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Abstract — The DMT results are rarely used for piles
design, probably because its diffusion and popularity
are still limited although DMT is in use for a long
time. Conversely CPTu are much more popular and
often used to this purpose: this is the reason why a
large concerned database is available where it is
possible to get the CPTu/DMT conversion experienced
in recent years. This was done for two well-
documented cases [a bored pile in Santa Cruz
(Bolivia) and a driven pipe pile in Sandpoint, (US)]
with promising results.

I.  INTRODUCTION

The DMT is much less popular than CPTu despite its use
since 1978 and it is one of the few, among the
commercial in situ test, whose measurements are
remarkably affected by stress history.

This lesser notoriety overall penalizes the deep
foundations design, being very rare the papers that use
DMT data to this purpose; on the contrary the database
available for CPTu is enviably vast.

The availability of correlations that allow the
CPTU/DMT conversion [1], [2], [3], [4] and [5], also
allow us to take advantage of the cited database and to
make Class C predictions about pile capacity and its load-
displacement curves using virtual DMT.

This exercise is considered helpful in prospective
because it not only suggests a method applied to an in
situ test of great potentials but it also promotes its use
being obvious that the best results will be obtained by a
real DMT.

In fact, on this subject, we emphasize that being the
unit friction activated in a pile at relatively small strains,
po, the lift-off pressure, is certainly appropriate because

precisely determined in this domain, while pjp, the
expansion pressure, measured at large strains, is
undoubtedly more appropriate than the cone penetration
resistance (¢, a failure value, to estimate its toe unit
resistance.

Thanks to the courtesy of Dr. Bengt Fellenius who has
made available the CPTu data used in two of his
papers/presentations on this subject [6], [7], it has been
possible to derive the corresponding virtual DMT which
have allowed the prediction of the pile capacity and of
the load-displacement curves both of a driven pile
(D=0.406m, L=45m) installed at Sandpoint (Idaho-US)
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and a bored pile (D=0.6m, L=16.4m) carried out in an
experimental test site in Santa Cruz (Bolivia).

Afterward, these predictions are compared with
measurements and with results obtained by other methods
which directly employ the CPTu outcomes.

The documents mentioned above (No. 255/259 and No.
348) are available on www.fellenius.net/.

II. PILE DESIGN METHODS BASED ON CPTU/DMT

With regard to methods based on CPT/CPTu, Niazi &
Mayne [8] in their document on the state of the art
(2013), discuss their evolution in the last 60 years
focusing on about thirty of them detailing their main
characteristics and basic equations.

Among these, the ones proposed by LCPC, Eslami &
Fellenius, KTRI and Togliani were chosen to compare
their results but only the latter has been updated as
follows.

The Author method is based on qc and on the friction
ratio Ry and therefore also on the skin friction fg a

parameter which has a lower reliability than qc.

As a consequence, for control purposes, a new method
predominantly based on qc but using also Au (the
difference between the piezocone and the hydrostatic
pore pressure) and fg, as subdivision criteria for soils with
different behaviour, is proposed.

In this regard it was assumed that "Au <100 kPa" is the
proper limit to separate the cohesionless and the cohesive
overconsolidated soils from normally (NC) or slightly
overconsolidated (LOC) soils and that fg <20 kPa
particularly indicates the soft/very loose geomaterials.

Of course the other parameters that have been used as
shear waves velocity (vs), unit weight (yr), shear modulus
at small strain (G, and overconsolidation ratio (OCR),
were obtained using correlations based solely on qc.

For the Author’s method the resistance equations are
the following:

Shaft Rghat=Z[( davelé.hiQS)z] (D
Taper Riaper=Z[( /4(d"top-d bott.)dcK (daver./dbase)]  (2)
Toe Rioe= [( /4d’pase qb)] 3)

where: hj= layer thickness; daver. =(d top d bottom)/2; dpase=
toe diameter
The reference equation for the toe unit resistance (qp)
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evaluation is the same for both methods:

qb=Ac,base [A+(0.005Lpj1e/dpage)]
with (¢, pase measured from +8dpage t0 -4dyase

“)

while those for the unit friction resistance (qs) are
respectively:

A. CPTu Original Method (qc, Ry)

If f<20kPa g5 =Bqc" (5)
0.52
If Re>1.5 4 =plae T LIOHINR)T}  (©)
If 1<R<l.5  qs=Plae [0.8+(1 —Rp)/8]} 7)
otherwise qs =BLa " [0.8+(1.1 R8I} (8)
B. CPTu Control Method (q.)
If Au<100 kPa qe=gc """ ©)
where a=0.06LOG(OCR) (10)
If f<20kPa  qe=Pac* (11)
otherwise q5=[3qco'50 (12)
, O
and Qs,final =P(qs0’v ") (13)

where 8=0.020 (Lpjle <10m)
8=0.025 (Lpjle <20m)
8=0.030 (Lpjte <30m)
8=0.035 (Lpjle <40m)
8=0.040 (Lpjte <50m)
The DMT pile capacity prediction method refers instead

to paper [9] whose equations have been partially updated
as specified below:

0.68 03, 04
IfIp>1.8 qs=PBPo Kp "Ip ) (14)
If0.6<ID<1.8  qs = B(po>*® Kp ) (15)
0.55 0.1, 04
If Ip<0.6 qs=BPo TKp Ip ) (16)

where Ip is the material index and Kp is the horizontal
stress index
Ifpr qc
otherwise

ab = P1,base [A+(0.005 L pite/dpase )] (17)
db = P1,base (18)
with pi pase measured from +8dpase t0 -4dpase

Finally, for the coefficients B, A € k, the selected values

depending on piles type are summarized in the following
table.

Table 1. Piles Type Factors

Pile Type B N K

Precast Driven/Jacked 1.00 0.30 1.3to1.1
Function of q,

D.D. (e.g.Bauer, Omega) 0.90 0.25
Pipe (Open End) 0.70  0.20
HP 0.65 0.15
CFA, Bored (polymer) 0.60 0.10
Bored (bentonite, cased) 0.50 0.10
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III. BORED PILE (D=0.6M, L.=16.4M)

This pile (TP1) has been drilled on April 20th, 2015, by
pushing a temporary casing into the ground while
augering out the core as the pipe is advanced.

Once the pipe reached its design depth and had been
augered out, concrete was poured into the pipe while it
was extracted and then a reinforcing cage with 0.45m
outside diameter was inserted into the pipe.

The cage was instrumented with three levels of a strain-
gage at depth 1.80 m, 9.30 m, and 13.80 m below ground
surface.

A 310 mm high pressure hydraulic jack was attached to
the cage to serve as a bidirectional cell (BDC) in the first
phase of the loading test.

Thus, in the test, the pile would be separated in an
upper 14.8 m length and a lower 1.6 m long section:
telltale guide pipes were attached to the cage so as to
measure the opening of the BDC and movement of the
lower end of the same.

The static loading test was performed in two phases:
Phase 1, the bidirectional test, on May 7, 2015 while
Phase 2 consisted in leaving the BDC open (free-
draining), was carried out on May 8, 2015 realizing a
head-down test by means of a conventional reaction pile
arrangement.

TP2, a twin pile (equal length and size), was
constructed on the same day 5 m away from TP1: it was
tested as a full-length pile after the TP1.

More details can be found in the document No. 348
cited on page 1.

The derived Ip and Kp values are shown in Figure 1
together with the correlations used while the plot of
Figure 2 combines the measured CPTu parameters and pg
e p; instead obtained from Ip and Kp (virtual DMT) to

verify their consistency (e.g. pp up in cohesive NC/LOC
soils).

The subsoil lithological characterization or better its
mechanical behaviour (SBT) is represented in Figure 3
while Figure 4 shows the values trend for unit weight

(yr), shear waves velocity (Vs), shear modulus (Gg or

Gmax.) and elastic modulus (Eg or Epax ) at small strain,
all necessary both for the CPTu/DMT conversion and for
piles capacity and load-displacement curve predictions.

The outcome of the different methods used are
compared in Figure 5: it can be noticed that those of the
Author have final values very similar to each other
despite the trend of DMT method deviates from those
using CPTu; the others provides a lower shaft resistance
but matching their capacity (LCPC) or exceeding the
same (Eslami & Fellenius) by virtue of a higher toe
resistance.

The load-displacement curve simulation based on
processing the virtual DMT pile capacity results, was
made using the elastic continuum theory, as presented by
[10], [11] and [12]) and described in [13]; the modulus



decay with the strain increase was modelled using the It is also emphasized that the pile reference capacity was
Fahey & Carter (1993) [14] equation (modified chosen not as by Eurocodes specified at pile head
hyperbola). movement equal to 10% of its diameter, but rather a value

corresponding to 30 mm of pile head displacement was

L [ .
o R ) i + . s w assumed (for Dr. Fellenius such movement should be
[ L= SH e chosen on toe curve).
=10t1 STOETI, o - o . - . . . . .
| oot 19175 N E" The pile service capacity was then derived reducing the
- LFT R e Fo= . .
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Fig. 1. Ip & Kp Plots

It is also to remember that the operational values chosen
for the soils elastic moduli at mid-length (Egy), and at
pile base (Egy), are not exactly those obtainable from the
specific graph of Figure 4: they are higher for driven piles
(the soil immediately surrounding is densified) and lower
for bored piles following to the decompression due to soil
removal.

Fig. 2. Synoptic Plots
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Fig. 3. SBT Lithology
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The intersection with the toe capacity line allows the
plotting of the load distribution curve with depth at a toe
movement of 3.8mm and 25.5mm respectively as shown
in Figure 6 (right graph).

It is interesting to note that the mobilized shaft and toe
resistances are equal to 62% and 33% of the total for a
toe displacement of 3.8mm and to 90% and 87% at a toe
displacement of 25.5mm.

Finally, considering that the load-displacements curves of
TP1 and TP2 show not negligible differences, despite of
the fact that they are “twins”, it is believed that the
approximation of the simulated curve is good, at least up
to the movement considered as allowable, after all as
requested by a Class C prediction and are therefore also
good the capacities (shaft and toe) obtained from the
virtual DMT employed to this purpose.
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DRIVEN PIPE PILE (D=0.406M, L.=45M)

The soils at the site are post-glacial alluvial deposits with
a thickness estimated to exceed 65 m consisting in
sequence of silty sand/sandy silt (9 m), soft silty clays
locally with silty sandy layers (40 m) and by alternating
silt, sandy silt, silty clay (17 m); the water table lies
4/4.50 m below ground level.

A closed-toe steel pipe, 12.5 mm thick, was driven on
August 31, 2001 with an APE D36-32 single-acting
diesel hammer to an embedment depth of 45.0 m.

The pile was instrumented at eight levels with vibrating
wire strain gages (at 0.4 m, 5.6 m, 9.2 m, 16.0 m, 23.0 m,
30.0 m, 37.1 m and 44.0 m below ground level); before
of the pile concreting two 25 mm outer diameter (OD)
pipes were installed inside the pile as guides for telltales:
the tip of the deeper one was placed at the pile toe while
the other 6.45 m above with the purpose of obtaining the
shortening of the pile between head and toe.

Dynamic monitoring with the Pile Driving Analyzer
(PDA) was carried out both during installation and once
the full embedment was reached: the end-of-driving and
the 16-hour restrike CAPWAP capacities were 260 KN
and 980 KN, respectively.

The static loading test was carried out 46 days after the

driving to be sure that the pore pressure induced by pile
driving had been totally dissipated; its values were
measured via vibrating wire piezometers installed
approximately 1.2 m away from the surface of the pile.

As for the previous case, first the CPTu derived I and
Kp values are represented in Figure 7, again with the
correlations used, while in Figure 8 the graph plots
together the CPTu measured parameters and pO and pl
obtained via Ip and Kp, for the usual consistency
verifications; from their analysis it is immediately evident
that the sleeve friction values (fs) of the intermediate silty
clays are abnormally low.

It is wort to note that the above sleeve friction values
may lead to erroneous conclusions if used, for example as
often occurs, for the evaluation of the unit weight: being
these significantly lower than laboratory data (Fig.9), one
could end up with a lithostatic pressure unrealistically
low and a consequent overestimation of the related OCR.

It is also quite unusual that the pore pressure measured

values (up), match or are very near to the point resistance
(qc)-
All of this offer some explanation to the fact that from

10 to 40 m depth pO and p1 values are between ug and up
and not close to or above the latter, as they should.

The lithology classification derived from SBT confirms
the stratigraphic sequence of the three formations
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Fig. 7. Ip & Kp Plots

Figure 9 shows the parameters (unit weight, shear waves
velocity and moduli at low strain) necessary for all of the
numerical analyses carried out.

The different prediction methods outcome are
compared in Figure 10 where the analysis shows that the
final resistance values are very much alike and near to
the measured ones although the followed paths are not
similar.

The exception is KTRI method, directly exploiting the
sleeve friction values, which is significantly
underestimating the resistance, as indeed might be
expected.
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Fig. 8. Synoptic Plots

However, the distribution of measured resistance leads to
some doubts lacking a reasonable justification (residual
stresses?) of their almost vertical trend between 31 m and
45 m depth.
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As in the previous case the pile capacity has been chosen  This time, the parallel to the elastic compression line
on the simulated load-displacement curve at 30 mm  intersects the toe resistance curve at a displacement equal
settlement and the allowable capacity is obtained by the  to 1.8mm and 27.7 mm respectively, mobilizing toe and

same procedure described for Santa Cruz pile (Figure 11).  shaft resistances in the first case equal to 12% and 57% of
total and in the second to 96% and 99%
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Finally, with reference to what so far discussed, it seems
reasonable to state that even in this case the method based
on virtual DMT provides reliable results both for the
resistance mobilized by the test pile and for the simulated
load-displacement curve.

V. CONCLUSIONS

The described cases are very different not only for type
and size of the test piles but also and specifically for the
lithological/geomechanical soils characteristics: however
it has been shown that the virtual DMT can effectively be
employed for their design and, as a logical consequence,
that it will be possible to obtain even better results with a
real DMT.

Therefore, the use of virtual DMT has not been
proposed to recommend it as common practice but only
as a stimulation to the combined use of CPTu and DMT
in site investigation.

In addition to a better subsoil geotechnical
characterization, two in situ exploration tools of extreme
importance for deep foundations design, would in fact
always be available, able to create a mutual synergy
arguably effective to reduce to acceptable terms the
excessive results dispersion presently encountered in
piles capacity estimate also because of the lack of shared
guidelines about head displacements and time of
reference.
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