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ABSTRACT: The applicability of the Press-in Method to hard grounds has been significantly improved by the
development of Rotary Cutting Press-in (RCP), where vertical and rotational forces are simultaneously applied
to a pile with base cutting teeth. Although RCP piles are usually used for retaining walls, there have been some
cases where they are used for foundations. Several SPT-based design methods for RCP piles have been prepared
so far. Some of these are based on existing design codes in Japan for piles installed by other piling methods,
which are intended for specific construction fields (roads and railways). This paper overviews these existing
SPT-based design methods for RCP piles, and proposes another method by making adjustments on the existing
design method for the field of buildings in Japan, based on the results of five static load tests on RCP piles.

1 INTRODUCTION

The applicability of the Press-in Method to hard
grounds has been significantly improved by the recent
development of installation techniques such as Press-in
with Augering and Rotary Cutting Press-in (RCP,
which installs piles by applying vertical and rotational
forces onto a pile with base cutting teeth). Although
piles installed by these installation techniques are usu-
ally used for retaining walls, there have been some
cases where RCP piles are used for foundations. Sev-
eral design methods for RCP piles have been prepared
so far (IPA, 2014, Suzuki et al., 2019; JSCE, 2020),
based on some existing design codes in Japan for piles
installed by other piling methods. These methods are
intended for specific construction fields (roads and rail-
ways), to fit for the conventional style in Japan where
different design codes based on different design con-
cepts are adopted in different construction fields. There
is another research (Ishihara et al., 2020) providing
a method of estimating the base capacity of RCP piles
either from CPT or SPT results, which was obtained by
introducing a method to estimate the plugging condi-
tion (IFR, Incremental Filling Ratio) into the frame-
work of CPT-based UWA-05 design method (Lehane
et al., 2005).

This paper firstly overviews some of the above-
mentioned SPT-based design methods for RCP piles.
After that, another method will be proposed by
making adjustments on the existing code for the field

DOI: 10.1201/9781003215226-12

169

of buildings in Japan, based on the results of five
static load tests on RCP piles.

2 EXISTING DESIGN METHODS FOR
VERTICAL CAPACITY OF RCP PILES

2.1 IPA (2014)

There had been no design methods for the vertical
capacity of RCP piles until the method of IPA
(2014) was prepared, by adjusting the SPT-based
method for driven piles (JRA, 2012) based on three
load test results including that of Hirata et al. (2009).

According to JRA (2012), the base capacity (Qyr)
of a driven pile is expressed as:

(1)

Ovr=pr X Ab closed

— 300 x min [ 22
9ot 5D

s 1) xmin(NDo,40) [kPa]

(2)

(4]

where gy is the unit base capacity, Ap closed 15 the cross-
sectional area of a fully plugged (closed-ended) pile,
zps 1S the embedment length into a bearing stratum
(defined as the layer with SPT N not smaller than 30 in
JRA (2012)), D, is the outer diameter of the pile and
Npo is the “bearing stratum N value” determined by



the SPT N values in the depth range from the pile base
to 4 D, above the pile base. IPA (2014) recommended
the value of z,, for RCP piles to be 1 D,, aiming for
assuring the efficiency of piling work by avoiding
excessive time for installing a pile into a hard layer
while securing a certain level of the vertical perform-
ance of the pile. As a result, in IPA (2014), the unit
base capacity is obtained by:

¢pr= min(60xNpp,2400) [kpa] (3)

Note that the averaging method for N is different
from that in JRA (2012), with Np; being the N value
averaged from the pile base to 1 D, above the pile
base. It is also noted that the bearing stratum is
defined in IPA (2014) as the layer with SPT N not
being smaller than 40.

On the other hand, in IPA (2014), the shaft cap-
acity (Qsr) is expressed as:

st: J(qsfanO)dZ (4)

[kPa] (for sand)

_ [ min(2 x N, 100)
q$f_{ [kPa] (for clay) (5)

min(8 x N, 100)

where ¢y is the unit shaft capacity.
The ratio of design load to the ultimate capacity
(Apyg) is prescribed in IPA (2014) as:

1
%]; = AD/fzg (6)
Or=0ps+0s¢ (7)

where Op is the design load and QO is the ultimate
capacity.

2.2 JSCE (2020)

The method of JSCE (2020) was prepared in response
to the revision of JRA (2012) into JRA (2017). In JRA
(2017), the concept of reducing g,¢ for smaller z, (Eq.
(2)) was removed, and as a result, the following sim-
pler expression has newly been provided for piles
having z,s values equal to or greater than 2 D,

[kPa] (for sand)
[kPa] (for clay)

(8)

_ J min(130 x Npp, 6500)
=\ min(90 x Np,, 4500)

where Np; is the arithmetic average of SPT N value
from the pile base to 3 D, below the pile base.

In JSCE (2020), JRA (2017) was adjusted based
on five load test results introduced later in Section
3.2, and Qyr and Qg are estimated by:

Obt = qot X Abciosed (= Eq.(1)) 9)

gvr= 4500 [kPa] (for gravelorsand, Np, > 40)

(10)
0u=[(qaxaDiz (~Ea®) (1)

_ [ min(5 x N, 50) [kPa] (for sand)
qu_{ min(6 x N, 50) [kPa] (f(c))r clay) (12)

The main point in the revision of JRA (2012) into
JRA (2017) was the introduction of the partial factor
design method and the limit state design method,
which has been reflected in a more sophisticated
(subdivided) expression of the ratio of design load to
the ultimate capacity (Aps) as follows:

(13)
(14)

Apjs=Apjy XAyt

Ap jy=¢1Pris

where Apy, is the ratio of design load (Qp) to yield
load (Qy, the first-limit-resistance), Ay, is the ratio of
yield load (Qp) to ultimate capacity (Qy), ¢ is the
parameter called “investigation and analysis factor”,
&, is the parameter called “resistance factor” and A¢
is the parameter to consider the effect of the pile
type (e.g. end-supported pile or friction pile). JSCE
(2020) provides each value of these parameters, but
this paper will only quote the values of Ap,, and Ay
for simplicity, later in Table 3.

2.3 Suzuki et AL (2019)

Suzuki et al. (2019) proposed a design method for
RCP piles, by analyzing the five load test results intro-
duced later in Section 3.2 based on statistical process-
ing and reliability analysis, as instructed in RTRI
(2012) and RTRI (2018). Their method is expressed as:

Qbf = QbeAb,closed (: Eq(l)) (15)
[kPa] (for sand)

[ min(60 x Nps, 3500)
Iot= [kPa] (for gravel)

min(60 x Nps, 7500)

(16)
Ost= J(QSfXﬂDo)dZ (: Eq(4)) (17)
gst = min(2xN,40) [kPa] for sand, clay (18)
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% _ Apys
¢

Or=0u+0s¢ (= Eq.(7))

(19)
(20)

where Np; is the smallest N value in the depth range
from 1 D, above to 3 D, below the pile base. Aps
can be obtained by a chart shown in Figure 1.
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Figure 1. Ratio of design load to the ultimate capacity
(after Suzuki et al., 2019).

3 PROPOSAL OF A DESIGN METHOD FOR
RCP PILES IN THE FIELD OF BUISLINGS

3.1 Framework of AIJ (2019) design method

The latest design method for piles in the field of
buildings in Japan is provided in AlJ (2019). Oy and
Qs of driven piles are expressed as:

(21)

Qbf = N Xyt ><Ab,closed

y = { min(0.16>< 2,08 (for open — ended, 3 > 2)

1 (for closed — ended)
(22)

[kPa] (for sand)
[kPa] (for clay)

(23)

[ min(300xNpy4, 18000)
9 =\ min(6 x ¢, 18000)

Osr = J(‘ISfXﬂDo)dZ (: Eq(4>) (24)

g { min(2 x N,100) [kPa] (for sand)
sf=—

min(0.8 x ¢,100) [kPa] (for clay) (25)
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Figure 2. Plug efficiency (after A1J (2019)).

Here, in general, the base capacity will increase as the
open-ended pile becomes more plugged, and the pile
will become more plugged as the embedment into the
bearing stratum becomes longer. In AlJ (2019), these
relationships are considered by introducing the plug
efficiency 7 (Eq. (22), Figure 2), d; is the inner diam-
eter of the pile, Np4 is the SPT N value averaged from
4 D, above to 1 D, below the pile base, and c is the
cohesion of the soil. The bearing stratum is defined as
the layer having the SPT N values greater than 50.
The way of considering the plugging condition is
similar to that in JRA (2012), which can be confirmed
by comparing g,r obtained by Eq. (2) and 7 x gur
obtained by Egs. (22) and (23).

AlJ (2019) is a limit-state design method. Piles in
their ultimate limit state, damage limit state and ser-
viceability limit state are supposed to exhibit Qy,
two-thirds of Qr and one-third of QO respectively,
where Oy is the ultimate capacity.

3.2 Load test database

In this paper, information of five static load tests on
RCP piles were collected, as summarized in Table 1.
Tests 12006, T2007 and F2008 were conducted by
Hirata et al. (2009) and outlined in IPA (2014).
Detailed information on A2016 and N2017 can be
found in Ishihara et al. (2016) and Okada et al. (2021)
respectively. Site profiles and the press-in conditions
for these tests are shown in Figure 3 and Table 2
respectively. Load test conditions were basically in
compliance with JGS standard (JGS, 2002), except for
the shorter period from the end of installation to the
start of load test in A2016 and the existence of adja-
cent piles within the horizontal distance of 3 D, from
the center of the test pile in 12006, T2007 and F2008.

12006 was conducted at an initial stage of the devel-
opment of this piling method. The pile accidentally
experienced strong plugging during its installation, and
it was extracted fully (with its inner soil column being
stuck to the pile) and installed again (after removing
the plugged soil). In A2016, the pile was installed by
RCP down to 2m BGL and by Standard Press-in
(press-in without any installation assistance) in deeper
than 2m.
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Figure 3. Site profiles.
Table 1. Load test databases. 3.3 Adjusting AlJ (2019) based on load test results
— In this sub-section, the AIJ (2019) design method
(a) Test conditions will be adjusted for RCP piles based on the load test
results introduced in the previous sub-section.
Test  Pile Pile Embed-  Embed-  Curing For base capacity, # was back-analyzed by assum-
name Diameter Thick-  ment ment period  ing that Egs. (21) and (23) directly apply to RCP
D, [mm]  ness depth length  c[day] piles. It can be found in Figure 4 that the same
t(mm]  z[m] Zbs [m] expression as Eq. (22) provides the lower limit for the
12006 800 16 19.65 0.9 18 load test databases. However, the correlation between
T2007 800 16 17.5 0 16 the plots of load test results and the estimation line
F2008 1000 12 15 17 15 given by Eq. (23) is very weak. One major reason
A2016 800 12 47 0 1 was thought to be the effect of averaging of SPT
N2017 1000 12 24 0.8 57
@) 12006(Np,=50) A A2016(Nps=9)
(b) Test results _ _
0 T2007(Np,=24) X N2017(Np=28)
Test Total capacity ~ Base capacity ~ Shaft capacity % F2008(Nps=50)
name  Qr [kN] Obr [kN] Osr [kN] 1
12006 4168 2548 1620
T2007 4060 2368 1692 0.8
F2008 6363 3576 2787 Eq.|(22)
A2016 578 363 215 [ \
0.6 /
N2017 5000 3102 1898
L X
0.4 /
Table 2. Press-in conditions. A O )4/
Test  Jacking Flowrate of water Number of 0.2 7
name force [KN] injection [L/min] base teeth
12006  500~900 30 4—8 0
T2007 400 10~ 30 4 0 1 2 3 4 5 6
F2008 500 20~ 30 5 Z; /d.
A2016 300 0 4 o
N2017 300 15 6

Figure 4. Comparison of # back-analyzed by load test data
and estimated by Eq.(22).

172



N (averaged from 4 D, above to 1 D, below the pile
base in Figure 4). Figure 5 shows the results of the
same analyses with different averaging methods (aver-
aged from 0 to 3 D, below the pile base in Figure 5
(a) and averaged from 1 D, above to 1 D, below the
pile base in Figure 5(b)). Better correlations between
the load test results and the estimation lines can be
found in Figure 5 compared with those in Figure 4.
Figure 6 shows the comparison of measured and esti-
mated base capacities. It can be confirmed that all the
estimated values are conservative, and better matches
can be obtained when the SPT N values are averaged
either from 0 to 3 D, below the pile base or from 1
D, above to 1 D, below the pile base.

For shaft capacity, values of constants in Eq. (25)
were back-analyzed based on the g values obtained
by the strain gauge readings in the load tests and the
SPT N values averaged over the corresponding depth
ranges. For sands, as shown in Figure 7(a), gy =
3.5N with its upper limit (gs"~) being 100kPa pro-
vides a reasonable threshold, with the excess ratio
(ratio of load test data plots exceeding the estimation
line) being greater than 75% as instructed in AlJ

O 12006(Np=92) A\ A2016(Np,=11)
0] T2007(Nyp,=48) K N2017(Np,=58)
<& F2008(Np,=92)
1
08
Eq.[(22)
06 \ /7
" 04 //
M
O
02 A X//&
0
0 1 2 3 4 5 6

:b;/a'i
(a) From 0 to 3 D, below the base

Figure 5.

(2019). For clays, as shown in Figure 7(b), the thresh-
old of g = 6N gives the excess ratio of 75%, while
the g4 value is difficult to be judged. Figure 8 is
the comparison of the measured and estimated Qg
with estimation provided based on different gy -
values. It can be confirmed that g~ = 100kPa (as
adopted in Eq. (25)) provides a slightly conservative
results than the average trends in the load test results,
with slight overestimation for two of the four load test
results (excluding 12006 due to the irregularity experi-
enced in its installation as previously explained).

3.4 Comparing the SPT-based design methods

The SPT-based design methods reviewed in Section 2
and proposed in Section 3.3 are summarized in Table
3. Here, the ultimate limit state, damage limit state and
serviceability limit state in ALJ (2019) were interpreted
by the authors as corresponding to the states where
a pile shows its ultimate capacity, yield load and
design load respectively. The subdivided expression of
Apyy in JSCE (2020) was simplified in this table to
enable an easier comparison. It should also be noted

O 12006(Np,=74) A\ A2016(Np,=13)
[0 T2007(Np,=43) XK N2017(Np,=57)
> F2008(Np,=75)

1

08

Eq.[(22)

0.6

/
oA

02

=

0 1 2 3 4 5 6
Zi/d;

(b) From 1 D, above to 1 D, below the base

Effect of different averaging methods on back-analyzed 7.
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g g 2000 oK g 2000 oK X N2017
S o S A
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0 A =] 0 YA = 0 A =
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Oy measured [kN]

O,y measured [kN]

Oy measured [kN]

(a) From 4 D, above to 1 D, below the base

Figure 6. Comparison of Q¢ obtained in

(b) From 0 to 3 D, below the base (c) From 1 D, above to 1 D, below the base

load test and estimated by the proposed method with different averaging methods.
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Figure 7. Correlation between unit shaft capacity and SPT N values.

Table 3. Comparison of SPT-based design methods for RCP piles in Japan.

Code IPA (2014) JSCE (2020) Suzuki et al. (2019) Proposed
Instalation method RCP RCP RCP RCP
(1) | Ratio of'design load to ultimate 3 032 Figure 1 )
capacity, 4 /(=4 piyxA4 yi1)
2 Ratio of design load to 072 i
yield load, 4 pry
3) Ratio of design load to 045 )
ultimate capacity, 4 y/
(4) clay 3 e e ) ——
q bf sand 60N b =2400 4500 (N b =40) 60Nb =3500 300Nb = 18000
oravel 60N b =2400 4500 (N b= 40) 60N, =7500 ——
&) i ! 1 1 Eq.(22)
(6) qst clay 8N =100 6N =50 2N =40 6N =100
sand 2N =100 5N =50 2N =40 3.5N =100
(7) |Definition of bearing stratum N = 40 N =40 N =30 N =50
Reqired zbs value 1Do 1Do 1Do 1Do
Bearingstratum | | A ——— T ——
Range of N Embedded depth above 1D, above 1Do above 1D,
considered for e o betw 10
Nb average
er below 3D below 3D,
average minimum
® Target performance of Lower limit of Average of Lower limit of base : Excess ratio 50%
estimation load test database | load test database [ load test database | shaft : Excess ratio 75%

that Np4 in the proposed method was obtained by aver-
aging SPT N values from 1 D, above to 1 D, below
the pile base, to reflect the discussion in the previous
section.

Figure 9 shows the comparison of Qys, Oy and Of
obtained in the load tests and those estimated by dif-
ferent design methods. Qs was estimated reasonably,
except for the significant underestimations by IPA
(2014) (as intended in this design method as explained
in Section 2.1). Oy remained almost constant with the
value of z,s in [PA (2014), Suzuki et al. (2019) and
JSCE (2020), while it increased significantly with z
in the proposed method due to the effect of #. This
can lead to a significant overestimation if the pile is
embedded into the bearing stratum deeper than the z
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values of the load test databases in this paper (at most
about 2 D). For Oy, the result in 12006 was overesti-
mated by all the methods, due to the irregular extrac-
tion to remove the plugged soil. In the other tests,
significant (about half) underestimations were found
in Suzuki et al. (2019) (as intended in this design
method as explained in Section 2.3), while a slight
overestimating trend was found in IPA (2014). For Oy,
good agreement with the load test results were found
in the proposed method and JSCE (2020), while con-
servative estimation results were yielded by the other
two methods.

Figure 10 shows the comparison of design loads
(Op) obtained by IPA (2014), Suzuki et al. (2019)
and JSCE (2020). It can be seen that similar Qp
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values were obtained by Suzuki er al. (2019) and
JSCE (2020) despite their difference in estimating Q¢
values, and these values were greater than what was
obtained by IPA (2014). It is necessary to obtain
a value of Ap; for the proposed method in the future.

4 CONCLUSIONS

Existing SPT-based design methods for RCP piles
were reviewed, and another method was proposed
by making adjustments on the existing design
method for the field of buildings in Japan, based on
the results of four static load tests on RCP piles.
Comparing the estimation results and the field test
results, it was confirmed that the ultimate capacity
obtained by each code was different from each other
but the design load obtained by each code was more
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Figure 9. Comparison of Oy, Osr and Oy obtained in load tests and estimated by SPT-based design methods.

175



12006 T2007 F2008 A2016 N2017
Op (k1] QOp [kN] Op [kN] Op [kN] Op [kN]
0 2000 4000 6000 3000 0 2000 4000 6000 1} 2000 4000 6000 8000 1} 200 400 600 300 1] 2000 4000 6000 §00O0
0 0 0 0 —_— 0 ﬁﬁ
1] ‘ I 1 1 -
b | 1 I - p— IPA(2014)
5 5 ! 5 ! _
i 2 |l S ——— Y Suzuki el al.
a8 1 ! i (2019)
.10 — 10 B+ INNEENE =i ,—.3 = JSCE(2020)
& B 11 ) & - £ T -
s a j 2 . 4 i o 2L ! !
515 == ﬁls Il R ‘515 i) Pile/base A == —'—Pl'l—eb'ag—e a { | ;
[ [ . Pile base ,- | 5 - | i
a i mliadandan | = ; =
. Pile base ; INERREE 6 '-.' | Pile base
2U—T". = 20 | 20 V4 —-._-«F‘—--—-;-
£ ‘ nl 4 5 £ I -
I i -
o HERE ‘ | i
25 L 2 5 8 30 ‘

Figure 10. Comparison of Qp estimated by SPT-based design methods.

similar to each other. It was also confirmed that the
base capacity estimated by the proposed method
sharply increased in the bearing stratum due to the
consideration of the plugging condition, which could
lead to significant overestimation for RCP piles
installed into the bearing stratum by greater than
about 2 times its outer diameter. It was recognized
that the ratio of the design load to the ultimate cap-
acity obtained by the proposed method has to be
clarified in the future.
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