
Chapter 4

Experimental results and

evaluation

4.1 Introduction

4.1.1 Verification of testing procedure

1 The test set-up and procedure were designed by Dijkstra [5] in his study of loading
rate effects in unsaturated sand. For we are using the same equipment and performing
the same tests, and for the interest in comparing the current results with Dijsktra’s (dry
vs saturated), firstly a calibration test was performed. The test was done under the
same conditions as Dijkstra (i.e. unsaturated sand), 1.5h fluidization followed by 10min
vibration. Results showed good agreement with Dijkstra’s, corroborating the acceptance
of the on-going research methodology.

Date CPT Static1 Pseudostatic Static2
Tip Sleeve Force Tip Sleeve Force Tip Sleeve Force Tip Sleeve
MPa MPa kN MPa MPa kN MPa MPa kN MPa MPa

20-Jul-04 19.9 0.11 25.0 17.7 0.11 21.0 15.7 0.1 21.0 15.7 0.1
26-Jul-04 22.0 0.1 26.0 19.0 0.12 25.0 18.0 0.1 31.0 16.4 0.09
29-Jul-04 16.9 0.09 23.0 15.0 0.08 22.5 14.4 0.1 22.5 15.7 0.08
verific. 17.5 0.1 22.3 15.6 - 22.1 14.9 0.1 20.5 14.7 0.08

Table 4.1: Verification test results

4.1.2 Failure criteria

Of the available failure criteria for piles, the 10% criteria is the most popular, and the
Dutch NEN 6347 code for instance uses it. This criteria defines the ultimate pile capacity
as that force that corresponds to pile displacement of 10% the pile diameter. This criteria
is not implemented here, though. Instead:

Failure criteria:Failure will be defined to occur when the displacement is 2cm, 50% of
the pile diameter.

1The experimental tests were done in cooperation with another student from Unesco-IHE, E.Archeewa.
His thesis consisted in analyzing the experimental results. Therefore, part of the coming evaluation is based
on Archeewa’s [20] work and the reader is referred to his report for further details.
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Figure 4.1: Failure criteria

The reason is that the standard load-displacement curves that are obtained with this
test set-up do not show a clearly determined inflexion point for which plastification occurs
but it is more gradual, force still increases smoothly after 10% pile diameter displacement.

4.2 Results presentation

4.2.1 CPT results

From the figures it can be seen that both tip and sleeve resistance increase with the
penetration until this is stopped. Once it is stopped, there is an almost instantaneous
relaxation for which there is a sudden decrease in tip resistance and a sudden increase in
sleeve friction. Afterwards, both values decrease slowly. The relaxation behavior cannot
be seen in the pore pressures, these reach a maximum when penetration stops and then
dissipate.
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Figure 4.2: Tip resistance for CPT
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Sleeve resistance
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Figure 4.3: Sleeve resistance for CPT

 Pore water pressure
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Figure 4.4: Pore pressures for CPT

4.2.2 Static results

For the static test, the plots shapes are quite different. The increase in both tip and sleeve
resistance and also the force on the pile head are not gradually as for the CPT but present
an abrupt increase, almost reaching the maximum, at the beginning of the test, in a time
span of milliseconds, and then there is a slight increase during the rest of the test until
the prove is finished. Also pore pressures increase instantly after start, reaching in this
case a maximum, and then they decrease to a lower but constant value.

4.2.3 Pseudostatic results

The loading system of the pseudostatic test is absolutely different to the one used in the
CPT or static tests, and this is reflected in the recorded data. Archeewa [20] plotted force,
tip resistance, sleeve resistance and pore pressures versus time and displacements and also
derived the curve for the total pile resistance as the result of adding the contributions of
tip and sleeve.

For the force diagram, there is a first peak that can be related to slippage of the pile
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Figure 4.5: Tip resistance for Static test

Sleeve resistance 
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Figure 4.6: Sleeve resistance for Static test

Pore water pressure 
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Figure 4.7: Pore pressures for Static test

to the adjacent soil. In fact, the same peak, even more brusque, is found also for the
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Figure 4.8: Force for Static test
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Figure 4.9: Tip resistance for Pseudostatic test
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Figure 4.10: Sleeve resistance for Pseudostatic test
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Figure 4.11: Pore pressures for Pseudostatic test
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Figure 4.12: Force for Pseudostatic test

sleeve friction. It seems that immediately after dropping the mass on the pile there is a
mobilization of the adherence between the lateral pile walls and the sand, that causes this
maximum to appear. After this first instant behavior, the force increases again, reaching
the maximum for a displacement slightly inferior to 2mm. As the displacement keeps
increasing, the force is already decreasing. The same happens for the sleeve resistance.
The maximum is reached when the displacement is about 2mm and from then on it de-
creases. Note that for the pile rebound no sleeve resistance is recorded, no skin friction
is measured during tensional behavior. The tip resistance and the derived pile resistance,
however, increase immediately after the pile starts to displace and keeps on increasing
smoothly until the maximum displacement of 10mm is reached. As the pile rebounds,
both values decrease almost instantly.

The plot for the pore pressures is specially interesting. As soon as the pile is started
being pushed into the soil, positive values are recorded. Yet, the pore pressures drop even
reaching negative values just when the maximum displacement is achieved and suddenly
increase again as the pile rebounds. The on-going rebounding can also be distinguished in
the pore pressures. The behavior may be interpreted as follows: When penetration starts,
sand under the pile tip is being compressed by the pile, expelling the water in the pores
and leading to positive values of the pore pressures. The penetration goes on densifying
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(a) 5min (b) 15min

Figure 4.13: Tip resistance values for CPT and Static tests

(a) 5min (b) 15min

Figure 4.14: Sleeve resistance values for CPT and Static tests

the sand until the maximum density is reached. In this moment dilatancy starts to oc-
cur and increasing compression from the pile results in a rearrangement of the granular
package, grains slide against each other, increasing the volume and the free pore space.
As water comes back to the pore space, negative values are recorded. Negative values
go on until the pile rebounds, thus is compresses the soil again, producing positive pore
pressures once more.

4.3 Results analysis

4.3.1 CPT and Static tests

The coming charts show some representative recorded values for the different measured
properties for CPT, Static 1 and Static 2 tests. Some conclusions can be derived:

1. For both static tests, before and after the pseudostatic test, similar values were
recorded⇒It seems to indicate that the pseudostatic test did not significantly affect
the soil properties or did not introduce significant residual stresses into the soil.

2. While tip and sleeve resistance for CPT and static tests fall more or less in the same
range of values, this is not the case for excess pore pressures. Indeed, the recorded
values for CPT are larger than ones for the static tests⇒It seems to indicate that
the loading rate does not significantly affect the pile resistance but does affect the
excess pore pressures generated.
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(a) 5min (b) 15min

Figure 4.15: Pore pressure values for CPT and Static tests

(a) 5min (b) 15min

Figure 4.16: Force at pile head values for Static tests



40 Experimental results and evaluation

3. Samples prepared with different vibration times do not show different recorded
values⇒It seems to indicate that the vibration time does not affect the density,
hence, the preparation system is not efficient enough.

Some possible conclusions have already been derived, but before definitely stating them,
some more insight is needed and will be explained below.

Effect of the pseudostatic test on the soil properties

The results from both static tests can be tabulated (see table 4.2) and used to derived the
correspondent pile resistances. Then, the resistances for static tests pre-pseudostatic and
post-pseudostatic can be compared and we can evaluate to which extent the dynamics of
the pseudostatic test affected the soil conditions.

sample date Static 1 Static 2 Pile resist.
Force Tip Sleeve Force Tip Sleeve ratio(1/2)
kN MPa MPa kN MPa MPa

20-Jan-05 13.8 10 0.04 13.9 9.3 0.041 1.05
21-Jan-05 13.1 10.04 0.044 - - - -
24-Jan-05 18.4 14.0 0.048 18.5 13.11 0.067 0.99

f=1.5h 25-Jan-05 12.7 9.5 0.04 14.0 10.44 0.04 0.93
v=5min 26-Jan-05 16.0 12.5 0.06 16.1 12.24 0.048 1.06

27-Jan-05 14.0 10.7 0.04 14.87 10.8 0.04 0.99
4-Feb-05 15.3 12.44 0.047 15.37 10.7 0.048 1.12
7-Feb-05 16.2 12.78 0.054 16.2 12.3 0.051 1.04

average 1.03
16-Jan-05 13.0 10.04 0.03 13.0 9.5 0.035 1.02
14-Jan-05 12.3 7.9 0.037 12.5 9.0 0.035 0.91

f=1.5h 17-Jan-05 13.0 10.17 0.023 - - - -
v=15min 18-Jan-05 11.9 8.5 0.04 12.8 9.1 0.04 0.95

19-Jan-05 14.8 12.0 0.043 15.3 11.8 0.035 1.01
2-Feb-05 15.0 12.0 0.043 15.3 11.8 0.035 1.05
3-Feb-05 14.1 10.0 0.023 13.0 9.3 0.04 0.98

average 0.99

Table 4.2: Effect of pseudostatic test on soil properties and stresses

The average ratios are 1.03 and 0.99, aproximately 1; in other words, the derived pile
resistances are the same for the static tests before and after the pseudostatic. Now yes, we
can conclude that the pseudostatic test does not introduce changes in the soil properties
or any residual stresses.
Archeewa [20] performed a t-test statistical analysis in his report and concluded that
certainly the results of the two static tests can be considered one same data set.

Loading rate effect on pore water pressures

The three commonly measured values for CPT and static, namely, tip resistance, sleeve
friction and excess pore pressure, can be compared (table 4.3) to discern whether or not
there is a palpable effect of CPT’s larger loading velocity.

From the table it can be seen that the results for tip and sleeve resistance are slightly
higher for the CPT, but not significantly. However, the pore pressures of the CPT are
more than twice the static ones; therefore, there is a loading rate effect on the pore pressure
generation: higher rates of loading produce higher pore pressures.
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sample Tip ratio Sleeve ratio Pore pressure ratio
CPT Static CPT Static CPT Static
10.7 10.0 1.07 0.042 0.04 1.05 0.006 0.0044 1.36
10.3 10.04 1.03 0.043 0.044 0.98 0.006 - -
13.65 14.0 0.97 0.05 0.048 1.04 0.0067 0.007 0.96

f=1.5h 11.37 9.5 1.2 0.037 0.04 0.92 0.0054 0.0054 1
v=5min 11.98 12.5 0.96 0.048 0.06 0.8 0.008 0.0067 1.2

10.0 10.7 0.93 0.04 0.04 1 0.011 0.006 1.83
12.9 12.44 1.04 0.043 0.047 0.92 0.01 0.0045 2.22
13.11 12.78 1.03 0.05 0.054 0.93 0.009 0.0074 1.22

Average 11.75 11.49 1.03 0.044 0.046 0.95 0.0078 0.0059 1.4
11.0 10.04 1.1 0.051 0.03 1.7 0.012 0.004 3
8.9 7.9 1.13 0.04 0.037 1.07 0.011 0.007 1.58
9.0 10.17 0.88 0.043 0.023 1.87 0.0085 0.0033 2.54

f=1.5h 9.0 8.5 1.06 0.037 0.04 0.92 0.0075 0.0031 2.44
v=15min 12.2 12 1.02 0.043 0.036 1.19 0.014 0.007 2.01

12.04 12.0 1.0 0.043 0.043 1.0 0.01 0.005 2.0
10.0 10.0 1.0 0.04 0.023 1.76 0.013 0.0045 2.89

Average 10.31 10.08 1.03 0.042 0.033 1.36 0.0078 0.0048 2.35

Table 4.3: Comparison CPT and Static

(a) 5min (b) 15min

Figure 4.17: Tip resistance values for Pseudostatic test

Influence of the density

Also from the last table one can see that there is no difference in the values for different
vibration times. A statistical study by Archeewa [20] confirmed this idea. This means that
changes in vibration time cannot modify soil’s density. The sample preparation system was
inefficient, in practice, all the tests were performed with the same sample. Consequently,
one of the objectives that was defined, to evaluate the influence of the soil strength, will
remain unfulfilled.

4.3.2 Pseudostatic test

The charts present the maximum recorded values for tip resistance, sleeve resistance, pore
pressures and force at the pile head recorded for the pseudostatic tests. Once more no
difference between different vibration times can be appreciated.
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(a) 5min (b) 15min

Figure 4.18: Sleeve resistance values for Pseudostatic test

(a) 5min (b) 15min

Figure 4.19: Pore pressure values for Pseudostatic test

(a) 5min (b) 15min

Figure 4.20: Force at pile head values for Pseudostatic test
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Figure 4.21: Comparison between total pile resistance for static and pseudostatic test

Pseudostatic vs Static (a): Loading rate effect on bearing capacity

Comparing the recorded maximums for pseudostatic and static tests and calculating the
derived pile bearing capacities (table 4.4) we can see that there is no decisive rate effect
in tip resistance, sleeve resistance and even ultimate pile capacity. This results are in
accordance to Dijkstra’s[5] for dry case, hence, for the pseudostatic test it can be concluded
that there is no rate effect on the pile capacity.

sample Force ratio Tip ratio Sleeve ratio Pile res.
pseudo static pseudo static pseudo static ratio
21.0 13.8 1.52 9.8 10.0 0.98 0.05 0.04 1.25 1.03
21.0 13.1 1.6 12.05 10.04 1.2 0.056 0.044 1.28 1.22
21.0 18.4 1.14 13.38 14.0 0.96 0.054 0.048 1.12 0.98

f=1.5h 20.0 12.7 1.57 10.7 9.5 1.13 0.054 0.04 1.33 1.17
v=5min 21.0 16.0 1.31 10.57 12.5 0.85 0.059 0.06 0.98 0.87

20.0 14.0 1.43 10.70 10.70 1 0.05 0.04 1.25 1.04
18.11 15.3 1.18 12.0 12.44 0.96 0.05 0.047 1.07 0.98
17.3 16.2 1.07 11.67 12.78 0.91 0.039 0.054 0.73 0.88

Average 19.92 14.94 1.35 11.36 11.49 0.99 0.051 0.046 1.12 1.02
17.0 13.0 1.31 9.7 10.04 0.97 0.047 0.03 1.56 1.05
19.0 12.3 1.54 9.63 7.9 1.22 0.054 0.037 1.43 1.26
20.0 13.0 1.54 10.7 10.17 1.05 0.04 0.023 1.74 1.13

f=1.5h 20.0 11.9 1.68 10.0 8.5 1.18 0.05 0.04 1.25 1.19
v=15min 20.0 14.8 1.35 10.7 12.0 0.89 0.047 0.036 1.3 0.95

22.0 15.0 1.47 12.04 12.0 1 0.047 0.043 1.09 1.02
18.0 14.1 1.28 10.7 10.0 1.07 0.054 0.023 2.35 1.22

Average 19.43 13.44 1.45 10.5 10.08 1.05 0.048 0.033 1.53 1.12

Table 4.4: Comparison Pseudostatic and Static
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Pseudostatic vs Static (b): Loading rate effect on pore pressures

The most graphic way to evaluate the loading rate effect in saturated soil is to compare
the values of the pore pressures generated by pseudostatic and static tests:

sample Pore pressure ratio
pseudost static

0.05 0.0044 11.32
0.05 - -
0.054 0.007 7.65

f=1.5h 0.04 0.0054 7.5
v=5min 0.039 0.0067 5.8

0.031 0.006 5.13
0.04 0.0045 8.92
0.043 0.0074 5.82

Average 0.043 0.0059 7.44
0.045 0.004 11.25
0.04 0.007 5.77
0.067 0.0033 20.0

f=1.5h 0.054 0.0031 17.39
v=15min 0.0667 0.007 9.62

0.04 0.005 8.0
0.033 0.0045 7.43

Average 0.049 0.0048 11.35

Table 4.5: Pore pressure generation for Pseudostatic and Static tests

The pore pressures recorded for the pseudostatic tests are very high. Pseudostatic
testing on saturated granular soil does indeed generate high excess pore pressures. Even
though, they do not affect the pile capacity.

Saturated vs Dry (a): Influence of excess pore pressures on the pile resistance

Table (4.5) showed that the pseudostatic test generated up to 5 times larger pore pressures
than the static one. The pile capacities can be calculated for the different type of tests
and conditions and compared with the measured for on the pile top to check the effect of
the excess pore pressures on the pile capacity:

test condition Force(F) Tip Sleeve Pore prs. Pile rest.(R) ratio F/R
type (kN) (MPa) (MPa) (MPa) (kN)
static dry 24.67 17.25 0.104 - 23.07 1.07
test saturated 14.49 10.97 0.041 0.005 13.26 1.09

Table 4.6: Influence of pore pressures on pile resistance 1

For the dry case Dijkstra[5] measured a force at the pile head a 7% larger than the
calculated pile resistance from sleeve and tip values. For the saturated case, the percentage
is almost the same, hence, despite the fact that excess pore pressured do occur, they do
not change the measured force-calculated resistance ratio. Besides, from table 4.7 it can
be derived that excess pore pressures for the pseudostatic case are definitively much higher
than the static ones, but the calculated pile resistances are the same. The conclusion is
then that excess pore pressures do not affect the bearing capacity.
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condition test Force(F) Tip Sleeve Pore prs. Pile rest.(R) ratio F/R
type (kN) (MPa) (MPa) (MPa) (kN)

saturated static 14.49 10.97 0.041 0.005 13.27 1.09
pseust 19.75 11.0 0.05 0.044 13.8 1.43

ratio pseud/stat 1.36 1.0 1.22 8.8 1.04

Table 4.7: Influence of pore pressures on pile resistance 2

Figure 4.22: Force at pile head and pore pressures for pseudostatic test

Saturated vs Dry (b): Influence of excess pore pressures on the force on the
pile head

What does change significantly between static and pseudostatic tests is the measured force
at the top of the pile. Plotting pore pressures and force for different pseudostatic tests no
correlation can be found, hence, the generated pore pressures are not to be held respon-
sible for the increase in force.

The increase in force has to be then due to the dynamics of the pseudostatic test.
Archeewa [20] analyzed the dynamic resistance with a simple Smith model and could de-
termine that the damping force was not influential but instead what played a determinant
role was the inertia force.

4.4 Conclusions

The experimental results have been presented and evaluated. From the previous consider-
ations, and related to the objectives that had been defined in the problem analysis it can
be concluded:

• Relationship loading rate-excess pore pressure: Indeed, the loading rate does
have an effect in the generation of excess pore pressures. Higher loading rates gen-
erate higher values of excess pore pressures; pseudostatic tests create pore pressures
almost a ten times the static ones.

• Relationship excess pore pressure-bearing capacity:The generation of excess
pore pressures does not, however, affect the pile bearing capacity. In accordance to
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Figure 4.23: Force at pile head and computed pile resistance for pseudostatic test

Dijkstra’s results for dry sand, pseudostatic testing does not introduce a loading rate
effect on the pile bearing capacity,neither for dry nor for saturated sand.

• Relationship soil strength-excess pore pressure: Due to inefficiency of the
sample preparation system, this could not be evaluated, the third sub-objective
could not be fulfilled.

Some considerations about the conclusions: the first conclusion could have been expected
on beforehand. The second conclusion, though, is quite more striking. If the generation
of excess pore pressures does take place, then inevitably the effective stresses in the soil
must be decreased. It would seem logical to expect lower bearing capacities for saturated
pseudostatic tests when compared to (a) saturated static tests and (b) dry pseudostatic
tests. Results show that excess pore pressures do not affect pile bearing capacity, this is
true, but just leaving this statement in the air may seem illogical and incongruent from a
geotechnical point of view. More understanding on not the value itself, but the generation
and dissipation of pore pressures is needed. What results are implicitly showing is that the
loading process is of course not drained, but probably neither is it fully undrained. We may
be in the case of coupled loading and drainage, thus, partial drainage, with pore pressures
starting to dissipate while the load is still being applied. Pore pressures generated are
mainly posisitve due to compression of the soil under the pile tip. Looking back at the
plots tip resistance versus time and pore pressures versus time it can be seen that, leaving
apart the first instantaneous peak, excess pore pressures reach the maximum value for
0.0125s approximately and decrease from then on at the end of the penetration they are
exactly 0, whereas tip resistance keeps increasing, reaching its maximum at the end of
the penetration. Therefore, Archeewa [20] proposed the explanation of the dilatancy and
this is a good explanation but not the only one. In my opinion, the fact that excess pore
pressures start dissipating during the loading process is even more determining. It is not
the case of undrained loading. So, finally, another conclusion, that explains the second
one, could be written down:

• Drainage: Contrary to what was initially supposed, the loading process is not fully
undrained. Instead, we are in a case of partial drainage.
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Analytical modeling




