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ABSTRACT: The construction and design of structures with piles are usually conducted based on limited
number of results of subsurface investigations, which will be conducted typically at the intervals of several
tens or one hundred meters. On the other hand, there are local variations in the actual ground, which could
exist in a smaller area than the spatial intervals of the subsurface investigations. As a result, the prior infor-
mation and the actual condition of the ground can be different, which deteriorates the rationality of the
construction and design. The press-in piling data obtained for every single pile are expected to provide an
effective solution, by being applied to the automatic machine operation or to the estimation of the subsur-
face information. This paper introduces the methods of estimating the subsurface information from press-
in piling data, most of which were organized into a technical material in Japanese under the activity of

IPA-TC2.

1 INTRODUCTION

1.1  Outline of the Press-in Method

The Press-in Method is one of the piling methods.
As it installs piles using a static jacking force, it gen-
erates less noise and vibration. It gains a reaction
force by firmly grasping the previously installed
piles, and thus saves temporary works as shown in
Figure 1 and reduces the possibility of roll-over acci-
dents. In addition, as it grasps piles not at the pile
head but near the ground surface, it requires less
headroom as shown in Figure 2.

There are four penetration techniques in the
Press-in Method, as summarized in Figure 3. The
basic one is “Standard Press-in” where no installa-
tion assistance such as water jets or augers are
used. It is noted that “surging”, a repeated penetra-
tion and extraction during installation, is not taken
as an installation assistance and can be adopted in
any of the four penetration techniques. The other
three are “Press-in with Water Jetting” where water
jets are used in the pile base, “Press-in with Auger-
ing” where soils near the pile base are excavated
and temporarily lifted up, and “Rotary Cutting
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Press-in” where piles with base cutting teeth are
pushed and rotated at the same time. With the
development of the latter two techniques, the
applicability of the Press-in Method has been
expanded to hard grounds including rocks and
concretes.

More detailed information on the Press-in Method
and its applications can be found in IPA (2016), IPA
(2020) and Bolton et al. (2020).

Figure 1. Press-in piling system saving temporary works
(JPA, 2017).



Figure 2. Press-in piling under a restriction of headroom
(IPA, 2015).

1.2 Use of piling data in the Press-in Method

Generally, the construction and design of structures
with piles are based on the subsurface information
obtained by interpolating the limited number of

subsurface investigation results. The spatial intervals
between two adjacent points of subsurface investiga-
tions are typically several tens or one hundred
meters. On the other hand, it is often the case that
local variations can be seen in the actual ground. For
examples, the geological structure may not be homo-
geneous horizontally, and weak soils or hard cobbles
may exist locally. If the areas of such local variations
are smaller than the spatial intervals of the subsur-
face investigation points, the prior information and
the actual condition of the ground becomes different.
This difference deteriorates the rationality of the
construction and design.

In the Press-in Method, piling data can be
obtained for every single pile. This feature is
expected to be utilized as ICT (Information and
Communication Technology) to provide a solution
for the above-mentioned issue.

The press-in piling data includes the jacking
force, torque, penetration depth, time, rotational
number and so on. As shown in Figure 4, applica-
tions of the data are exemplified by the selection of
press-in conditions, the estimation of subsurface
information and the estimation of the pile
performance.

In the selection of press-in conditions, the values
for the press-in parameters such as the downward
velocity, upward velocity, downward displacement,
upward displacement and so on, are selected based
on a judgement using the piling data. A good
example is the automatic operation system where the
press-in conditions selected based on the piling data

Press-in with

Standard Press-in :
Water Jetting

. . . P 1 ﬂ il
Press-in a pile without ress-in a pile wile

installation assistance b
the pile base

applying water-jetting in [excavating the soil around
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Press-in a pile while Rotate and press-in
a pile equipped with

the pile base base cutting teeth

Figure 3. Four penetration techniques in the Press-in Method.
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are feed-backed to the press-in machine continuously
during the piling work (Ishihara, 2018).

The estimation of the subsurface information is to
estimate the information (type and state) of the soil
around the pile base, by interpreting the piling data.
The estimated information would realize a more reli-
able termination control management (construction
management at the end of installation of each pile),
or provide contractors with objective materials for
judging the necessity of changing the penetration
techniques or the pile embedment depth.

The estimation of the pile performance means
estimating the performance (such as the vertical cap-
acity and the horizontal resistance) of the installed
piles from the piling data. Although the confirmation
of the pile performance is usually done by the load
tests, they cannot be conducted for all the piles
because of the additional time and cost required for
them. If the pile performance is estimated from the
piling data, it would become possible to assure
a certain level of quality for all the piles without
causing the issue of additional time and cost.

1.3 Objectives of this paper

Among the four applications of the piling data
explained in the previous section, this paper intro-
duces the methods of estimating the subsurface
information, by re-structuring and adding recent
findings to the contents in the IPA-TC2 technical
material written in Japanese (IPA, 2017).

The penetration techniques dealt with in this
paper will be Standard Press-in, Press-in with Auger-
ing and Rotary Cutting Press-in. For Standard Press-
in, methods of estimating the cone resistance (g.) of
CPT (Cone Penetration Test), soil type and N value
of SPT (Standard Penetration Test) will be discussed.
For the other two penetration techniques, methods of
estimating the SPT N value will be discussed.

In the hard ground, the SPT N values often
exceeds 50 (more precisely, the SPT sampler does
not penetrate into the virgin ground by the
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Figure 4. Use of piling data in the Press-in Method.
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designated value of 0.3 meters even when the blow
count reaches 50). In such cases, this paper will
adopt the converted N value as expressed by:

0.3 [m]

Converted N = 50x
0zZspr(s0) [m]

(1)

where dzgpr(s0) is the incremental penetration depth of
the SPT sampler for the blow count of 50 (JGS, 2015).

There are several examples of the use of piling data
in other piling methods. For bored piles or driven piles
(using vibratory hammers), methods of confirming the
bearing stratum based on the electric current values
required for operating augers or vibratory hammers
(Hashizume et al., 2002; JRA, 2015; JFCC &
COPITA, 2017). For driven piles, methods of estimat-
ing a static vertical capacity of a pile based on the
piling data obtained by using an instrumented pile
(Likins, 1984; Rausche et al., 1985) are widely known.
On the other hand, the methods in this paper are differ-
ent from the above-mentioned existing methods in that
they are based on the static loads during the piling
work, which would allow simpler interpretation of the
data, and that they do not require complicated instru-
mentation with piles (other than a device for measuring
the length of the soil inside the pile, as explained in
Section 4).

2 ESTIMATION FROM PILING DATA
OBTAINED IN STANDARD PRESS-IN

In Standard Press-in, a pile is installed by a static
jacking force without the use of any installation
assistance, and the process of the penetration of the
pile is similar to that of a cone in CPT. This similar-
ity has been taken into account to estimate the sub-
surface information from the piling data in Standard
Press-in (Ishihara et al., 2015a). The outline of the
flow of estimation is shown in Figure 5.

2.1 Estimating base resistance and shaft resistance

The load applied to the pile head (head load, Q) is the
sum of the resistance on the pile base (base resistance,
Oy) and the resistance on the pile shaft (shaft resist-
ance, Q). To estimate the subsurface in formation at
the pile base, it is better to use @, rather than Q, as
O, reflects the information of the soil beneath the pile
base more directly. To obtain O, without any instru-
mentation on piles, a method using the data of press-
in with surging has been confirmed to be effective.

In press-in with surging, the downward displace-
ment (/3) and upward displacement (/,) are applied
to the pile alternately (/4 > [,,), as shown in Figure 6.
Ogawa et al. (2012) conjectured that, as shown in
Figure 7, the head load recorded when the pile base
passes a certain depth for the first time (Q)) is the
sum of @O, and @, while the head load recorded



Figure 5. Flow of estimation in Standard Press-in.

One cycle of sugring

Figure 6. Process of surging.

when the pile base passes that depth for the second
time (Q,) consists only of Q,, as expressed by the
following two equations.

0, = 0p+0; (2)
QZ = Qs (3)

From these equations, Oy, can be expressed as:

O, =0,-0, (4)

They argued that the values of Q; and O, should be
obtained shortly after the beginning of the downward
motion in each cycle of surging, in order to avoid the
influence of soils that may have collapsed into the
void created beneath the pile base during the previous
upward motion. Figure 8 shows the variation of Q and
O in one cycle of surging, which was obtained in C11
test series in a soft alluvial ground shown in Figure 9
by using a closed-ended pile with the outer diameter
of 318.5 mm. The pile was equipped with a load cell
in its base to measure Oy, and O, was obtained by sub-
tracting Oy, from Q. As can be confirmed in the figure,
values of O, were similar in the first and the second
penetrations. On the other hand, values of QO in
the second penetration were identical with Qg values
when the downward displacement (increment in the
penetration depth) in the second penetration was smal-
ler than 0.1 m but gradually increased afterwards. Ishi-
hara et al. (2015a) further analyzed the data obtained
in C11 test series (C11-05) and confirmed that the dif-
ference between the estimated and measured QO
values became larger with the increase in the second
downward displacement (/4,), regardless of the soil
type or the penetration depth, as shown in Figure 10.
Based on these, it is recommended to define the
values of O and O, as the arithmetic average of the
O values recorded in 0.1 D, < [y < 0.2 D, where D,
is the outer diameter of the pile.

Figure 11 Shows the comparison of Q, measured
by the load cell and @, estimated by Equation (4) in
two tests in the C11 test series (C11-05 and C11-06).
The two tests were conducted with the same condi-
tion (/g = 800mm, /, = 400mm) at different positions
which were distant from each other by about 4
meters. Good agreement can be confirmed between
the estimated and measured values in the depth

Figure 7. Forces acting on a pile during surging.
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Figure 8. Variation of Q and Qs in one cycle of surging.
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Figure 9. Site profiles of C11 test series.

range where N values show local peak values. On
the other hand, in the depth range where N values
are small, a trend of underestimation is confirmed.
This underestimation might have been partly because
the soil around the pile base was very weak and
easily deformed toward the void beneath the pile
base during the upward motion of the pile, leading to
the increase in the O, values.

By the way, according to Ogawa et al. (2011), it
is not a better option to assume the extraction force
in each cycle of surging as being identical with Q.
This seems to be partly due to the difference in
Oy - Qs interaction during the penetration and the
extraction.
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ured Oy, plotted against /4,/D, in each cycle of surging.



2.2 Estimating unit base resistance and unit shaft
resistance

This sub-section discusses the method to estimate
the unit base resistance (g,) and the unit shaft resist-
ance (g;) from Qy, and Q.

2.2.1 Estimating unit base resistance of open-ended
tubular piles

Regarding the pile base, it is necessary to consider
the plugging condition. For open-ended tubular
piles, it is possible to assess the plugging condition
based on the index called /FR (Incremental Filling
Ratio) as expressed by the following equation
(White & Deeks, 2007; Lehane et al., 2007; White
etal.,2010).

0, [kN] 0, [kN]
0 500 0 500
0 ————— 0 - - - -

--~Measured ---Measured

2 - Estimated 5 | ~Estimated

Depth [m]
(@)

10

12

(a) C11-05. (b) C11-06.

Figure 11. Comparison of estimated and measured Q,
(Closed-ended, D, = 318.5mm).

IFR =‘;—h (5)

Z

Here, ¢z is the increment of the penetration depth,
and o/ is the increment of the length of the soil
column inside the pile that is observed while the
penetration depth increases by dz. The fully plugged
condition, the fully unplugged condition and the par-
tially plugged condition are represented by /FR = 0,
IFR =1 and 0 < [FR < 1 respectively.

For open-ended tubular piles, Oy, is expressed as
the sum of the resistance on the bottom of the inner

soil column (Qy;) and the resistance on the pile base
annulus (Qy,):

O, = Opi + Opp (6)

Oy could be assumed as:

D> wD;?
pr :< 40 - Tl> X4 closed (7)

where gy closed 15 the unit base resistance of a closed-
ended pile, and D, and D; are the outer and inner
diameter of the pile respectively. On the other hand,
the inner soil column receives not only Qy; but also
its self-weight (W) and the inner shaft resistance
(Qsi) as shown in Figure 12, and these forces will
satisfy the following equilibrium condition:

Oni=Ws+0g (8)

Kurashina (2016) conducted model tests to press-in
a closed-ended pile (D, = 101.6mm) or an open-
ended pile (D, = 101.6mm, D; = 83.5mm) in a dry
sand with the relative density being around 60%.
The closed-ended pile was equipped with strain
gauges in its base to measure Q,, while the open-
ended pile was equipped with a load cell in its head
to measure QOy; and a stroke sensor to obtain the
length of the inner soil column, as shown in
Figure 13. Figure 14 shows the correlation of (1 —
IFR) and the right side of Equation (8) normalized
by the potential push-up stress at the bottom of the
inner soil column (= (nD12/4) Gb.closed)> Which were
obtained by analyzing the data of Kurashina (2016).
Based on this figure, the following correlation is
found:

WS + Qsi
D,

5 = 4x(1 — IFR) (9)
4l ><qb,closed

which is basically in line with the findings of Lehane
& Gavin (2001). This equation is converted into:

2

zD;
WS+Qsi= lX(l _IFR)X Tl XQp closed (10)
Combining Equations (8) and (10),
71'Di2
Qbi: XAX (1 - IFR) X Qb closed (1 1)



The value of / is difficult to be reliably deter-
mined, because the number of the database is
limited. Tentatively, it will be assumed as unity
(smaller than the experimental results), which will
give a conservative estimation results (smaller SPT
N values and soil types with smaller grain sizes)
based on the methods explained later. Combining
Equations (6), (7) and (11),
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Figure 12. Forces acting on the soil column inside the pile.
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Figure 13. Open-ended model pile to measure Qy;.
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where Ay, o¢r 15 the effective base area reflecting the
plugging condition.
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2.2.2 Estimating unit base resistance of sheet piles
For sheet piles, phenomena similar to the plugging of
tubular piles have been empirically known by contrac-
tors. The increase in the density of the soil around the
base of the sheet pile was confirmed in model tests by
Taenaka et al. (2006) using X-ray. In this paper, to
consider the plugging condition for sheet piles, the
complicated shape of sheet piles will be simplified by
assuming an equivalent tubular pile that has the same
sectional area both on the pile annulus and in the
hollow part inside the pile as those of sheet piles, as
shown in Figure 15. Example of the equivalent values
of the sectional area of the pile base annulus (App.cq),
the sectional area inside the pile (Apicq), the outer
diameter (D,¢q) and the inner diameter (D;¢q) of sev-
eral types of sheet piles are shown in Table 1.
However, it is not easy to measure the height of
the surface of the soil in the hollow part of the sheet
pile (to obtain the values of /) during the actual piling
work. To cope with this difficulty, a constant plugging
condition (i.e. the value of /FR) will be assumed for
each type of sheet pile. Considering that the subsur-
face information estimated from the piling data will
be more likely to be utilized for grasping the rela-
tively hard layers, it will provide a practically reason-
able /FR values if they are back-analyzed so that the
local peak values of the N values estimated from the
piling data match with the local peak values of the
N values obtained by SPT. Table 2 shows the back-
analyzed [FR values for three types of sheet piles.
Taenaka (2013) conducted a centrifuge model
tests with the centrifugal acceleration being 20g, in
which sheet piles were jacked into a dry sand. The
height of the surface of the soil in the hollow part of
the sheet pile was measuring by a steel bar, and the
component of the surrounding soil collapsing into
the hollow part was compensated by assuming an
active failure. As a result, /FFR was expressed as:



L —0.45
IFR=min{1.0,1.12><<nsh><—> } (13)
W
<(2-1)

1— % X tand

1—sin@ _ Wy
cosf 2xDy

Hsh= (14)

where 7y, is the Arching Strength Parameter (a par-
ameter depending on the shape of the sheet pile), L is
the penetration depth, W, Ds and & are the parameters
related to the shape (length or angle) of the sheet pile
as shown in Figure 16, and 7y, and z; are the frictional
stress at the soil-soil or soil-pile interfaces.

The frictional force at the soil-soil interface
(acting reversely to the direction of penetration) is
generated in reaction to the frictional force at the
soil-pile interface. It will follow that the former does
not exceed the latter, leading to:

Figure 15. Conversion of a sheet pile into a tubular pile.

Table 1.  Example of Ay, cq, Apieqs Do,eq a0d Dj q Of sheet
piles.

Type of sheet Ab eq Abijeq Do,eq Di,eq
piles [m"] [m] [m] [m]
SP-I1I 0.0076 0.0435 0.2552  0.2353
SP-ITIw 0.0104 0.0910 0.3593  0.3403
SP-10H 0.0110 0.1068 0.3873  0.3688

Table 2. Back-analyzed /FR values for

sheet piles.

Type of sheet piles IFR
SP-111 0.50
SP-IIw 0.90
SP-10H 0.95
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A

Figure 16. Explanation of symbols in Egs. (13) and (14)
(Taenaka, 2013).
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Figure 17 shows the variation of /FR with depth
for the three types of sheet piles, which were calcu-
lated by Equations (13), (14) and (15). Looking at the
depth of 0.8 m, the /FR values for SP-10H, SP-IIIw
and SP-III were 0.95, 0.81 and 0.60 respectively,
which roughly corresponds to the values shown in
Table 2 and suggests the validity of the back-analysis.
However, considering that the /FR values sharply
decreases with depth as can be seen in Figure 17, the
IFR values in Table 2 might only be valid at a certain
small penetration depth into a new layer.
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Figure 17. IFR values calculated by Egs. (13) — (15).



2.2.3 Estimating unit shaft resistance of tubular
piles or sheet piles
The unit shaft resistance will be obtained by:

(16)

where A emp 1S the area of the outer surface of the
embedded part of the pile, as expressed by:

As.embz{

where L, is the perimeter of the sheet pile and z¢,p
is the embedment depth of the tubular pile or sheet
pile.

XDy X Zemp (for tubular piles)

Ly X zemp (for sheet piles) (17)

L LY LUMVAUL \ V£ Ly )

Figure 18. Expression of the rate effect by Finnie factor
(after White et al., 2010).

The unit shaft resistance g obtained by these
equations is the average over the whole embed-
ment depth. On the other hand, the sleeve friction
(fs) obtained in CPT, into which g5 is to be con-
verted based on the method explained in the next
sub-section, is the local frictional stress near the
cone. Considering that the local frictional stress
on the pile shaft will be higher near the pile base
than far above the pile base, the average unit
shaft resistance (gs) will be smaller than the local
unit shaft resistance near the pile base. As
a result, the subsurface information estimated by
using ¢, (instead of the local unit shaft resistance
near the pile base) becomes conservative (the
estimated SPT N values will be smaller and the
particle size of the estimated soil type will be
smaller).
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2.3 Estimating CPT cone resistance and sleeve
friction

The next step is to convert g, closea and g into CPT g,
and f;. The CPT cone has much smaller diameter and
is installed at a lower penetration rate than the pile.
These differences will lead to differences in the resist-
ance on the base and the shaft of the penetrating mater-
ials (i.e. the CPT cone or the pile). Therefore, the
conversion of Gpclosed and g5 into CPT g, and f;
requires the consideration of the effects of the penetra-
tion rate and the scale (diameter of the penetrating
material).

2.3.1 Effect of penetration rate

As an index to capture the rate effect on gy ciosed,
a dimensionless quantity “Finnie factor” vgD/c,,
where vy is the downward velocity and c, is the coeffi-
cient of consolidation, is widely known (Finnie & Ran-
dolph, 1994; White et al., 2010). Figure 18 shows the
example of explaining the rate effect by Finnie factor
(White et al., 2010). Based on this framework, the rate
effect can be ignored if v4 is controlled to give the
same value of Finnie factor during installation as that
of CPT.

The rate effect on g5 seems to have not been well
understood. In this paper, the approach using Finnie
factor is assumed to be applicable to g as well as to
Gvclosed- This is expected to be acceptable, as g5 can
be expressed as a function of g cjosed according to
Jackson et al. (2008) and Ishihara ef al. (2011).

2.3.2 Effect of scale (pile diameter)
To consider the scale effect on gy, cjosea> the knowledge
on the scale effect on the unit base capacity (gprciosed)
will be referred to, by assuming gy, ciosed = bfclosed-
Generally, the set-up phenomenon (the increase in the
resistance with time after the end of installation) is
mainly seen in the shaft resistance (Komurka et al.,
2003). It will follow that the effect of time after the
end of installation on gy, ¢josed cOuld be ignored. There-
fore, if the rate effect on gy cjoseq 1S ignored and the dis-
placement to define gpfciosea 1S adequately chosen, the
assumption of gy closed = Gorclosed WOUld be acceptable.
It is known that gprciosea Decomes smaller as the
outer diameter of the pile increases (Meyerhof,
1983; Jardine & Chow, 1996; Chow, 1997). In these
researches gprclosed 15 defined at a smaller displace-
ment than what would give the “plunging load” (the
load at a sufficiently large displacement, which
reflects the fully mobilized strength of soils around
the pile base). White & Bolton (2005) analyzed the
database of Chow (1997) by defining gpf.closea by the
plunging load, and confirmed that gpfciosea 1S DOt
influenced by the pile diameter and can be linked
with the averaged CPT cone resistance (g.,) as:

(18)

Dot closed — AX{cy



a=09 (19)

As the base resistance during installation is mobil-
ized in the process of the continuous penetration
with a large displacement, it will be more appropri-
ate to assume that g cosea 1S comparable with the
base capacity defined by the plunging load rather
than the base capacity defined at a certain pile dis-
placement. Then Equation (18) is re-written as:

Qb,closed: AX{Gcn (20)

On the other hand, the scale effect on g, seems to
have not been well understood. Based on the linear
correlation between gy, cjosea and gs., the scale effect
on Gy closed (Eq. 20) will be assumed to be applicable
to g as well, as expressed by:

qs= ﬁxfs

B=09

(21)

(22)

Ishihara et al. (2015) analyzed the piling data
(gb.closea and gs) obtained in a soft alluvial soil by
using a closed-ended pile with D, = 318.5 mm and
the CPT results obtained in the same site. The back-
analyzed values of a and f were 0.8 and 0.5 respect-
ively, which are lower than the values shown in
Equations (19) and (22). These lower values were
possibly caused by the highly multilayered soil
strata. Adopting Equations (19) and (22) will make
the estimation results more conservative (the esti-
mated SPT N values will be smaller and the particle
size of the estimated soil type will be smaller).

2.4 Estimating SPT N and soil type

According to Robertson (1990), a value of an index
1. (Soil Behavior Type Index) is obtained from CPT

q. and f; by:

Ic:\/(3.47 —10g0,)*+(1.22 + logF;)*  (23)
dc — 0w
Qt: O_VO/ (24)
F.=100x f—b (25)
qc — 0w

where oy and oy’ are the overburden pressure and
the effective overburden pressure respectively. The
soil type can then be obtained based on the /. value
and the chart shown in Table 3. On the other hand,

according to Jefferies & Davies (1993), SPT N can
be estimated from CPT ¢, and f; by:

qc

N: Pa 26
8.5x (1 —£) (26)

where p, is the atmospheric pressure (= 100 kPa).

Table 3. [, values and soil types (Lunne et al. (1997)).
1. Soil type
1. <131 Gravelly sand

1.31<1.<2.05
2.05<1.<2.60
2.60 <1,<2095
2.95<1,<3.60
3.60 <1

Sands - clean sand to silty sand

Sand mixtures - silty sand to sandy silt
Silt mixtures - clayey silt to silty clay
Clays

Organic soils - peats

It is noted that it would be better to use the cor-
rected cone resistance g;, which compensates for the
influence of pore water pressure on ¢, in the above
equations. However, for simplicity, g. will be consist-
ently used in this paper. For soils other than soft fine
soils, ¢g. and ¢, can be taken as being comparable,
according to Lunne et al. (1997). For soft fine soils,
the excess pore water pressure would be positive and
thus g. < ¢ The consistent use of ¢, (instead of ¢,)
will therefore make the estimation results more conser-
vative (the estimated SPT N values will be smaller and
the particle size of the estimated soil type will be
smaller).

In CPT, the pore pressure (u) is usually measured
just above the cone (Lunne ef al., 1997) as shown in
Figure 19. In this case, ¢, is expressed as:

Sectional area_____| — Shaft
of the shaft, 4,

Filter
Sectional area
of the bottom ™~~~
of the cone, 4,

Cone

’ Cone area ratio,a =4, ./ A,

Figure 19. Typical shape of CPT cone (after JGS, 2013).
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where a is the cone area ratio, which is the ratio of
the sectional area of the shaft (4,) to that of the
widest part of the cone (4.), as shown in Figure 19.
However, JGS (2013a) recommends to obtain the
value of a not based on the geometric information but
by conducting an experiment in a pressure chamber.

Taking one example where the generated pore
pressure () is comparable with ¢, and the “a” value
of the cone is 0.8 (VERTEK, 2017), Equation (27) is
reduced to g, = 1.2 g..

2.5 Verification through field tests

Figure 20 shows the comparison of the SPT results
with the N values and the soil types estimated from
the piling data obtained during the installation of

(]

Made ground

(b) Estimation using piling data in C09-14

Figure 20. Comparison of SPT results (left) and estimation
results (right) (Closed-ended, D, = 318.5 mm, v4 =2 mm/s).
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Figure 21. Comparison of N values and soil types obtained
by SPT and estimated from CPT results.

a closed-ended tubular pile equipped with a base
load cell (D, = 318.5 mm, without surging, vq =
2 mm/s). The value of Finnie factor was comparable
to that of CPT so that the rate effect could be
ignored. In the estimation, measured Q, values were
used instead of Equation (4). It can be confirmed
that the trend of variation of the estimated N with
depth agreed with the SPT results, while some of the
local peak values were slightly overestimated. The
differences in the depths where the local peak values
were obtained would partly be because the positions
of the SPT and the pile installation were different.
Figure 21 shows the comparison of the SPT
results with the N values and the soil types estimated
from CPT results. The N values were overestimated,
as were in the previous case. It is suggested that this
overestimating trend is the nature of the method of
Equations (23) — (26). Miyasaka et al. (2009) con-
ducted surveys at 36 sites in Japan and showed that
the N values estimated from CPT results were
greater than the N values obtained by SPT by 10%
on average. One reason for this would be the influ-
ence of the energy efficiency in SPT. Equation (26)
provides the N values with the energy efficiency of
60%, whereas the energy efficiency in SPT in Japan
will usually be greater than 60% (JGS, 2013b),
which would lead to smaller SPT N values in Japan.
Regarding the soil type, although the classifica-
tion system in SPT is different from that in CPT, the
soil types estimated from the piling data (Figure 20)
or CPT data (Figure 21) based on the classification
system in CPT roughly agreed with the SPT results.
Figure 22 shows the comparison of the SPT results
with the N values and the soil types estimated from
the piling data obtained during the installation of
a closed-ended tubular pile equipped with a base load
cell (D, = 318.5 mm, without surging) at a more prac-
tical penetration rate (v4) of 20 mm/s or 30 mmy/s. In
the estimation, measured Oy, values were used instead
of Equation (4). As a result, the estimation results



(b) Estimation using piling data in C11-05

Figure 22. Comparison of SPT results (left) and estimation
results (right) (Closed-ended, D, = 318.5 mm, vy
20-30 mm/s).

agreed well with the SPT results. It is suggested
that this would be because the overestimating trends
(Figures 20 and 21) were cancelled by the rate effect.

Figure 23 shows the comparison of the SPT results
with the V values and the soil types estimated from the
piling data obtained during the installation of an open-
ended tubular pile equipped with base earth pressure
transducers (D, = 318.5 mm, D; = 199.9 mm, without
surging, vq4 = 10 mm/s). The length of the inner soil
column (%) was obtained by a stroke sensor attached
inside the pile. In the estimation, the measured base
earth pressure was taken as @pciosea, and the shaft
resistance was obtained by subtracting O, from the
head load, where O, was obtained by Equation (12)
from ¢, and [FR. As with the previous case
(Figure 21), the estimation results agreed well with the
SPT results.
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Figure 23. Comparison of SPT results (left) and estimation
results (right) (C08-02: Open-ended, D, = 318.5 mm, D; =
199.9 mm, v4 = 10 mm/s).

Figure 24 shows the comparison of the SPT
results with the N values and the soil types estimated
from the piling data obtained during the installation
of a closed-ended tubular pile (D, = 318.5 mm, with
surging, vq4 = 20 mm/s). In the estimation, Oy, values
were obtained by Equation (4). As a result, the esti-
mation results agreed well with the SPT results.
Looking at the figure more closely, the N values
were underestimated at the depth where SPT
N values were small. This will be because of the
underestimating tendency of O, in the depth range
where SPT N values are small, as discussed in
Section 2.1.

Figure 25 shows the comparison of the SPT
results with the N values and the soil types estimated
from the piling data obtained during the installation
of a sheet pile with the width of 600 mm (SP-I1Iw,

Figure 24. Comparison of SPT results (left) and estimation
results (right) (C11-05: closed-ended, D, = 318.5 mm, v4 =
20 mm/s).



Figure 25. Comparison of SPT results (left) and estimation
results (right) (JO617-05: sheet pile with the width of
600mm, v4 = 30 mm/s).

with surging, vq = 30 mm/s). In the estimation, O,
values were obtained by Equation (4). At the depth
where local peak values of SPT N were recorded, the
estimation results agreed well with the SPT results.
At other depths (especially deeper than 6m), the esti-
mation results were conservative. This will partly be
because of the underestimating tendency of Oy, in the
depth range where SPT N values are small, as dis-
cussed in Section 2.1. Another cause might be the
assumption of /FR values being constant, although
they should vary with depth in reality. If the penetra-
tion process in reality was more unplugged (having
larger IFR values) than what is assumed in the esti-
mation, the estimation results will become
conservative.

Based on the above case studies, it can be said
that the penetration rate and the surging stroke
(downward and upward displacement in surging) do
not influence the estimation results very much while
the plugging condition has a significant influence on
them. Especially for sheet piles, the plugging condi-
tion is assumed as being constant with depth, which
can make the estimated trend of variation of
N values with depth different from the actual SPT
results in some cases.

Regarding the rate effect, the outer diameter of
the pile is much larger than that of the CPT cone,
and it could be the case that the value of the
Finnie factor in press-in piling cannot be reduced
to being comparable to that of CPT even if the
smallest penetration rate of the press-in machine
is adopted. Even so, if the values of the Finnie
factor in piling and in CPT fall in between 0.1
and 30, the rate effect will be negligibly small
(Bolton et al., 2013). If the Finnie factor values
are outside of this range, considering that the
Standard Press-in is usually adopted in soft soils
that might be expected to be contractile (rather
than dilatant), and that the value of Finnie factor
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in piling is greater than that in CPT, the unit base
resistance in piling will become smaller than the
tip stress in CPT, and consequently the estimation
results will become conservative.

3 ESTIMATION FROM PILING DATA
OBTAINED IN PRESS-IN WITH AUGERING

In Press-in with Augering, a sheet pile is installed by
a static jacking force with the aid of an augering
device consisting of an auger head, auger screw and
casing. The similarity in the augering process and
the drilling of rocks has been taken into account to
estimate the subsurface information from the piling
data in Press-in with Augering (Ishihara et al.,
2015a). The outline of the flow of estimation is
shown in Figure 26.

Figure 26. Flow of estimation in Press-in with Augering.

3.1 Estimation methods

In the field of rock drilling, it is known that the param-
eter T/d,, where T is the effective rotational torque and
d. is the depth of cut, will be proportional to the
unconfined compressive strength of a rock (Nishi-
matsu, 1972; Fujimoto et al., 2005). Fukui et al.
(1996) pointed out that the parameter T/(d.)” has
a better correlation with the strength of the rock than
Tid,, where y is a constant. Assuming that the similar
relationship exists for the ground other than rocks, and
that the unconfined compressive strength of the ground
is linearly correlated with its SPT N value as was
found for clays with SPT N being in between 10 and
100 (JGS, 2013c), the parameter T/(d.)” in Press-in
with Augering is expected to linearly correlates with
SPT N. It follows that the SPT N is estimated by:

T

(u
n

N = Ax (28)

)

where A4 is a constant, v4 is the downward velocity
of the pile and » is the rotational revolution of the
auger.



On the other hand, there is a technique called
MWD (Measurement While Drilling) in the field of
drilling, which estimate the hardness of the ground
from the energy required for drilling it. In this tech-
nique, the SPT N is obtained by the following equa-
tion (JGS, 2004):

2xXxaxnxT

N =Cn X (Qb+

) (29)

Vq

where C,, is a constant. Considering the similarity of
the process of drilling to which MWD is applied and
that of augering in Press-in with Augering, it is
expected that this equation can be applied to Press-in
with Augering by adjusting the value of C,.

For a reliable estimation, the constants in Equations
(28) and (29) should be obtained by the back-analysis
based on the sets of SPT results and the piling data, so
that the estimated N values agree with the SPT results.

As explained in Section 1.3, the converted N value
will be adopted for hard grounds with SPT
N exceeding 50 in this paper. It has to be noted that the
reliability of the converted N value is limited and sev-
eral methods of correction have been proposed (SN-
EC, 2004). The higher the values of the converted N,
the lower the reliability of the converted N would be.
Considering this, it would be desirable to conduct the
back-analysis of the parameters in Equations (28) and
(29) based on the database of the piling data and the
SPT results that are obtained in the ground where the
converted N values are smaller than a certain value.

3.2 Verification through case studies

In this section, the estimated N values will be com-
pared with the SPT results, based on the data obtained
in piling construction sites. In the estimation, the
values of the constants (4, y and C,) were obtained by
the back-analysis based on the database with the con-
verted N values smaller than 100. The values of the
constants were common in all the cases. The press-in
piling data were obtained during the pre-augering pro-
cess using a standard type of the auger head, which
has 450 mm outer diameter and 3 wings as shown in
Figure 27.

Wing

\

Outer diameter

Figure 27. Standard type of auger head.
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Figures 28 — 31 shows the comparison of the
N values obtained by SPT and those estimated from
the piling data based on the two methods explained in
the previous section. In the both estimation methods,
the trends of variation of N with depth were well esti-
mated in general. However, significant differences in
the values of N were found at 2 m in P0902-02 and at
7 -9 mand 9 - 11 m in P0916-01. Reading carefully
what is written in the “commentary” column in the
boring log in the SPT results, the existence of gravels
or cobble stones with its diameter being larger than
80 mm was commonly confirmed at these depths,
which is believed to be the cause of the difference
between the estimated and investigated N values at
these depths. On the other hand, the differences were
also found at 6 — 7 m in P0902-02 and at 12 — 13 m in
P0908-02. There is a possibility that these differences

N value

Boring data 50 100 150

(8]
(]

Sand and gravel

e SPT

— Estimated (Eq.(28))
- - Estimated (Eq.(29))

Depth [m]

Depth [m]

Sand
6

Gravelly sand

Figure 28. Comparison of SPT results and estimated
N values (J0902-02).

N value

Boring data 50 100 150

e SPT

— Estimated (Eq.(28))
- - Estimated (Eq.(29))

Gravelly sand

Silty sand

Sand

6

Depth [m]

o

silty clay

Depth [m]

Sty sand

Gravelly sand

Sandy clay

Figure 29. Comparison of SPT results and estimated

N values (J0908-02).



are suggesting the existence of thin hard layers or cob-
bles that were not depicted by SPT which is conducted
intermittently with depth (usually at every 1 m).
Comparing the estimation results obtained by the
two methods, there seems to be no trend that the
results obtained by one method is consistently larger
or smaller than those obtained by the other. In prac-
tice, it is recommended to conduct the estimation
both by the two methods and compare the results.

1 0
I
Made ground 9,
2 |(sand an% gravel)| 2 K
4 Sandy clay 4
Silty clay
9 6
Gravelly sand
E 8 Sandy clay E_ 8
g = (eser
3 ~ 210
AR 10 |Sand and 1 .
) e - — Estimated (Eq.(28))
Clavey.sand
12 5 12 1o Rt
- Bsimatd 5409
14 Gravelly sand 14 4 .
16 | Sand and gravel 16 < * e
— . ——
Sandy clay
18 18 -

Figure 30. Comparison of SPT results and estimated
N values (J0912-01).

N value
Boring data 0 100 200 300 400
0 r — - 0
| Sandy clay L
2 | Ssilty sand 3 = I ﬁ
with gravel i
— — Estimated (Eq.(28))
of 5 ' | -~ Estimated (Eq.(29))
| Sand and gravel T - —— i

with silt

Depth [m]

Depth [m]

| Sand and gravel

r
{

| Sand and gravel
with silt

Figure 31. Comparison of SPT results and estimated
N values (J0916-01).

3.3 Points to be noted

As explained in the previous section, the back-
analyzed values of the constants 4, y and C,, were
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obtained based on a specific type of the auger head
(with 450 mm outer diameter and 3 wings), and the
values cannot be directly adopted for the piling data
obtained by using other types of auger heads. In the
IPA-TC2 technical material, this point was reflected
by restricting the use of different types of auger
heads. More recently, Okada et al. (2018) proposed
a method to allow the use of the auger heads with
different diameters in the two estimation methods,
by modifying the torque on the varieties of auger
heads into what would be experienced on the specific
type of the auger head (with 450 mm outer diameter
and 3 wings) based on the model shown in
Figure 32. They confirmed that their proposed
method was effective in mitigating the dispersion of
the estimation results that seemed to have been
caused by the difference in the diameter of the auger
head, as shown in Figure 33. The investigation on
the applicability of this modification method has
been continued using a variety of auger heads in sev-
eral piling sites.

On the other hand, it should be kept in mind that
the reliability of the SPT results in the hard ground
would be limited. The diameter of the SPT sampler
is around 50 mm, and it seems that the sampler
could sometimes penetrate into the ground without
hitting the gravels or cobbles that are actually con-
tained in the ground, as reported by Ogawa et al.
(2013). In addition, according to Mitsuhashi (1995),
the cobbles usually “lie” in the ground, with their
longer axis being in the horizontal plane as shown in
Figure 34, and as a result the size of the cobbles
written in the “commentary” column in the boring
log (representing the shorter axis of the cobbles) can
be smaller than one-third of the actual size of the
cobbles.

Width of the wing, W,

Figure 32. A model to consider different types of auger
heads (after Okada et al., 2018).



4 ESTIMATION FROM PILING DATA
OBTAINED IN ROTARY CUTTING
PRESS-IN

In Rotary Cutting Press-in, a tubular pile equipped
with base cutting teeth is installed by the combin-
ation of vertical and rotational static jacking forces.
The energy consumed for installing the pile has been
considered for estimating SPT N from the piling data
in Rotary Cutting Press-in, by referring to the know-
ledge in the field of rock drilling (Ishihara et al.,
2015b). The flow of estimation is outlined in
Figure 35.

a) Without modification (b) With modification

4.1 Estimating base resistance and base torque
Figure 33. Comparison of N values estimated with or with-

out the modification of torque. 4.1.1 Closed-ended piles
As discussed in Section 2.1, when estimating the
subsurface in formation at the pile base, it is better
Boring core tube to use the resistance on the pile base rather than the
load applied to the pile, as the former reflects the
information of the soil beneath the pile base more
directly. In Rotary Cutting Press-in, the pile receives
the vertical load (Q) and the torque (7)) from the
press-in machine, and in reaction to these it receives
the base resistance (Qy), shaft resistance (Qs), base
torque (7,) and the shaft torque (7;) from the
ground, as shown in Figure 36 and expressed by
Equations (30) and (31).

3 O=0, 10, I=Ty+71,

1 st
Figure 34. Boring core and cobble stones (after Mitsuha- 1 P [
shi, 1995).
101G ol T
LJ L
m =
Oy 7

Figure 36. Forces acting on a pile during Rotary Cutting.

T =Ty+T; (31)
For closed-ended piles, O, and 7, will be

expressed as a function of the unit base resistance on

Figure 35. Flow of estimation in Rotary Cutting Press-in. the closed-ended pile (b ciosed):
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zD,?
Qb: 4 X qb,closed

Do

Ty= r{ (thclosed Xtan dg X271 X dr) xr}
0

tan dgp XX Dy’
= 12 9b,closed

(33)

where r is the distance from the center of the pile in
the radial direction and g, is the frictional angle at
the soil-pile interface. From these equations, gy cjosed
can be deleted to give:

v Soil type
0 1020 30 40 50 P
0
Gravelly clay
2
Gravelly silt
4 |—
E 1
F-|
B 6
]
) L
Silty sand
| }
10
! Silt
12

Figure 37. Site profile in C11 test series.
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(a) C11-10 (without surging) (b) C11-13 (with surging)

Figure 38. Comparison of estimated and measured Q,
(Closed-ended, D, = 318.5mm).
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Ty tan Osp

0, 3

xDy = &¢ (34)

Bond (2011) showed that the frictional stress on the
pile shaft (f) is shared by Qg and 7 according to the
ratio of the downward velocity (v4) and the horizon-
tal velocity (v;) of the pile surface. This will be
expressed as:

1
= Xf X wDy X2z 35
To=—— X[ x mDyx7x =2 (36)
S /—l—l_#z [¢]
Vr
= (37)

From Equations (35) and (36), f can be deleted as:

Ts  uxD, _
o= (38)

Combining Equations (30), (31), (34) and (38), O,
of the closed-ended pile can be obtained by:

T—(xQ

O,= ¢ (39)

The validity of Equation (39) was confirmed by
a series of field tests conducted in a soft alluvial soil
shown in Figure 37. The pile was closed-ended and
was equipped with a base load cell to measure O,
From the piling data (Q and T), Oy, was estimated by
Equation (39), and was compared with the values
measured by the load cell. As can be confirmed in
Figure 38, the estimated Q, agreed very well with
the measured @, regardless of whether the installa-
tion was associated with surging (in Test C11-13) or
not (in Test C11-10).

4.1.2 Open-ended piles

For open-ended piles, the following relationships
will be supposed in the same way as were in Stand-
ard Press-in:

O, =0hp+ 0O (40)

zD;?

Qbi= X (1 - [FR) Xy closed

(41)



Considering that there are cutting teeth on the pile
base, Oy, would be expressed as:

pr:tT XWT XAT X closed (42)

where ¢ and wr are the thickness and the width of
each cutting tooth and nt is the number of the cutting
teeth. In the same way as Q,, the base torque (73)
will be expressed as:

T:pr+Tbi (43)

where Ty, and Ty,; are respectively the torque on the
pile base annulus and at the bottom of the soil
column inside the pile, that arise as a reaction from
the soil beneath the pile base. Assuming that a slip
plane is created at the pile base, Ti,; could be writ-
ten as:

Dj

2
Toi= r{(l — IFR) Xy gjosea X tangx 2zt x dr x 1}
. :

(44)

where ¢ is the internal friction angle of the soil
around the pile base. On the other hand, assum-
ing that a uniform stress of gy, cjosea acts both on
the vertical and the horizontal planes in each cut-
ting tooth as shown in Figure 39, Ty, will be
expressed as:

Dy+D;
pr:fT XdoXnr Xqp,closed ¥ % (45)
Dy+D;
d.= min(hr, M) (46)

2XntXv

where d. is the depth of cut and 4t is the height of
the cutting tooth. If /FR and gy, cjoseq are independent
of r, Equations (40) — (46) can be combined to give:

Ty 3utr(De+Di)’+(1 — IFR) x tangx2zvD;y’
Oy  24unrtywr+(1 — IFR) x 6avDiy’

= Sor

(47)

On the other hand, the relationship between Q; and
T, would be comparable with that for closed-ended
piles, as expressed by Equation (38). Combining
Equations (30), (31), (38) and (47), Oy of the open-
ended pile can be obtained by:
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Pile
Direction of rotation

Tooth

qb,closed qb,closed

Pathline of tooth

Figure 39. Assumption of the resistance on the cutting
tooth.

I-{x0

= 48
ot —¢ (48)

Oy

4.2 Estimating SPT N

When a penetrating material penetrates into the
ground by an incremental depth of Jz, the soil
beneath the base of the penetrating material will
receive an incremental energy of JE and will deform
by a volume of JV. In the field of rock drilling, the
index JE/JV is called as the Specific Energy (SE),
and has been widely used to represent the perform-
ance of the drilling machines (Teale, 1965; Hughes,
1972).

According to Hughes (1972) and Li & Itakura
(2012), SE in rock drilling and the unconfined com-
pressive strength of the rock are linearly correlated.
Expanding this knowledge to assume that SE
required for a penetrating material to penetrate into
the ground has a linear relationship with the
strength of the ground, it would follow that the SE
required in Rotary Cutting Press-in and the SE
required for an SPT sampler to penetrate into the
ground are linearly correlated, which would be
written as:

Op X0z +2 X T X n X 0tXTy

My XgXhy xXe X N
X
Abﬁffxéz

Qp cff X OZ*SpT
(49)

where the left side is the SE in Rotary Cutting Press-in
and the fractional part in the right side is the SE in
SPT. n is the revolution number, ¢ is the time, m,, and
h,, are the mass and the drop height of the weight, g is



the gravitational acceleration, e is the energy efficiency
in SPT, ay, ¢ is the effective base area of the SPT sam-
pler and 0z gpr is the reference incremental penetra-
tion depth of the sampler (= 0.3 m). y is the parameter
to represent the piling efficiency in terms of the energy
consumption. The value of y will become greater than
unity when unnecessary energy is consumed in the
piling process. This could happen when the pile is
excessively extracted, inducing a drop of soils around
the pile base into the cavity created by the extraction
and the subsequent increase in Q. Another case where
the energy is unnecessarily consumed could be
encountered in a multilayered ground. If a high revolu-
tion number required for a pile to penetrate through
hard layers is maintained in soft layers where the pile
can penetrate without rotation, the energy associated
with the rotation will be excessive in the soft layers.

From Equation (49), the estimated SPT N can be
obtained by:

_ab7effX5Z*SPTX(Qb X0z + 27n X Ot X Tb)

N
X X exXmyghy X Ap eff X0z

(50)

In Rotary Cutting Press-in, the installation is
often associated with surging (repeated penetration
and extraction) in order to reduce the resistance and
smoothen the piling process. As a machine setting,
the motion of surging is displacement-controlled. If
the values of Q or T exceed certain values, it will be
conducted in a load-controlled manner. This is
because it is necessary to maintain the values of
O and T sufficiently smaller than the reaction
obtained from the pull-out resistance of the previ-
ously installed piles, the weight of the press-in
machine and so on, for a smooth piling process.

Table 4. Specification of piles.

D, D; It wr hy

[mm] [mm)] nr [mm] [mm] [mm)]
J1001 800 776 6 40 65 80
C12 800 776 4 40 65 200
J1404 1000 976 6 40 65 200
J1501 1000 976 6 40 65 200

If the installation is associated with surging, the
pile base passes a certain depth several times. The
energy consumption in the surging process would be
considered by integrating Equation (50) as:

Qb effOZ" SpT
xemyghy

{ (Qbéz + 27ndtTy,
Ap efr0z

dz) (51)
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(b) In displacement
-controlled surging

(a) In load-controlled surging

Figure 40. Data used for the integration in Equation (51).

Through the application of the piling data obtained
in Site N1 (mentioned later), it was confirmed that
a better agreement in the N values estimated by
Equation (51) and those obtained by SPT was found
if the integration in Equation (51) was conducted
using the data recorded in the penetration into the
fresh ground (Figure 40a) when the surging motion
was controlled by displacement, while it was better
to use the data recorded when the pile was moving
downward (Figure 40b) if the surging was conducted
in a load-controlled manner.

4.3 Verification through field tests

Field tests were conducted in two different sites to
confirm the validity of the estimation method for
open-ended piles with base teeth. The specification
of the piles and the press-in conditions are summar-
ized in Tables 4 and 5, where v, is the upward vel-
ocity of the pile, f,, is the flowrate of water injected
in the pile base, [, is the upward displacement in
each cycle of surging, and Qur and Typ are the

manually-set upper-limit values of @ and
T respectively. The symbol “-” means that no spe-
cific values were set (i.e. arbitrary values were

adopted).

The site profile in the first site (Site A) is shown
in Figure 41. It is multilayered and inhomogeneous
in plan in the depth range from 3 m to 8 m below the
ground surface. The positional relationship of the
SPT and the pile installation is shown in Figure 42.

In the estimation, y was assumed as unity, and
PLR (Plug Length Ratio, defined by Equation (52))
(Xu et al., 2005) was adopted in place of IFR.

h
PLR ==

52
ZEOI ( )

Here, hgor and zgop are the length of the soil column
inside the pile and the penetration depth of the pile
at the end of installation. It is believed that the use of



Table 5. Press-in conditions.

Vd Vu Vr OuL TuL Ly Jw

[mm/s] [mm/s] [mm/s] [kN] [kNm] [mm] [[/min.] Site
J1001-1 12-16 22 240 400 - 60 30 A
J1001-4 12 22 240 500 - 40 30 A
C12-21 8 6 150 600 - 40 90 N1
C12-22 8 18 110 600 - 40 90 N1
J1404-5 10 30 340 600 500 40 60 N1
J1501-3 - - - 600 - 20-80 60 N1

PLR instead of /FR did not deteriorate the validity of
the estimation in Site A, as the pile installation pro-
ceeded in a fully unplugged manner (IFR =
PLR=1).

Figure 43 shows the N values estimated from two
sets of piling data (jacking force Q, torque 7, time ¢,
penetration depth z and the length of the inner soil
column /) obtained in Site A. The estimated
N values agreed well with the SPT results, showing
relatively small values (between 10 and 15) in 0 m <
z < 10 m and a steep increase to more than 30 in
10 m <z < 12 m. On the other hand, some differ-
ences were found in the two estimated values in
3 m <z <4 m. These differences would be due to
the inhomogeneity of the ground, judging from the
differences in the four SPT results in Figure 41.

The site profile in the second site (Site N1) is
shown in Figure 44. It consists of a sand layer and
a sand and gravel layer. The sand and gravel layer
seems dense and have large N values (exceeding 50
at several depths). The positional relationship of the
SPT and the pile installation is shown in Figure 45.

SPTN Boring data SPTN Boring data
0 1020 30 40 50 0 10 20 30 40 50
0 0
Gravel and clay Gravel and clay
with cobbles with cobbles
Clay Clay
Gravelly sand Gravelly sand
y 5
5 Silty clay =) Silty clay
r g
o Sand o
a a
Volcanic ash Volcanic ash
10 10 Clay
Clay
Sand and gravel
Sand and gravel with cobbles
(60) Weathered rock Weathered rock
15 15
(a) A-1 (b) A-2

Figure 41. SPT results in Site A.
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Figure 46 shows the N values estimated from
three sets of piling data obtained in Site N1. In the
estimation, y was taken as unity and PLR was used
instead of /FR. The estimated N values gradually
increased with depth in z < 8 m, and exceeded 50 at
several depths in 10 m < z < 12 m. These trends
agree with the SPT results as a whole. Significant
overestimations were found at 8.5 m in C12-22 and
at 7 m in J1404-5. These would be because large [,
values (around 500mm in both cases) were adopted
around these depths to cope with the deterioration of
the piling efficiency caused by the phenomenon of
plugging or the sudden increase in the frictional
stress called “water binding” (Stevens, 2015). On the
other hand, some overestimations were confirmed in
8 m < z < 12 m. This will mainly be because PLR
was adopted instead of /FR in the estimation.

This point will be further discussed in the next
paragraph.

It has been understood that the transition of the
plugging condition during the pile penetration can be
explained by the equilibrium of forces that act on the

SPTN  Boring data SPTN  Boring data
0 10 20 30 40 50 0 10 20 30 40 50
0 0 r
Clay Clay with
with cobbles cobbles & gravels
& gravels
Clay Clay
Silty clay
Sand and gravel
5 with silt 5

Sand and gravel

Sandy silt with clay

Sand and gravel

Depth [m]

Volcanic ash Silty clay

—
<

Sand and gravel Sand and gravel

| (300)—>® Weathered rock Weathered rock

(c) A-3 (d) A-4
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Figure 42. Positional relationship of SPT and pile installa-
tion in Site A.
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Figure 43. Comparison of N values obtained by SPT and
estimated from piling data in Site A.

soil column inside the pile (White et al., 2000;
Okada & Ishihara, 2012). The pile will become
plugged where N values decrease with depth,
because the push-up stress on the bottom of the soil
column will decrease with depth. At such depths,
PLR becomes larger (closer to 1) than /FR, leading
to smaller 4y, .;r based on Equation (12). As a result,
N values estimated by Equation (51) becomes larger.
Figure 47 shows the comparison of the N values esti-
mated by using PLR or IFR, and the N values
obtained by SPT. Note that /FR values were obtained
as the average over the depth range of 0.5 m, to cope
with the insufficient frequency of measuring
h relative to the frequency of surging, and the
N values were estimated by the following equation:

@y, cff0Z" spT .- (Op0z + 2700t Ty, )dz

N
xemyghy Ap cr0z*

(53)

where 6z* is the reference value of the incremental
penetration depth (= 0.5 m). In 10 m <z < 12 m,
N values were significantly overestimated if PLR
was used, but the overestimating trend was mitigated
if IFR was used. As can be confirmed in Figure 48,
the penetration became almost fully plugged (i.e.
IFR was nearly zero) in deeper than 10 m. However,
although the significant overestimating trend in z >
10 m was mitigated if /FFR was used, the variation of
N with depth became too eminent. This might have
been caused by the use of [FR values averaged
over 0.5 m.

SPTN Boring data SPTN Boring data SPTN Boring data
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
0 0 0
Sand
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Sand
5 \ ] 5
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75) (60)
Sand vel \ {
10 53) AETRe 10 €< Sandy gravel 10 T
(56)
60) (60)
60) ‘ (75)
15 15 15
(a) N1-1 (b) N1-2 (c)N1-3

Figure 44. SPT results in Site N1.
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Figure 45. Positional relationship of SPT and pile installa-
tion in Site N1.
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Figure 46. Comparison of N values obtained by SPT and
estimated from piling data in Site N1.

From these case studies, it can be said that the pene-
tration and the downward and upward displacement in
surging have small influence on the estimation results,
while the plugging condition (values of /FR or PLR)
influences significantly. If the plugging condition
varies with depth to some extent, the estimation results
based on PLR will become less reliable, and it is
recommended to use /FR obtained by a continuous
measurement of the length of the inner soil column
(7). In addition, the sampling rate (frequency of the
measurement) of / should be sufficiently high, so that
the IFR values in each cycle of surging can be used to
conduct the integration in Equation (51).

5 POSSIBLE UTILIZATION OF THE
ESTIMATION METHODS AND REMAINING
ISSUES

5.1 Possible utilization of the estimation methods

As discussed in the previous sections, the subsurface
information estimated by the methods in this paper

agreed as a whole with the information obtained by
the subsurface investigation techniques, but showed
some disagreement under certain conditions. Such
disagreements would sometimes be caused by the
difference in the mechanical conditions such as the
size and the shape of the pile, the CPT cone or
the SPT sampler, and sometimes by the difference in
the geological conditions due to the inhomogeneity
of the ground. On the other hand, the subsurface
investigations conducted several times in one site
can yield results that are not consistent with each
other. Considering these points, it would be recom-
mended at the present stage that the subsurface infor-
mation estimated by the methods in this paper be
limitedly used as a reference when managing the ter-
mination of piling or judging the alteration of the
penetration techniques, as exemplified below:

(1) Contractors confirm the bearing stratum by grasp-
ing the variation of the estimated N with depth,
and assure an adequate embedment depth of the
pile.

(2) Contractors adequately alter the press-in condi-
tions required for the operation of the press-in
machine and attempt to improve the piling effi-
ciency, based on the estimated subsurface
information.

(3) When encountering the unexpected ground con-
ditions, contractors put together the estimated
subsurface information and present them to the
owners, and propose the alteration of the con-
struction plan such as the re-selection of the
installation assistance.

If the estimated information significantly dis-
agrees with the subsurface investigation results
and its validity needs to be carefully investigated,
it is recommended to conduct additional subsur-
face investigations by the other methods. If the

N value
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0 !
@ —J1501-03 (PLR)
2 ki —J1501-03 (IFR)
-o-SPT (N1-1)
4
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B |
a
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Figure 47. Differences in N values estimated by using PLR
or IFR.
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Figure 48. Variation of the inner soil column length with
depth in J1501-03.

cause for the disagreement is expected to be the
existence of gravels, cobbles or underground obs-
tacles, it is desirable to avoid the use of SPT as
an additional investigation method, considering
the limitation of its applicability to such condi-
tions as discussed in Section 3.3. The most reli-
able method would be the trial digging, where
a backhoe could be used for a shallow excavation
and a set of a casing tube and a hammer grab
could be effective if the target depth is deep. The
large-diameter core tube sampling (Watanabe
et al., 2006) might be another option. On the
other hand, the ground-penetrating radar could be
a choice if its difficulty in distinguishing cobbles
from cavities (Kimura et al., 2000) are overcome.
The surface-wave method could also be adopted
if its resolution is improved.

In Rotary Cutting Press-in, the reliability of the
estimation results will be deteriorated if the plugging
condition significantly varies with depth and the
measurement of the inner soil column length is omit-
ted or conducted with an insufficient sampling rate.
It is recommended to measure the inner soil length
with a sufficient sampling rate to grasp its variation
during surging and conduct the integration in Equa-
tion (51).

5.2 Remaining issues

For Standard Press-in, the following points would be
effective in improving the validity of the estimation
methods:

(1) It is necessary to refine the method of considering
the effective base area or the plugging condition
of the sheet piles. Although the equivalent tubular
pile was introduced in this paper, the actual direc-
tion of the shear stress on the sheet pile is differ-
ent from that on the tubular pile. In addition, the
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plugging condition was assumed to be constant
for each type of sheet pile in this paper, but it
will vary with depth depending on the state of
soils around the sheet pile. One option to better
reflect the actual situation might be to consider
the phenomenon as the increase in the shaft
resistance as a result of the arching action to
increase the horizontal stress, as discussed by
Taenaka (2013).

(2) It is necessary to consider the effect of the pene-
tration rate on the unit base resistance quantita-
tively. In this paper, the Finnie factor was used to
find the conditions where the rate effect can be
ignored or deemed to make the estimation results
conservative. If the variation of the unit base
resistance is expressed as a function of the Finnie
factor, the rate effect can be more directly con-
sidered. In addition, in using the Finnie factor, an
adequate definition of D, for sheet piles and the
effect of surging on the drainage condition have
to be investigated.

(3) It is necessary to investigate the regionality of the
correlation between CPT and SPT. Methods to
correlate them that were used in this paper were
developed based on the database obtained in the
North American Continent, and as discussed in
Section 2.5, applying the methods to the CPT
data obtained in Japan led to slightly overestimat-
ing trends of NV values.

(4)It is necessary to investigate the scale effect,
especially for large-diameter piles. In this
paper, it was supposed that the scale effect is
constant regardless of the pile diameter,
according to White & Bolton (2005). However,
the database was limited to piles having the
diameter of about 1000 mm or smaller, and
for larger piles it still remains possible that the
unit base resistance becomes smaller as the
pile diameter becomes larger, as have been
widely understood. If so, applying the estima-
tion methods in this paper to large-diameter
piles will make the estimation results
conservative.

For Press-in with Water Jetting, no methods have
been developed. It is necessary to collect the piling
data before establishing an estimation method.

In Press-in with Augering, the following points
would be effective in improving the validity or
expand the applicability of the estimation methods:

(1) It is necessary to continue collecting the data sets
of SPT results and the piling data and conduct the
back-analysis of the parameters to increase the
versatility of the parameters. It is desirable that
the positions of the SPT and the press-in piling
are as close as possible.

(2) It is necessary to investigate the values of the
parameters for hard grounds including rocks, to
expand the applicability of the estimation
methods.



In Rotary Cutting Press-in, the following points
would be effective in improving the validity of the
estimation methods:

(1) It is necessary to further investigate the relation-
ship between the plugging condition and the
inner shaft resistance, particularly the validity of
Equation (44).

(2)It is necessary to confirm the validity of the
assumption of the force acting on the cutting
teeth (Equation (45)).

(3) It is necessary to develop a device to measure the
length of the inner soil column at a sufficient
sampling rate without difficulty.

6 CONCLUSIONS

This paper introduced the methods of estimating the
subsurface information from the data obtained in
Standard Press-in, Press-in with Augering and Rotary
Cutting Press-in, most of which were organized into
a technical material in Japanese under the activity of
IPA-TC2 in 2017. The validity of these estimation
methods was assessed by conducting the field tests or
collecting the data in the piling construction sites. As
a result, it was confirmed that the estimation results
agreed to a certain extent with the SPT results. It was
also confirmed that the plugging condition influenced
the estimation results significantly.

Based on the above assessment, the subsurface
information estimated by the methods in this paper
is recommended to be limitedly used as a reference
when managing the termination of piling or judging
the alteration of the penetration techniques, at this
present stage. Further researches are expected to
improve the validity or expand the applicability of
the estimation methods.
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