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ABSTRACT

This paper presents a comparison between different methods of bearing capacity analyses:

Upper Bound Method. Limit Equilibrium

Analysis and Finite Element Analysis. For the

Great Belt East Bridge anchor blocks it was concluded that these methods of calculation
agree within 5%. However. for cases where the bearing capacity is dominated by frictional
materials. much higher differences should be expected.

1. INTRODUCTION

The East Bridge. which is part of the Great
Belt Link Project. is a suspension bridge
with a 1624 m main span. the longest in the
world when completed in 1997. The loads
from the main cables are carried by anchor
blocks placed in a water depth of 10 m.

Foundation design for these anchor
blocks included verification of the bearing
capacity by means of three different meth-
ods of calculation. A pilot study was car-
ried out to check how the selected meth-
ods would predict bearing capacity for large
footings supported by different soil types.
The results of this pilot study are given in
this paper.

Methods selected for the bearing capac-
ity control included:

- Upper Bound Theorv
- Limit Equilibrium Analvsis (BIEAST)

- Finite Element Analyvsis (ABAQUS)

2. ANCHOR BLOCK FOUNDATION

Lach anchor block has a rectangular base
of length 121.5 m and width 54.5 m (Fig-
ure 1). This base is divided into 3 parts, a
front part of 41.7 m. a middle part of 39.1
m and a rear part of 40.7 m. Only the front
and the rear parts are in contact with the
supporting soils.

Both anchor blocks are to be founded
on very stiff to hard preconsolidated clay
till. The undrained shear strengths range
{from 150 to 300 kPa. The lowest part of the
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Figure 1. Scction of the anchor block.

anchor block is constructed in a dry dock,
floated to the position, ballasted into place
and the construction completed offshore.
As a result of excavation the top part of
the clay till is expected to be disturbed and
to have a reduced sliding resistance. This
problem is compensated for by introducing
a wedge shaped fill of compacted gravel or
crushed stone under each of the two pads.

3. ANCHOR BLOCK LOADS

The dead weight of the anchor block is 1905
MN, acting 6.0 m behind the base center
line. The two main cables transmit a force
to the anchor block of 455 MN from bridge
weight and 93 MN from traffic load. This
force. acting at an angle of 13°. causes a
forward movement and an inclination of the
resultant as shown in Figure 2.

Assuming uniform vertical stress distri-
bution against the two pads. the two verti-
cal reaction forces are statically determined.
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Figure 2.
foundation.

The load resultant acting upon the

The horizontal shear of 534 MN can be as-
sumed distributed in such a way that the
two foundation pads have the same safety
against bearing capacity failure. These as-
sumptions are not necessary with the Finite
Element Analysis where the total structure
can be analyzed and where the load will be
distributed automatically. This of course
implies that the concrete superstructure has
the rigidity and the strength needed to dis-
tribute the shear in this manner.
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Figure 3. Foundation Pad Failure Modes.

4. FATLURE MODES

Three different failure modes are in prin-
ciple possible for each foundation pad as
shown in Figure 3. Critical mode for a given
case will depend upon geometry, soil
strength and the inclination of the resul-
tant force. The failure mode that involves
sliding along the disturbed clay till surface
has been discussed earlier in some detail by
Mortensen (1983).

The foundation design, finally adapted
for the anchor blocks. used the two load
bearing pads. combined with the selected
slope of the gravel wedge.

5. CALCULATION TOOLS
5.1 Upper Bound Method

A correct solution for bearing capacity has
to be both statically and kinematically ad-
mussible. But it is difficult to find solutions
which fulfill both conditions. Generally, so-
lutions which are only kinematically admis-
sible give reasonable but non-conservative
results.

A kinematically admissible solution is
defined by a displacement field which sat-
isfies the boundary conditions for displace-
ment and the flow rule. The flow rule en-

Figure 4. [{z'nematz’cally admissible rupture fig-
ure.

sures that the work equation can be applied.

Such a rupture figure for a tooting on a
gravel wedge is shown in Figure 4.

The internal work IW of this rupture fig-
ure is given by the geometry of the rupture
figure described by the fixed values B, ¢
and 3 and the variables 7 and © and the
strength ¢, of the clay till.

The external work EW of the rupture
figure is given by R, o and ©.

The most critical rupture figure is where
the ratio IW/EW is lowest.

The calculations are repeated for the
other possible failure modes.

5.2 Limit Equilibrium Solution

The ultimate bearing capacities for the test
cases were calculated by the limit equilib-



rium method using the computer program
BEAST. Clausen (1990). This program is
based upon the method of slices. Force and
moment equilibrium is satisfied for each in-
dividual slice. The shear stress along the
‘shear surface corresponds to the Mohr-Cou-
lomb failure criterion.

Figure 5 shows a typical shear surface
consisting of a line, a circular arc and a line.
The geometry is described by the parame-
ters XC, R and ¥ assuming that the cir-
cle center is located at the soil surface, By
varying these parameters the location of the
critical surface can be determined.

A number of different assumptions for
interslice roughness distribution are tried in
order to determine the solution with the
highest safety factor that gives a reasonable
position of the line of thrust. Consequently
a certain amount of judgment is involved.

The calculations are repeated for the
other possible failure modes.

Figure 5. Shear surface used for Limit Equilib-
rium Analyses.

5.3 Finite Element Analysis

The general purpose non-linear Finite Ele-
ment Programme ABAQUS has been used
for the calculation of bearing capacities of
the test cases.

In Finite Element Analysis the geometry
of the problem is modelled with finite ele-
ments. Bach of these elements are assigned
a material property. It is therefore possi-

ble to model variations in soil strength, for
example in the case of a remoulded layer.

ABAQUS provides the choice between
various material models. For the test cases
the classical Drucker-Prager model with as-
sociated flow has been applied. With the
Drucker-Prager model it is possible to
match the Mohr-Coulomb parameters o and
c.

The classical Drucker-Prager model will
predict larger bearing capacities than a mod-
ified Drucker-Prager where non-dilatant flow
1s applied. HKS (1992).

Boundary conditions and loads are ap-
plied to the model. In the case of a bearing
capacity analysis the load is increased grad-
ually until failure occurs. The result of the
analysis is hence not only the bearing capac-
ity but also a load-deflection curve showing
the behaviour of the footing before failure
occurs.

At failure a rupture figure has been de-
veloped. It is possible to present the rupture
figure by means of plots of the plastic strains
in the soil. The calculated rupture figure
can be compared with the ones assumed for
the Upper Bound Method or in more com-
plicated cases the rupture figure can be a
guideline for the Upper Bound Method.

6. TEST CASES

The ultimate bearing capacity was deter-
mined for a 40 m wide strip footing sub-
jected to either vertical loading or loading
with 15° inclination. For both cases the re-
sulting force was assumed to pass through
the footing center. i.e. there are no mo-
inents. This footing was supported by the
following soil profiles:

- Clay with undrained shear strength
100 kPa.



Bearing capacity, MN/m
Case Load Soil
inclination | profile U.B.M. | BEAST | ABAQUS
1 0° Clay 20.6 | 20.3 21.1
2 15° Clay 14.0 14.4 14.5
3 0° Sand 216.0 138.0 128.8
4 15° Sand 57.4 53.6
5 15° Clay with 16.4 I7.1 16.8
sand wedge

Table 1. Summary of results from test cases 1 - 3.

- Sand with submerged unit weight 10
kN/m?® and a friction angle of 30°.

- A combined profile consisting of clay
with a 15° sand wedge directly un-
derneath the foundation pad (Figure
6). The strength parameters were the
same as given above.

The calculated bearing capacities for these
cases are summarized in Table 1 and com-
mented below.
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Figure 6. Test case d, clay with sand wedge.

6.1 Clay Only Cases

For the clay only cases there is very close
agreement between the solutions from the
three methods. The Upper Bound Method

gives the theoretical solution for these cases.
The Finite Element solution is 2 - 1% higher
than the theory. BEAST is within 2-3% of
the theory.

6.2 Sand Only Cases

For sand only cases there is a considerable
difference between the solutions. This re-
flects the difficulties in obtaining a gener-
ally accepted solution for a frictional mate-
rial taking the weight of the material into
consideration. The vertical stress at failure
is often expressed as:

Values for V., and i, proposed by various
authors, are shown in Table 2. There is a
factor of more than 2 between the highest
and the lowest solutions. It is believed that
both the BEAST and the ABAQUS solu-
tions tend to be on the high side of the un-
known correct solution.

6.3 Clay With Sand Wedge

For this case the difference between the
highest and the lowest solution is 4%. This
reflects the fact that the resulting capacity
is governed by the clay strength. The effect
of the sand wedge is to increase the capacity
by 13 - 19% only.



Source N, Iy | Ny i, Rati:’
BEAST 173 1 0.40 | 6.92 1.62
ABAQUS 16.1 | 0.40 | 6.44 1.51
Meyerhof (1963) 15.710.25 | 3.93 0.92
Brinch Hansen (1970) | 15.1 [ 0.35 | 5.29 1.24
Vesic (1975) 2241039 | 8.74 2.05
DS 415 (1984) 14.710.29 | 4.26 1.00

Table 2. Comparison of bearing capacity factors and load
inclination factors for ¢ = 30° and H/V = tan 15°.

7. ANCHOR BLOCK CASE

An example plane strain anchor block of  The calculated resulting bearing capacities
length 3 x 40 m was analyzed by the three were found to range from 32.3 MN/m to
methods. The soil profile under each of the 33.8 MN/m. as one would expect from the
pads corresponds to Test Case 5. Resulting results quoted above. The corresponding
load inclination was taken as 15° with an rupture figures are shown in Figures 7 and
eccentricity of 5 m towards the front pad. 8.
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Figure 7. Rupture figure, Upper Bound analysis.
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Figure 8. Rupture figure, ABAQUS analysis.

8. CONCLUDING REMARKS

The above results show that as long as the
bearing capacity is governed by the undrai-
ned strength of the clay till. the differences
between the selected analysis methods will
be small. The main uncertainty will be
linked to the determination of a represen-
tative in situ undrained strength of the clay
till.  This is a demanding and challenging
task which falls outside the scope of the
present paper.

For cases where the strength of the fric-
tional material dominates the bearing ca-
pacity, care will be needed when deciding
upon the analysis method to be used. It
should, however, be realized that a change
of angle of internal friction of only 15% cor-
responds to a factor 2.0 on the above N,
factors.

Refined methods for bearing capacity a-
nalysis cannot replace the need for an accu-
rate determination of the soil strength pa-
rameters applicable to actual cases.
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