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ABSTRACT

This study evaluates the Norwegian design methods for axial capacity of
driven piles in sand referred to as the PV91 (B-method) and NGI-05 method.
The two methods are based on different approach with different input parame-
ters. The semi-empirical P\V91-method is recommended to be used for prelim-
inary design with a preference for NGI-05 method as primary design tool.
However, since the NGI-05 method demands investigation of sand layers with
CPT, the PV91-method serves as an alternative design approach when CPT
data is unavailable. Thus, it is important that these two methods are evaluated
on the same basis. In this work, a database consisting of 86 international pile
tests in sandy soils are analysed and the prediction of shaft friction is evalu-
ated for the PV91-method. PVV91-method exhibits variability in axial capacity
predictions but is shown to be highly conservative for densely and very
densely deposited sand. For loose sand it is shown to overestimate shaft fric-
tion capacity for some pile tests. The NGI-05 method is evaluated in several
database studies, showing greater accuracy than what the PVV91-method per-
formed in this database study. NGI-05 along with other CPT-methods tends
also to overestimate capacity in some cases, and especially after friction ca-
pacity is corrected for ageing effects. This study offers guidance on the appli-
cation of the methods and highlights areas for future improvement.
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1. INTRODUCTION

Various methods are employed for designing the axial capacity of friction
piles in sandy soils. In Norway, the prevailing methods are the P\V91-method
(also known as the B-method) and the NGI-05 method [1, 5]. The PV9l isan
empirical approach utilizing a fixed side friction factor  and is recommended
for preliminary design in the Code of Practice for Piles 2019 [1] and NPRAs
handbook V220 [5]. The PV91-method is in general regarded as a conserva-
tive approach for estimation of shaft resistance. On the other hand, the NGI-
05 method is based on empirical correlations derived from Cone Penetration
Test (CPT) data. Since the NGI-05 method demands investigation of sand lay-
ers with CPT, the PV91-method serves as an alternative design approach
when CPT data is unavailable. CPT is not always available or possible to con-
duct in sandy soil deposits. This motivated the current study to systematically
evaluate both methods based on the same basis. This helps designers to under-
stand the implication of the adopted pile designs.

This article evaluates the semi-empirical method PVV91with a database and
compares it to the NGI-05 method and other available full scale pile load test
databases. A discussion of the accuracy of the NGI-05 method compared to
other frequently used CPT-methods based on former database studies is also
presented. This study only focuses on the side friction capacity and does not
evaluate the pile tip capacity.

2. DESIGN OF FRICTION PILES IN NORWAY

Norwegian design of the axial capacity of driven piles in sand is carried out
using two methods referred to as the PV91 (B-method) and NGI-05 method
[1, 5]. The empirical PV91-method calculates axial frictional capacity by esti-
mating mobilized friction by use of a side friction factor p along the pile shaft,
similar to the semi-empirical method API-RP2A method. The basis for p-val-
ues seem to be a redrawing of the comparison of - values by Kraft & Focht
[2] and is based on data from load tests for piles in clay, presented by Eide at
a Pile Seminar in Norway in 1987 [3]. Soil density, pile length and mean ef-
fective vertical stress a’,,.q is necessary input for estimating shaft friction

Ts;cal-
Ts;cal = /3 * OJU;O
Where $ is the coefficient for the normalized side friction. The recommended

value for beta is a function of pile length and sand density and is shown as the
hatched area in Figure 1.

When CPT-data is available, the Code of Practice for Piles [1] recommends
the CPT-based NGI-05 method [4], where side friction is directly correlated
to relative density, which is calculated based on CPT-data. Characteristic side
friction z,,, is calculated along the pile:
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Ts;k :Zi*o-a *FDR *Flast*Fspiss *Fmat *Fa
t

Where z/z; is the relationship between depth and the final pile end depth,
a.the atmospheric reference pressure, Fiast, Fspiss and Fma: are coefficient for
type of load, pile end geometry and material. Fsigma iS & relationship between
effective vertical stress and the reference pressure a,. Fpr is a factor based on
the relative density, where the relative density is calculated based on empiri-
cal CPT-relations, which is specific for the NGI-method:

qc 1

22 * (U'U;o * Ja)o,s

D, =0,4%*In[

3. THEORETICAL EVALUATION OF DESIGN METHODS

A theoretical comparison of normalized side friction for a selection of exam-
ple piles is presented in Figure 1. Pile length of 20, 40 and 60 m is considered
in sand with constant relative density of 0,4 (loose), 0,6 (medium dense) and
0,8 (dense). The comparison is made by back calculating the implied beta
from the NGI-method by the formula # = —=— based on the mentioned rela-

Uv;O’
tive densities where o,,.o" is the mean effective stress for the pile lenght. Com-
parison between the range of beta factor for P\V91-method and NGI-05 im-
plied g-factor is shown in Figure 1.

NGI- 05 method vs PV91 method
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Figure 1 Comparison of normalized side friction factor $ for PV91 and corresponding
B as implied by NGI-05 back-calculated.

19" Nordic Geotechnical Meeting — Géteborg 2024



F. Kolsgaard, S. A. Degago, A. Emdal and F. Oset

Normalized side friction interval from NGI-05 method is significantly larger
than for PV91-method. For loose sand (Dr=0,4), both methods tend to give
similar estimate of the side friction. For denser sand and shorter pile lengths
the NGI-05 method predicts higher normalised side friction than the PVV91.
For the six theoretical example piles, the interval is approximately 3,5 — 6,5
times the size compared to the PV91-method. This is shown in table below.

Table 1. Comparison of B-values for example piles for P\V91- and NGI05-method.

Pile PVIl NGI105 NGIO05 larger in-
lengths terval than PV91
p-values p-interval | p-values* B-inter-
val*
20 0,19-0,29 | 0,10 0,2-0,85 0,65 650%
40 0,14-0,22 | 0,08 0,12-05 0,38 475%
60 0,12-0,2 0,08 0,09-0,37 | 0,28 350%

*Back-calculated side friction factor .

4. EVALUATON BASED ON DATABASES OF FULL-SCALE LOAD
TESTS

4.2 Evaluation of PV91-method

Load tests results from three former database studies have been used in a data-
base study for evaluation of the PV-91 method: NGI-99 database [7], ZJU-
ICL database from 2015 [8] and pile load tests results from Leibniz Univer-
sity Hannover 2018 [9]. Acceptance criteria for the database required that load
test results included information about pile type, loading method, measured
failure load, CPT-data for estimating relative density (Dr) , soil layering and
soil type. The database incorporates 23 tension tests from the NGI database,
23 tension tests and 20 compression tests from the ZJU-ICL database, and 6
tension tests from Leibniz University. The normalized side friction coefficient
Bmeasured Was derived from the failure load and compared to Bcpver from the
PV91-method with the relation Bcevoe: / Pmeasured. Ratio greater than 1 indicates
PV91 overestimating the side friction.

The results presented in table indicates that the PV91-method greatly under-
predicts shaft resistance, but the statistics indicators show that there are rela-
tively large variations. Among all the samples, the 12 tests on concrete piles
have the expectation value closest to 1, and they exhibit the lowest dispersion
with a coefficient of variation of 0.44 but with the largest standard error. The
expectation value for open-end steel piles is higher than for closed-end steel
piles, but with a slightly higher coefficient of variation as well. Results indi-
cate that P\V91-method is more conservative for tension piles, than for com-
pression piles.
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Table 2. Statistical evaluation of PV91-method for selection of pile tests

ﬁcPVQll,Bmeasured

Selection Test Mean Standard de- Coefficient of Standard

piles u viation ¢ variation CV error

SE

All piles 86 0.57 0.30 0.53 3.2%
Tension load 66 0.54 0.27 0.50 3.3%
Comepr. Load 20 0.66 0.35 0.53 7.8%
Open piles 52 0.59 0.31 0.53 4.3%
Closed piles 34 0.53 0.27 0.51 4.6%
Concrete piles 12 0.69 0.31 0.44 8.9%
Steel piles 74 0.55 0.29 0.53 3.3%
Time info. 58 0.54 0.30 0.56 3.9%
Closed end steel 23 0.45 0.20 0.42 4.1%
Open end steel 51 0.59 0.31 0.53 4.3%

Relative density Dr is the one known geotechnical parameter investigated by
CPT for the database tests. Plotted graphically together with Bcpve1/ Bmeasured.
Ratio is shown in figure under.
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Figure 2 Left: The results are depicted with relative Density Dr. The blue lines repre-
sent the set limits for characterizing density of sand based on the classification from
API [11]. Right: Bmeasured VS pile length. Compared to PV91 interval of side friction fac-
tor .

The three tests in loose sands with Dr = 0,3 where the method overestimates
the capacity are tests from Norway (Larvik and Drammen). Of the 86 test
piles there is only six test results where the PV91-method overestimates shaft
capacity, and with mean value of 0,57 it mostly under predicts capacity with a
significant margin.

Plotted beta values from the load tests vs the PVV91-beta design interval is
shown for the selection of tests with Bmeasured < 1,5 in Feil! Fant ikke referan-
sekilden..
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Test results indicate a statistically skewness, suggestion that the P\VV91-method
predicts shaft capacity more accurately in loosely deposited sand (Dr: 0.15 —
0.35) compared to moderately dense (Dr: 0.35 — 0.65) and dense/very dense
deposited sand (Dr: 0.65 — 1.0), where the method offers significant conserva-
tive shaft capacity design for the pile tests in the database.

4.2 Evaluation of NGI1-05 Method

Database studies by Schneider et al. [9], Yang et al. [8], and Lehane et al. [10]
demonstrate stronger statistical outcomes (u, V) for CPT methods than for the
API-RP2A method, and for findings of this study concerning the PV91-
method. Because the CPT-methods are correlated to pile tests this is some-
what expected.
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Figure 3 Expectation value u and coefficient of variation CV: Total capacity of all 80
pile tests with time information in the database study by Yang et al. (2015). The results
are not time corrected.
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Figure 4 Expectation value u and coefficient of variation CV: Total capacity for 41
time-corrected and weighted tests in the database study by Lehane et al. (2017).

The NGI-05 method, in several instances, demonstrates an overestimation of
both side friction capacity and total capacity compared to pile tests in the da-
tabase studies, particularly for calculated capacities scaled up using time cor-
rection factors. Although there are clear indications that the bearing capacity
of friction piles in sand significantly increases with time (Karlsrud et al.,
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2014a), challenges are associated with increasing friction capacity for time ef-
fects in capacities calculated using CPT-based methods. Results from the
study by Lehane et al. [10] and Yang et al. [8] shown in Figure 3 and Figure 4
indicate that this largely applies to the NGI-05, Fugro-05, and to some extent
ICP-05 and UWA-05 methods, in which these methods can overestimate side
friction when corrected for time effects.

5. FINAL REMARKS

This work evaluates the PV91-method’s prediction of shaft capacity against
an extensive database of pile tests. Some final remarks are listed below:

» The PV91-method is shown to be highly conservative for densely and very
densely deposited sand. Pile tests have shown measured capacities for side
friction much higher than those calculated using the PVV91-method.

» The PV91-method's calculation of side friction is not necessarily conserva-
tive for piles in loosely deposited sand, or for piles in sand material with silt
content. This is contrary to the current recommendation from Code of Practice
for Piles [1]. For such cases, one should be cautious about scaling up the cal-
culated bearing capacity with time effects in loose sands.

« Several database studies shows that CPT-based design methods for side fric-
tion demonstrate better predictions than the semi-empirical PV91-method and
the API-RP2A method and should be used when there are available CPT-data.

Based on the results of this study, questions can be raised about whether the
PV91-method should be updated and adjusted, given the current availability
of numerous pile tests, and the large underestimation of friction capacity for
denser sands. It is not always possible to attain CPT-results for pile sites, and
there is a need for design methods without CPT data. Consideration about
whether a higher relative density can be documented without CPT data in
sandy materials should then be considered.

NGI-05 method was not calibrated for time corrections when the method was
developed and the method tends to overestimate side friction capacity relative
to pile tests in database studies [8,10], particularly when time correction fac-
tors are applied. Consequently, caution is advised when increasing the side
friction bearing capacity calculated using the NGI-05 method with time ef-
fects, as allowed by Norway's Code of Practice for Piles [1].

Fugro-05, ICP-05, and UWA-05 may face similar challenges in accurately
predicting capacities when adjusted for time effects.

Additionally, the evaluation of pile tip capacity using various calculation
methods should also be addressed, which is not covered in this article.
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