, &' =A*$, =33°

(2) Post Grout Side Resi;t\an.c\e along Side Grouted Zone, Q.s-pp = foz-pnr™ A

(3) Total Side Resistance after Side Grouting, Qeotota-pit = Qs-above + Qz3-pT

Civil & Coastal
Engineering

Fully Corrected Pencel Pressuremeter Curve

Recall Mobilized Side
Resistance along Side )

/7
Praisosure (Bar)

Grouted Zone during Tip

Grouting:

713 kip Observed vs. 743 kip Predicted )

Volume (cm3)




Predicting skin, Tip and Total Capacity
of Side and Tip Grouted Shaft :

Static from Statnamic 2600 to 2800 Kip:

vy 1.57

QSghart ~ 100 Kips

Static —
Statnamic I
2300 to—

2500Kkips

I QSgrout ~ 700 kips

57.5"

Qyp ~ 600psi  (57.5)%/(4x1000) =1560 kips

l l . UNIVERSITY of
Qotal ~ 2360 kips UF [FLORIDA
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. Civil & Coastal
Summary & Conclusions  Enginecering

e Dirilled Shafts Constructed in Cohesionless Soils have much
Lower Side Resistance & End bearing than Driven Piles

e Side Grouting with Membrane Seals & Impermeable Side
Membrane allows for the Development of Cylindrical
Cavity Expansion Stresses during Side Grouting Processes

— Increasing both Lateral and Vertical Stresses around the Side
Grouted Zone as Side Membrane Expands Outwards

— Significantly Increasing the Mobilized Side Resistance along the
Side Grouted Zone

e Increased Unit Skin Friction
e Increased Surface Area

UNIVERSITY o
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. Civil & Coastal
Summary & Conclusions  Enginecering

e Required Side & Tip Grout Pressures may be Easily
Estimated from Cavity Expansion Charts
(Salgado, 2001)

e Estimated Axial Side Resistance along the Side Grout Zone
from K, or PMT Method(s) (Thiyyakkandi & McVay, 2012)

e Maximum Tip Grout Pressure is Limited by available Shaft
Resistance to Upwards Movement during Tip Grouting

— (1) Side Resistance of the Side Grouted Shaft (FHWA Side
Resistance along Un-Grouted Portion; K, or PMT Method
along Grouted Portion; Weight of Side Grouted Shaft)

— (2) Spherical Cavity Expansion Limit Pressure (Salgado, 2001)
*Use Smaller of (1) or (2)

UNIVERSITY o
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. Civil & Coastal
Summary & Conclusions  Enginecering

e Design Estimated Capacity of Side & Tip Grouted
Drilled Shafts in Cohesionless Soils is the Sum of:

— FHWA Side Resistance along Un-Grouted Portion of
Shaft

— K, or PMT Method for Side Resistance along Side
Grouted Zone

— Estimated Tip Grout Pressure x Cross-Sectional Area of
Side Grouted Zone

UNIVERSITY of
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