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Figure 1: The pressure tank installed in the Geotechnical

Engineering Laboratory at Aalborg University, Denmark.

Figure 2: Cross sectional view of the pressure tank and

the test setup.
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r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r✳ ❚❤❡
t❡sts ❛r❡ q✉❛s✐✲st❛t✐❝ t❡sts ♦♥ t✇♦ ❝❧♦s❡❞✲
❡♥❞❡❞ ❛❧✉♠✐♥✐✉♠ ♣✐♣❡ ♣✐❧❡s ✇✐t❤ ♦✉t❡r ❞✐✲
❛♠❡t❡rs ♦❢ ✹✵ ♠♠ ❛♥❞ ✶✵✵ ♠♠ ❛♥❞ ❛ s❧❡♥✲
❞❡r♥❡ss r❛t✐♦ ♦❢ ✺✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡♠✲

❜❡❞❞❡❞ ❧❡♥❣t❤s ♦❢ ✷✵✵ ♠♠ ❛♥❞ ✺✵✵ ♠♠✱ r❡✲
s♣❡❝t✐✈❡❧②✳ ❚❤❡ ✇❛❧❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ♣✐❧❡s
✐s ✺ ♠♠✳

❚❤❡ t❡st ♣r♦❣r❛♠♠❡✱ ❝❢✳ ❚❛❜✳ ✶✱ ✐s ❞❡✲
s✐❣♥❡❞ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ s♦✐❧ r❡s✐st❛♥❝❡ ❞❡✲
♣❡♥❞❡♥❝② ♦❢ t❤❡ ♣✐❧❡ ❞✐❛♠❡t❡r ❛t ❞✐✛❡r❡♥t
str❡ss ❧❡✈❡❧s✳ ❚❤❡ ♣✐❧❡ ❞✐❛♠❡t❡rs ✐♥ t❤❡ t❡st
♣r♦❣r❛♠♠❡ ❛r❡ ❝❤♦s❡♥ t♦ s✉♣♣❧❡♠❡♥t t❤❡
t❡sts ❞❡s❝r✐❜❡❞ ✐♥ ❙ør❡♥s❡♥ ❡t ❛❧✳ ✭✷✵✵✾✮
✇❤❡r❡ ♣✐❧❡s ✇✐t❤ ❞✐❛♠❡t❡rs ♦❢ ✻✵ ♠♠ ❛♥❞
✽✵ ♠♠ ✇❡r❡ t❡st❡❞✳ ❚♦ s♦♠❡ ❡①t❡♥t t❤❡ r❡✲
s✉❧ts ❢r♦♠ t❤❡s❡ t❡sts ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s
♣❛♣❡r✳

Table 1: The test programme.

D L/D P0

❬♠♠❪ ❬✲❪ ❬❦P❛❪

❚❡st ✶ ✶✵✵ ✺ ✵
❚❡st ✷ ✶✵✵ ✺ ✺✵
❚❡st ✸ ✶✵✵ ✺ ✶✵✵
❚❡st ✹ ✹✵ ✺ ✵
❚❡st ✺ ✹✵ ✺ ✺✵
❚❡st ✻ ✹✵ ✺ ✶✵✵

✷
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Figure 3: The 40 mm pile installed in the sand in the pres-

sure tank.

Figure 4: Setup for measuring the lateral deflection of the

pile at three levels. The measurements are given in mm.

✸ ❚❡sts ✐♥ Pr❡ss✉r❡ ❚❛♥❦

❚❤❡ t❡sts ❛r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❛ ♣r❡ss✉r❡ t❛♥❦
✐♥st❛❧❧❡❞ ✐♥ t❤❡ ●❡♦t❡❝❤♥✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣
▲❛❜♦r❛t♦r② ❛t ❆❛❧❜♦r❣ ❯♥✐✈❡rs✐t②✱ ❉❡♥✲
♠❛r❦✱ ❝❢✳ ❋✐❣✳ ✶✳ ❚❤❡ t❛♥❦ ❤❛s ❛ ❤❡✐❣❤t ♦❢
✷✳✺ ♠ ❛♥❞ ❛ ❞✐❛♠❡t❡r ♦❢ ✷✳✶ ♠✳ ❚❤❡ t❛♥❦
✐s ♣❧❛❝❡❞ ✐♥ ❛ ❧♦❛❞✲❢r❛♠❡ ♦♥ ❛ r❡✐♥❢♦r❝❡❞
❢♦✉♥❞❛t✐♦♥ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ r❡st ♦❢ t❤❡
✢♦♦r ✐♥ t❤❡ ❧❛❜♦r❛t♦r②✳

✸✳✶ ❚❡st ❙❡t✉♣

■♥s✐❞❡ t❤❡ t❛♥❦ ❛ ✵✳✺✽ ♠ t❤✐❝❦ ❧❛②❡r ♦❢ ❢✉❧❧②
s❛t✉r❛t❡❞ s❛♥❞ ✇✐t❤ ❛ ❧❛②❡r ♦❢ ❤✐❣❤❧② ♣❡r✲
♠❡❛❜❧❡ ❣r❛✈❡❧ ✉♥❞❡r♥❡❛t❤ ✇❛s ❧♦❝❛t❡❞✳ ❆
❝r♦ss s❡❝t✐♦♥❛❧ ✈✐❡✇ ♦❢ t❤❡ ♣r❡ss✉r❡ t❛♥❦
❛♥❞ t❡st s❡t✉♣ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✷✳

❚❤❡ t❡st ♣✐❧❡s ✇❡r❡ ✐♥st❛❧❧❡❞ ✐♥ t❤❡ s❛♥❞
❧❛②❡r✱ ❝❢✳ ❋✐❣✳ ✸✳ ❆ ❧❛t❡r❛❧ ❧♦❛❞ ✇❛s
❛♣♣❧✐❡❞ ❜② ♠❡❛♥s ♦❢ ❛ ✇✐r❡ ❝♦♥♥❡❝t❡❞
✐♥ s❡r✐❡s t♦ ❛ ❤②❞r❛✉❧✐❝ ♣✐st♦♥ t❤r♦✉❣❤
❛ ❢♦r❝❡ tr❛♥s❞✉❝❡r✳ ❚❤❡ ❞❡✢❡❝t✐♦♥ ♦❢
t❤❡ ♣✐❧❡s ✇❛s ♠❡❛s✉r❡❞ ❜② ❞✐s♣❧❛❝❡♠❡♥t
tr❛♥s❞✉❝❡rs ❛tt❛❝❤❡❞ ✐♥ t❤r❡❡ ❞✐✛❡r❡♥t ❧❡✈✲
❡❧s ❛❜♦✈❡ s♦✐❧ s✉r❢❛❝❡✱ ❝❢✳ ❋✐❣✳ ✹ ❛♥❞
❋✐❣✳ ✺✳ ❚❤❡r❡❜②✱ t❤r❡❡ ❧♦❛❞✲❞❡✢❡❝t✐♦♥ r❡✲
❧❛t✐♦♥s❤✐♣s ✇❡r❡ ♦❜t❛✐♥❡❞✳ ❚♦ ♠❛❦❡ t❤❡
s♦✐❧ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ♣✐❧❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✲
s✐❜❧❡ t❤❡ ♣❧❛t❢♦r♠ ♠♦✉♥t❡❞ ♦♥ t♦♣ ♦❢ t❤❡
♣r❡ss✉r❡ t❛♥❦✱ ❝❢✳ ❋✐❣✳ ✶✱ ✇❛s ✉s❡❞✳

Figure 5: The 40 mm pile instrumented with three displace-

ment transducers.

✸✳✷ ■♥❝r❡❛s❡ ♦❢ t❤❡ ❊✛❡❝t✐✈❡

❙tr❡ss❡s

❚❤❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ str❡ss❡s ✐♥ t❤❡
s♦✐❧ ✇❛s ♦❜t❛✐♥❡❞ ❜② ♣❧❛❝✐♥❣ ❛♥ ❡❧❛st✐❝✱
r✉❜❜❡r ♠❡♠❜r❛♥❡ ♦♥ t❤❡ s♦✐❧ s✉r❢❛❝❡✳ ❚❤❡
♠❡♠❜r❛♥❡ ✇❛s s❡❛❧❡❞ ❛r♦✉♥❞ t❤❡ ♣✐❧❡ ❛♥❞
❛❣❛✐♥st t❤❡ s✐❞❡ ♦❢ t❤❡ t❛♥❦ ❝❛✉s✐♥❣ t❤❡
❢✉❧❧② s❛t✉r❛t❡❞ s♦✐❧ t♦ ❜❡ s❡❛❧❡❞ ❢r♦♠ t❤❡
❛✐r ✐♥ t❤❡ ✉♣♣❡r ♣❛rt ♦❢ t❤❡ t❛♥❦✱ ❝❢✳ ❋✐❣✳ ✻✳
❲❛t❡r ✇❛s ♣♦✉r❡❞ ✐♥ ♦♥ t♦♣ ♦❢ t❤❡ ♠❡♠✲
❜r❛♥❡ t♦ ❡♥s✉r❡ ❢✉❧❧② s❛t✉r❛t❡❞ s❛♥❞ ❡✈❡♥
✐❢ t❤❡r❡ ✇❡r❡ s♠❛❧❧ ❣❛❜s ✐♥ t❤❡ ♠❡♠❜r❛♥❡
♦r ✐♥ t❤❡ s❡❛❧✐♥❣ ❜❡t✇❡❡♥ ♠❡♠❜r❛♥❡ ❛♥❞
t❛♥❦✳ ▼♦r❡♦✈❡r✱ t❤❡ ❞②♥❛♠✐❝ ✈✐s❝♦s✐t② ♦❢
✇❛t❡r ✐s ❛♣♣r♦①✐♠❛t❡❧② ✺✺ t✐♠❡s ❣r❡❛t❡r
t❤❛♥ ♦❢ ❛✐r✱ ❛♥❞ t❤❡r❡❜② t❤❡ ✇❛t❡r ♠✐♥✲
✐♠✐s❡❞ t❤❡ ✢♦✇ t❤r♦✉❣❤ ❣❛❜s✳
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Figure 6: The membrane placed on the soil surface and

sealed around the pile by hose clips and sealed against

the side of the tank by a fire hose.

Figure 7: The openings in the tank hermetically sealed.

Figure 8: Variation of effective vertical stresses. Figure 9: The ascension pipe connected to the tank to

maintain hydrostatic pore pressure in the soil during the

tests.

❚❤❡ ❡✛❡❝t✐✈❡ str❡ss❡s ✇❡r❡ t❤❡♥ ✐♥❝r❡❛s❡❞
❜② ❝❧♦s✐♥❣ t❤❡ ♦♣❡♥✐♥❣s ✐♥ t❤❡ t❛♥❦✱ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✱ ❛♥❞ ❛♣♣❧②✐♥❣ ❛♥ ❛✐r ♣r❡s✲
s✉r❡ ♦❢ ✺✵ ❦P❛ ❛♥❞ ✶✵✵ ❦P❛✱ r❡s♣❡❝t✐✈❡❧②✳
❇❡❝❛✉s❡ t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡ ✉♣♣❡r ♣❛rt
♦❢ t❤❡ t❛♥❦ ♠❛❞❡ t❤❡ ♠❡♠❜r❛♥❡ r❡s❡♠❜❧❡
❛♥ ❛♣♣❧✐❡❞ s✉r❢❛❝❡ ❧♦❛❞✱ ❛ ❤♦♠♦❣❡♥❡♦✉s
✐♥❝r❡❛s❡ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ str❡ss❡s ✇❛s ♦❜✲
t❛✐♥❡❞✳

✸✳✸ ❍②❞r♦st❛t✐❝ P♦r❡ Pr❡ss✉r❡

❚♦ ♠❛✐♥t❛✐♥ ❛ ❤②❞r♦st❛t✐❝ ♣♦r❡ ♣r❡ss✉r❡ ✐♥
t❤❡ s♦✐❧✱ ❛♥ ❛s❝❡♥s✐♦♥ ♣✐♣❡ ✇❛s ❝♦♥♥❡❝t❡❞
t♦ t❤❡ t❛♥❦ ❛♥❞✱ t❤❡r❡❜②✱ t❤❡ ✇❛t❡r ✢♦✇✐♥❣
t❤r♦✉❣❤ t❤❡ ❣❛❜s ✇❛s ❧❡❞ ♦✉t ♦❢ t❤❡ t❛♥❦✳
❚❤✐s ✇❛② t❤❡ s♦✐❧ r❡♠❛✐♥❡❞ ❢✉❧❧② s❛t✉r❛t❡❞
❛♥❞ t❤❡ str❡ss❡s ✇❡r❡ ❛♣♣❧✐❡❞ ❛s ❡✛❡❝t✐✈❡

str❡ss❡s ♦♥❧②✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡
✈❡rt✐❝❛❧ str❡ss❡s ✐♥ t❤❡ s♦✐❧ ❧❛②❡r ✐s s❤♦✇♥
✐♥ ❋✐❣✳ ✽✱ ✇❤❡r❡ P0 ❞❡♥♦t❡s t❤❡ ❛♣♣❧✐❡❞
♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡✳ ❚❤❡ ❛s❝❡♥s✐♦♥ ♣✐♣❡
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✾✳

✹ ▼❡❛s✉r✐♥❣ ❙②st❡♠

❚❤❡ ❤②❞r❛✉❧✐❝ ♣✐st♦♥ ✉s❡❞ t♦ ❛❝t✉❛t❡ t❤❡
♣✐❧❡ ✇❛s ❝♦♥tr♦❧❧❡❞ ❜② ❛ ♣r❡❞❡✜♥❡❞ ❞✐s✲
♣❧❛❝❡♠❡♥t ❛♥❞ ✐t ❛❝t❡❞ ❛t ❛ ✈❡rt✐❝❛❧ ❡❝❝❡♥✲
tr✐❝✐t② ♦❢ ✸✼✵ ♠♠ ❛❜♦✈❡ t❤❡ s♦✐❧ s✉r❢❛❝❡✱ ❝❢✳
❋✐❣✳ ✹✳ ❚❤❡ ❢♦r❝❡ tr❛♥s❞✉❝❡r ❝♦♥♥❡❝t✐♥❣
t❤❡ ✇✐r❡ ❛♥❞ t❤❡ ❤②❞r❛✉❧✐❝ s②st❡♠ ✐♥ s❡✲
r✐❡s✱ ❝❢✳ ❋✐❣✳ ✷ ✻❖✱ ✇❛s ❛ ❍❇▼ ❯✷❇ ✶✵ ❦◆
❢♦r t❡sts ♦♥ t❤❡ ✹✵ ♠♠ ♣✐❧❡ ❛♥❞ ❛ ❍❇▼
❯✷❇ ✷✵ ❦◆ ❢♦r t❤❡ ✶✵✵ ♠♠ ♣✐❧❡✳
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Figure 10: Distribution of Baskarp Sand No. 15 found by

sieve analysis. (Ibsen and Bødker, 1994)

Figure 11: The pile fixed by the hydraulic piston.

❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t tr❛♥s❞✉❝❡rs✱ ❝❢✳
❋✐❣✳ ✷ ✷❖✱ ✇❡r❡ ♦❢ t❤❡ t②♣❡ ❲❙✶✵✲
✶✵✵✵✲❘✶❑✲▲✶✵ ❢r♦♠ ❆❙▼ ●♠❜❍✳ ❋♦r
♠❡❛s✉r✐♥❣ t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡ t❛♥❦ ❛ ❍❇▼
P✻❆ ✶✵ ❜❛r ❛❜s♦❧✉t❡ ♣r❡ss✉r❡ tr❛♥s❞✉❝❡r
✇❛s ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ✜rst t❡st✱ ❛♥❞ ❛
❍❇▼ P✸▼❇❆ ✺ ❜❛r ❛❜s♦❧✉t❡ ♣r❡ss✉r❡
tr❛♥s❞✉❝❡r ✇❛s ❡♠♣❧♦②❡❞ ✐♥ t❤❡ r❡♠❛✐♥✐♥❣
t❡sts r❡❞✉❝✐♥❣ t❤❡ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡
♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝②
✇❛s ✶✵ ❍③✳

✺ ❙♦✐❧ ❝♦♥❞✐t✐♦♥s

❚❤❡ s❛♥❞ ✉s❡❞ ✐♥ t❤❡ t❛♥❦ ✇❛s ❇❛s❦❛r♣
❙❛♥❞ ◆♦✳ ✶✺✳ ❚❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❢♦r
❇❛s❦❛r♣ ❙❛♥❞ ◆♦✳ ✶✺ ❛r❡ ✇❡❧❧✲❞❡✜♥❡❞ ❢r♦♠
♣r❡✈✐♦✉s t❡sts ✐♥ t❤❡ ❧❛❜♦r❛t♦r② ❛t ❆❛❧❜♦r❣
❯♥✐✈❡rs✐t②✳ ❆ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐str✐❜✉t✐♦♥
♦❢ t❤❡ ❣r❛✐♥s ❢♦✉♥❞ ❜② s✐❡✈❡ ❛♥❛❧②s✐s ✐s
s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵✳ ❚❤❡ ✉♥✐❢♦r♠ ❣r❛❞✐♥❣
♦❢ t❤❡ ❣r❛✐♥s ♠❛❦❡s ✐t ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛
❤♦♠♦❣❡♥❡♦✉s ❝♦♠♣❛❝t✐♦♥ ♦❢ t❤❡ s♦✐❧✳ ❚❤❡
❤②❞r❛✉❧✐❝ ❝♦♥❞✉❝t✐✈✐t② ✐s k ≈ 6 ·10−5 ♠✴s✳
❚❤❡ ❧♦❛❞✐♥❣ ✈❡❧♦❝✐t② ✇❛s 1·10−5 ♠✴s✱ t❤✉s✱
t❤❡ s♦✐❧ ✇❛s ❝♦♥s✐❞❡r❡❞ ❞r❛✐♥❡❞ ❞✉r✐♥❣ t❤❡
t❡sts✳ ❚❤❡ ♠❛t❡r✐❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ❣✐✈❡♥ ✐♥
❚❛❜✳ ✷✳

Table 2: Material properties for Baskarp Sand No. 15. (An-

dersen et al., 1998)

❙♣❡❝✐✜❝ ❣r❛✐♥ ❞❡♥s✐t② ds ❬✲❪ ✷✳✻✹
▼❛①✐♠✉♠ ✈♦✐❞ r❛t✐♦ emax ❬✲❪ ✵✳✽✺✽
▼✐♥✐♠✉♠ ✈♦✐❞ r❛t✐♦ emin ❬✲❪ ✵✳✺✹✾
d50 = 50%✲q✉❛♥t✐❧❡ ❬♠♠❪ ✵✳✶✹
U = d60/d10 ❬✲❪ ✶✳✼✽

✺✳✶ ❙♦✐❧ ♣r❡♣❛r❛t✐♦♥

Pr✐♦r t♦ ❡❛❝❤ t❡st t❤❡ s♦✐❧ ✇❛s ❧♦♦s❡♥❡❞ ❜②
❛♥ ✉♣✇❛r❞ ❣r❛❞✐❡♥t ♦❢ ✵✳✾✳ ❍❡r❡❛❢t❡r✱ ✐t
✇❛s ✈✐❜r❛t❡❞ ♠❡❝❤❛♥✐❝❛❧❧② t♦ ❡♥s✉r❡ ❢✉❧❧②
s❛t✉r❛t❡❞ s♦✐❧ ❛♥❞ ❛ ❤♦♠♦❣❡♥❡♦✉s ❝♦♠✲
♣❛❝t✐♦♥✳

❚❤❡ ♣✐❧❡ ✇❛s ✐♥st❛❧❧❡❞ ✐♥ t❤❡ ❝❡♥tr❡ ♦❢ t❤❡
t❛♥❦✳ ❉✉r✐♥❣ ✐♥st❛❧❧❛t✐♦♥✱ ❛ ❣r❛❞✐❡♥t ♦❢
✵✳✾ ✇❛s ❛♣♣❧✐❡❞ t♦ ♠✐♥✐♠✐s❡ t❤❡ ♣r❡ss✉r❡
♦♥ t❤❡ ❝❧♦s❡❞ ❡♥❞ ♦❢ t❤❡ ♣✐❧❡✳ ❍❡r❡❜②✱ t❤❡
t♦❡ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❛❧♦♥❣
t❤❡ ♣✐❧❡ ✇❡r❡ ♠✐♥✐♠✐s❡❞✳ ❆❢t❡r ✐♥st❛❧❧❛✲
t✐♦♥ t❤❡ s♦✐❧ ✇❛s ✈✐❜r❛t❡❞ ♠❡❝❤❛♥✐❝❛❧❧②✱
❝❢✳ ❋✐❣✳ ✶✷✱ t♦ ♠✐♥✐♠✐s❡ ❞✐st✉r❜❛♥❝❡s ✐♥
t❤❡ s♦✐❧ ❡♠❡r❣❡❞ ❢r♦♠ t❤❡ ♣✐❧❡ ✐♥st❛❧❧❛t✐♦♥✳
❲❤✐❧❡ ✈✐❜r❛t✐♥❣ t❤❡ ♣✐❧❡ ✇❛s s❡❝✉r❡❞ ✐♥ ✐ts
✉♣r✐❣❤t ♣♦s✐t✐♦♥ ❜② ♠❡❛♥s ♦❢ t❤❡ ❤②❞r❛✉❧✐❝
♣✐st♦♥ ♠♦✉♥t❡❞ t❤r♦✉❣❤ t❤❡ t♦♣ ❤❛t❝❤ ♦❢
t❤❡ t❛♥❦✱ ❝❢✳ ❋✐❣✳ ✷ ✶✶❖ ❛♥❞ ❋✐❣✳ ✶✶✳

❚♦ ❝♦♥tr♦❧ t❤❡ ❤♦♠♦❣❡♥❡✐t② ❛♥❞ t❤❡ ❝♦♠✲
♣❛❝t✐♦♥ ♦❢ t❤❡ s♦✐❧✱ ❝♦♥❡ ♣❡♥❡tr❛t✐♦♥ t❡sts
✭❈P❚✮ ✇❡r❡ ❝♦♥❞✉❝t❡❞✳ ❚❤❡ s❡t✉♣ ♦❢ t❤❡
❈P❚✲❞❡✈✐❝❡ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✶✸✳ ❆ t♦t❛❧

✺
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Figure 12: Vibration of the soil. Figure 13: The setup of the CPT-device in the pressure

tank.

♦❢ s✐① ❈P❚✬s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♣r✐♦r t♦ ❡❛❝❤
t❡st✳ ❋♦✉r ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ❞✐st❛♥❝❡
♦❢ ✺✵✵ ♠♠ ❢r♦♠ t❤❡ ❝❡♥tr❡ ♦❢ t❤❡ ♣✐❧❡✱ ❝❢✳
❋✐❣✳ ✶✹✳ ❚❤❡ r❡♠❛✐♥✐♥❣ t✇♦ ❈P❚✬s ✇❡r❡
❝♦♥❞✉❝t❡❞ ✶✻✵ ♠♠ ❛♥❞ ✷✵✵ ♠♠ ❢r♦♠ t❤❡
♣✐❧❡ ❝❡♥tr❡ ❢♦r t❤❡ ✹✵ ♠♠ ❛♥❞ t❤❡ ✶✵✵ ♠♠
♣✐❧❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❇♦t❤ ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥
t❤❡ ♥❡✉tr❛❧ s✐❞❡ ♦❢ t❤❡ ♣✐❧❡✳ ❚❤❡ ♣r♦❜❡ ❞✐✲
❛♠❡t❡r ♦❢ t❤❡ ❈P❚✲❞❡✈✐s❡ ✇❛s ✶✺ ♠♠✳

■♥ ❋✐❣✳ ✶✺ t❤❡ ❝♦♥❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❈P❚✬s
❝♦♥❞✉❝t❡❞ ♣r✐♦r t♦ t❡st ✺ s❤♦✇s ❛ ❤♦♠♦✲
❣❡♥❡♦✉s ❝♦♠♣❛❝t✐♦♥ ♦❢ t❤❡ s♦✐❧✳ ❋✐❣✳ ✶✻
s❤♦✇s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦♥❡ r❡s✐s✲
t❛♥❝❡✱ qc✱ ♣r✐♦r t♦ ❡❛❝❤ ♦❢ t❤❡ s✐① t❡sts ❞❡✲
s❝r✐❜❡❞ ✐♥ t❤✐s ♣❛♣❡r ❛♥❞ t❤♦s❡ ♦❜t❛✐♥❡❞
♣r✐♦r t♦ t❤❡ t❡sts ❞❡s❝r✐❜❡❞ ✐♥ ❙ør❡♥s❡♥
❡t ❛❧✳ ✭✷✵✵✾✮✳ ❚❤❡ ✜❣✉r❡ s❤♦✇s t❤❛t qc ♦❢
t❤❡ s♦✐❧ ✇❛s ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ ❢♦r
t❤❡ s✐① t❡sts ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ ✹✵ ♠♠ ♣✐❧❡
❛♥❞ t❤❡ ✶✵✵ ♠♠ ♣✐❧❡✳ ❚❤♦✉❣❤✱ ❝♦♠♣❛r❡❞
t♦ t❤❡ ❈P❚✬s ❝♦♥❞✉❝t❡❞ ✐♥ ❙ør❡♥s❡♥ ❡t ❛❧✳
✭✷✵✵✾✮ t❤❡② ✇❡r❡ ❤✐❣❤❡r✳

■♥ ❚❛❜✳ ✸ t❤❡ s♦✐❧ ♣❛r❛♠❡t❡rs ❞❡r✐✈❡❞ ♦♥
❜❛s✐s ♦❢ t❤❡ ❈P❚✬s ❛r❡ ♣r❡s❡♥t❡❞✳ ❚❤❡ ♣❛✲
r❛♠❡t❡rs ❛r❡ ❞❡r✐✈❡❞ ✐♥ ❛❝❝♦r❞❛♥❝❡ t♦ ■❜✲
s❡♥ ❡t ❛❧✳ ✭✷✵✵✾✮✱ ❝❢✳ ❊qs✳ ✶ t♦ ✺✱ ✇❤✐❝❤
❛r❡ ❞❡r✐✈❡❞ ❡♠♣✐r✐❝❛❧❧② ❢♦r ❇❛s❦❛r♣ ❙❛♥❞
◆♦✳ ✶✺✳ ❚❤❡ ❢♦r♠✉❧❛t✐♦♥ ❢♦r t❤❡ t❛♥❣❡♥✲
t✐❛❧ ♠♦❞✉❧✉s ♦❢ ❡❧❛st✐❝✐t②✱ E0 ❝❢✳ ❊q✳ ✻✱ ✐s
❣✐✈❡♥ ❜② ❇r✐♥❦❣r❡✈❡ ❛♥❞ ❙✇♦❧❢s ✭✷✵✵✼✮✳

Figure 14: The positions of the six CPT’s conducted prior

to each test.
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Figure 15: The cone resistance, qc, from the CPT’s con-

ducted prior to test 5.

Figure 16: Mean values of the cone resistance, qc, prior

to each test. The solid curves are qc obtained prior to

the tests described in this paper. The dashed curves are

qc obtained prior to the tests described in Sørensen et al.

(2009).

ϕtr ✐s t❤❡ ✐♥t❡r♥❛❧ ❛♥❣❧❡ ♦❢ ❢r✐❝t✐♦♥✱ ID ✐s
t❤❡ ✐❞❡♥t✐t② ✐♥❞❡①✱ σ′

3
❛♥❞ σ′

1
❛r❡ t❤❡ ❡❢✲

❢❡❝t✐✈❡ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ str❡ss❡s✱ r❡✲
s♣❡❝t✐✈❡❧②✱ ❛♥❞ ψtr ✐s t❤❡ ❞✐❧❛t✐♦♥ ❛♥❣❧❡✳
✭c1✱ c2✱ c3✮ ❂ ✭✵✳✼✺✱ ✺✳✶✹✱ ✲✵✳✹✷✮✱ γ′ ✐s t❤❡
❡✛❡❝t✐✈❡ ✉♥✐t ✇❡✐❣❤t ♦❢ t❤❡ s♦✐❧✱ ds ✐s t❤❡
r❡❧❛t✐✈❡ ❞❡♥s✐t② ♦❢ t❤❡ s♦✐❧✱ ein✲situ ✐s t❤❡ ✐♥✲
s✐t✉ ✈♦✐❞ r❛t✐♦✱ ❛♥❞ γw ✐s t❤❡ ✉♥✐t ✇❡✐❣❤t ♦❢
✇❛t❡r✳ E50 ✐s t❤❡ s❡❝❛♥t ♠♦❞✉❧✉s ♦❢ ❡❧❛s✲
t✐❝✐t②✱ c ✐s t❤❡ ❝♦❤❡s✐♦♥✱ ❛♥❞ Rf ✐s t❤❡ ❢❛✐❧✲
✉r❡ r❛t✐♦✱ ✇❤✐❝❤ ✐s ♥♦r♠❛❧❧② s❡t t♦ ✵✳✾✳

❇② ❝♦♠♣❛r✐♥❣ t❤❡ ♦❜t❛✐♥❡❞ ♣❛r❛♠❡t❡rs
t♦ t❤❡ ♦♥❡s ❞❡r✐✈❡❞ ✐♥ ❙ør❡♥s❡♥ ❡t ❛❧✳
✭✷✵✵✾✮✱ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✹✱ ✐t ❝❛♥ ❜❡ s❡❡♥
t❤❛t t❤❡ ✐❞❡♥t✐t② ✐♥❞❡❝❡s✱ ID✱ ❞❡r✐✈❡❞ ❢♦r
t❤❡ ♣r❡s❡♥t t❡sts ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② ✶✵ ✪
❤✐❣❤❡r✳ ❇❡❝❛✉s❡ t❤❡ ✐♥t❡r♥❛❧ ❛♥❣❧❡ ♦❢ ❢r✐❝✲
t✐♦♥✱ ϕtr✱ ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡ ✉♥✐t ✇❡✐❣❤t ♦❢
t❤❡ s♦✐❧✱ γ′✱ ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ ID t❤❡s❡ ♣❛✲
r❛♠❡t❡rs ❛r❡ s❧✐❣❤t❧② ❤✐❣❤❡r ❛s ✇❡❧❧✳ ❚❤❡
t❛♥❣❡♥t✐❛❧ ♠♦❞✉❧✉s ♦❢ ❡❧❛st✐❝✐t②✱ E0✱ ✐s ♥♦t
❝❛❧❝✉❧❛t❡❞ ❢♦r t❤❡ t❡sts ✇✐t❤♦✉t ♦✈❡r❜✉r✲
❞❡♥ ♣r❡ss✉r❡ ❜❡❝❛✉s❡ t❤❡ ❧♦✇ str❡ss ❧❡✈❡❧
❧❡❛❞s t♦ ❧❛r❣❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ❞❡t❡r✲
♠✐♥❛t✐♦♥✳

Table 3: Material properties determined from the CPT’s

conducted prior to the six tests.

D P0 ϕtr ψtr ID γ′ E0

[♠♠] [❦P❛] [♦] [♦] [−] [❦◆✴♠3] [▼P❛]

✶✵✵ ✵ ✺✸✳✽ ✶✾✳✻ ✵✳✽✻ ✶✵✳✸ ✲
✶✵✵ ✺✵ ✺✵✳✸ ✶✾✳✵ ✵✳✽✾ ✶✵✳✹ ✸✽✳✷
✶✵✵ ✶✵✵ ✹✼✳✼ ✶✽✳✸ ✵✳✾✵ ✶✵✳✹ ✺✺✳✻
✹✵ ✵ ✺✹✳✹ ✷✵✳✹ ✵✳✾✶ ✶✵✳✹ ✲
✹✵ ✺✵ ✺✵✳✹ ✶✾✳✶ ✵✳✽✾ ✶✵✳✹ ✸✽✳✻
✹✵ ✶✵✵ ✹✽✳✵ ✶✽✳✻ ✵✳✾✶ ✶✵✳✹ ✺✼✳✷

Table 4: Material properties determined from the CPT’s

conducted prior to the six tests conducted in Sørensen et al.

(2009).

D P0 ϕtr ψtr ID γ′ E0

[♠♠] [❦P❛] [♦] [♦] [✲] [❦◆✴♠3] [▼P❛]

✻✵ ✵ ✺✷✳✻ ✶✽✳✶ ✵✳✼✾ ✶✵✳✷ ✲
✻✵ ✺✵ ✹✽✳✺ ✶✻✳✾ ✵✳✼✾ ✶✵✳✷ ✷✺✳✹
✻✵ ✶✵✵ ✹✺✳✾ ✶✻✳✷ ✵✳✼✾ ✶✵✳✷ ✹✶✳✶
✽✵ ✵ ✺✷✳✷ ✶✼✳✺ ✵✳✼✻ ✶✵✳✶ ✲
✽✵ ✺✵ ✹✽✳✸ ✶✻✳✼ ✵✳✼✽ ✶✵✳✶ ✷✹✳✾
✽✵ ✶✵✵ ✹✺✳✶ ✶✺✳✸ ✵✳✼✺ ✶✵✳✶ ✸✼✳✹

✻ ❘❡s✉❧ts

❉✉r✐♥❣ t❤❡ t❡sts✱ ♣r❡s❝r✐❜❡❞ ❞✐s♣❧❛❝❡♠❡♥ts
✇❡r❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ♣✐❧❡ ❛♥❞✱ t❤❡r❡❜②✱ t❤❡
s♦✐❧ ✇❛s ❜r♦✉❣❤t t♦ ❢❛✐❧✉r❡✱ t❤❡♥ ✉♥❧♦❛❞❡❞
❛♥❞ r❡❧♦❛❞❡❞✳ ❍❡r❡❜②✱ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡
✉❧t✐♠❛t❡ s♦✐❧ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ ❡❧❛st✐❝ ❜❡✲
❤❛✈✐♦✉r ♦❢ t❤❡ s♦✐❧ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✳

✼
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Figure 17: Load-deflection relationships for the 100 mm

pile at P0 = 0 kPa.

Figure 18: Normalised relationships between load

(H /Hmax) and deflection (y/D) measured at the height

of the hydraulic piston (x = −370 mm) for the 100 mm

pile.

■♥ ❋✐❣✳ ✶✼ t❤❡ ❧♦❛❞✲❞❡✢❡❝t✐♦♥ r❡❧❛t✐♦♥s❤✐♣s
❢♦r t❡st ✹ ❛r❡ s❤♦✇♥✳ ❋✐rst❧②✱ ✐t ❝❛♥ ❜❡ s❡❡♥
t❤❛t✱ ✇❤❡♥ ✉♥❧♦❛❞✐♥❣ ❛♥❞ r❡❧♦❛❞✐♥❣✱ t❤❡
❧♦❛❞✲❞❡✢❡❝t✐♦♥ ❝✉r✈❡s r❡❛❝❤❡s t❤❡ ♦r✐❣✐♥❛❧
❝✉r✈❡s✳ ❙❡❝♦♥❞❧②✱ t❤❡ ✉♣♣❡r ❞✐s♣❧❛❝❡♠❡♥t
tr❛♥s❞✉❝❡r r❡❝♦r❞❡❞ t❤❡ ❧❛r❣❡st ❞❡✢❡❝t✐♦♥✱
✇❤✐❧❡ t❤❡ ❧♦✇❡r tr❛♥s❞✉❝❡r r❡❝♦r❞❡❞ t❤❡
s♠❛❧❧❡st✳ ❚❤✐s ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡
❡①♣❡❝t❡❞ r❡s✉❧ts✳

❚❤❡ ♥♦r♠❛❧✐s❡❞ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥
❧♦❛❞✱ H✴Hmax✱ ❛♥❞ ❞❡✢❡❝t✐♦♥✱ y✴D✱
❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ ♣✐st♦♥
✭x ❂ −370 ♠♠✮ ❢♦r t❡st ✶ t♦ ✸ ❛r❡ s❤♦✇♥
✐♥ ❋✐❣✳ ✶✽✳ ❚❤❡ t❡st ✇✐t❤♦✉t ♦✈❡r❜✉r❞❡♥
♣r❡ss✉r❡ ❣✐✈❡s ❛ ♠♦r❡ ❝✉r✈❡❞ ❣r❛♣❤ t❤❛♥
t❤❡ t❡sts ✇✐t❤ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡s✳ ❚❤✐s
✐s ❝❛✉s❡❞ ❜② t❤❡ ❧♦✇ str❡ss ❧❡✈❡❧✱ ❛t ✇❤✐❝❤
t❤❡ ❞✐❧❛t✐♦♥ ♦❢ t❤❡ s♦✐❧ ✐s ❧❛r❣❡r✳

✻✳✶ P❧❛st✐❝ ❘❡s♣♦♥s❡ ❛♥❞ P✐❧❡

❈❛♣❛❝✐t②

❚❤❡ ♣❧❛st✐❝ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ s♦✐❧ ❞❡♣❡♥❞s
♦♥ t❤❡ ❛♣♣❧✐❡❞ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡✳ ❋♦r
t❤❡ ❝❛s❡ ✇✐t❤♦✉t ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ t❤❡
♣❧❛st✐❝ ❞❡❢♦r♠❛t✐♦♥ ❛❢t❡r t❤❡ ✜rst ✉♥❧♦❛❞✲
✐♥❣ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✽✺ ✪ ♦❢ t❤❡ t♦t❛❧ ❞❡✲
❢♦r♠❛t✐♦♥ ❛❢t❡r t❤❡ ✜rst ❧♦❛❞✐♥❣✳ ❋♦r t❤❡
❝❛s❡s ✇❡r❡ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡s ♦❢ ✺✵ ❦P❛

❛♥❞ ✶✵✵ ❦P❛ ✇❡r❡ ❛♣♣❧✐❡❞ t❤❡ ♣❧❛st✐❝ ❞❡❢♦r✲
♠❛t✐♦♥ ✐s ✺✵ ✪ ❛♥❞ ✻✵ ✪✱ r❡s♣❡❝t✐✈❡❧②✱ ♦❢
t❤❡ t♦t❛❧ ❞❡❢♦r♠❛t✐♦♥ ❛❢t❡r t❤❡ ✜rst ❧♦❛❞✲
✐♥❣✱ ❝❢✳ ❋✐❣✳ ✶✽✳

■♥ ❋✐❣✳ ✶✽ ✐t ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ t❤❛t s❡✈✲
❡r❛❧ ❧♦❛❞✐♥❣✲r❡❧♦❛❞✐♥❣ ❝✉r✈❡s ❛r❡ ♣r❡s❡♥t
❢♦r t❤❡ t❡st ❛t ✺✵ ❦P❛✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s
❞❡✈✐❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡♠❛✐♥✐♥❣ t❡sts
✐s t❤❛t t❤❡ t❡st ✇❛s r✉♥ ✐♥ t❤r❡❡ st❛❣❡s
❜❡❝❛✉s❡ ♦❢ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ✇✐r❡ tr❛♥s✲
❢❡rr✐♥❣ t❤❡ ❧♦❛❞ t♦ t❤❡ ♣✐❧❡✳ ❉✉r✐♥❣ t❤❡
✜rst r✉♥ t❤❡ ✇✐r❡ ✇❛s ❞r❛❣❣❡❞ ♦✉t ♦❢ ✐ts
❜r❛❝❦❡t✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❛♣♣❧✐❡❞ ❞✐s♣❧❛❝❡✲
♠❡♥t ✇❛s ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
✇✐r❡✱ ✇❤✐❝❤ r❡s✉❧t❡❞ ✐♥ ✈❡r② s♠❛❧❧ ❞❡✢❡❝✲
t✐♦♥s ♦❢ t❤❡ ♣✐❧❡✳ ❉✉r✐♥❣ t❤❡ s❡❝♦♥❞ r✉♥
t❤❡ ✇✐r❡ ❞❡❢♦r♠❡❞✱ ❛❣❛✐♥ ❧❡❛❞✐♥❣ t♦ s♠❛❧❧
❞❡✢❡❝t✐♦♥s ♦❢ t❤❡ ♣✐❧❡✳ ❆ ❧❛st r✉♥ ✇❛s ❝♦♥✲
❞✉❝t❡❞ ❛♥❞ t❤❡ ✇❛♥t❡❞ ❞❡✢❡❝t✐♦♥ ♦❢ t❤❡
♣✐❧❡ ✇❛s ♦❜t❛✐♥❡❞✳

❋✐❣s✳ ✶✾ ❛♥❞ ✷✵ ♣r❡s❡♥t t❤❡ ❞❡♣❡♥❞❡♥❝②
♦❢ t❤❡ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ♦♥ t❤❡ ❧❛t❡r❛❧
❧♦❛❞✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝❛♣❛❝✐t② ♦❢ t❤❡
s♦✐❧ ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦✈❡r❜✉r❞❡♥
♣r❡ss✉r❡✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧❛t✲
❡r❛❧ ❧♦❛❞ ❢♦r t❤❡ t❡sts ✇✐t❤♦✉t ♦✈❡r❜✉r❞❡♥
♣r❡ss✉r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡s ✇✐t❤ ♦✈❡r✲
❜✉r❞❡♥ ♣r❡ss✉r❡s ♦❢ ✺✵ ❦P❛ ❛♥❞ ✶✵✵ ❦P❛✱
r❡s♣❡❝t✐✈❡❧②✱ ✐s ❞❡t❡r♠✐♥❡❞ ❢♦r ✶✵ ♠♠ ❞❡✲

✽
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Figure 19: Load-displacement relationships at different

overburden pressures measured at the level of the hy-

draulic piston (x =−370 mm) for the 40 mm pile.

Figure 20: Load-displacement relationships at different

overburden pressures measured at the level of the hy-

draulic piston (x =−370 mm) for the 100 mm pile.

✢❡❝t✐♦♥ ❛t t❤❡ ❧❡✈❡❧ ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ ♣✐s✲
t♦♥✱ ✐✳❡✳ x ❂ −370 ♠♠✳ ❚❤❡ ❧❛t❡r❛❧ ❧♦❛❞
✐♥❝r❡❛s❡s ✇✐t❤ ❛ ❢❛❝t♦r ♦❢ ✶✼ ❢♦r t❤❡ ✹✵ ♠♠
♣✐❧❡ ❢♦r ✺✵ ❦P❛ ❛♥❞ ✶✺ ❢♦r t❤❡ ✶✵✵ ♠♠ ♣✐❧❡✳
❋♦r ✶✵✵ ❦P❛ t❤❡ ❧♦❛❞ ✐♥❝r❡❛s❡s ✇✐t❤ ❛ ❢❛❝✲
t♦r ♦❢ ✶✽ ❛♥❞ ✷✵ ❢♦r t❤❡ ✹✵ ♠♠ ♣✐❧❡ ❛♥❞
t❤❡ ✶✵✵ ♠♠ ♣✐❧❡✱ r❡s♣❡❝t✐✈❡❧②✳

✻✳✷ ❯♥❝❡rt❛✐♥t✐❡s ❢♦r t❤❡ ✹✵ ♠♠

P✐❧❡

❈♦♥❞✉❝t✐♥❣ t❡sts ♦♥ t❤❡ ✹✵ ♠♠ ♣✐❧❡ ✇❛s
❞✐✣❝✉❧t ❜❡❝❛✉s❡ ❧✐tt❧❡ ❞✐st✉r❜❛♥❝❡ ♦❢ t❤❡
s♦✐❧ ✇♦✉❧❞ ❝❛✉s❡ ❧❛r❣❡ ✉♥❝❡rt❛✐♥t✐❡s ❢♦r
t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ❞✉❡ t♦ t❤❡ s♠❛❧❧ s♦✐❧
✈♦❧✉♠❡ ❛❝t✐✈❛t❡❞ ❞✉r✐♥❣ ❢❛✐❧✉r❡✳ ❋✐❣✳ ✶✾
s❤♦✇s t❤❡ ❧♦❛❞✲❞❡✢❡❝t✐♦♥s r❡❧❛t✐♦♥s❤✐♣ ❢♦r
t❤❡ ✹✵ ♠♠ ♣✐❧❡✳ ❚❤❡ ✜❣✉r❡ s❤♦✇s ❛♥ ✉♥❡①✲
♣❡❝t❡❞ ❛♣♣❡❛r❛♥❝❡ ♦❢ t❤❡ ❣r❛♣❤ ❢♦r t❤❡ t❡st
❛t ✶✵✵ ❦P❛ ❛s t❤❡ ❣r❛♣❤ ❢♦r t❤❡ ✜rst ❧♦❛❞✲
✐♥❣ ❞❡s❝r✐❜❡s ♥❡❛r❧② ❛ str❛✐❣❤t ❧✐♥❡✳ ❇❡✲
❢♦r❡ t❤✐s t❡st t❤❡ ♣✐❧❡ ❣♦t st✉❝❦ ✐♥ t❤❡ ❤②✲
❞r❛✉❧✐❝ ♣✐st♦♥ ❛♥❞ ✇❤❡♥ r❡❧❡❛s✐♥❣ ✐t t❤❡
s✉rr♦✉♥❞✐♥❣ s♦✐❧ ✇❛s ❞✐st✉r❜❡❞✳ ❚❤✐s ❞✐s✲
t✉r❜❛♥❝❡ ♠✐❣❤t ❤❛✈❡ ❝❛✉s❡❞ ❛ ❞❡❝r❡❛s❡ ♦❢
t❤❡ str❡♥❣t❤ ✐♥ t❤❡ s♦✐❧✳ ❚❤❡r❡❜②✱ t❤❡
❣r❛♣❤ ✐s str❛✐❣❤t t✐❧❧ t❤❡ ♣♦✐♥t ✇❤❡r❡ t❤❡
♣✐❧❡ ♦❜t❛✐♥❡❞ ❛ ❞❡✢❡❝t✐♦♥ ❧❛r❣❡ ❡♥♦✉❣❤ t♦
❛❝t✐✈❛t❡ t❤❡ ✉♥❞✐st✉r❜❡❞ s♦✐❧ ❢✉rt❤❡r ❛✇❛②
❢r♦♠ t❤❡ ♣✐❧❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ r❡s✉❧ts ❢r♦♠

t❡st ✻ ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ t♦ r❡♣r❡s❡♥t t❤❡
❝♦rr❡❝t ❜❡❤❛✈✐♦✉r ♦❢ ❛♥ ✉♥❞✐st✉r❜❡❞ s♦✐❧✳

✻✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ ❚❡st ❘❡s✉❧ts

■♥ ❋✐❣✳ ✷✶ t❤❡ r❡s✉❧ts ❢♦r t❤❡ t❡sts ✇✐t❤♦✉t
♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡
r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ❙ør❡♥s❡♥ ❡t ❛❧✳ ✭✷✵✵✾✮
❢♦r ✻✵ ♠♠ ❛♥❞ ✽✵ ♠♠ ♣✐❧❡s✳ ❆s ❡①♣❡❝t❡❞✱
t❤❡ ❧❛t❡r❛❧ ❧♦❛❞ ♥❡❝❡ss❛r② t♦ ♦❜t❛✐♥ ❛ ❞❡✲
✢❡❝t✐♦♥ ♦❢ t❤❡ ♣✐❧❡ ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✲
✐♥❣ ♣✐❧❡ ❞✐❛♠❡t❡r✳

❋✐❣s✳ ✷✷✱ ✷✸✱ ❛♥❞ ✷✹ s❤♦✇s t❤❡ ♥♦r♠❛❧✐s❡❞
r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡ ❧❛t❡r❛❧ ❧♦❛❞✱ H✱
❛♥❞ t❤❡ ❞❡✢❡❝t✐♦♥✱ y✱ ❞❡t❡r♠✐♥❡❞ ❛t t❤❡
❧❡✈❡❧ ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ ♣✐st♦♥ ❢♦r t❤❡ t❤r❡❡
str❡ss ❧❡✈❡❧s✳ ❚❤❡ ♥♦r♠❛❧✐s❡❞ ❢♦r♠✉❧❛t✐♦♥
❢♦r t❤❡ ❧♦❛❞✱ ❊q✳ ✼✱ ✐s ❝❤♦s❡♥ ❜❡❝❛✉s❡
t❤❡ ❧♦❛❞ ✐s ❛ss✉♠❡❞ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ s♦✐❧
✈♦❧✉♠❡ ❛❝t✐✈❛t❡❞ ❞✉r✐♥❣ ❢❛✐❧✉r❡✱ ❛♥❞ t❤❡
str❡ss❡s ✐♥ t❤❡ s♦✐❧✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ♣r♦✲
✈✐❞❡s t❤❡ ❡①♣r❡ss✐♦♥ LDσ′ t❤❛t ❝❛♥ ❜❡
r❡✇r✐tt❡♥ t♦ LDγ′L ❂ L2Dγ′✳

◆♦r♠❛❧✐s❡❞ ❧♦❛❞ =
H

L2Dγ′
✭✼✮

◆♦r♠❛❧✐s❡❞ ❞❡✢❡❝t✐♦♥ =
y

D
✭✽✮

✾
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Figure 21: Load-deflection relationships for the four piles

at P0 = 0 kPa.

Figure 22: Normalised relationships between load

(H /Hmax) and defection (y/D) measured at the level of

the hydraulic piston for the tests at P0 = 0 kPa.
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Figure 23: Normalised relationships between load

(H /Hmax) and deflection (y/D) measured at the level of

the hydraulic piston for the tests at P0 = 50 kPa.

❋✐❣✳ ✷✷ s❤♦✇s ❞❡✈✐❛t✐♦♥s ❜❡t✇❡❡♥ t❤❡ ♥♦r✲
♠❛❧✐s❡❞ ❝✉r✈❡s ❢♦r t❤❡ ❢♦✉r ♣✐❧❡s ✇✐t❤♦✉t
♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡✳ ❚❤❡ ❝✉r✈❡s s❡❡♠s t♦
❜❡ ❣r♦✉♣❡❞ ✐♥ ♣❛✐rs✳ ❚❤❡ ✽✵ ♠♠ ♣✐❧❡ ❛♥❞
t❤❡ ✶✵✵ ♠♠ ♣✐❧❡ ❛r❡ s✐♠✐❧❛r ❛t t❤❡ ✐♥✐t✐❛❧
♣❛rt ♦❢ t❤❡ ❝✉r✈❡s✱ ❜✉t ❞❡✈✐❛t❡s ❛t ❧❛r❣❡r
❞❡✢❡❝t✐♦♥s✳ ❚❤❡ ❝✉r✈❡s ❢♦r t❤❡ ✹✵ ♠♠ ❛♥❞
t❤❡ ✻✵ ♠♠ ♣✐❧❡ ❛r❡ s✐♠✐❧❛r✱ ❜✉t t❤✐s ♠✐❣❤t
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Figure 24: Normalised relationships between load

(H /Hmax) and deflection (y/D) measured at the level of

the hydraulic piston for the tests at P0 = 100 kPa.

❚❤❡ r❡❛s♦♥ ❢♦r t❤❡ ❞❡✈✐❛t✐♦♥s ❝♦✉❧❞ ❜❡
t❤❡ ❞✐✛❡♥r❡❝❡ ✐♥ t❤❡ s♦✐❧ ✈♦❧✉♠❡ ❛❝t✐✈❛t❡❞
❞✉r✐♥❣ ❢❛✐❧✉r❡ ❛♥❞ t❤❡ ❞✐✛❡r❡♥t ❡♠❜❡❞❞❡❞
❧❡♥❣t❤s ❢♦r t❤❡ ❢♦✉r ♣✐❧❡s✱ ✇❤✐❝❤ ❝❛✉s❡s ❞❡✲
✈✐❛t✐♦♥s ♦❢ t❤❡ r❡❛❝❤❡❞ str❡ss ❧❡✈❡❧s✳

■♥ ❋✐❣✳ ✷✸ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✇❤❡♥ ❛♣♣❧②✲
✐♥❣ ❛♥ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ♦❢ ✺✵ ❦P❛ t❤❡
✐♥✐t✐❛❧ ♣❛rt ♦❢ t❤❡ ❣r❛♣❤s ❛r❡ ❛❧♠♦st s✐♠✲
✐❧❛r✳ ❚❤❡ s♠❛❧❧❡r ❞❡✈✐❛t✐♦♥s ✐♥❞✐❝❛t❡ t❤❛t
t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ r❡s✉❧ts ✐♥❝r❡❛s❡s ✇❤❡♥
♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ✐s ❛♣♣❧✐❡❞✳ ❋♦r t❤❡
t❡sts ✇✐t❤ ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ♦❢ ✶✵✵ ❦P❛
t❤❡ ❝✉r✈❡s ❛r❡ ❝♦✐♥❝✐❞✐♥❣ ❢♦r t❤❡ t❡sts ♦♥
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t❤❡ ✻✵ ♠♠✱ ✽✵ ♠♠✱ ❛♥❞ ✶✵✵ ♠♠ ♣✐❧❡s✳
❚❤✐s ✐♠♣❧✐❡s t❤❛t t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ t❡st
r❡s✉❧ts ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♦✈❡r❜✉r✲
❞❡♥ ♣r❡ss✉r❡✳ ❚❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❝✉r✈❡
❢♦r t❤❡ ✹✵ ♠♠ ♣✐❧❡ ✐s ❝❛✉s❡❞ ❜② t❤❡ ❞✐st✉r✲
❜❛♥❝❡ ♦❢ t❤❡ s♦✐❧ ❜❡❢♦r❡ t❤❡ t❡st✳

■♥ s♣✐t❡ ♦❢ t❤❡ ✐♥❛❝❝✉r❛t❡ r❡s✉❧ts ❢♦r t❤❡
t❡sts ✇✐t❤♦✉t ♦✈❡r❜✉r❞❡♥ ♣r❡ss✉r❡ ❛♥❞ ❢♦r
t❤❡ t❡sts ♦❢ t❤❡ ✹✵ ♠♠ ♣✐❧❡✱ t❤❡ ♥♦r♠❛❧✐s❡❞
r❡❧❛t✐♦♥s❤✐♣s ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❧❛t❡r❛❧ ❧♦❛❞
✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❡♠❜❡❞❞❡❞ ❧❡♥❣t❤
sq✉❛r❡❞ ❛♥❞ t❤❡ ♣✐❧❡ ❞✐❛♠❡t❡r✱ ❝❢✳ ❊q✳ ✼✳
❋✉rt❤❡r♠♦r❡✱ t❤❡② ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❛❝❝✉✲
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