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ABSTRACT: This studyfocuses on the effect @tyclico behaviour of pile installation methods the penetration resistance and bearing
capacityof a model pileA series of laboratory model testereconducted to investigatais cyclic effect by comparing three kinds of piling
methods monotonic jackin, pseudedynamic puskin and pultout, i.e.Gurging and vibratory driving in dry or saturated sar8iirging or
vibratory pile driving decrease the pile penetration resistance due to neggitdilation caused by the cyclic sheariofgthe soil surrounding
the pile Static load test show that surging and vibratory pile driving provide the same orrlaiteehead loadsthe jack-in methoddoes
Furthermorethe fluctuation of the pore water pressure stronglyicatesa changein soil dilation. Both surging and vibratory pile driving
prevent positive dilatiomorethanthejack-in methoddue to differacesin cyclic shearingand monotonic loading

KEYWORDS: Pile installation methodlack-in, Surging, Vibratory pile driving,Pore water pressure

1. INTRODUCTION 70
O psG1l

It has becomdifficult to employ the impact hammer method in urban

and residential area becauseausemoise and ground vibratien 175
Vibratory pile driving and rotary pile instalion (jack-in) methoc

have been developed as alternatives can install the pilevith less o bsG2
noise and ground vibratisnPrevious studies about these methods

focused on soil resistance during pile penetration. In contrast, onlya 100
few studies focused on the bearing capacitshe pile installed by 0O BFSG3 | 595 mm
these methods. If the bearing capacity is clarified, these methods will 199
become more available.

The purpose of this study is to investigtite effectsof different
piling methods on pile performanceharacteristics such as 100
penetrain resistance, bearing capaciynd loadsettlement relation O [QOSG5
during thestatic pile load testA significant factor isthe &yclicd 50 d
movement during pile penetration. Moriyasual. (2016) compared L S £
the pile behaviour between the monotonic jacknd surging imdry O strain gauge |
sand model. Surging refers to the cyclic puish and pullout -
movement of a pile during installatio@yclic shearing by surging
causesegative dilation arounché pile shaft and soil compaction
below the pile tip.

Thus,this papefocused on theffectsof dynamic surging on the
pile penetration resistance and bearing capacity by compieéng
with the effects ofpseudedynamic surgingA series of laboratory 2.2 Model ground
tess were conductedincluding three kinds of piling meth@d The materialfor the model ground waSilica sand#6. Table 1 lists
(monotonic jackin, surging and vibratory pile driving) in two sand the physical propeigsof the sandDry groundmodebwereprepared

O BOsG4

." /‘\
(a) locatiors of strain gauges  (b) photo of the pile

Figurel Model pile

conditions (dry or saturated). in a rigid cylindrical soil containewith a diameter of 566 mm anal
height of580 mmwith 11 soil layers 50 mm thick and one layer 30
2. EXPERIMENT DESCRIPTION mm thick. The sand for each soil layer was put into the soil box and

compactedy hand tampindo achievea designatedelative density,
Dr=80%. Thisprocedure was repeated to complete the ngrdeind
An aluminium pipe pile with an outer diameter of 32 mm, a walbf 530 mm high.

thickness of 1.3 mpand a length of 595 mm was usasl amodel

pile. Regarding the pile tip condition, six cases wgrenended OP), Table 1 Physical properties of the sand

and one case was clasended(CP) To obtain the distribution of

2.1 Model pile

axial forces, strain gauges were attached to the pile shaft at 6 different ~ SOil particle densityss (t/mz) 2.679
levels, with two strain gaugesn opposite faces at each leyels Minimum dry density / dmin (tm’)  1.366
shown inFigure1(a) Maximum dry density/ dmax (tm%)  1.629

The pile surface was coated with an acrylic adhesive to protectthe ~ Maximum void ratio gmax 0.962
straingaugesandit was glued with silica sand to increase the pile Minimum void ratio,emin 0.645
shaft resistanc@igure1(b)). The sand was the same material as the Mean particle sizeDso (mm) 0.5

model ground.
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To preparesaturated grounchodels the soil box was filled with
water, andthen sand was poured into the soil box and compated
in thepreparatiorof the dry groundnodels AlthoughDr = 80 % was
intended for the saturated groumdbdels only Dr = 70 % was
achieved.

23

Figures 2 and 3show the experimental apparaasDuring pile
penetration test (PPT), the pile was installed by means of a motor jack
or a vibratory hammer. When the pile was penetrédesl depth of

400 mm,the PPT was finished. Subsequently, during static load test
(SLT), the pile head was pushedwotor three loading cycles. At the
end ofthe SLT, the pile extraction force was measured by extracting
the pile slightly. Finallycone penetration tes{CPTs) werecarried

Experimental procedure and cases

out to investigate the soil strength profiiethe model ground

Figure2 Loading apparatus

Figure3 Vibratory hammer model

Table2 shows the test cases. Case 1 to Caserdcarried out in
dry ground, while Case 5 to Caseweére carried out in saturated

ground. For each ground condition, three kinds of penetration
methods were employethe jackin methodusedn Case 1 and Case

5 is amonotonic pile installation at a penetoat rate of 0.2 mm/s.
The surgingnethodusedin Case 2 and Case$acyclic installation
using repetitiors of a2 mm jackin anda 1 mm pultout. In these

methods, the pile was installed by using the jack without pile rotation.
In the vibrationmethod used in Cases 3, 4, and 7, a vibratory
hammer model was employeks shown in Figure 3, the hammer has
tandem rotating eccentric weights that generate vertical vibrations
and cancel horizontal vibrations. The vibratory hammer has a weight

of 300 N ad a maximum frequency of 60 Hz. The closetled pile

was used in Case 4, while the ogrded pile was employed in the
other cases

SLT was carried out subsequent to RPE€ach casdn all cases,
the pile penetration rate was 0.1 mm/s.

Table2 Experimental cases and conditions

Case No. 1 2 3 4 5 6 7
Model ground Dry Dry Dry Dry Saturated Saturated  Saturated
Relative densityDr (%) 79.9 79.9 80 80 69.5 64.3 69.5
Dry density,rd (t/m?) 1.568 | 1.568 1.568 1.568 1.538 1.524 1.538
Pile tip condition Open Open Open Close Open Open Open
Penetration method Jackin | Surging | Vibration Vibration | Jackin Surging Vibration
Penetration speeatliring PPT(mm/s) 0.2 0.2 - - 0.2 0.2 -
Penetration speeatlring SLT(mm/s) 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Vibration frequency (Hz) - - 20to 35 Hz | 20 to 35 Hz - - 15t0 20 Hz
Ic?;g&cg Iosatggir(\:g Stz:)tic\l/ogding
PPT PPT by \z/H by \Z/H PPT PPT _yZ' '
e sir | st | Vooy | ooy | it | it | penetauon
CPT | CPT o1 o1 CPT | CPT SLT
Z Z CﬁT
CPT CPT

PPT: Pile Penetration Test, SLT: Static Loading Test, CPT: Cone Penetration Test, V.H.:

Vibratory Hammer
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24 Measurements

volumetric strain &o (dilatancy curve). The specimen was

During PPT and SLT, the pile head load, pile head displacement, an solidated under a confining pressire 100 kPa, and then,

pile strains were measured. In the cases of-faand surging, the maonotonic or cyclic shearing was carried out. As the result of the

pile head load was measured by a load cell set between the pile hmgélotonlc loading case, nonlinearity and softening behaviour are

and the motor jack. On the other hand, in the cdsébration, the gbserved from the stree!s'i;_straina\relationship. The ir_lternal frilct_ion
axial force was estimated from the strain measured near the pile h83g!€ at peak strengthy, is 42.8° and that at the residual stéieis

(i.e. SG level 1 in Figure 1(a)Furthermore, gair of acceleration aPout 35°.During the cyclic loading.& increases with constang
transducers was attached near the pile head. In the saturated $ki#reS (a)). In contrast&o doesnotincreaseas shown irFigure
cases, pore water pressuresraveneasured using the transducer® (D). These results mean that cyclic loading prevents soil dilation.
located as shown in Figure 4. Whencyclic loading is returned to monotonic loading, thea and
the & - &l relationshipreturrs to the curveof the monotonic loading
case.

Figure6 shows the relationship between the axial strainand
deviatoric stresg, in the case dditriaxial CU testFigure7 shows
relationship betweea and the excess pore water pressuge,
Figure8 shows the effective stress paths. The camdirpressure of
these tests was about 30 kPa. The internal frictional angle was 38 to

25 Monotonic and cyclic triaxial shear tests of the sand

In order to investigate the mechanical properties of the sang
monotonic and cyclic consolidated shear tests in drained (CD)
undrained (CU) conditions were carried out.

Figure5 shows the results of the triaxial CD tests of desw®l

(Dr = 82%): (&) axial strain evs. deviatoric stressqand (b)avs.
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Figure4 Locations of7 pore water pressure (PWP) transducers in Cakes
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Figure5 Results of the triaxial CD tests in dense ground
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Figure6 Relationship between the axial stra@,and the deviatoric stress,
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Figure7 Relationship between the axial stra@,and the excess pore water pres¢Bi&/P) ue

During cyclic loading, it is seen from FiguB¢hat e increased as
the number of loading cycles increased with each congtaitthe 3. EXPERIMENTAL RESULTS
same time, cyclic loading generates excess pore water pressure higher
than that in monotonic loading. At the monotonic loading stage after
cyclic loading, the increment ok turned from positive to negative, Figure9 shows the relationship between the vertical effective stress,
because the negative dilation changed fmsitive one. The change 5,4 and the depth in the cases of dry and saturated grounds. It is noted
point in cyclic loading & = 1.2 %) was delayed behind that in thethat the ground water levels in Cases 5 and 7 are 100 mm below the
case of monotonic loadings= 0.4 %). Therefore, cyclic loading may ground surface.
act to prevent positive soil dilation. The soil behaviour is referred to
discuss the expinental results later.

Results of Cone Penetration Tests in the model ground
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Figure 10 shows the CPT tip resistanag, measured in Case 2 the vibratory hammer was changed from 20 Hz to 35 Hz to enhance
(dry ground) and Case 6 (saturated ground). The CPTs were cartiiee pile penetration ability of the vibratory hammer during PPT.
out after SLT. CPT profiles of other cases are similar to FifQre
Theqc in saturated ground (Case 6) is smaller than that in dyngro Time, t (s)
(Case2)duetoasmalled6 i n the saturatged grogund. dgurt hepmor esg 200
may be influenced by the soil behaviour during PPT and SLT because__

CPT was carried out after the PPT and SLT. ‘u 10 b ' ! ' ! ' ! ' _
€ — Pile head
CPT tip resist, s, (kPa) © 5 Ground surface
0 1000 2000 3000 4000 S
0 — T T 1 b= 0
—— (Dry) o
~100 —— (Saturated) 8
= ( ) 8 .
E <
N 200 | i
) Case 2 -10
O 1 I 1 I 1 I 1
£ 300 -
2 Figurell Acceleration during vibratory petration
%_400 - Case 6 E ) ) ) )
2 Figure12 shows the relationship between the pile head I1Bad,
500 L i and pile head displacemen, in Cases 1 to 4 (dry ground). In Cases
3 and 4,Pn during PPT is similar, and at first, the pile was installed
. . . by the weight of the vibratory hammer alok¢hen the pile could no
600 longer be penetrated by the weigtitthe hammer alonetwn = 75
Figure10 CPT result{GL: ground level) mm, the operation of the vibratory hammer was started. thetipile
_ ) reachedwv, = 400 mm, the frequency of the hammer was increased if
3.2 Results of the pile penetration tests the pile penetration decreasd®h in Cases 3 and 4 (vibration) is

. . . : . aller than that in Cases 1 and 2 angexceeds 200 mm.
Figure11 shows the time history of the accelerations of the pile head" Figure13 shows the relationship betwedh andwhin Cases 5 to

andthe ground surfac&00 mmaway from the pile axiduring the - ; N
vibratory pile penetration in Case 4. The downward acceleration iﬁ(]zﬁ?rr?qegngtrg;{]?%' g:ggg;zz%n ?fsgaiésgn"('ﬂg?;ﬁosr:')%htly
taken as positive. As shown in the figure, the acceleratitimegbile : n

head is much larger th@inatof the ground surface. The frequency Ofdecreases notably whérs increased to 18.3 Hz ah = 400 mm.
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Figurel2 Relationship between the pile heaadl,Pn, and the pile head displacement, in Cases 1 td
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Figurel4 shows the relationship between the pore water pressubejow the pile tip collapses during the upward movement of the pile,
p, and pile head displacement, during PPT. In Case B,increases and the soil below the pile tip is compacted during the following
with wh, andp increases dramatically whéiis increased to 18.3 Hz downward movement. This cyclic compaction enhances the pile base
atwh = 400 mm. It is seen that soil liguefaction occurs because thesistance notably. similar situatioris seen in Case b the case of
excess pore water pressure corresponds to the effective vertical streisation (Case 3), oncen exceeds 200 mpPy is dramatically
sv', asshown in Figur®. ThereforePr decreases with a reduction in smaller than it is in the other casAgossible reason is the generation
s/, which isrelated to the soil liquefaction. As mentioned earlier, thef excess pore air pressure by the vibrated pile. Watanabe et al. (2013)
CU test shows that cyclic shearing generates higher excess pore wgéited out excess pogdr pressure is generated in dry sand when it
pressure than monotonic loading, as shown in féigu If the is sheared very rapidly in the triaxial compression testing. A similar
amplitude of the excess pore water pressure depends on the nurgBigation may be occurring during PPT in Case 3 (vibration). In order
of shearing cyclesn, it is noticed that vibration provides more to clarify the behaviour, further study is needed.
shearing cyclesn(= 3800) than surging does € 350) In saturated sands shown in Figuré&6, bothP, andPsin Case 6

Figuresl5and16show the comparison of the pile base resistancésurging) are smaller than those in Case 5 (jagk This result
Po, and the pile shaft resistandg,, in dry and saturated cases,correspondto thebehaviouof the water pressurp, shown in Figure
respectively. Here, the pile base resistarigg,is the axial force 14 In Case 5 (jackn), the soil dilation appears clearly becapse
obtained from strain SG5, and the pile shaft resistaRgds the decreases with increases wh. The occurrence of soil dilation
difference between the pile head loBgl,and the pile base resistance,increases the effective soil stresel pile installation resistancén
Pe. the other handsurging (Case 6) kepi relativdy high with little

In dry sand, sshown in Figuré5, Pyin Case 2 (surging) is larger Vvariation Eigure14 (b)). This indicates that the soil dilatioasmall
than that in Case 1 (jagk), while Psin Case 2 is smaller than that in It is seen fom the cyclic triaxial CU teshatcyclic loadingprevents
Case 1. From the results of the cyclic triaxial CD test, it is presumé€il dilationandgenerateselatively highpore water pressurds a
that the cyclic pile movement of surging prevents the soil dilatiofgsult, the effective horizontal stresses acting on the pile siraft
surrounding the pile, resulting in a reduction in the effectivereduced Regarding vibration (Case 7), as shown in Fidiéa), Po
horizontal stresses acting on the pile shaft. As a réiiit,Case 2 is  decreases dramatically ah = 400 mm.As mentioned above, soil
smaller than that in Case 1. Regarding the pile base resiskanas, liquefaction occurs in this phase. Therefore, it is consideredifigt

Bolton et al. (2013) pointed out, the cavity created decreased by soil liquefaction.
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Figurel4 Relationship between the pile head displacemeqtand the pore water pressure (PWRYuring PPT
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Figure1l5 Comparison of the pile base and pile shaft resistdndag PPTin Cases 1 to 3 (dry sand)
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Figure1l6 Comparisorof the pile base and pile shaft resistadagng PPTin Cases$ to 7 (saturatecgand)

3.3 Results of the static load test Figure18(a) shows the comparison of the lessttlement curves

. . . 1 k 2 It shoul
The static load test was carried out subsequent to the pile penetra gmgg& ?he;em o?%?n )o??k? eci,aésrﬁcm(?;(,rg Ilr;lgl)::gu% (SI aendth; ;”g uld

test. Figure 17 shows the relationship between the pile head loal ead displacement during SL, si7) is the final value ofw, during

Pnh_ppT, at theendof PPT andPn_sLt during the first loading cycle of PPT due to adjusting for the different values of fiwalamong the

SLT. Pnpet is defined as the pile head load when the pile he
dlsplacementvvh, reaches the final PPT displacement in each ca%ée?:g 13;2”%1?0?%# Er)eer:de ?)gfntthgf%/rl%?ezgiqugglro?f Lstloading cycle,

Pn_sLT is the yield point of the pile head lo&u the initial loading As shown in Fi Lo ; :
gurd 8 (a), the initial pile head stiffness in Case 2

cycleof SLT (Pn_scr corresponds to #1 in Figuies). (surging) is higher than that in Case 1 (jatk and the yield lad

(#1) in Case 2 is larger than that in Case 1. Fig@shows the

5000 ——————1——1—

(]
= L change in pile shaft resistance and pile base resistance from #1 to #2.
g r O The pile base resistand®, in Case 2 (surging) is higher than that in
£ 4000 b C3se4 R Case 1. As mentioned above, since theisgrduring PPT compacts
R " om ““Case 2 the soil beneath the pile tip, during SLT becomes higher than that
o = - Case 3 E TR
= K ™ in jackin.
S 2 3000 F Case 1 Figure 18 (b) shows the loadettlement curves of Case 1 (jack
£a | | in), Case 3, and Case 4 (vibration). The yield loads (#1) in Cases 3
g 5 e and 4 (vibration) are larger than that in Case 1. However, a softening
5 92000 : : 1 behaviour occurs: i.ePn increases to 3878 N at #1 and drops
e ° L e ] immediately toPh = 3604 N with a small increasewm_sit. It can be
'g Case7 -° seen from Figurel9 (a) that the pile shaft resistance in Case 4
e 1000 - = wease - ’ ’ T decreases with increasimg_s.t (from #1 to #2), while the pile base
-;‘—j L .- ' Caseb . resistance increases. This is not related to soil plugging because the
0 A T T T behaviour occurs with both opemded piles (Case 3) and closed
0 1000 2000 3000 4000 5000 ende_d_ plles_ (Case_4}?rc_>m the abowenentioned results, the soil _
Pile head load at the end of PPT, P,, por (N) conditions in the vibration case are presumed to be as shown in

Figure20. This figure explains that the soil surroundthg pile and
Figurel7 Relationship between the pile head loBgppy at the beneath the pile tip isompactedy the large number of cyclic pile
final stage of PPT anléh_sLtduring the first loading cycle of SLT behaviours, while the soil in the outer zone is loosened. If such a soil
condition is formed, the®n at the beginning of SLT becomes high
In dry sandas shown ifFigurel7,Pn_sitin Cases Jjack-in)and  due to theompactedoil surroundig the pile. After a pile is installed
2 (surging) are smaller tha_pprin these case# possible reason by a large amourdf wh_sit, thecompactedsoil zone reaches plastic
is a difference in pile penetration rate. Watanabe et al. (2012pate and the outer soil zone contributes to pile resistance. If the soil
investigated that the failure strength and deformation modulus of sastdength of the outer zone is smaller thlat ofthe compactedsoil
increases with increasing loading rate. A similar behaviour may kzere, Pnmay decrease. More study is needed to clarify this hypothesis.
occurring here. Incontrast,Pn_s.t in Cases 3 (vibration) and 4 Figure18 (c) shows the loadlisplacement curves in Cases 5 to 7
(vibration, closeeended pile) are larger th&n_rptin these cases. As (saturated ground). The initial pile head stiffness in Case 6 (surging)
mentioned in 3.2Ph_pprmaydramaticallydecrease bthe generation is comparable to that in Case 5 (jank, and that in Case 7 (vibration)
of excess pore air pressuBuring SLT, the excess pore giressure is higher than those in Cases 5 and 6. Converse to tHesiiesDases
disappearand the effective soil resistaniserecovered. 3 and 4 (dry ground), the decreaséirduring the 1st loading cycle
In the saturated sané_s.t of Case 5 (jackn) is smaller than does not occuin Case 7 As shown in Figurd9 (b), the pile base
Pn_ppt On the other hand?n_sit of Case 6 (surging) and Case 7resistance values in Case 6 (surging) and Case 7 (vibration) are larger
(vibration) are larger thaRn_ppt As mentionedn 3.2, during PPT  than that inCase 5 (jackn). Thepile shaft resistance also increases
the cyclic pile movement of Cas6é and 7prevensthe soildilation.  with the increase imn_sit (from #1 to #2) Additionally, when the
Whenthe SLTis started aftethePPT,theloadingmanners changed pile was extracted at the final stage of SLT, the extraction resistance
from cyclic to monotonic This switch causs soil dilation, based on was obtained. It can be seen fréiigure 18 (c) that the extraction
the result of the triaxial CU test. As aresult, it is consideredPthatr  resistancevalues in Case 6 and Case 7 are comparable to that in
becomes larger thdPh_ppt Case 5.
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Figure19 Change in pile shaft resistance and pile base resistance from #1 to #2 as indicated i8Figure

Figure21 shows the pore water pressyseduring SLT. It can be in Case 7 is comparable to the other cases, althdhghsoi
seen from Figur@1 (a) thatp in Case 5 (jackn) is closely related to liquefactionoccurs at the final stage of PPence, it is thought that

the soil dilation. Negativp (i.e. positive soil dilation) increments are excess pore water pressure dissipates and the ground is reconsolidated

generated when the pile is loaded into the compdedisection, while  during the preparation work for SLT.

positivep (i.e. negative soil dilation) increments are generated when As mentioned in 2.5, it can be seen in the CU test that cyclic

shearing pevents positive soil dilation. If a similar situation occurs in
Although the magnitudes of pore water pressures in Caseth& laboratory pile load test, the cyclic pile movement during PPT in

(surging) and Case 7 (vibration) are smaller than those in Case&Case 6 (surging) and Case 7 (vibration) may prevent the positive soil

the pile was unloaded to zero.

(jack-in), they have a similar trend to those in Case 5. Furthermoregilation during SLT.

Figure20 Schematic of changes in the soil conditions during cyclic pile penetration
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