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ABSTRACT: This paper describes numerical analyses to evaluate the negative skin friction on the sheet 
pile walls of the Rio Grande dry dock, in the State of Rio Grande do Sul, Brazil. The walls support an 
excavation about 350 m × 133 m in plan, 17 m deep, and also serve as foundations for a very heavy mobile 
crane. The analyses were carried out with a finite element code (Plaxis 2D), considering plane strain 
condition, a reasonable assumption considering the length of the excavation. The various construction 
phases were simulated to evaluate the influence of negative skin friction in each of them. Axial forces in 
the sheet pile walls, induced by negative skin friction, reached 620 kN/m in the final phase, which includes 
storage on the ground surface.

1 INTRODUCTION

1.1 Main characteristics of the project

The Rio Grande dry dock aimed at the construc-
tion and repair of vessels of PETROBRAS, the 
Brazilian State Oil Company. Situated in the city 
of Rio Grande, in the State of Rio Grande do Sul, 
Brazil, the construction of the dry dock required 
an excavation about 350 m long, 133 m wide and 
17 m deep. Sheet pile walls were used in most of 
the project, although diaphragm walls were also 
used. Four levels of prestressed anchors were used. 
 Figure 1 shows the dry dock after the construction 
of the bottom slab.

The sheet pile walls have variable length of 
embedment. However, in most cases walls with 

Figure 1. The Rio Grande dry dock (with mobile door). Figure 2. Typical elevation of the wall.

short and discontinuous length of embedment, as 
shown in Figures 2 and 3, were used. A concrete 
beam with height of 3.3 m was constructed at the 
top of the sheet pile walls. The wall was designed 
to allow the traveling of a mobile crane almost 
100 m high, weight of 32 MN and load capacity 
of 6 MN.

During the operation of the dry dock the area 
next to their walls will be subjected to loads from 
storage of materials and equipment. The design of 
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wall “A”, e.g., provides load of 30 kPa until 10 m 
away from the wall, followed by 100 kPa until 
a distance of 60 m from the wall. Moreover, a 
mobile crane will travel on the wall “A”, with verti-
cal and horizontal design loads of 873 kN/m and 
87.3 kN/m, respectively.

The bottom slab has variable thickness, 
1.54 m at the borders and 0.60 m in the center. 
 Approximately 4,000 steel I piles about 30 m long 
were used as foundations for the slab. The piles will 
be subjected to uplift loads due to the water, and 
also to compression loads in some parts of the slab 
when ships are under construction.

A number of problems occurred during con-
struction and COPPE/Federal University of Rio 
de Janeiro was commissioned by PETROBRAS 
to assist it both in the design check and in the 
construction.

1.2 Construction of Wall “A”

After an unsuccessful trial of driving the sheet piles 
through dense superficial sand layers, an excava-
tion was made, then the walls were installed inside 
of it. The excavation was supported by bentonite 
slurry, later filled with a mixture of bentonite 
slurry and cement.

The lowering of the water table was performed 
both internally and externally to the walls.  However, 
the system did not succeeded in lowering the exter-
nal water table below elevation −7.0 m.

The four anchor levels were constructed as the 
excavation was proceeding, as shown in Figure 3. 
The anchors were pre-stressed immediately after 

execution, except those at the first level, which 
were pre-stressed after the third level.

When the excavation reached elevation −13 m, 
i.e., about 1 m of the bottom slab, the walls suf-
fered significant displacements. The contractor 
then decided to construct berms next to the walls, 
about 15 m width and 3.5 m height.

Only the central part of the excavation pro-
ceeded until the bottom slab level, and pile driv-
ing started. The bottom slab was then constructed. 
In this meantime, a number of solutions were 
studied to allow the excavation close to the walls. 
It has been suggested by the contractor to make 
excavations with a limited width of 6.6 m (partial 
 excavations). The suggested width was checked 
using the 3-D code Plaxis, but the corresponding 
analysis is outside the scope of the present paper. 
After a partial excavation, the wall was supported 
by a temporary metal structure, and then the bot-
tom slab was completed. More than one partial 
excavation could be executed simultaneously, pro-
vided that at least a distance of 19.8 m (width of 
three partial excavations) was kept between partial 
excavations.  Figure 4 shows the execution of a par-
tial excavation.

After the completion of the bottom slab, the 
lowering of the water table was switched off, and a 
water pressure of 150 kPa acted on the slab.

2 NEGATIVE SKIN FRICTION

The phenomenon of negative skin friction on piles 
is well known (e.g., Zeevaert, 1959;  Johannessen 
and Bjerrum, 1965; Bjerrum et al., 1969; Endo 
et al., 1969; Fellenius, 1972; Fellenius, 1984; 
 Combarieu, 1985). However, earth retaining walls, 
underground structures (e.g., basements) and 
sheet-pile walls can also be subjected to negative 
skin friction, provided there is a relative move-

Figure 3. Cross section of wall A.

Figure 4. Execution of a partial excavation.
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ment between the structure and the surrounding 
soil. This relative movement occurs when the set-
tlement of the structure is limited (by a somewhat 
rigid foundation) and the external soil settles in 
consequence of: i) embankment placed on soft soil, 
ii) lowering of water table, iii) surcharges placed on 
the ground surface. In retaining structures used in 
connection with excavations there is an additional 
cause of negative skin friction, which is the vertical 
movement of the soil during the excavation proce-
dure, downward on the external side of excavation 
and upward internally.

In the case of the Rio Grande dry dock the fol-
lowing characteristics were important in the genera-
tion of negative skin friction on the sheet pile wall:

• Lowering of the water table during excavation, 
inducing settlements in the clayey layers behind 
the sheet pile wall.

• Construction of four anchors levels during exca-
vation, which restricted the movements on the 
walls.

• Connection of the bottom slab to the wall at the 
end of the excavation, which caused significant 
restriction in the movement of the walls.

• Surcharges to be applied adjacent to the walls 
(on ground level), which would cause significant 
settlements in the soil.

Furthermore, the process of excavation inside 
the dock caused relative soil movements, which 
were downward in external side of excavation and 
upward in the internal side.

According to Fellenius (1984), relative move-
ment between piles and soil of a few milimeters 
is sufficient to mobilize the negative skin friction. 
According to Bjerrum and Johannessen (1965), the 
negative skin friction load is proportional to the 
normal effective stress of the soil at the interface 
with the pile. However, the stress state in this region 
is very complex, since it is influenced by displace-
ments of soil and pile. Such complex situation can 
only be analysed by numerical methods.

3 ANALYSIS PERFORMED

3.1 Analysis methodology

Analysis of the variation of axial load in the vari-
ous construction phases were performed in wall 
“A” of the Rio Grande dry dock using a computer 
code based on Finite Elements Method, Plaxis 2D 
v.8. A plane strain condition was assumed, which 
is justified by the ratio between length and height 
of the wall (126.0 m: 22.8 m). Figure 5 shows the 
geometry considered in the numerical analysis.

In order to simulate the length of embedment 
of the sheet pile wall, which has variable length, 

Figure 5. Geometry considered in the analysis.

an equivalent stiffness was calculated, since a plane 
strain condition was considered. Another simplifi-
cation adopted in the analysis was that the corru-
gated shape of sheet pile walls was not considered. 
Due to this shape each meter of sheet pile wall has 
a developed length of around 1.22 m. Thus the real 
negative skin friction is expected to be something 
between the estimated values and 1.22 times these 
values. It is expected that some kind of plugging 
would occur, and the real value would be closer to 
the estimated value, but this subject deserves more 
research.

Variations in the thickness of bottom slab were 
considered using plate elements with variable 
stiffness.

Piles were represented as linear elements with 
equivalent axial stiffness to that obtained in load 
tests of piles under axial tensile loads and similar 
loading level, carried out at the Rio Grande dry 
dock. These elements have been considered having 
no bending stiffness and not transmitting load to 
the soil along its length. It is noteworthy that the 
piles in the dry dock will be subjected, predomi-
nantly, to tensile loads.

Anchors were represented as linear elements, 
with separation between free length (not transfer-
ring load to the soil) and anchored length (transfer-
ring load to the soil). Design load of each anchor 
level was activated at the proper phase. In follow-
ing phases the axial load was allowed to vary as a 
consequence of deformations.

As the negative skin friction increases dur-
ing consolidation, the behavior of the soil was 
assumed drained. The upper sand layer was con-
sidered as a linear elastic perfectly plastic mate-
rial, obeying the Mohr-Coulomb failure criterion. 
The clay layers were considered as materials with 
behavior based on the Cam-Clay modified model 
and with OCR equal to 1.5, according to labora-
tory and in situ testing. A transfer friction factor 
between soil and structure (interface factor) equal 
to 1.0 was adopted.

Table 1 shows the main parameters of strength 
and deformability of the soil layers adopted in the 
analysis, which were based on laboratory and field 
testing and correlations available in the literature.
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Table 1. Soil parameters.

Material

φ’ c E

CC/CS e0 ν(º) (kPa) (MPa)

Sand 45.0  1.0 100 − − 0.35

Sandy 
clay

22.6 13.6 − 1.400/
0.080

1.43 0.20

Clay 1 26.0  1.0 − 0.340/
0.037

1.46 0.15

Clay 2 26.0  1.0 − 0.565/
0.079

2.10 0.15

φ’ = friction angle; c = reference cohesion; E = reference 
Young´s modulus; CC = compression index; CS = swell 
index; e0 = initial void ratio; ν = Poisson’s ratio. Figure 6. Axial load in the wall in case 1.
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Figure 7. Axial load in the wall in case 2.

3.2 Parametric analysis

A parametric analysis was performed with the 
aim of studying, even in a simplified way, the 
effect of  simultaneous action of: i) surcharge on 
the ground level adjacent to the wall and ii) the 
load of  the mobile crane on the wall. These two 
actions produce opposing effects on the walls, as 
far as the relative displacement of  the wall and the 
soil is concerned. In fact, the surcharge generates 
settlements in the soil behind the wall, inducing 
negative skin friction. The second action produces 
settlements in the wall, mobilizing positive skin 
friction.

The analysis was performed without simulation 
of the excavation and therefore without consider-
ing the presence of anchors, bottom slab and metal 
piles. The load on ground level was applied on both 
sides of the wall. Two cases were simulated: case 1: 
surcharge of 100 kPa; case 2: surcharge of 10 kPa. 
In both cases it has been assumed that the negative 
skin friction was mobilized before the action of the 
crane load.

Figures 6 and 7 show the results of these 
 simulations. It may be noted that, before apply-
ing the loading of the mobile crane, the axial load 
increases until a certain depth and then decreases 
again, and this depth represents the so-called neu-
tral plane (e.g., Endo et al., 1969; Fellenius, 1984; 
Combarieu, 1985).

Both numerical simulations (cases 1 and 2) show 
mobilization of negative skin friction along most 
of the wall when the surcharge is applied on the 
ground level. In both cases the neutral plane is 
about the elevation -14 m.

In case 1 it can be observed (Figure 6) that the 
axial load generated by the negative skin friction 
is not fully added to the vertical loading from 
the mobile crane (873 kN/m). This is because the 
 loading of the mobile crane causes settlements on 
the wall, which demobilize part of the negative 

skin friction. Due to the deformability of the wall, 
this effect is more important in its upper part, since 
the magnitude of settlements on the wall decreases 
with depth.

In case 2 the negative skin friction is completely 
demobilized when the load of the mobile crane 
is applied (Figure 7). In fact, the loading of the 
mobile crane causes an increase of the settlements 
on the wall, which completely demobilizes the neg-
ative skin friction. As the negative skin friction ini-
tially mobilized in case 2 was lower than in case 1, 
the magnitude of the increase of settlements on the 
wall was able to reverse the “sign” of the friction 
mobilized.

In Figures 6 and 7 a change in the behavior 
of  the axial load at around elevation −14 m can 
be noticed, which is a consequence of  the differ-
ences in the compressibility and the earth pres-
sure coefficient of  the layers of  sand and sandy 
clay.

3.3 Case of wall “A”

The phases of construction and operation of 
wall “A” were simulated with the code Plaxis 2D. 
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Figure 8 shows the geometry after the last phase. 
Table 2 shows the phases included in the simula-
tion and the values of maximum axial load on 
the wall in each phase. It should be noted that the 
value of maximum axial load includes the effects 
of negative skin friction, the vertical component 
of the load of the anchors and the load of the 
mobile crane (only at phase 13). Phases 1 until 11 
are sequential. Phases 12 and 13 are exclusive, and 
both start from phase 11.

In the analysis performed it was not possible to 
simulate the excavation of the berm in partial excava-
tion. To minimize this shortcoming, the excavation 
of the berm and the connection between bottom 
slab and wall was considered simultaneously.

In Table 2 a positive sign of maximum axial load 
indicates compression and negative sign indicates 
tension.

At the end of Phase 2, the wall is under tension 
as a result of the expansion of the soil inside the 
dock, induced by the excavation to elevation 0.0 m. 
However, at the end of Phase 3 the wall is under 
compression.

As the walls were represented by elements of plate 
with zero thickness and weight, it can be assumed 
that the axial loads are due to the vertical compo-
nents of loads of the anchors and the negative skin 
friction. The negative skin friction is a consequence 
of soil movements induced by the surcharge on the 
ground level and also by the excavation process.

Subtracting from the maximum axial load 
obtained at the end of Phase 12 the vertical com-
ponent of the load of the anchors, a value of 
maximum negative skin friction of 622 kN/m is 
obtained. Subtracting from the maximum axial 
load at the end of Phase 13 both the vertical com-
ponent of the load of the anchors and the verti-
cal component of the load of the mobile crane, a 
maximum negative skin friction value of 619 kN/m 
is obtained. This indicates that in this case the load-
ing of the mobile crane was not enough to demo-
bilize the negative skin friction significantly, which 
can be attributed to the high stiffness of the piled 
bottom slab, restricting the settlements on the wall.

Figure 9 shows the axial load diagram of the wall 
“A” at the end of Phase 13. The horizontal sections 

Figure 8. Model analyzed at phase 13.

Table 2. Maximum axial load in each phase.

Phase

Maximum
axial load
(kN/m)

 1.  Installation of the wall.    0

 2.   Excavation until elevation 0.0 m and 
construction of the first anchor line 
(no loaded).

−150

 3.   Lowering of water table until elevation 
−3.5 m, excavation until elevation 
−2.5 m and construction of the second 
anchor line.

 165

 4.   Lowering of internal water table 
until  elevation −8.5 m and external 
until  elevation −7.0 m, excavation until 
 elevation −7.0 m and construction 
of the third anchor line.

 484

 5.   Prestressing first anchor line.  466

 6.   Lowering of internal water table until 
 elevation −11.5 m, excavation until 
 elevation −10.5 m and construction of 
the fourth anchor line.

 537

 7.   Lowering of internal water table 
until elevation −15.0 m.

 504

 8.   Excavation until elevation −15.0 m 
 without remove berms.

 559

 9.   Lowering of external water table until 
elevation −15.0 m.

 583

10.   Excavation of the berms and 
 construction of bottom slab.

 827

11.   Elevation of external water table until 
elevation −0.0 m.

 199

12.   Surcharge on ground level with 30 kPa 
until 10 m away from the wall and 
100 kPa until a distance of 60 m from 
the wall.

 932

13.   Surcharge on ground level with 30 kPa 
until 10 m away from the wall and 
100 kPa until a distance of 60 m from 
the wall and loading of mobile crane.
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phase 13.
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of this chart represent the vertical  components of 
the loads in the four anchor levels and the load 
transferred in the connection between the bottom 
slab and the wall.

As mentioned before, as a consequence of the 
corrugated shape of the sheet pile wall, the value 
of the expected maximum axial load is expected 
to be something between the estimated values and 
1.22 times these values. It is expected that some 
kind of plugging would occur, and the real value 
would be closer to the estimated value, but this 
subject deserves more research.

4 CONCLUSIONS

Numerical simulations performed with the code 
Plaxis 2D estimated significant values of negative 
skin friction on wall “A” during operational phases 
of the Rio Grande dry dock (about 620 kN/m). 
The negative skin friction acting on that wall is the 
result of the construction procedure (the process of 
excavation and lowering of the water table) and sur-
charges on the ground level adjacent to the wall.

The parametric study showed that in some cases 
loading on top of the wall can reduce or reverse the 
negative skin friction. However, this effect was not 
significant in the case of Rio Grande dry dock, which 
has a high stiffness of the piled bottom slab that was 

connected to sheet pile wall, reducing the settlements 
induced by the passage of the mobile crane.
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