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ABSTRACT: In 1999 a full-scale steel sheet pile wall field test in very soft clay and peat with a high ground-
water level was carried out in the port of Rotterdam. Plastic design and oblique bending were topics for re-
search, as was the long-term behaviour of the structure. The field test consisted of an excavation including
-two test walls in which the wall displacements, bending moments and the earth and water pressures were
monitored for almost a year. Tt appeared that during the field test, the deflections of and bending moments in
the test walls were lower than was anticipated. In this paper, emphasis is put on the test results of the plastic
hinge and of oblique bending, but attention is also given to important intermediate results and to the question

as to why the deflections of the test walls were lower than anticipated.

1 INTRODUCTION
Recent tests and developments regarding Eurocode
3, Part 5 for design of steel sheet pile walls were rea-
sons to carry out a full-scale field test at a site near
Rotterdam with typical Western Dutch soil condi-
tions, where the soil consists of very weak clay and
peat and the groundwater level is just below ground
surface. In this test, the research was focused on:
. — the performance of a sheet pile wall with a plastic
hinge
— the performance of a sheet pile wall composed of
double U-sections (oblique bending)
— the short and long-term behaviour of both sheet
pile walls in soft soil
For this field test an, excavation, approximately 12
etres square, was constructed in which two test
walls were included (Fig. 1-3). One test wall con-
sisted of Z-piles AZ13 and the second test wall was
built using double U-piles Larssen 607K. The two
side walls were single U-pile walls built up with sin-
gle LX32 piles. Special measures were taken to ob-
tain, as far as possible, a plane strain behaviour of
both test walls. A description and background of the
test setup is given by Kort et al. (1999).

Within the framework of this field test a predic-
tion exercise was organised to make designers aware
of these developments in steel sheet piling and to
provoke discussion. Twenty-three predictions were
submitted, from which an overview of the state of
the art calculations was obtained. For a report of the
prediction exercise, reference is made to Kort et al.

(2001).

When the test was actually executed, the deflec-
tions and moments in the two test walls appeared to
be lower than expected, which was a problem, espe-
cially for the Z-pile wall where a plastic hinge had to
be developed. Therefore an additional sand mound
was built (Fig. 1) to increase the load on the Z-wall
to generate the plastic hinge. In the end, the wall was
brought in an ultimate limit state and a plastic hinge
was generated with a plastic rotation of 0.2 rad.

This paper focuses on the results of this field test.
First, the test setup and procedure are presented,
followed by the test results, first with respect to the
plastic hinge and then with respect to oblique bend-
ing. Finally, the smaller deflections and moments are
explained using a back-analysis.

For a complete report of this sheet pile wall field
test, reference is made to Kort (2002).

M R ol

Figure 1. Test setup with the sand mound (May 19 1999).
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2 TEST SETUP AND TEST PROCEDURE

This section gives a report of the layout of the test,
of the soil and sheet pile properties, and of the test
procedure.

2.1 Layout of the test

Figures 2 and 3 show the top and side view of the
test setup. The four walls were installed in an almost
square form, with sides of about 12 metres. The top
of the sheet piles was at NAP+1.0m and the
greenfield at NAP-0.6 m, where NAP is the Dutch
reference level. The north and the south walls were
test walls of 19 metres length, and the east and west
walls were 2 metre longer.

As the comners of the excavation would have a
large effect on the test walls, four special interface
piles were cut over a length of 16 metre. In order to

prevent water leakage into the excavation, the gap

was covered with a 2 mm thick VLDPE foil clamped
against the sheet pile. These piles were driven with
the foil in a pre-drilled bore hole filled with bento-
nite, and were afterwards also cut at the top. Fur-
thermore, in order to obtain plane strain behaviour of
the active soil wedge, two separation walls were in-
stalled behind each test wall, consisting of mixed-in-
place bentonite-soil columns. Inside the excavation
the separation walls were omitted because of the risk
of seepage during excavating and pumping.

- The sheet piles were vibro-driven. The interface
pile in the south-west corner was a closing pile and
experienced a very high driving resistance. Therefore
high interlock friction may be expected in these

.piles, and possibly in the neighbouring one or two
‘piles. This appeared to be relevant for the test wall

where oblique bending was expected.
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Figure 2. Top view of the field test (wiihout mound)
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Figure 3. Side view of the field test (without mound)
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Figure 4. Representative CPT's
2.2 Material properties

2.2.1 Soil data

The subsoil consists of a 16.5 metre thick normally
consolidated soft clay-peat-clay stratification. Un-
derneath, the top of the Pleistocene sand layer is
found which is in connection with the river Maas
2 km away. The ground water level is about 1 m be-
low the ground surface but the groundwater level in
the Pleistocene sand is NAP O m. In Figure 4 two
representative CPT's are presented.

2.2.2 Sheet pile data

The characteristics of the AZ13, the double L607K,
and the single LX32 sheet piles are conform the
specifications provided by PROFIL ARBED (1995),
HSP HOESCH (1998) and Corus (1997). The most
important values are given in Table 1. The factors
B, and g account for the reduction of the bend-
ing stiffness and the section modulus, respectively,
of the U-piles, due to insufficient shear force trans-
mission in the interlocks, and have been determined
from the geometrical cross-section, in accordance
with ENV 1993-5:1997 (CEN, 1997).

After the field test, when all the piles had been
extracted, the plastic behaviour of the AZ13 wall
was investigated using two four point bending test
on piles A3 and A4. The aim of these tests was to
determine a representative M-/« curve which could
be used to determine the bending moment in a cross-
section from the strain measurements.

Table 1. Structural properties of the AZI3, the double L607K,
and the single LX32 test piles

/21 ! . W3 EI ) Boo  Bso
cm/m  cm’/mcm’/m kNm“/m
AZ13 137 19700 1300 41370
L607K 244 70030 3220 147260 047 0.46
LX32 242 72028 3201 151259 0.25 0.33
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Figure 5. M-« curves from the four-point bending tests

The M-k curves are presented in Figure 5. The
elastic behaviour of the pile is in agreement with the
theoretical behaviour. The moment capacity of the
piles decreased with ongoing plastic curvature, be-
cause of the loss of stability of the cross-section due
to buckling of the compression flange. The rotation
capacity of these sections is small, and therefore
both sections are of Class 2, in accordance with
ENV 1993-5:1997 (CEN, 1997).

In the field test, the (double Z) pile A4 was
equipped with four VW strain gauges, positioned on
the four flanges between web and clutch, from which
the curvature could be derived. The bending moment
followed straightforward from the M-« curve.

2.3 Test procedure

A condensed overview of the test procedure is given
in Table 2. The excavation and water levels can be
illustrated using Figure 3.

During the short-term field test, the initial test re-
sults showed that the load on the retained side of the
AZ13 wall was insufficient, so a sand mound of 9 x
9 m* was built immediately behind the test wall (Fig.
1), to the top of the wall (NAP+1 m).

Table 2. Test proceduff.. The time between the brackets denotes
the total construction time required for that particular stage.

Stage 1. Short-term field test (1 month)

1.1 dry excavation to NAP-4.0 m

1.2 fill with water to NAP-1.5 m

1.3 excavation under water to NAP-7.0 m

1.4 -1.9 lowering water level to NAP-5.0 m in 5 steps

Stage 2. Sand mound (1 week)

2.1 performance of measurements

22 fill with water to NAP-1.5 m

23 construction of sand mound to NAP+1.0 m
2.4 -2.5 lowering water level to NAP-5.0 m in 2 steps

Stage 3. Long-term field test (80 days)

3. monitoring long-term performance
Stage 4. Additional load increase (1) (46 days)
4.1 lowering water level to NAP-5.5 m

4.2 46 days after Stage 4.1

Stage 5. Additional load increase (2) (112 days)
5.1 lowering water level to NAP-6.0 m
52 112 days after Stage 5.1

Stage 6. Water addition (2 days)
6.1 Water addition behind the AZ13

The situation obtained after construction of this
mound, was maintained and monitored for 80 days.

As the initial test results showed that a plastic’
hinge could not be generated within the required

time limit, two more attempts were made to increase
the load on the AZ13 piles (Stages 4 and 5 in Table
2). In the end, these actions resulted in yielding of
the outermost fibre of the steel sheet pile and in a
slow generation of a fully plastic cross-section.

A few days before the end of the test, a fully
plastic cross-section was generated. However, as
neither the displacement of the AZ13 wall nor the
strain distribution along the pile altered over a 2
week period, it was decided to force the generation
of the plastic hinge as described below.

As a result of the continuously increasing wall
displacements, various holes had been observed on
top of the mound; the sand had evidently flowed into
the troughs of the sheet piles. This meant that two
sand drains had been generated which were used to
increase the water pressure against the back of the
sheet pile wall. Water addxtlon took place for 2 days:
on the first day, a total of 2 m® water was added with
an inflow rate of 0.4 m*/hour and on the second day,
a total of 6 m® with a rate of 2.2 m*/hour. This action
led to an increase of the water pressure against the
wall with Au= 10 kPa, to a plastic rotation in the
hinge, and to a redistribution of the bending moment
in the wall.

Figure 6 shows a global overview of the test site
after the plastic hinge was formed. An active slip
plane in the sand mound is clearly visible. Originally
the level of the mound was at the top of the wall but
when the plastic hinge was generated, the sand slid
into the space behind the deflected wall.

3 TEST RESULTS

It is beyond the scope of this paper to present all the
test results (http://geo.citg.tudelft.nl/kort/fieldtest).
In this paper, the following results are presented:

- AZI13: Plastic hinge .

L607K: Oblique bending (Stage 1.1t03)

L. X32: Single U-piles

Figure 6. State at the end of the test (January 31 2000)
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3.1 AZI3: Plastic hinge

Figure 7 shows the bending moment and displace-
ment measured before and after the water addition,
ie., before and after the formation of the plastic
hinge. The maximum wall displacements before and
after this formation are w =470 and 1100 mm, re-
spectively, and the irreversible rotation in the plastic
hinge is A = 0.2 rad.

Lateral _ Laterl
Bending Moment (KNm/m) Displacement (ram)
AZ13 AZ13
-500 -250 0 250 500 -1200 -600 0 600
L 1 1 1 s L 1 1 J

Figure 7. Measurement results of the AZI3 test wall before
(dashed line) and after (solid line) formation of the plastic
hinge

Figure 8. Plastically deformed wall (January 31 2000)

Due to the formation of the plastic hinge, the
bending moments in the steel sheet pile redistrib-
uted, and the fixed moment increased significantly to
Ms =270 kNm/m. '

The dent in the moment curve near the maximum
span moment is the result of a loss of moment ca-
pacity for larger curvatures (Fig. 5). But although
this tested' AZ13 pile had a small rotation capacity
(Class 2 section), it can be concluded from the
‘measurements that after the formation of the plastic
hinge, new equilibrium can be found in the soil,
even in this case of very large soil deformations. The
test showed that the earth pressures on the retained
and excavated side were able to redistribute to de-
velop the fixed moment.

Figure 8 shows a photo of the plastically de-
formed wall, taken from inside the excavation. The
large deflection of the wall, more than 1 metre, and
the buckles in the compression flange and web are
clearly visible.

A

3.2 L607K: Oblique bending

Figure 9 shows the lateral (out-of-plane) and trans-
verse (in plane) displacements of the three instru-
mented L607K piles. The lateral displacement and
transverse curvature was largest in pile H2 and
smallest in H6. This result was typical for all test
stages and means that a greater loss of stiffness oc-
curred in H2 than in the other two piles. These dif-
ferences are attributed to installation effects. It was
observed during pile installation that the piles near
H6 were vibro-driven with more effort than near H2.
This suggests that pile installation has a significant
effect on oblique bending.

Kort (2002) derived the reduction factors for the
moment of inertia, Sp, and the section modulus, 35,
acting on the tested piles from the measurements:
Pile H2: Bp=0.57
Pile H4: Bp =0.68
Pile H6: fp=0.76
Pile HS: 85 =0.73
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Figure 9. Lateral and transverse displacements in pile H2 (solid
line), H4 (dashed line) and H6 (dashed-dotted line) after the
short-term field test, in Stage 1.9



Figure 10: Strain dlstnbutlon over the cross-section of L607K
pile H5 at NAP-5 m depth

Figure 10 shows the strain measurements plotted in
the cross-section of the double Larssen 607K pile.
These measurements were taken at NAP -5 m, which
is close to the level of the maximum moment. The
neutral axis has rotated by y = 13°. Compared to the
rotation of the principal axis of inertia, & = 21°,
oblique bending was hindered by 13/21. As Spo =
0.47 (Table 1), the measured reduction factor for this
stage, based on the strain measurements, should be
B = 0.68, which was also determined for pile H4.

It is shown in Kort (2002) that the rotation angle
of the neutral axis didn't change significantly during
the long-term field test and that the measured reduc-
tion factors are close to the values recommended by
the Dutch design practice (CUR 166, 1997).

It can therefore be concluded that in this test the
oblique bending phenomenon involves a significant
loss of structural resistance, but this loss is by far not
so drastic as may be expected on the basis of the ge-
ometry of the plane cross-section.

3.3 LX32: single U-piles

Figure 11 shows the displacement curves measured
in double U-pile H4 and single U-pile BS6, left for
Stage 1.9 and right for Stage 3. These two curves are
:comparable to a certain extend, because the dis-
placement at strut level is approximately the same;
however, the single U-pile is 2 metres longer.
According to Kort (2002), the reduction factor for
the stiffness, $p, can be determined from the ratio of
"maximum wall deflections, wya. This means that if
B is known for one wall, it can be assessed for the
other wall with reasonable accuracy.

Lateral Displacement (inm)
50 100 150 200 0 50 100 150 200
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Figure 11. Lateral displacements in L607K double U-pile H4
(solid line) and LX32 single U-pile BS6 (dashed line) for the
short-term (Stage 1.9) and long-term (Stage 3) field test

Table 3. Determination of Sp for the LX32 single U-pile wall
from the L607K double U-pile wall

Double U Single U
Stage Wax (mm)  fp W (mm)  Sp
1.9 85 0.68 126 046
3 131 0.70 171 0.54
L607K-double U-piles: fp,o=0.47
LX32-single U-piles: o =0.25

It follows that

1

In the case of the field test, this approach may give
an upper bound for Sp, because the LX32-wall is
two metres longer.

This method is not highly accurate. Nevertheless,
the analysis with Equation (1) is reasonably suitable
to obtain insight in the loss of stiffness of the 1.X32
single U-pile wall.

The reduction factors, Op, that occurred in the
single and double U-pile walls, are presented in Ta-
ble 3. It is remarked that for both the double and the
single U-pile wall, the values for 5p observed in the
field test, are significantly higher than the basic val-
ues, B D:0-

The loss of stiffness for single U-pile walls can be
compared to other field cases reported in literature,
for example, by Hebert et al. (1978) where Sp =
0.36 to 0.42 and B = 0.52 to 0.68, and Gigan
(1984) where p = 0.6.

Bpix32 = Wmax:L607K / Wmaxix32 * B piLsork

4 BACK-ANALYSIS

During the field test, it appeared that the deflections
of and bending moments in the test walls were lower
than expected. This was a problem, especially for the
Z-pile wall where a plastic hinge had to be devel-
oped. A additional sand mound was built (Fig. 1) to
increase the load on the Z-wall to generate the plas-
tic hinge. However, it appeared again that the effect
of the mound on the AZ13-wall was, rather disap-
pointing.

To explain these test results, a simple back-
analysis with PLAXIS 7.2 (Vermeer and Brinkgreve,
1998) was made, see Kort (2002). This back-analysis
was based on the following assumptions:

- The short-term field test was calculated in one
stage, using an undrained analysis. All the soil
layers were modeled using the Hardening Soil
model, because this model takes strain hardening
of soil loaded in shear into account.

- After installation of the sand mound, the Soft
Soil Creep model was applied to all clay and peat
layers. The creep parameter was estimated by
A*u* =25,

Next, the long-term field test was modeled by a

consolidation step of 80 days.

The calculation results are presented in Figure 12.
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Figure 12. Back-analysis of the short-term (dashed) and long-
term (solid) field test, compared with the field measurements, O
for the short-term and ® for the long-term.

The short-term field test, Stage 1.9, can be mod-
eled quite accurately using an undrained analysis.
The displacements of and moments in both walls are
in close agreement with the field measurements. The
long-term field test, Stage 3, can also be modeled
very well for the L607K-wall but the field measure-
ments in the AZ13 are significantly overestimated.

It is_believed that the large difference between
calculation and measurements of the AZI13-wall
comes from the sand mound. Most probably, the
bentonite screens were pushed-in by the sand mound
in such a way that the active earth pressure wedge
could not move freely against the surrounding soil.

5 CONCLUSIONS

In 1999 a full-scale field test on two sheet pile walls

in soft soil was carried out. This test focused on:

- the performance of a sheet pile wall in which a
plastic hinge was formed

- the performance of a sheet pile wall constructed
of double U-sections

- the short-term and the long-term behaviour of
both sheet pile walls in soft soil

The field test showed that with ongoing rotation in a

plastic hinge, additional strength of the soil can be

mobilised. It can be concluded that a properly de-

signed sheet pile wall with plastic hinges did not
lead to global failure, even after a horizontal dis-
placement of more than 1 metre.

From the behaviour of both the L607K and the
LX32 it can be concluded that the shear force trans-
mitted by the interlocks, is insufficient to assume
full interaction between individual piles. The reduc-
tion factors determined from the test, are close to the
values recommended by the Dutch design practice.

It appeared that during the field test, the deflec-
tions of and bending moments in the test walls were
lower than expected, and a sand mound was built to
increase the load on the AZ13-wall to generate a
plastic hinge. The effect of this mound on the AZ13-
wall was disappointing but, more important, could
be explained with the PLAXIS calculation.
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