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Abstract. One of the ways to reduce piling expenses is decreasing volume of piling
works. It can be provided by shortening either the piles length or the number of pipes.
These results may be achieved if each short-cut pile is improved and bears the same
loading as a pile of normal length or if each pile of normal length is improved and bears
larger axial force in comparison with its initially designed capacity. Presented study
clarified possibilities to regulate the pipe pile’s bearing capacity using an internal rigid
diaphragm (closure) placed inside the pile’s shaft. It increases the bearing capacity of the
tubular pile due to additional soil reaction under the closure. Pressing the pipe pile s model
into sand box was assumed as the most gentle and precise method to study considered
driving process. Besides results of such approach may be good adapted to predict pipe
behavior in case of Press-in method of the pile installation. Some conclusions were made
clarifying the diaphragm s positive contribution to pile bearing capacity, the effect of the
closure’s location along the pipe shaft, and the influence of the diaphragm'’s design (flat,
conical, and cylindrical closures). Numerical analysis of the gained experimental data
gave the possibility to apply approximating functions with good correlation indexes.
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Anomayia. OOHUM i3 WIIAXI8 3HUNCEHHS BUMPAM HA GNAWMYBAHHS MPYOUACUX
namby € 3MeHulenHs 0ocsaeie nanvosux pobdim. Lle moxce 6ymu 3abe3neueno 3a paxyHox
YKOpOUeHHs A00 008AHCUHU NAJlb, AD0 KibKocmi mpyo.

i pesynomamu moocymov Oymu OOCASHYmMI, SAKWO KONMCHA CKOPOUEHA Nails
600CKOHANEHA T Hece MAKe JiC HABAHMANCEHH S, K I NAIsl HOPMATbHOT 008AHCUHU, AO0 KU
KOJICHA NATsl HOPMATbHOI 008JICUMU B0OCKOHANeHA [ Hece Ha cobi Oinvule 0cboge
HABAHMAIICEHHS 8 NOPIGHANHI 3 i1 NOYAMKOBOI0 NPOEKMHOIO CHPOMOICHICTIO.

Ilpedcmasnene 00CniOdiCeHHs YMOUHULO MONCIUBOCTHI Pe2YTO8AHHS HeCydol
30amHocmi  mpyouacmoi naui 3a 00NOMO02010 GHYMPIWHLOL Jcopcmkoi  diagpazmu
(nepe2opooxu), posmiueHol ecepeduni cmosbypa naJi.

Lle 36invwye necyuwy z0amuicmv mpybouacmoi nani 3a paxyHox 000amKogoi
peaxyii tpynmy nio diagppaemoro. Boasnmosanrs modeni mpybuacmoi naui 6 nicouHomy
JIOMKY P0O321510a10Ch HAUOLbUL WAOHUM | MOYHUM MEMOOOM GUGUEHHS PO32TSAHYMO20
npoyecy sanypenns nami. Kpin moeo, pezyismamu maxoeo nioxody mosicyms oymu 0oope
NPUCMOCOBAHT 011 NPOSHO3YBAHHSI NOGEOIHKU mMpPYO npu Memoodi GIaumyS8anHs Nalb
60Q8NI0BAHHSIM.

3pobneno Oesxi 6UCHOBKU, WO YMOUHIOIOMb NO3UMUSHUL 6HECOK Odiappasmu 6
Hecyyy 30amuicmy Nai, GNaU8 po3MauLy8anHs nepecopooKu y30084¢ Cmosoypy mpyou, a
MAKoiC 6NAUE KOHCMPYKYIL Olaghpazmu (MAOCKI, KOHIUHT Ma YUTTHOPUYHI nepe2opoOoKi).

Yucenvhutl ananiz OmpuManux eKcnepuMeHmAanbHux OanHux 0a8 MONCIUBICID
3aCMOCy8amu anpoxkCUMayitiii GyHKyii 3 Xopouwumu KOperayiiiHuMu ROKA3HUKAMU.
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Introduction. Statement of a problem. As it has been considered in some
previous studies, modern marine transportation and offshore structures often include steel
tubular piles of essential length as main bearing elements. Such tubular piles should
provide high bearing capacity in case of external axial loads application as shown by
Tomlinson and Woodward (2008), Randolph et al. (1991), Doubrovsky et al. (2020).

Besides, piling works may provoke some environmental problems connected with
the hammer's operation (noise, vibration, dynamic action, carbon footprint, etc.). One of
the ways to reduce environmental hazards during pipe pile driving is decreasing piling
work volume. It can be provided by shortening either of pile's length (i.e. depth of driving)
or the number of pipes in the pile foundation (keeping another pile's dimensions and
material properties without changes). Both such approaches should provide a required
bearing capacity of the pile foundation despite the short-cut piles or fewer piles number
(axial compressing loads are considered). These results may be achieved if each short-cut
pile is improved and bears the same loading as a pile of normal (initially designed) length
or if each pile of normal length is improved and bears larger axial force in comparison with
its initially designed capacity.

So, the study aimed to clarify some possibilities to improve the pipe pile's bearing
capacity using an internal rigid diaphragm (closure) placed inside the pile's shaft. This
innovation increases the bearing capacity of the tubular pile due to additional soil reaction
inside the shaft as has been confirmed by known on-site measurements (Tomlinson and
Woodward (2008)) and our previous physical modeling (Doubrovsky et al. (2022)).

In many cases, large diameter tubular piles of shelf structures are installed without
plugging effect or with partial plugging as considered by Randolph et al. (1991). So, the
approach based on the use of the closure of the pile's shaft looks rather attractive for deep
water port, marine, and offshore engineering. Thus, it needs detailed study aiming to
determine the method's peculiarity, an appropriate sphere of application, details of
diaphragm design, and its proper location along the pile's shaft.

Last achievements and developments. Use of closure in pipe piles. Recommended
technology to install the internal diaphragm was described (perhaps first) by Tomlinson
and Woodward (2008). According to them, the minimum depth above the pile toe for
locating the diaphragm is the penetration below the sea bed required for fixity against
lateral loading. There are formulas in some norms allowing the determination of the fixity's
depth depending on soil properties and the pile's bending rigidity; roughly this depth may
be determined in the interval of (5-7) d, where d — pile diameter. However, sometimes
further penetration is necessary to form the soil plug under the diaphragm by compacting
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the soil within the plug and developing the necessary base resistance. Thus, mentioned
authors considered two locations for two soil plugs formation during the tubular pile
driving: at the open end of the pile and under the internal diaphragm.

As a real example of the diaphragm's practical application, we may refer to the
piling works at the Hadera coal unloading terminal near Haifa (Tomlinson and Woodward
(2008).

The basic material of investigations. Experimental modeling of pipe piles with
diaphragm

Regarding that an increase of the pile's bearing capacity has been achieved by the
use of the rigid diaphragm, we intended to study the peculiarities of the considered
approach by providing model static tests in laboratory conditions.

As to the method of pile installation, we suppose that traditional approaches (use of
impact hammer or vibro hammer) are not reliable enough to provide safety of the rigid
diaphragm fixed by welding inside the pile's shaft and interacting with soil under the
diaphragm. In order to avoid dynamic actions upon the diaphragm during pile penetration
we prefer to consider a safer but more effective method of pressing load application
(jacking).

To clarify the above-mentioned items related to the pipe pile with an internal
diaphragm, we fulfilled a series of experimental studies in the Geotechnical Laboratory at
Odessa National Maritime University (the first series of the tests were described by
Doubrovsky et al. (2020, 2022)). The second series of the experiment was devoted to
clarification of the role and contribution of the internal diaphragm. For the model pile the
diaphragm was produced as a circular steel plate (4 mm thickness), with its diameter
corresponding to the inner diameter of the pile.

The internal diaphragm was fixed at several positions by changing the distance
from the tip of the model pile: 0 (closed-end); 3d; 6d; 9d (total length of the pile was equal
to 16d). As it is demonstrated by the diagrams presented in Fig. 1, the application of the
internal diaphragm provides increasing open-end pile bearing capacity. The degree of such
an increase depends on the diaphragm location. For the considered options of the
diaphragm fixing point, the minimum increment of the open-end pile bearing capacity
relates to the 3d distance between the diaphragm and the pile tip, and the maximal
increment is measured at the 9d distance.
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Fig. 1. Dependencies between vertical axial load upon the model open-end pile
and its displacements

Perhaps mentioned circumstances may be commented by the following way. The
upper plug under the diaphragm may be formed if there is a proper base reaction developed
inside the shaft. Such a situation may occur if the upper plug (being in the process of
formation) meets the already-formed lower plug. The last transfers additional pressure to
the soil under the toe and provokes an additional base reaction.

Thus, the additional external force acts on the plug and increases soil density in it.
In fact, after that stage, two plugs are combined and work as one large plug between the
diaphragm and the pile's toe. The creation of the mentioned large plug and its effective
contribution to the pile bearing capacity may be provided only in case of the «right»
location of the diaphragm (not too low and not too high). For our model tests the maximal
bearing capacity of the open-ended pile was measured in the case of the 9d distance of the
diaphragm from the pile tip.
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It may be explained, particularly, by the fact that for the considered test

conditions, approximate driving depth £ = (4-5) d at the initial stage of pile installation is

needed to dense soil due to the development of the friction forces inside the pile's shaft and
to form a lower soil plug at the pile tip. If then to apply similar consideration for the
follow-on stage of the driving process — compaction of the soil under the diaphragm due to
the similar friction forces, required penetration depth for this stage to form the upper plug
may be of similar value (4-5) d. So, the total distance between the pile toe and the
diaphragm may be considered as the sum of these two parts of the penetration depth, i.e.,

approx. (8-10) d. Such location of the diaphragm may be optimal to form two plugs

consecutively and to combine them in one large plug.

Regarding quantitate parameters of pile bearing capacity (Figure 3), we would like
to note that due to the diaphragm's contribution, pile bearing capacity may be increased (in
our tests up to 15-20 %). Another effect consists in the possibility to decrease pile driving
depth (10-15 %). Mentioned figures should be considered concerning possible
experimental errors stipulated by differences in the reproducibility of the model ground
preparation as well as measurement inaccuracy (about 10 % in total).

For the conditions of our laboratory model testing, it was determined that the
related prototype is a tubular pile of diameter 1.0 m driven up to 10 m into similar sandy
soil. Its bearing capacity (sum of the toe and shaft bearing capacities) is 1723 kN. For
comparison: the calculated value of the prototype bearing capacity according to the
recommendation of the related Ukrainian code occurred to be 2020 kKN (some 15 %
difference). Also, for plugging effect assessment we have to consider scale effects
stipulated by the influence of internal pile diameter. This aspect is subject to a study for
further investigations.

Assessment of the influence of closure design. To assess the effectiveness of
various forms of the pile's closure, we considered 3 types of diaphragm: flat, conical (in 3
variants, differing in the angle of the cone), and cylindrical (Fig. 2, dimensions in mm). The
driving of the model pile was carried out until the pile reached its bearing capacity, i.e. until
the moment when the movements of the pile increased without an increase in the external
load. Of the three considered conical diaphragm options (with a cone angle of 30 °, 65 °,
and 90 °), the best result was obtained for a pile’s closure with an angle of 65 °.

A comparison of load-displacement dependencies for piles with different types of
the diaphragm is shown in Fig. 3. The last shows that the cylindrical diaphragm occurred to
be the most effective and the flat closure was least effective. A comparison of the work of
the model pipe pile in two extreme cases (with an open and closed-end) and in the cases of
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the diaphragm of effective shape (cylindrical and conical with a cone angle of 65 °) is
presented in Fig. 4.

e)

Fig. 2. Details of the experimental pile (sizes in mm).

a — closures of different shapes applied in the experiment;

b — conic closure 65 °;

¢ — flat closure;

d — conic closure 90°;

e — conic closure 30 °;
f— cylindric closure

To analyze the influence of the location of the closure on the bearing capacity of
the pile, the experimental dependence of the resistance of the soil to pile driving N on the
depth D of the cylinder diaphragm location is of interest.

Fig. 5 shows an example of such a relationship, summarizing the data we obtained
in the experiments. According to this diagram, by choosing in advance the location of the
closure, it is possible at the initial stage to facilitate the pile driving compared to the pile
with a closed-end, and at the final stage of pile installation, it is possible to approximate the
value of the bearing capacity of the pile with closure to the parameters of the pile with a
closed end.
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Fig. 3. Dependencies between vertical axial load upon the model pile
and its displacements for closure of different shapes located at 9d distance from the tip
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Fig. 4. Dependencies load — pile displacements for the absence of the closure
and for the presence of the closure (conic and cylindric) located at 9d distance from the tip
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Fig. 5. Dependencies between vertical axial load upon the model pile
and cylindrical closure’s location (distance from the tip D)

Demonstrated ability to regulate the resistance to pile driving is important for the
optimal and economical choice of technological equipment when installing the pile
foundation of the structure.

Results of numerical approximation of experimental dependencies.

Comparison of experimental values F'(¢) using the Least Squares Method made it possible

to conclude that the most plausible approximations turned out to be of the form

() = at"In"t as 5<t<t, 5565 10,585
Y kt+b as tlﬁtﬁtz,“’heretle[ ;65], £, €[79,5;85].
71 F-p@)
Average approximation error = — -, where n is
n o F

1

number of measurements; for the considered cases A= 5,2%-7,7%.

Correlation coefficient R
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S (F - F)(y(1,) - 7)
R — i=1

> (F - F)'Y (2(6) - 7)°

for the considered cases R = 0,990-0,996.

Observe value tob of the Student ‘s distribution 7, =

considered cases tob = 35,3-56,2.

Related experimental F'(¢)and calculated y(¢) load-displacement diagrams are
presented on Fig. 6 and 7.

—a—1t

Fir) and y(t), N —=—y

0.00 200.00 400.00 600.00 200.00 1000.00 1200.00 1400.00

a)

F(t) and y(1), N -—y

0 500 1000 [500

[, cm

b)
Fig. 6. Diagrams for open end (a) and closed end (b) pile
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Fig. 7. Diagrams for pile with flat:
a — conical (65°);
b — cylindrical;
¢ — diaphragms

In all considered cases, the correlation coefficient is quite high, which means that

the relationship between the studied quantities is close. Also, for all cases f,, > £, ,i.e.

the observed value of the Student's test is greater than the critical value, with the number of
degrees of freedom 15 or 16 (corresponding to the number of measurements 16 and 17) at

the significance level 0,001 (.. =4,07 or¢, =4,01).

Therefore, the obtained values of the correlation coefficients are considered
significant (that is, the null hypothesis stating that the correlation coefficient is equal to
zero is rejected). The average approximation error indicates that the model is quite good,

since in almost all cases value of 4 turned out to be no more than 7 %.
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Since for the series presented in the Fig. 5 eight tests were carried out, we can

approximate the dependence F'(¢) by a polynomial of the seventh degree:

2(t)=-6,6501587-10"°¢" +1,2796-107¢° —0,1023611¢° +
+4,4031833¢* —109,7715778¢° +1583,2107¢* —27656,085¢ + 40586.

However, this curve can also be approximated by a polynomial of the second
degree:

5,58t —193,35¢+3373 as 10<t<20
1,47t* - 67,85t +2511 as 20<t<30
1,77¢* =122,75t+3888 as 30<t<40
4,7t +1622 as 40<tr<45

P(t) =

Comparison of related diagrams is presented in Fig. 8.
In the future, by increasing the number of measurements, it will be possible to stop
at a more accurate assumption.

F(t), P(t) and g(t),N

1600 1700 1800 1900 2000 2100

40 g
45 \

Distance D of the pile closure from the pile's tip in d
J S
t

Fig. 8. Experimental F(t) and calculated P(t), g(t) diagrams

for pile with cylindrical closure

27



BICHUK HERALD

OJECBKOTO HAIIOHAJIEHOTO OF THE ODESA NATIONAL
MOPCHKOTI'O YHIBEPCHTETY MARITIME UNIVERSITY
Ne1(72), 2024 Ne1(72), 2024

Conclusions. Consecutive formation of two soil plugs (at the pile tip and under the
diaphragm) leading to their partial or full integration is most effective when the optimal
location of the diaphragm inside the pile shaft is provided. From the point of view of pile
bearing capacity under axial compressive load and for the considered experimental
conditions, such proper distance between the pile tip and internal diaphragm occurred to be
around 9d (d — pile diameter). Improvement of the pile effectiveness determined by
experimental modeling for the above-mentioned pile-soil conditions provides 15-20 %
increase of the bearing capacity or a 10-15 % reduction of the driving depth.

The use of a pile with a closure leads to an intermediate option between piles with
an open and closed-end, which allows for optimization of the design of the pile foundation
of the structure and reduces the cost of piling work.

Another important effect of increasing the bearing capacity of a tubular pile
through the use of an internal diaphragm is to reduce the volume of piling and accordingly
to decrease noise, vibration, dynamic action, carbon footprint, etc., providing the
improvement of the environmental situation at the construction site.

Numerical analysis of the gained experimental data gave the possibility to apply
approximating function with good correlation indexes.
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