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SYNOPSIS

Due to corrosion steel structures loose both strength and stiffness. To prevent damage replacement has to be carried 

out in time, and data on both the current state of the construction as well as the corrosion rate are necessary. In 

the Netherlands, the amount of sheet piling used along the canals is very large, so a conservative approach may result 

in large extra costs. Since measured data show that the degree of corrosion varies strongly at a relatively short 

distance, it was expected that a 3 dimensional (3-D) stress distribution will take place. This effect has been 

investigated for 2 cases: a free standing wall and a tied back wall. The results show that for the free standing wall 

no 3-D effects are present, on the stresses, for the specific situation analysed. For the tied back wall 3-D stress 

redistribution does take place, resulting in a decrease of stresses in the corroded area.

INTRODUCTION

Sheet piles are frequently used as part of embankments, 

wharfs and as earth retaining structures along canals. 

Very often protection of the sheet piles against 

corrosion is minimal. This may result in rather high 

corrosion rates. In the Netherlands ultrasonic 

measurements of wal1-thicknesses have shown that, even 

in sweet water, corrosion rates are present up to 

0.5 mm/year. In saline areas the same reduction of 

thickness may occur in even shorter time. Figure 1 

presents one of the measurements.

In time everyone in control of a sheet pile construction 

will therefore have to answer the question about the 

present condition of his construction. This requires 

sufficient safety against failure as well as acceptable 

deformations and loss of soil through the wall. In order 

to answer this question measurements are needed to 

detect the variations in thickness of the wall in both 

vertical and horizontal direction. Nowadays this is 

becoming common practice in the Netherlands. However, 

performing the measurements is not enough. To be able to 

make a good assessment of the condition of an existing 

sheet pile wall the effects of the variations in 

thickness should be taken into account in the 

calculations used to verify the present state of the 

construction. The calculation model most commonly used 

however is a subgrade reaction model which does not 

allow for variation of parameters in horizontal 

direction. So, at the moment a conservative approach is 

used: a uniform thickness equal to the 95% exceedance 

level is introduced into the model. To investigate the 

influence of a more accurate modelling of the thickness 

variations in both vertical and horizontal direction a 

research project was initiated by the Dutch Ministry of 

Public Works. This project was carried out by Delft 

Geotechnics, and included 1-D, 2-D as well as 3-D finite 

element calculations of a locally corroded sheet pile 

wall.
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Fig. 1. Corrosion profile of a sheet pile wall.
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Two geometries have been analysed: a free standing sheet 

pile wall and a tied back wall. Since the generation of 

the input data necessary for a 3-diraensional (3-D) 

calculation is quite time consuming the geometry of both 

cases is taken nearly equal. Since the main interest is 

focussed on the tied back wall, in choosing the geometry 

this type of wall is taken as starting-point. In 

practice a free standing wall will not be economically 

attractive for such a large excavation and a tied back 

wall will be chosen. The groundwater level however is 

different in both cases. In case of the free standing 

wall there is only a small difference of 0.5 m between 

the water level on the active and passive side of the 

wall. For the tied back wall a difference of groundwater 

level of 6 m is taken into account. The depth of the 

excavation is 6 meters as well as the embedded depth. 

Both geometries are presented in figure 2. In both cases 

the soil consists of homogeneous, dense sand.

PROBLEM DEFINITION

I =  4 2 0 0 0  cm* / m 1 

W =  2 0 0 0  c m 3 / m 1 

M m o x  =  2 9 7  k N m / r r i 

c r m a x  =  1 4 8  N / m m 2

I =  2 1 2 5 0  cm 4 / m 1 

W =  1 2 5 0  c m 3 / m 1 

M m a x  =  1 8 5  k N m / m 1 

c r m a x  =  1 4 8  N / m m 2

Fig. 2. Analysed geometries

The bracing of this wall consists of a waling, at 1.2 m 

below ground level and anchors with a spacing of 2.0 m. 

The length of the anchors is 10.0 m, whereas the cross- 

section is 1.25 *10— 3 m 2. Due to corrosion a uniform 

stiffness reduction of 5 neighbouring sheet piles is 

taken into account. The strength reduction is applied to 

the complete excavation depth.

FINITE ELEMENT MODELS

For the 1-dimensional analysis a subgrade reaction model 

was used (the MSHEET program (1) which is developed by 

Delft Geotechnics). The finite element calculations were 

performed using the general purpose finite element code 

DIANA (2). For the 2-dimensional calculations a finite 

element mesh consisting of 0 noded plane strain and 3 

noded beam elements was used. Since 3-D interface 

elements were not available at the time of the start of 

the project no interface elements were used in both the 

2-D and 3-D calculations. Instead of using zero

thickness interface elements, friction between the sheet 

pile and the soil is modelled by lowering the angle of 

internal friction $ of the soil elements located just 

next to the sheet pile wall to the value of 6 (2/3 4»). 

The size of these elements is chosen such that they 

coincide with the actual height of the sheet pile.

•
Anchors are modelled by 2 noded springs. Since the 

anchorbody is not included in the mesh they are actually 

modelled as struts. Possible interaction between wall 

and anchorage is therefore excluded, which is also the 

aim in practice. The finite element mesh consists of 146 

elements which results in a system matrix with a 

bandwidth of 142 and 1010 degrees of freedom.

The cross-section of the 3-diraensional finite element 

mesh is equal to the mesh used for the 2-D calculations. 

Quadratic elements have been used as well. To model the 

soil 20 noded hexahedrons were used, whereas 8 noded 

flat shell elements were used to model the sheet piles. 

Due to computer limitations the sheet pile is modelled 

as a reinforced plate. The reinforcement enables to 

model different bending stiffnesses in depth and length 

direction of the plate, thus modelling the behaviour of 

a real sheet pile. In case of the tied back wall an 

anchor is placed every 2 meter. The finite element mesh 

is presented in figure 3, in which the corroded region 

is shaded. The bending stiffness of these elements is 

reduced to 1/8 of that of the other, uncorroded, sheet 

pile elements. The model consists of 1656 elements which 

results in a system matrix with a bandwidth of 3484 and 

22681 degrees of freedom.

Fig. 3. 3 -D finite element model.

For both the 2-D and the 3-D model a perfect elastic- 

perfect plastic Mohr-Coulorab model with a non-associated 

flow-rule is used to model the soil. The material 

properties of the soil used in the calculations are 

summarized in Table 1.

Table 1. Calculation input data.

Soil:

E : 20000 [ kN/m2

v : 0.3 [-]
c : 0.0 [kN/m2

= 30.0 f ]
6 : 20.0 f ]

* : 0.0 [’]
ydry : 20.0 [kN/m3

y  wet : 10.0 [kN/m3
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Phased calculations have been performed:

*-

1 : the unexcavate(V situation was modelled by

introducing the effective unit weight of the soil 

and vertical and horizontal loads were used in the 

area to be excavated to simulate the presence of 

soil and groundwater.

2 : simulation of the excavation phase by removing the

supporting horizontal soil pressure against the 

sheet pile and the vertical soil pressure at the 

excavation level. The influence of lowering the 

groundwater levels is also taken into account in 

this phase.

ON THE NUMERICAL PROCEDURE

Modelling soil and structure in one finite element model 

often results in poor conditioned system matrices to be 

solved. This is caused by the fact that the soft soil 

and the stiff structure produce a relatively large 

difference between the highest and lowest diagonal terra. 

Especially in a 3-D finite element model this phenomenon 

slows down the iteration process dramatically. A lot of 

research is therefore still needed to speed up the 

solution process of poor conditioned matrices. This is 

illustrated by the fact that the 3-D sheet pile 

calculations took several cpu days on a nowadays 

workstation to arrive at a well converged solution. 

Another, more hazardous, phenomenon, is related to the 

convergence norm which is employed. This is illustrated 

by figure 4 in which the horizontal displacement of the 

top of the sheet pile wall is related to the energy 

variation. The energy variation presented here is 

defined as a percentage of the total energy in the 

model.

NUMBER OF ITERATIONS

o DISPLACEMENT 

+ ERROR

Fig. 4. Horizontal displacement of the top of the sheet 

pile wall related to the number of iterations 

and energy norm (free standing wall).

In case of very localized failure, here in the soil just 

next to the sheet pile wall, the energy variation per 

iteration may be very small, while the influence on the 

displacement of the wall is enormous. Therefore everyone 

has to be careful to classify a calculation result as 

correct, without a critical analysis of the complete 

iteration process. A method to accelerate the iteration 

procedure in case of very localized failure is to use 

substructuring techniques. Then the iteration procedure 

can be stopped for that part of the model in which the 

solution is stabilized to constant values, while the 

process is continued for only the small part of the 

model in which failure takes place.

CALCULATION RESULTS

Free Standing Vail

For the free standing wall all models, 1-D, 2-D and 3-D, 

deliver consistent results. The reduction of the bending 

stiffness caused by the corrosion of the sheet pile 

causes increasing displacements of the wall. The bending 

moment distribution however is hardly influenced. This 

can be explained from the fact that even in the 

uncorroded situation displacements are already 

relatively large. This implies that the pressure against 

the wall is almost minimal (active soil pressure). A 

further increase of the displacement will therefore not 

decrease the acting pressure on the wall. So both 

horizontal and vertical redistribution of stresses is 

minimal, causing almost no change in the bending moment 

distribution.

Tied Back Vail

For the tied back wall comparison of the calculation 

models results in more interesting conclusions. All 

models show an increase of the maximum displacement due 

to the stiffness reduction by the corrosion. As expected 

this increase is smaller in the 3-D model when compared 

to the 1-D and 2-D models. This is graphically shown in 

figure 5.

TIED BACK WALL 

MAXIMUM HORIZO NTAL D ISPLACEM ENT  

SHEETPILE WALL (d e p th  below  s u rfa c e  - 4 . 8 m )

s h e e tp ile  nr.

□ 3D  CORRODED  

+ 2D  UNCORRODED

o 2D  CORRODED

Fig. 5. Maximum horizontal displacements.

Since the increase in the 3-D model is less than in the 

2-D model this indicates that a horizontal stress 

redistribution is taking place. This is confirmed by an 

evaluation of the bending moment distributions produced 

by the models. These bending moment distributions are 

presented in figure 6 for both the non corroded and the 
corroded situation.

In this figure two lines are shown for the 3-D 

calculation, these lines present the bending moment 

distributions at the sides of the calculation model. For 

the uncorroded situation the bending moment distribution 

of the 1-D calculation is rather different from those 

found with the 2-D and the 3-D model. This can be 

explained from the fact that the way of modelling of the
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CONCLUSIONS

+ UNCORRODED SIDES

□ CORRODED SIDES

Fig. 6. Bending moment distributions 3-D calculation.

soil by springs as is done in the 1-D model is different 

from the continuum approach in the other models. 

Furthermore, there is no theoretically based 

relationship between the input parameters of these 

models. As should be expected, the results of the 2-D 

and 3-D model show good agreement for the uncorroded 

situation. For the corroded situation however there are 

some similarities, but also considerable differences. 

All models show a decrease of the maximum moment near 

the excavation level and an increase of the moment in 

the embedded part of the sheet pile. In the 3-D model 

the decrease of the moment near the excavation level is 

more pronounced than in the other calculations. However, 

the increase of the moment in the embedded part of the 

sheet pile is smaller in the 3-D than in the 2-D model. 

The explanation is that in the 3-D model both horizontal 

and vertical stress redistribution takes place, whereas 

in the 2-D model only a vertical stress redistribution 

is possible. The most significant results of the 

calculations are presented in table 2.

T a b le  2 .  Calculation results of the 3 calculation models 

for the free standing wall.

1-

Uncor

•D

Corr.

2-

Uncor

-D

Corr.

3-

Uncor

-D

Corr.

maximum dis

placement (mm) 27 95 55 207 44 64

moment near 

excavation 

level (kNm) 197 119 275 196 257 116

moment embed

ded part (kNm) 106 275 37 189 25 150

Evaluating the results of the 2-D and 3-D analyses it 

can be concluded that local corrosion of a free standing 

wall does not result into a redistribution of stresses. 

Both in the uncorroded and the corroded area the earth 

pressure acting on the wall is almost minimal (active 

pressure). The results of the tied back wall indicate 

that there is a horizontal and vertical redistribution 

of stresses, resulting in a decrease of stresses in the 

corroded area. Thus for a locally corroded, tied back, 

sheet pile wall it can be economically attractive to 

perform a 3-D finite element analysis to asses the 

remaining safety of the structure. Maybe replacement can 

be delayed for some more years.
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