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> g Objectives of the Research

‘—

UF

Validate design and constructability of jet-grouted piles

Obtain combined torsion and lateral load response of
drilled shafts

Verifty FDOT's revised design approach for drilled shafts
supporting Mast arm structures

Compare axial, lateral, and combined torsion & lateral
response of jet-grouted pile vs. drilled shaft

Cost comparison of jet-grouted piles vs. drilled shafts
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s § Test Layout

—~
Test site: FDOT site, Kingsley, Keystone Heights, FL

36 ft 36 ft

il
L]

Rs2

-
L

18 ft 18 ft

e Static top down test ¢ Torsion test ¢ Torsion test
e Torsion test « Static top down test

* Static lateral load test s Static lateral load test

« Static top down test
+ [orsion test
35ft | * Statnamic load test

RS5 RS6
36 ft a 36 ft
e Torsion test
O Two, 4t diameterx 18ft deep Test drilled shafts O Four, 4ft diameter x 40ft deep Reaction drilled shafts

O One, 4ft diameter x 12ft deep Test drilled shaft
. @ Two, 4ft diameter x 55ft deep Reaction drilled shafis
[l Two, 28in square, 13ft deep jet-grouted piles
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<1 Review of GRIP’11 &12 Presentations
—
GRIP 2011
= Background of the research
= Design of Jet-grouted piles and Drilled shaft
* |[nstrumentations
= Soil exploration

GRIP 2012:
= Construction of Reaction and Test drilled shafts

» CSL Tests on Drilled shafts

= Design and fabrication of Mast arm assembly

= Combined torsion and lateral load test on 12-ft deep shatft
= Construction of precast piles, preparation and jetting

= Design and construction of concrete cap

UF [FLORIDA



s BPresentation Overview

‘—

Side and tip grouting of piles

Axial response of drilled shaft and jet-grouted piles

Combined torsion and lateral response of drilled shafts
and jet-grouted piles

Lateral response of drilled shaft and jet-grouted pile

UF [FLORIDA



s g Side Grouting of Piles

‘P—

erformed with the help of Applied Foundation Testing Inc. (AFT)

Grout mixing and
pumping

Pile displacement and grout
pressure monitoring

UF [FLORIDA



- @ Side Grouting of Piles
‘—
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s @ Side Grouting of Piles
‘—
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350

Top membrane

Bottom membrane

Pile 1 Pile 2 Pile 1 Pile 2
Measured Maximum Pressures (psi) 100-120 90-100 140-160 180-200
Yu and Houlsby’s solution (psi) 94 92 191 181
Salgado and Randolph’s chart (psi) 101 101 203 196
PMT (psi) 113 85 198 153
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o @ Tip Grouting of Piles
‘—

450 i I | 0.7 I I

N 400 Pile1 ——Pile 2 T 06 ——Pile 1 =——Pile 2
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Grout volume (gallon) Grout volume (gallon)
450
00 b P'"e . ' P”ez' Tip grout pressure and spherical cavity

7 30 7 N expansion pressure (psi)
o0/ | Pilel | Pile2
>S5 I

ﬁ 200 I"\ J"u/ Measured tip grout pressure 290 280-300
S 150 A

5 100 - Yu and Houlsby’s (1991) 318 318
° Salgado and Randolph (2001) | 420 420

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Pile top displacement (in)
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10 g AXial Response — 4ft @ x 18ft deep drilled shaft (TS2)

B | ﬁ
Static top down load test (ASTM D 1143/D 1143M — Q7)

Load cell — 600 Kips

Hydraulic jack — 2000 kips

Shaft head displacement monitoring:
»Digital dial gages
=Mirrored scale with wire line reference

Load increment = 20 kips
Time interval - 10 minutes

UF [FLORIDA



u g Axial Response — 4ft @ x 18ft deep drilled shaft (TS2)
B |

Maximum top displacement = 0.563in

Load distribution Load-displacement response
Load (kips) Drilled
350 I .
0 * —e—Top load
300 [ —e—Tip load /
2 —— Skin resistance
N
. 250 r
()] / 3 200 /
6 ~
% 150 v //
= 8 S _k—+-7l£—t—l
%10 4 100 ?7/
a - o -
12
14 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
16 Displacement (in)
18
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12 g AXial Response — 4ft @ x 18ft deep drilled shaft (TS2)

‘—

Unit skin prediction methods

SPT based methods

1) O’Neill and Hassan (1994) method
f. = Ba',

B =15—0.135z

B = % (1.5—0.135yz) for Neo <15

CPT based methods

forNeo=15,025=p=12

2) Rational method (FHWA 2010)
f. = Bo',

o sin ¢’
ﬁ:[l—sinqﬁ':](a—f’) tan ¢’ < K, tan ¢’

v
a_!
—£ % 047(N)™
PE

Alpha (a) method
(for cohesive soils)
f;=as,
a= 0, for top 5ft depth
e =0.55, for (5w/Ps) =1.5

a =055 — 0.1 (P—“— 1.5],
for1.5 = (swPs) =25

1) Aoki and Velloso's method
_ o
fsz’ - .F:. e

F2=6-7 for drilled shafts
a = resistance factor depends on soil types

2) LCPC method
_ i

0, -5 - depends on pile and soil types

UF [FLORIDA

3) UIUC Method (Alsamman 1995)
Sand/ silty Sand:

f:=0.015 g for gc = 50 tsf

f:=0.0012 g+ 0.7 1.0 for gc = 50 tsf
Clay:

f:=0.023 (g:- 0vs) £0.9




13 g AXial Response — 4ft @ x 18ft deep drilled shaft (TS2)

‘—
Estimation of soil parameters for the prediction

Unit weight: % = 0.27[logR¢] + ﬂ.36[mg (i—)] +1.236 Robertson and Cabal (2010)
' iction: @' = [154(N,)g,]%5 + 20°
Angle of internal friction: ¢’ =[154(N,)] Hatanaka and Uchida (1696)
Where, (N, )z = —2°

':':F'r;_:lg."lrpa:]n's

Undrained shear strength: 0
L Nower's: —
o5 |Clay of low plasticity and £ ¢ 1 T~
- i clayely silt | :
S Q0 Ao sbe O SRR P Crrs R
E Tergaglu & Pesl: ! !
D s’ o= e s
Used in FB-Multipier 2 : : : : : : :
2 10 rommmedeefhente o S e L e L LR
2 oA A TN Clay of high plasticity.
Cli‘l]é’ of IIII?E{].illlII 11:111 sﬁi:itj:_v'
I:I ] ] ] ]

oo 05 10 15 20 25 30 35 40

UF UFIY.BRI{S?BA Unconfined Compressive Strength, q, (tsf)



1« g AXial Response — 4ft @ x 18ft deep drilled shaft (TS2)

w —
A
11t]

7R 3
Predicted vs. Measured 251
Method (kips) [

O'Neilland Hassan (1994) method 111 o
SPT [
Rational method (FHWA 2010) 134 i

Acki and Velloso's method o1 6.5 fi

CPT | LCPC method 210

UIUC Method (Alsamman 1995) 219 |
Measuredvalue 141 |

55 ft

Drilled shaft
4 ft diameter

EL:

0.0 ft

CL, Ymoist = 114

VAN
pcf,

Cu =600 psf, ge= 25 ksf
EL:-25 ft

SP-5M

Ymoist = 114 pcf

Mea= 7, ge= 53
EL: -

ksf
6.0 ft

SP-5M
]"mniﬂ =114 Flﬂf

VYaat = 114 pcf,

Meo= 53, gc=47 ksf

1 WT EL:-10.0 ft

MNeo= 53, qe=47 ksf
EL: -125 ft

sSP
Tssﬂ =121 Flﬂf

EL:

MNeo=9, ge= 141 ksf

- 18 f
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15 g AXxial Response — Jet-grouted piles

B |
I Loading sequence: JP1 - Axial load test BEFORE torsion test

JP2 — Axial load test AFTER torsion test

oy

- 3 P

Data acquisition

Displacement monitoring: Leica Digital levels
Digital dial gages
UF|UNIVERSITY of ™ Mirrored scale with wire line reference

FLORIDA



1s g AXial Response — Jet-grouted piles
‘ﬁ

Pullout failure of reaction drilled shafts in both tests

Maximum top displacement of test piles:
JP1:0.16in
JP2:0.198 in

UF [FLORIDA



17 g Axial Response — Jet-grouted piles

‘—
Load distribution

JP1 JP2

Load (kips) Load (kips)

0 50 100 150 200 250 300 350 40
0 AAAAAAAAAAAAAA

2T 4
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6 |

st
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14 H
W7

0 50 100 150 200 250 300 350

= =
~ o
o
2 A
12 F
14
16

B Skin resistance not fully mobilized.....
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1s g AXial Response — Jet-grouted piles

‘ﬁ
Load Displacement responses

400
350
300
250

Load (kip)

50 f

200
150
100

0

JP1

—e—JP1-Top load
—o—JP1-Tip load
—a—JP1 - Skin resistance

0 0.1 0.2

0.3 0.4 0.5 0.6
Displacement (in)

[Comparison: JP1 vs. JP2]

» Similar stiffness response

= Negligible influence of prior torque

UF|

UNIVERSITY of

FLORIDA

test in JP2

0.7

Load (kips)

Total Load (kip)

400

350 |
300 |
250
200
150
100

50
0

400

350
300
250
200
150
100

50

JP2

—e—JP2 -Top load
—&—JP2 -Tip load
—a— JP2 - Skin resistance

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement (in)

——JP1
——JP2

0 0.1 0.2 0.3 04 05 0.6 0.7
Displacement (in)



19 g Axial Response — Jet-grouted piles

~—————————————

rediction of skin resistance

1) Ky method [Thiyyakkandi et al. (2013)]

Kg (dimensionless)

3.5

0.5 1.0 1.5 2.0 25 3.0
U I I 1 I I
. [ sing, ] . N
=) _ sin(90 —
fs g 1— 51H¢C ( (pc) , |
3 -
ro gl — 'h E 4
ng —1ttgrv0 g]" = .
'
E -
y” - Submerged unit wt of soil 7
h - depth 5
E| .
L : -=31° 33° 35°
A purely cylindrical grout zone is assumed 1 ’

for surface area calculation

UF [FLORIDA

o FE analysis (¢.=31°)

o FE analysis (¢.=33°)

& FE analysis (¢.=35°)

+ From pressure cell data

® Back calculated from pile's unit skin friction



20 g Axial Response — Jet-grouted piles
-

Prediction of skin resistance
2) Using tip grout pressure

Skin resistance = Max. Sustained tip grout pressure x Eff. Tip area

3) Using Pressuremeter data

Cylindrical cavity loading and unloading 180
: 160 | —Pile2_ 8.5 ft depth
Loading —Pile2_ 16t depth
T 140
= 120
: . &
S Elastic unloading | o 100 r
‘N ’ 2 80
s / g
>
[
) 40 _
- Unloading e-
< elastic limit 20
0 1 1 1
N 0 20 40 60 80 100
Cavity strain Reverse yielding volume (cm3)
UF | UNIBRSITY of (plastic unloading)



21 g Axial Response — Jet-grouted piles

|
F Soil Profile

Jet Grouted Plle (JP1) Jet Grouted Plle (JP2)
SPT
D?rf;h (Nes) Boring Dﬁ_ﬁm ,:EHFEI] Boring
0 o Vmoist = 114pcf 0 — — —. ~Fmoist = 114pcf
5 I:EéEII-:p':I el S, = 800pcf 7 E (SC-SM) | Sy = 1000pcf
s 7 L _ s 7 é sand [ s = 112pcf
5 2 cand Ymoist OlllpCf . ﬁ with SllL 1. "' ] Ymgis:t31_0 P
5 ; with Sl ¢ =31 7 7 (SP=SM) 'y ¢ =
10— B EE(sP-sm) o— 5 [z
. )
11 Vmoist = 117pCf 11 EI Ymgist =0121pCf
15 — ¢ =33° 15 — '.-<¢‘33
12 g )
18 17 L
20 20— Sand I'M__J#"'I
(SF)
Sand
U (SP) | 1k
a5 Ly
7
:
| 95 [y % Sand
A0 30 — / wlth Sl
1 [SP=8M)
S e
9 — 124 ; 45 — a7 i
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22 g Axial Response — Jet-grouted piles

‘—
Predicted vs. Measured

Initial K Grouted 4 Os
: Grout Zone D.Epth to vertical a’E vertical % Surface ETdE Total
Pile length| middle of | eff. stressat . eff. stress (psf . .
O Zone . , middle . area resistance (kips)
o H(ft) | zone (ft) middle T =Kz Gy (Eq. 1) N .
} = () (kips)
L T (psf) (psf)
s
Q Top 7 6.5 1335 1.85 1357 J1° | 12353 B384 103.6
E TPl 277.2
o Bottom 7 14 1244 1.65 2053 33e 0592 | 85429 173.6
A
Top 7 6.5 733 1.85 1356 319 12344 8339 1029
JB2 281.9
Bottom 7 14 1261 1.65 2081 33° | 2087.2| B85.77 17%.0
= s = AL Qs
E Grout Zone Horizontal Stess oy tan{d) Surface Side Total
length ) after grouting, - .
al Zone H(fY) o (psi) (psf) area resistance (kips)
> » (£2) (kips)
E Top 7 310 16 1440 8339 1154
n 415.2
> Bottom 7 33e 36 3496 8577 2998
?5 Tip grout | Effective Side 2
= Pile pressure tip area | resistance 8 JP1 JP
(psi) (n) | qaps) o
CED TP1 290 1231 357 (_7") Top 97 60
S TP2 | 280300 | 1231 || 345-369 8 Bottom 151 173
UF R GRiiA = [ow [ 2 | o




23 g Axial Response Comparison

Total load vs. top displacement

500

450

—e—JP1
400 r ——JP2
350 | / —a—Drilled shaft .
m .| A’A/
© 200
100 F
50
0
0O 005 01 015 0.2 025 03 035 04 045 05 055 0.6
Displacement (in)
Unit skin
Unit skin (ksf)
Segment _
JP1 JP2 Drilled shaft
Top membrane (3 — 10ft) 1.16 0.720 0.591
Bottom membrane (10.5- 17.5ft) 1.79* 2.02* 0.852

UF|

UNIVERSITY of

FLORIDA Not fully mobilized — 1000 kip Statnamic being Scheduled




2« g Combined Torsion and Lateral Response

‘D—

rilled shafts 20kips tension load cell

Lateral load applied at an eccentric distance of 35ft i

UF [FLORIDA




s g Combined Torsion and Lateral Response

‘R—

otation and translation monitoring

1) String pots

; Pole

Dnlled shaift

Strnng pots

/

[

L w ]
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2 g Combined Torsion and Lateral Response
=

Rotation and translation monitoring

Top view

2) Total Stations Pale

Taotal station

Reflective Targets

UF [FLORIDA



2z g Combined Torsion and Lateral Response
‘—
Rotation and translation monitoring

3) Digital dial gages

\

Pole .|

\
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s § Combined Torsion and Lateral Response

| ﬁ
Drilled shafts

Comparison of rotation response from different instrumentations (TS2)

250

200 ‘2 ;
T 150
S
(O]
=
< 100
= ——Using string pot data

50 —e—Using dial gage data

—s—Using Total Station data
0
0 1 2 3 4 5 6 7

Rotation (degree)

UNIVERSITY of

UF FLORIDA



2o g Combined Torsion and Lateral Response

| —
Drilled shafts

Torque vs. rotation Lateral load vs. displacement
250 | | | 7
—8—TS3 (18ft shaft) 6 |
200 —‘: [
— | A TS1 (12ft shaft) s |
(2}
= TS2 (18ft shaft =
%150 | ] —— (18ft shaft) 64
= E
© o
3100 t T 53 [
o (O]
o +—
! A At 82 —+—TS2 (18ft shaft)
50
e 7 1r —=—TS3 (18ft shaft)
/ j
0 J 0 y l l |
0 2 4 6 8 10 12 0 01 02 03 04 05 06
Rotation (degree) Lateral displacement (in)

TS1: Max. lateral displacement =4in
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0 g Combined Torsion and Lateral Response

T —
Drilled shafts: Torsional resistance prediction

1) FDOT’s w method

L
r— “_‘[:"J'f 4. Skin contribution == = 0 pz®rpor
= E S=

mied ) COFDOT = 15
Dv? D : L
T, = H(E) Ly, (E)tan:’j' Tip contribution

2) FDOT’s REVISED w method (2013)
Wenor — 1.5 for ;"h"_fg =15

N I -
Wrpor = 1.5 (1_;”) for S<Njp <15

3) O’Neill and Hassan (1994) method

4) Rational method (FHWA 2010)

UF [FLORIDA



:1 g Combined Torsion and Lateral Response

‘ﬁ

Soil profile

Test Shaft (TS3)
Test Shaft (TS2)
Depth  SPT Depth  SPT o
)  (New) Borlng ()  (Neo) =0T
0 — — 0 ] T p
4  E==Clay(cL) 8 E== “
7 . WT 13
== Clay
5 | & \ 4 5 1 9 cL)
5 9 «
a 9
o— 5 10— 8
4 5
8 9 -
16 — 157
o 8
16 " Poorely 20 16 e
20 — 4 graded ] o
2 Sand with %&é -Sand-
4 s ,’W/} with Silt
15 ] (sPsm) 19 7 |(SP-SM)
25 — 7 25— 7
42 40
30 — 307
10 2 77
35 — . 35
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2 g Combined Torsion and Lateral Response
‘—

Drilled shafts: Torsional resistance prediction

UF

Method TS2 TS3
Skin Tip Total Skin Tip Total

Measured — — 210 Kip-ft — — 171 Kkip-t
FDOT's w method 632 kip-ft | 28 kip-ft | 660 kip-ft 438 kip-ft | 28 kip-ft | 466 Kip-ft
FDOT's Revised w method 312 kip-ft | 28 kip-ft | 340 Kip-ft | 235kip-ft | 28 kip-ft | 263 kip-ft
O’Neill and Hassan (1994 ) 191 kip-ft — 191 kip-ft | 178 kip-ft — 178 kip-ft
Rational method) FHWA 2010* 250 kip-ft — 250 Kip-ft | 213 kip-ft — 213 kip-ft
Based on axial load test* 282 Kip-ft — 282 kip-ft — —

*No tip contribution (Hu et al. 2006)

The prediction was similar for TS1 (12ft shaft) also — GRIP 2012

UNIVERSITY of

FLORIDA




;s g Combined Torsion and Lateral Response
‘ﬁ
Jet-grouted pile

Loading sequence: JP1 - Torsion test AFTER axial load test
JP2 — Torsion test BEFORE axial load test

Torgue vs. rotation Lateral load vs. displacement
600 16
500 —e—Pile 1 14
—a—Pile 2 12 }
o 400 210
2 < F/
< 300 = 8 17
(O] g 6 /
> —_
5 200 s 4 // ——pie1] |
|9 E / —a—Pile 2
100 o 2 f /
0 4
0
3 4 5 5 0O 02040608 1 12 14 16 18 2

_ Lateral displacement (in)
Rotation (degree)

UF [FLORIDA



22 g Combined Torsion and Lateral Response

B | —
Jet-grouted pile

Measured and predicted torsional resistance

Method JP1 JP2
Measured (kip-ft)* A87* 429*
Kg method (kip-ft) 534 540
Tip grout data (kip-ft) 684 684
Pressuremeter data (Kips) 795 795

* Not fully mobilized

UF [FLORIDA



;s g Combined Torsion and Lateral Response

B | —
Jet-grouted pile ~

UF

[ Design wind speed =130mph
—_—
E7-T6 Mast
Forces and moments JP1 JP2 TS1 1S2 arm*
Torsion, M, (kip-ft) 487 426 210 171 258.8
Moment about axis of arm, M, (kip-ft) 278 243 120 97.6 149
Moment about axis normal to arm, M, (kip-ft) 118 118 118 118 116.6
Lateral load, V, (kips) 0 0 0 0 0.3
Lateral load, V, (kips) 13.9 12.17 6 4.88 7.4
Axial load, V, (kips) 10.7 10.7 10.7 10.7 5.6
600 x .............................. -
X
500 r —e—TS3 Axis parallel to arm
—a—JP1 z Y

~ 400 ——JP2

s ——TS2 i

& 300 ——— Axis of pile

(<5) N :

E_ 200 ¢ 9

< 100 ;

0 1 1 1 Iv ‘\\«
0 1 2 3 4 5 7 Pile

Rotation (degree)

UNIVERSITY of

FLORIDA

Coordinate system



s g Lateral Response

‘—
Lateral load test

Hydraulic jack Load cell

Test pile Test shaft

In-place Inclinometers

UF [FLORIDA



;7 g Lateral Response

/

//—0— Shaft response /

——Pile response /

/4 v

0.5 1 15 2 2.5 3 3.5 4
Lateral displacement (in)

‘
Drilled shaft’s displacement profile
using inclinometer data
Lateral displacement (in)
Lateral load vs. displacement 2151050051 152253354
140 1 GL
2
120
Ve 3
/ ]
00 / _— g
> ;
,
8
9 o

Lateral load (klplsj
(o)) (0]
o (@)

(=Y
[N

—o—Load = 23.7 kips

N
o

N
o

O 0
\

[iny
N

—a—| oad = 45.85 kips

(=Y
w
T

o

—&—Load = 69.56 kips

[
[62 SN
L] L]

—>—Load = 91.7 kips

Distance (ft) from the top of shaft
|_\
o

16 —e—Load = 115.4 kips

17

18 Load = 126.5 kips

19 T
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;s g Conclusions
‘—
» Considerably high axial and torsional resistance for jet-

grouted piles

Axial resistance: > 2.5 x similar sized drilled shaft
Torsional resistance: > 2.5 x similar sized drilled shaft

= Jet-grouted piles are well suited for Mast arm structures

= All CPT based methods highly under/over-predict axial
resistance of drilled shaft

» Torsional resistance prediction for drilled shafts:

 FDOT'’s revised w-method over-predicts by 35-50%
* O'Neill and Hassan method (1994) predicts reasonably well (+10%)
 FHWA's rational method over-predicts by 20-25%

UF [FLORIDA
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