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SYNOPSIS: A group of five piles was loaded to failure in a medium dense sand together with a control 

single pile as a reference. The piles were heavily instrumented; this allowed to obtain all usual 

data on the pile behavior during loading including residual stresses after driving, load versus de

pth, load transfer curves at various depth and so on.

THE PROGRAM
The Federal Highway Administration recently spo

nsored a research project on piles in Sand. Pha

se 1 has already been published (Briaud,Tucker, 

1984). Phase 2 consisted of load testing 5 dri
ven single piles and a group of 5 driven piles. 

The results of the program are documented in 4 
reports: 2 on the field work (Ng 1988 (a),Ng 

1988 (b)) and 2 on the results and their analysis 

(Tucker, Briaud,1988,Kon,Briaud, 1988). Only the 

group of 5 driven piles and the corresponding 

control single pile are dealt with in this art

icle.

THE SOIL
The site is in San Francisco. The first 1.37 m 

are made of sandy gravel with particles up to

10 cm in size (Figure 1). From 1.37 m to 12.20m 

is a hydraulic fill made of clean sand (SP). Be

low 12.20m layers of medium stiff to stiff sil
ty clay (CH) are interbedded with the sand down 

to the bedrock found around 14.33m . The water 

table is 2.4m deep. The sand of the hydraulic 

fill had the following average properties: 80% 

of the particles by weight smaller than 1mm, 2% 

smaller than 0.075 mm, dry unit weight 15.7kN/m3 

water content 22.6%, friction angle 35.4° from 

direct shear tests on Sprague-Henwood samples, 

SPT blow count 15 blows per 30 cm , CPT point re

sistance 6240 kPa, shear wave velocity shear mo

dulus 38320 kPa. Selected profiles are shown on 

figures 2, 3 and 4.

THE PILES

The piles are closed end steel pipe piles: 27.3 

cm outside diameter, 0.93cm wall thickness, cr

oss section area A including instrumentation ch

annels 99.42cm. If E is the steel modulus, the 

AE value was measured to be 1.584 x 10^ kN dur

ing the calibration procedure. The instrumenta

tion on the piles consisted of strain gages, top 

and toe load cells, and toe tell tales. The ins
trumentation of the soil consisted of extensom- 

eters and piezometers. Before driving each pile, 

a 1.37 m deep, 0.3 m diameter hole was drilled 

in the sandy gravel layer. Then each pile was 

driven down to a depth of 9.15m below the gro

und surface.

THE PREDICTIONS

The pile driving predictions included the use of 

the TTI wave equation program, the WEAP 86 wave 

equation program, the CASE method (performed by

Dr. Holloway of InSitu Tech) and the CAPWAP an

alysis (performed by Dr. Goble of the University 

of Colorado). The quantities predicted were the 
maximum dynamic force at the pile top during dr

iving,the residual force at the pile bottom af

ter driving and the ultimate load for the pile 

at the end of the load test. The single pile be

havior during the load test was predicted with 

regard to the residual point load before the lo

ad test, the ultimate load of the pile and the 

load settlement curve. The pile group behavior 

during the load test was predicted with regard 

to the residual point load before the load test, 
the ultimate load of the group and the load se

ttlement curve.

PILE DRIVING
The piles were driven with a Delmag D22 diesel 

hammer. After driving the reaction piles and the 

test piles, the ground surface had settled 12.8 

cm. The order of driving and the configuration 

of the pile group is shown on Figure 1. Once in 

place the group of 5 piles was fitted with a 

pile cap weighing approximately 120kN. After the 
load test, the pile cap was removed and the pil

es were restruck including the single pile. Dur

ing driving a pile driving monitoring system was 

used: this work was done by Dr. Holloway of In

Situ Tech. The pile driving analyzer results are 

presented in Table 1 and 2 together with the 
blow count. As can be seen on the tables, driv

ing was easy but the blow count on the final 
30 cm of penetration increased as more piles 

were driven in the group. This reflects the com

pacting of the sand. After the test and upon re

strike, the blow count had increased by 17% on 

the average; it varied less from 1 pile to ano

ther than in the initial driving and was no lo

nger tied to the order of driving.

LOAD TESTS
The single pile was tested 24 days after driv

ing. The loading sequence consisted of increas

ing the load in 4 5kN increments, holding the 
load for 30 minutes and recording the displace

ment as well as all the instrumentation every 5 

minutes. The time to reach the final load step 

was 6 hours at which time the settlement had re

ached 8.46cm. The pile group was tested 38 days 

after driving. The loading sequence consisted of 
increasing the load in 267kN increments, hold

ing each load for 30 minutes and recording the 

displacement as well as all the instrumentation
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every 5 minutes. The time to reach the end of 

the final load step was 9.7 hours at which time 

the settlement was 18 cm.

RESULTS
The results consist of the residual load distri

bution in the piles after driving, the load set

tlement curve of the single pile, of the group 

and of each pile in the group, the load versus 

depth profiles for each pile, the load transfer 

curves and the maximum friction versus depth pro

files. The load settlement curves are shown on 

Figure 5. The load carried by each pile in the 
group is shown on Figure 6. The residual load di

stribution in the piles after driving was obtai
ned experimentally by zeroing the instrumentation 

while the piles were laying on the ground and by 

reading it again after pile driving. The profiles 

obtained are the first profiles on the load ver

sus depth plots of Figure 7 for the single pile 
and Figure 8 for pile 14 in the group. The load 

transfer curves are shown on Figure 9 and 10.

ANALYSIS AND CONCLUSIONS
1. Residual loads must be accounted for when 

analyzing instrumented load tests on single piles 

or pile groups. The single pile had a residual 

point load of 61kN or 11% of the ultimate point 

resistance. The piles in the group had signific

ant residual friction stresses but had residual 

point loads which were much smaller than for the 

single pile (average lOkN). This is probably be

cause near full penetration the driving of a pi

le loosens the prestressing existing under the 

points of neighboring piles.

2. The plunging load for the single pile was 
505kN while the plunging load for the 5 pile gr

oup was 2499kN. The efficiency was 0.99. This is 
consistent with common practice but not consis

tent with previously published data. These prev
iously published data show higher efficiency for 

this type of sand but were obtained on small sc

ale models for the most part.
3. At the plunging load the best estimate of 

friction load carried by the single pile was 147 

kN while the average friction load per pile in 

the group was 269kN. The efficiency on the fri

ction load was 1.83. This is probably because dr

iving piles in a group increases horizontal eff

ective stresses at the soil pile interface.

4. The unit side friction at the plunging load 

is shown in Table 3 for all the piles, along with 

the ratio of the friction to the average SPT bl- 

owcount. CPT q , CPT fs and PMT p, values. The

se ratios can also be compared to the ratios re

commended by various methods.

5. At the plunging load the best estimate of 

point load for the single pile was 359kN while 
the average point load per pile in the group was 

242kN. The efficiency on the point load was 0.67. 

This is consistent with the observation made on 

the residual point loads and is again explained 
by the loosenning of the prestressing under dr

iven piles due to the driving of a new pile. The 
efficiencies of 0.67 for the point and 1.83 for 

the friction lead to think that groups of end 

bearing piles may have efficiencies lower than 1 

while groups of friction piles may have efficie

ncies higher than 1. In other words the efficie

ncy depends not only on the type of sand and on 

the pile spacing but also on the load distribut

ion in the piles.and on the pile length.
6. The unit point resistance of the plunging 

load is shown in Table 4 for all the piles along 

with the ratio of the point resistance to the SPT

blowcount, CPT qc and PMT pj. These ratios can 

also be compared to the ratios recommended by 
various methods.

7. If the residual stresses are not considered 

the profile of maximum side friction fmax ver
sus depth does indicate a clear break beyond wh

ich fmax does not increase versus depth; this 

break was at a depth of 13.4 pile diameters.

This is consistent with the concepts of criti
cal depth and of limiting friction value. If, 

however, the residual stresses are properly in

cluded then the break is not as clear and the 

value of fmax continues to increase with depth.
8. The coefficient of horizontal pressure, K, 

was calculated from fraaj£ by using a soil-pile
friction angle equal to 2/3 of the soil friction 

angle. The K values averaged 0.82 for the single 
pile and 1.72 for the piles in the group. The av

erage k 0 value measured by preboring and selfbo
ring pressuremeters was 0.96.

9. The settlement of the single pile at half 
the plunging load (245kN) was 2.7mm while the 
settlement of the group at 5 times the load on 

the single pile(1225kN) was 3.5mm . The settlem

ents at working loads are very small and the se

ttlement ratio is 1.29. Calculating the settlem

ent of the group by assuming that the problem is 

equivalent to a square spread footing having a 

width equal to the width of the group and locat

ed at a depth equal to 2/3 of the pile depth le

ads to a settlement of 10.2 mm when using the el

asticity formula with the reload pressuremeter 

modulus.

10. The methods which predicted the single pile 

capacity the best as well as the point/side fri

ction distribution were 2 methods based on cone 

penetrometer data(deRuiter-Beringen,1979 and 

Schmertmann, 1978) . Among the SPT methods Coyle- 
Castello (1981) and Nordlund (196 3)performed best. 

The program PILGP2(O'Neill.et a l ,1981)allowed to 

obtain the complete load settlement curve for 

the group. In PILGP2 the use of the reload pres

suremeter modulus for the elastic interaction be
tween piles lead to a conservative estimate of 

the group settlement at working loads.

11. The TTI program(Hirsch et al,1976) used 

with the recommended values for the various Dar- 

ameters predicted well plunging loadsof the sin

gle pile based on the initial blowcount but over

predicted it by 44% when using the restrike blow

count. The TTI program overpredicted significan

tly the static capacity of the piles in the gro
up. The TTI program overpredicted significantly 

the maximum force in the piles during driving.

12. The WEAP 86 program (Goble and Rausche,
1986)used with the recommended values for the va

rious parameters predicted well the capacity of 

the single pile(defined by Davisson's criterion) 

when using the restrike blowcount but underpred
icted that load by 27% when using the initial bl

owcount. The WEAP 86 program predicted relative

ly well the capacity of the Diles in the group 

(Davisson's criterion). The WEAP 86 program pre

dicted a maximum force in the piles during dri

ving which corresponded generally to the high end 

of the measured range.

13. The average Case method prediction of the 

capacity of the piles was 35% higher than the 
measured capacity of the pile (Davisson's crite- 

rion)but only 10% higher than the plunging load. 
The better agreement with the plunging load may 

be due to the low blowcount at full penetration 
in which case the pile is brought near the soil- 

failure under each blow. The CAPWAP analysis ga

ve site specific values of the parameters for the

1 1 2 3
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soil model and lead to a predicted pile capacity 

within 7% of the measured pile capacity(Daviss

on's criterion).

14. At low blowcounts the consideration of re

residual stresses in the pile driving analysis 
did not affect significantly the predicted pile 

capacity or the predicted driveability. The inf

luence of residual stresses increases as the pi

le length increases and as the relative soil- 

pile stiffness increases. At high blowcounts ig

noring residual stresses leads to smaller pred

icted capacity for a given blowcount or to a 

much higher blowcount for a given capacity.

TIP NOVUCMT (in.)

figure 9.Point resistance curve.(lin=2.54cm;Iksf*47.8kPa)

PILE MOVEMENT (In. >

Figure 10.Friction resistance curve.(1 in-2.54cm;lksf=47.

T a b l e  1 .  P i l e  D r i v i n g  A n a l y z e r  R e a u l t a  f o r  I n i t i a l  D r i v i n g *

O r d e r o f T o t a l  N o . | B l o w  C o u n t |  E F

D r i v i n g o f  b l o w a  | F i n a l  F o o t |  ( k i p - f t ) ( k T J i ) ( k i p s )

S i n g l e  I 6 2 6 9 - 1 6 2 1 5 - 3 0 0 8 0 - 1 2 0

1 4  1 1 6 2  | 7 8 - 1 2 1 8 5 - 2 2 0 1 0 0 - 1 0 5

1 3  1 2 6 2  | 8 1 1 0 - 1 3 2 4 5 - 2 7 0 1 4 0 - 1 6 5

î r o u p  1 1  1 3 1 0 0  | 9 1 1 4 - 1 6 2 5 5 - 2 7 5 1 5 0 - 1 6 0

1 2  1 4 1 2 9  | 9 9 - 1 1 2 3 0 - 2 5 0 9 0 - 1 0 0

1 5  1 5 1 2 2  | 

1

1 1 1 8 - 1 2 2 3 5 - 2 6 5 1 3 5 - 1 4 0

•  f u r n i a h e d  b y  D r . D . M .  H o l l o w a y  o f  I n S i t u  T e c h

T a b l e  2 .  P i l e  D r i v i n g  A n a l y z e r  R e a u l t a  f o r R e s t r i k e *

R e s t r i k e | E q u i . B l o w 1 F m a x * s

B l o w  C o u n t  | C o u n t  p e r  f t ( K i p ) 1 ( k i p s ) ( k i p a )

S i n g l e  j 4 / 6 L n
1 8

9 - 2 4 |  1 8 0 - 3 6 5 1 0 5 - 1 6 5

1 4  1
8 / 1 0 i n 9 . 6 5 - 2 7 I 1 3 5 - 3 4 0 7 5 - 1 2 0

1 3  1
6 / 6 i n 1 2 7 - 1 9 I  2 3 5 - 3 7 0 1 0 0 - 1 3 0

3 r o u p  1 1  j 8 / 1 0 l n 9 . 6 9 - 1 8 |  2 2 5 - 3 1 0 8 0 - 1 3 5

1 2  1
8 / 9 i n 1 0 . 7 8 - 2 3 |  1 9 0 - 3 9 0 8 5 - 1 4 5

1 5  1
8 / 1 0 i n 9 . 6 1 0 - 1 8 | 2 4 5 - 4 0 0 9 0 - 1 2 0

•  f u r n i a h e d  b y  D r D . M .  H o l l o w a y  o f  I n S i t u T e c h

Table 3. Comparison of friction values and soil parameters

Pile
| Plunging | 
Friction j 
1 (tsf) |

N/fmax 
(bpf/tsf) <c/f..x j f./f»ax j >l/f»ax

Single
10.23 j 74 283 1 0.65 1 26

11 0.35 j 48 186 1 0.43 1 17
Group 13 0.50 | 34 131 1 0.30 1 12

14 0.42 | 40 157 j 0.36 1 14
Group

1 1 1
Table 4. Comparison of point resistance with soil parameters

Pile
1 Plunging 1 
resistance 1 
1 (tsf) (SfiC)

1
<W /<1c j V ' i

Single j 60.1 2.4 0.75 I 5.7

111 422 1 1.7 0.53 I 4.0
Group 131 36.6 j 1.45 0.46 j 3.5

14 42.9 j 1.7 0.54 j 4.1
Group 40.7 ...

. .

0.51 j 

1
3.91

1

ACKNOWLEDGEMENTS

This project was sponsored by the Federal High

way Administration and the Minerals Management 
Service . Mr. Carl Ealy of FHWA and Mr.Charles 

Smith of MMS were the technical contacts for 
the project.

REFERENCES
Briaud(J.L., Tucker,L.M.,1984. "Piles in Sand-A 

Method including ResiduHl Stresses", Geotech- 

nical Engineering Journal, ASCE, November. 

Coyle,H.M., Castello, R.,1981. "New Design Corr

elations for Piles in Sand", Journal of Geot- 

echnical Engineering Division,ASCE,Vol.107 £T7 . 

Goble, G.G.,Rausche,F . ,1986. "Wave Equation Ana

lysis of Pile Foundations -WEAP 86 Program, 

Vol. I-IV" Report FHWA-IP-86-18,Federal High

way Administration, McLean; Virginia,USA. 
Hirsch, T.J., Carr,L., Lowery,L.L, 1976."Pile 

Driving Analysis-Wave Equation User's Manual, 
Vol. I-III, Report FHWA-IP-76-13, Federal Hi

ghway Administration, McLean, Virginia, USA. 

Kon,L.M.,Briaud,J.L.,1988. "Analysis of Behav

ior of 5 Axially Loaded Single Piles in Sand 

at Hunter's Point",Research Report to FHWA, 

Civil Engineering, Texas A&M University, Col

lege Station,USA.

N g ,E., 1988(a). "Field Testing of 5 Axially Loa
ded Single Piles in Sand at Hunter's Point", 

Research Report to FHWA, Geo Resource Consul

tants Inc., San Francisco, California, USA. 
Ng,E., 1988(b) "Field Testing of an Axially Lo

aded 5 Pile Group and a Control Single Pile 

in Sand at Hunter's Point, Research Report to 

FHWA, Geo/Resource Consultants,Inc.,San Fran

cisco, California, USA.

Nordlund,R.L., 1963. "Bearing Capacity of Piles 

in Cohesionless Soils", Journal of the Soil 
Mechanics and Foundation Division, ASCE,Vol.

89, SM3
O'Neill, M.W., Hawkins,R.A., Mahar,L .J .,1981. 

"Field Study of Pile Group Action: Final Rep

ort", Report Nos FHWA RD-81 008, Federal Hi

ghway Administration, McLean, Virginia, USA. 

deRuiter,J . ,Beringen,F.L.,1979. "Pile Foundati

ons for Large North Sea Structures", Marine 

Geotechnology, Vol.3, N 3.

Schmertmann, J.H., "Guidelines for Cone Penetr
ation Test: Performance and Design:, Report 

No. FHWA-TS-78-209, Federal Highway Adminstr- 

ation, McLean, Virginia, USA.

Tucker,L.M.,Briaud,J.L.,1988. "Analysis of the 

Behavior of an Axially Loaded 5 Pile Group and 

a Control Single Pile in Sand at Hunter's Po

int", Research Report to FHWA, Civil Enginee
ring, Texas ASM University, College Station, 

USA.

1124


