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Ground responses induced by pile driving 
Reaction du sol sur I’enfoncement des pieux

Cheng-Hsing Chen -  D e p a rtm e n t o f C iv il E ngine e ring , N a tio n a l T a iw a n U nive rsity, T a iw a n  

Wei-Her Yang & Y.W. Sutu -  G e o te ch n ica l D ivis ion, S in ote ch  E n g in e e rin g  C onsulta nt, Inc., T a iw a n

ABSTRACT: A  full-scale pile driving test had been perform ed at a reclaim ed land in central Taiwan. This paper introduces 

the test program and a sm all part o f  the responses m easured in the test. During the penetration process o f  the pile, the 

maximum accelerations m easured at the ground surface and at depth, and the excess pore water pressure in soil induced  

by each blow o f  the pile are presented. Besides, the ground deform ations and the strains o f  a concrete pipe resulted from  

the penetration o f  test piles are also presented.

1 IN T R O D U C T IO N

To accom m odate the increasing need o f  land for industrial 

use, many large scale reclam ation works are undergoing 

along the w est shoreline o f  the Taiwan Island. The Chang- 

Hua Coastal Industrial Park, located south to the Taichung 

Harbor, is a newly reclaim ed land with an area o f 3643 

hectares. T he original ground is just below  the sea water 

level. It is filled hydraulically with sands dredged from  

sea bed to an elevation o f  4 m eters above sea level, then 

covered with com pacted gravelly m aterials for wind erosion  

protection. Since the newly filled sands are in relatively 

loose state, it is expected that large am ounts o f driving 

piles will be used in future constructions to support the  

heavy industrial facilities. T herefore, the disturbance of 

pile driving is o f  concern from the environm ental point o f 

view. In order to  realize the effects o f  ground shaking in

duced by pile driving on the existing p ipelines in the park, a 

pilot pile driving test with com prehensive instrum entations 

was perform ed at a planned tank site in the industrial park.

2 T E ST  P R O G R A M

The site se lected  for test is a free-field  without any structure 

in the nearby. T he geological profile explored by cone pen 

etration tests is shown in Figure 1 (S inotech 1995). From 

the ground surface to the depth o f  30 m eters, it is com 

posed o f mainly sandy soils, with very few interbedded thin 

layers o f  silts. T he layers at depth o f  3m, 8m and 19 to 

21m show relatively larger resistance to cone penetration. 

T he ground water table is essentially sam e as the sea water 

level and fluctuates betw een 2.5m and 5m below the ground 

surface. T he layout o f  the first stage test is shown in Figure

2. A  total o f  5 precast concrete piles, each o f diam eter 

80 centim eters and length 2 x 1 2  m eters, were driven into 

the ground by using a diesel ham m er (K O B E L O  80). The  

number affixed to the pile as shown in the figure indicates 

the sequence o f  driving in the test program. For reference, 

the direction along the P I, P2, and P3 piles will be called  

the X -d irection , thereafter, and the one along the P4, P2, 

and P5 piles is the y-d irection . To the right o f  the driving 

test piles, a trapezoidal trench o f  depth 1 m eter and length

8 m eters was excavated to investigate the effects o f vibra

tion isolation. To the left, a 30-m eter long concrete pipe o f  

diam eter 40 centim eters was buried at a depth o f 3 m eters 

to investigate the pipe responses during the pile driving.

To fully m onitor the environm ental responses induced by 

pile driving, several types o f instrum entation were adopted  

in this test. Figure 2 shows the layout and profile o f  the 

PI pile driving test. To record the driving energy trans

m itted to the pile, 4 strain gauges and 2 accelerom eters  

were m ounted on the shaft near the pile head. To m onitor  

the ground vibrations induced by pile driving, 5 sets o f  3- 

directional accelerom eter A l-1  ~  A l-5  w ere placed on the 

ground surface, and 3 sets o f 3-directional accelerom eter  

D I ~  D 3 were buried at depths o f  3.1m, 5.6m  and 10.6m, 

respectively. B eside the dow nhole accelerom eters D I ~  

D 3, 3 p iezom eters U1 ~  U 3  were installed to m onitor the 

dynamic response o f  pore water pressure in soil. B etw een  

the pipeline and the driving piles, an inclinom eter II was 

installed to the depth o f  30m to record the ground defor

m ations produced by pile driving. On the center segm ent 

o f  the pipeline, a dow nhole accelerom eter D 4 was placed to 

m onitor the m otion o f  the pipe and 12 strain gauges were 

glued to the inner side o f  the pipe to m easure the pipe 

strains. B esides, 15 settlem ent posts w ere installed in the 

test area, as shown in Figure 3, to m easure the ground set

tlem ent induced by pile driving. A fter the driving test, the 

pipeline was excavated to exam ine the degree o f  dam age.

Figure 2 shows the layout o f  the surface accelerom eters, 

the dow nhole accelerom eters and the p iezom eters for the 

driving test o f PI pile. For the tests o f  P2 and P3 piles, 

som e o f  the surface accelerom eters are rearranged to other  

locations (not shown in this paper). D u e to the lim itation  

o f page num bers allowed, only part o f the recordings o f  the 

PI pile driving test will be shown herein.

3 G R O U N D  V IBRATIO N

During the driving o f the first half (0m ~  12m) o f  the 

PI pile, all the responses were recorded continuously using 

a sam pling rate o f  100 Hz. To illustrate the spreading of  

the driving disturbance, a segm ent o f  tim e-history responses 

when PI pile has been penetrated to the depth o f  8m below  

the ground surface is shown in Figure 4. T he top figure 

shows the axial strain o f pile head which can be integrated, 

along with the acceleration m easured, to estim ate the driv

ing force exerted on the pile. T he other three show the 

variations o f the radial accelerations (X -d irection ) o f A l-1 ,  

A l-2  and A l-3  accelerom eters which are 3.2m , 6.4m and 

10.4m, respectively, away from the center o f the driving PI 

pile. From this figure, it can be seen that the shock waves 

propagate outward without significant dispersion. During 

each blow o f the pile, the ground vibrates as the wave 

passes. Its am plitude decays very rapidly without signif

icant free vibrations. From the tim e delay o f  the peak  

responses o f  each blow, it can be estim ated that the propa

gation velocity o f  the com pressional wave along the ground  

surface is around 240 m /sec. T he peak accelerations o f  

A l- l -X , A 1-2-X  and A 1-3-X  in each blow are plotted with
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Figure 1. Results o f  cone penetration test
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Figure 3. Layout o f  segm ental p ipes and settlem ent posts
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Figure 2. T he layout o f the P I  pile driving test

the num ber o f blow as shown in Figure 5. Based on that, 

it can be seen that th e .p ea k  acceleration at A l - l - X  has a 

value close to 1000 gals at a penetration depth o f 3m and 

decreases very rapidly as the penetration depth increases; 

how ever, the A 1-2-X  and A 1-3-X  increase gradually with 

the increasing o f the penetration depth. Com paring the re

sponses recorded at opposite side o f  the trench, it has been  

found that the trench excavated has no effect on vibration 

isolation except for the locations very close to the trench. 

T he peak ground acceleration m easured at A l-4  is about 

half o f  that m easured at A l-2 .

Figure 6 shows the peak accelerations o f  D l-Z , D 2-Z  

and D 3 -Z  accelerom eters with the num ber o f blow. Each
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Figure 4. T im e-history responses o f  pile and ground during 

P I  driving

accelerom eter experiences larger vertical acceleration when  

the p ile  penetrates to the sam e depth approximately. The  

maximum vertical acceleration induced is around 100 ~  

250 gals. T he radial acceleration at D I station has the 

sam e m agnitude as its vertical acceleration; however, the 

radial accelerations at both D 2 and D3 stations are much 

sm aller than their vertical com ponents.

4 B U IL D -U P  O F P O R E  W ATER P R E SSU R E

T he excess pore water pressures at depth o f  3.1m, 5.6m  

and 10.6m ( U l ,  U 2  and U3 piezom eters) are plotted with 

the num ber o f blow as shown in Figure 7. They are the 

residual excess pore water pressure deduced betw een every 

two consecutive blows. With the increasing o f  the pene-

450



P e ne t r a t io n  de p th

Figure 5. Peak surface ground acceleration due to P I  

driving

P e n e t r a t io n  d e p t h

Figure 6. Peak ground acceleration at depth due to P I  

driving

P e n e t r a t io n  d e p t h

Figure 7. Residual excess pore water pressure due to P I  
driving

tration depth, the residual excess pore water pressures at 

shallower depths (U 1 and U 2) increase gradually at the 

beginning stage and rem ain at constant values thereafter. 

H owever, the excess pore water pressure at U3 increases 

continuously with the increasing o f the penetration depth. 

C hecking the records o f  U l ,  U 2  and U 3 during the drivings 

o f PI, P2 and P3 piles, the pore water pressures induced  

are far below  the critical values to liquefaction.

5 G R O U N D  D E F O R M A T IO N

After the driving o f each segm ent o f  the P I, P2 and P3 

piles (2 segm ents for each pile), the ground deform ation is 

m easured from the inclinom eter and the settlem ent posts in

D i sp l ac em en t ( c m )  D i sp l acem en t ( cm )

Figure 8. H orizontal displacem ent at I I  due to  P I, P2 
and P 3  drivings

D i st an ce ( m )

D i st an ce (m )

Figure 10. Ground settlem ent along y -d irec tio n  due to P I, 
P2  and P 3  drivings

stalled. T he horizontal displacem ents (X  and y-d irection s) 

m easured from the II inclinom eter are shown in Figure 8 

and the surface settlem ents along the A"-direction (S10 ~  

S15) and the y-d irection  (S5 ~  S9) m easured are shown 

in Figures 9 and 10, respectively. It can be seen that both 

the horizontal and vertical deform ation at the m easured  

points are very small due to the driving o f  the PI pile and 

occurred primarily during the driving o f the P3 pile. The  

distribution o f significant settlem ent is very localized, about 

5m from the driving pile.

6 PIPE R E SPO N SE S

The pipe line constructed for test is a segm ental concrete  

pipe o f  diam eter 40cm . Each segm ent has a length o f 2m
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Figure 11. Settlem ent o f  pipe line

and an enlarged end for connection . A s shown in Figure

2, the test p ipeline consists 14 segm ents with m anholes at 

both ends. It rests on a layer o f plain concrete and the 

connections w ere sealed  with thin layers o f  motar. It is the 

m ost com m on type o f  sew age lines used in this area.

A long the p ipeline, the center segm ent was instrum ented  

with an accelerom eter and 12 strain gauges. During the 

driving o f  the PI pile which is 10.4m from the instrum ented  

pipe, the m axim um  acceleration m easured at D 4 station is 

around 200 gals in the X  direction and 140 gals in the 

vertical direction, and the maximum circum ferential and 

axial strains o f pipe are equal to 0.4^ and 1^, respectively. 

During the penetration o f the P3 pile which is 4.0m from  

the instrum ented pipe, the maximum acceleration m easured  

at D 4 station is around 500 gals in the X  direction and 

300 gals in the vertical direction, and the m axim um  circum 

ferential and axial strains o f pipe are equal to 4/i and 3^, 

respectively.

Based on the results obtained, it can be found that the 

peak acceleration o f pipe resulted from the driving o f  piles 

is quite high, however, the maximum strains o f pipe are 

still very low because the ground m otion is essentially dom 

inated by high frequency vibrations which contribute very 

little to the deform ation o f  the pipe.

After the com pletion o f installation for 5 piles, the buried  

pipe line was excavated for inspection. T he settlem ent of  

the pipe line was m easured as shown in Figure 11. The  

m anholes settled  about 1.0 ~  1.5mm w hile the center seg

m ent experienced a settlem ent o f  8.6m m . T he average 

differential settlem ent is about 0.05%  which is believed no 

harm to the pipeline constructed.

A s for the bodies o f pipe segm ents, no cracks have been  

found after careful inspections. H ow ever, som e small cracks 

occurred on motars at the connections o f the center segm ent 

and the connections betw een the segm ents to the m anholes 

at both ends. T he form er is due to relatively large deform a

tion resulted and the latter is due to the abrupt change o f  

rigidity betw een the m anhole and the pipe. T hose cracks 

are found to be very m inor and will not cause leakage  

problem  o f the pipeline. Based on the results observed, 

it can be concluded that the p ipelines so constructed will 

remain functional even the piles are driven at a quite close  

distance.

7 G E N E R A L  R E M A R K S

T he pile driving test perform ed at the Chang-H ua Coastal 

Industrial Park is aim ed at investigating the disturbance pro

duced by the drivings o f  piles. A  com plete record o f  the 

ground vibration, ground deform ation, pore water pressure 

response and the pipe strain resulting from  the driving o f  

P I, P2 and P3 piles had been successfully obtained. This 

paper just dem onstrates part o f  the results o f  m easurem ent. 

T hose data will be analyzed analytically in the future and 

used to assess the degree o f  environm ental im pact resulting

from the pile driving and, hopefully, set up a criteria for 

environm ental protection.
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