
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


417

Geotechnical Aspects of Underground Construction in Soft Ground – Viggiani (ed)                                                             
© 2012 Taylor & Francis Group, London, ISBN 978-0-415-68367-8

Effects of the excavation procedure on the stability 
of diaphragm wall panels
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ABSTRACT: The stability of panels during construction must be always considered in the design of 
diaphragm walls. The classical 2D methods to evaluate the maximum depth of excavation of a trench with 
or without slurry are too conservative for panels, because of the unrealistic geometrical simplification. 
Trying to back analyze a failure observed in Napoli during the excavation of a panel in a weakly cemented 
soil without slurry support, it was found that the position of the operating machine on the edge of the 
panel is likely to have played a role in the mechanism. Therefore, 2D and 3D FEM parametric numerical 
analysis have been carried out, to consider some relevant aspects that are generally neglected at the design 
stage, such as the real 3D geometry of the panels and the position of the operating machine. By compar-
ing the FEM results with available 2D and 3D analytical solutions, it is found that the machine can play 
both a positive and a negative role on the stability of the panel, depending on its position.

in a simple way the real geometry of the prob-
lem, even though all of them introduce arbitrary 
assumptions concerning the shape of the failure 
surface (Piaskowski & Kowalewski 1965, Fig. 1, 
Washbourne 1984, Fig. 2, Fox 2004 Fig. 3)

Since in 3D models the stabilizing forces 
increase with depth more rapidly than the destabi-
lizing ones, the factor of safety may increase with 
depth, contrarily to what happens in the 2D mod-
els (Fig. 4). In this paper, the solutions of these 3D 
models are not reported for the sake of brevity. In 
the following, however, the solution by Fox (2004) 
(formally very long) will be used.

Nowadays, 2D and 3D numerical analyses are 
easily carried out to evaluate the stability of a 
panel, and are a reliable alternative to more tra-
ditional LEM formulas Lachler et al. (2007) and 
Brzakala and Gorska (2008) show a comparison 
between the factor of safety (3D) computed by 
LEM and FEM for slurry panels in cohesion-
less soils. In both cases the difference between the 
safety factors FS computed by LEM and by FEM 
is less than 25% of the largest value.

Lachler et al. (2007) also observe that FS 
decreases until a certain depth, after which it 
remains constant: for excavations deeper than this 
limit depth, the sliding wedge does not start at the 
bottom of the panel.

This paper reports the results of 2D and 3D 
FEM analyses, initially carried out to interpret 
a failure mechanism observed on a site by the 
authors and shortly recalled in the following. The 

1 INTRODUCTION

Deep excavations in urban area have to be realized 
minimizing the effects on the environment of all 
the working activities. The first to be considered 
is the construction of the retaining structure itself, 
both in terms of displacements of the soil and 
stability of the excavation (typically a panel). The 
panel can be realized with or without the use of 
stabilizing slurries, depending on soil physical and 
mechanical properties.

Adopting a limit equilibrium method (LEM), 
analytical solutions originally developed for 
trenches considering slurry pressure (Nash and 
Jones, 1963, Morghenstain and Thamasseb, 1965) 
are often used for stability calculations. In the case 
of a self  sustaining material with no slurry, a sim-
ple solution is available considering the soil as a 
perfectly plastic material. In fact, the static and 
kinematic theorems state that the critical height hc 
(i.e. the one corresponding to failure) is:
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(1)

where Kp = tan2(45 + ϕ/2) is the passive coefficient 
of earth pressure.

For panels, which have a length of no more than 
a few meters, all these solutions result into an over-
conservative value of hc because they refer to unre-
alistic plain strain (2D) conditions. More complex 
3D LEM solutions can be used to take in account 
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failure mechanism pertained to a panel excavated 
in a pyroclastic silty sand which, as shown in the 
next section, was expected to be stable considering 
the value of its critical height hc calculated using 
LEM 3D formulas.

2 THE CASE HISTORY OF A PANEL 
COLLAPSED DURING CONSTRUCTION

For the construction of an underground park-
ing lot in Napoli to be excavated in unsaturated 
pyroclastic silty sands (pozzolana), a sustaining 

 structure consisting of a reinforced concrete dia-
phragm wall had to be realized. The wall is made of 
adjacent rectangular panels, 25 m deep and with a 
cross section of 6 × 0.6 m2. For the unsaturated poz-
zolana, the geotechnical characterization reported 
an apparent cohesion c = 10 ÷ 15 kPa and a friction 
angle ϕ = 35°, being γ = 12 kN/m3. These values are 
typical for simplified total stress analyses in these 
Neapolitan unsaturated materials. The designer 
decided to excavate the panels with no slurry sup-
port, assuming that soil cohesion was sufficient for 
stability, even though no stability calculation was 
included in the design report. Indeed, the applica-
tion of the solution by Fox (2004) (Fig. 5) shows 

cot
2

⋅=
L

D

hc

Figure 1. Unstable wedge (Piaskowski & Kowalewski, 
1965) behind a panel having length L.

Figure 2. Unstable wedge behind a panel (Washbourne, 
1984).

Figure 3. Unstable wedge behind a panel (Fox, 2004).

Figure 4. Safety factor FS versus depth for a 3D LEM 
solution (Washbourne, 1984).
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that for 10 kPa  < c < 15 kPa, the excavation should 
be always stable, with a safety factor increasing 
with depth for z larger than about 6 m.

Unexpectedly, one of the first panels to be real-
ized collapsed during the excavation (Fig. 6) at a 
depth of about 11 m, with a steep failure surface 
closed at middle depth of the panel under construc-
tion. The only difference with the other few pan-
els previously realized without any problem was 
the position of the operating machine (Fig. 7), in 
this case placed on the longer side of the cross sec-
tion of the panel. A numerical analysis was there-
fore planned to see if  the position of the operating 
machine could be the factor explaining the observed 
failure mechanism, as described in the following 
section. However, before realizing the subsequent 
panels, ground improvement of the first few meters 
along the perimeter of the panels to be excavated 
was carried out. No other accident happened and 
the diaphragm wall was successfully completed.

3 NUMERICAL ANALYSES

The parametric numerical analyses were carried out 
with Plaxis 2D and Plaxis 3D Foundation. Four 
2D and thirty-two 3D analyses have been carried 
out changing soil cohesion, panels dimensions and 
position of the operating machine. Three differ-
ent positions of the operating machine have been 
considered in the 3D analyses: no machine (absent 
load), machine operating on the short side (positive 
load), machine operating on the long side (nega-
tive load). The first case is certainly unrealistic but 
is the one typically considered in both LEM and 
FEM solutions. The other two cases (positive and 

negative position of the machine) refer to positions 
that are both possible on site, as reported in the 
previous section.

In the calculations, the machine load is applied 
to the soil by a couple of belts. For each position, 
a different symmetry is adopted to prepare the 
mesh (Fig. 8). In 2D analyses, no machine load at 
ground level was considered.

Excavation has been simulated removing the soil 
in the panel by steps of 1 m, until the soil eventu-
ally collapse at a critical depth hc.

For 3D analyses, in the case of absent load 
(double symmetry), the mesh is 100 m deep and 
50 × 50 m2 large, being composed by about 23000 
wedge elements (Fig. 9). In the case of positive or 
negative load (simple symmetry) the volume of the 
mesh and the number of the elements is doubled. 
The 2D mesh is 100 m deep and 50 m large, com-
posed by about 8000 triangular elements. All the 
meshes are finer around the panel.

The soil has been modeled using the Hardening 
Soil Model (HSM); the most relevant parameters 
for the mechanisms under study are reported in 
Tab. 1, with values of the cohesion between 1 and 
15 kPa. The chosen values are typical of an unce-
mented unsaturated pozzolana.
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Figure 5. FS versus depth for different values of cohe-
sion calculated using the solution by Fox (2004).

collapsed soil 

panel 

Working 

 machine 

Panel under excavation 

a) b)

Figure 6. Collapsed panel. a) picture of the failure sur-
face; b) sketch of the observed failure mechanism.

a) b)

Figure 7. Pictures from the site in Napoli: different 
positions of the operating machine during panel excava-
tion: a) on the long side; b) on the short side.

Table 1. Main parameters of the soil in the FEM 
analyses.

γsat [kN/m3] φ′ [°] c′ [kPa]
Dilation 
angle, ψ [°] K0

12 35 1, 5, 10, 15, 20 5 0,9
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ing the value of the critical height hc as well as the 
failure mechanism, which is deeply modified by the 
machine and resembles that typical of a foundation 
limit load failure (Figs. 11 and 12). For higher val-
ues of cohesion, the slip surface does not include 
the operating machine if  the load is in a positive 
position.

Tab. 2 shows that, for conditions similar to 
those pertaining to the site in which the failure 
was observed and a negative position of the oper-
ating machine, the critical height hc has values 
between 3 m and 26 m for cohesions in the range 
5 kPa < c < 10 kPa, considering a panel having 
L = 6 m and B = 1 m. Even though this value of 
B is larger than the one on site, when the machine 
is on the long side of the excavation and the fail-
ure mechanism does not include the short side, the 
value of B is not very relevant. For the same panel, 
the cases of absent or positive load correspond to 
larger values of hc. The depth of failure observed 
on site is consistent with the results of the analy-
ses considering the operating machine in a nega-
tive position, thus confirming the relevance of this 
apparently minor load on the overall stability of 
the panel under excavation.

The results of 2D analyses are summarized in 
Tab. 3; in the table, both the critical excavation depth 
hc and the depth of the bottom of the slip surface 
are reported. These results, as most of the 3D ones, 
show that the slip surface does not start from the 
bottom of the excavation (as supposed by LEM) but 
1 or 2 meters above, consistently with the evidence 
recorded on site in Napoli (see previous section).

Load =

100 kPa

Positive load Negative loadAbsent load

Load =

100 kPa

B

L

Figure 8. Position of the belt of the operating machine 
respect the panel and considered symmetry.

Figure 9. 3D mesh for the case of absent load.

4 ANALYSES OF RESULTS

Soil was assumed to collapse when the numerical 
analyses did not converge. With Plaxis, the sliding 
surface can be identified using several variables 
(shear strain, incremental shear strain, relative 
shear stress, plastic points). All of them were taken 
into account in this work. Tab. 2 reports a sum-
mary of the results obtained with 3D analyses. In 
the table, L and B and respectively the length and 
the width of the panel (Fig. 8).

In Fig. 10 some the 3D sliding surfaces for dif-
ferent values of cohesion in absence of load are 
shown for the case of panels having a cross section 
of 8 × 1 m2. The horizontal cross section of these 
failure surfaces is approximately an arch of cir-
cumference having the side of the panel as a chord. 
The vertical section orthogonal to the long side 
of the panel shows the well known fact that these 
surfaces become steeper as cohesion increases; 
for c′ = 15 kPa, the failure surface is mostly ver-
tical (Fig. 10). For c′ = 20 kPa, the analyses were 
stopped at a depth of excavation of 56 m without 
reaching failure.

For low values of the cohesion, the load of the 
operating machine plays a relevant role, influenc-

Table 2. 3D analyses carried out and resulted hc.

B (m) L (m) Position c′ (kPa) h
c
 (m)

0,4 6 absent 10 33

0,4 8 absent 1–5–10–15 8–12–19–34

0,4 10 absent 10 15

0,4 12 absent 10 13

1 6 absent 5–10 14–32

1 8 absent 1–5-10–15 5–10–18–34

1 10 absent 10 14

1 12 absent 10 12

0,4 6 positive 10 33

0,4 8 positive 10 19

0,4 10 positive 10 14

0,4 12 positive 10 12

1 6 positive 5–10 13–36

1 8 positive 1–5–10–15 2–4–18–38

1 10 positive 10 14

1 12 positive 10 13

1 6 negative 5–10 3–26

1 8 negative 1–5–10–15 2–2–4–33

1 10 negative 10 3

1 12 negative 10 3
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In Tab. 4 the 3D results for the cases of absent 
load are summarized along with the extension D 
(see Fig. 1) of the failure surface at ground level 
calculated with some 3D LEM formulas and esti-
mated in the numerical analyses. The value of D 
calculate with the approach of Washborne (1984) 
is the closest to FEM solutions; the solution by 
Piaskowski and Kowalewski (1965) overestimates 
D, while the one by Fox (2004) overestimates D for 
the deepest critical heights and underestimates it 
for the lowest ones.

In Fig. 13 the value of hc calculated with 3D 
FEM is plotted versus c′ for different positions of 
the load (considering a panel having a cross section 
of 8 × 1 m2). In the same figure, the values of hc cal-
culated by 2D LEM (Eq. 1) and 2D FEM are also 
reported. In the case of absence of load, hc com-
puted by FEM 3D is always larger than the one 
by 2D LEM and 2D FEM, and rapidly increases 
with c′.

Generally speaking, 2D and 3D FEM analyses 
give values of hc smaller than the correspondent 
LEM, except for the case of a very low value of 
cohesion (c′ = 1 kPa). Fig. 13 also shows that, for 
3D FEM analyses, for small values of cohesion 
the maximum value of hc corresponds to the case 
of absence of load; somehow unexpectedly, on 
the contrary, for high values of the cohesion the 
machine may have a positive effect, the deepest pos-
sible excavation (largest value of hc) corresponding 
to the case of operating machine on the short side 
of the panel (load in a positive position).

This can be physically explained by looking 
to the failure surface: for low values of cohesion 
(see Figs. 11 and 12) its position is influenced by 
the machine, which is all included in the unstable 
wedge of soil. When the cohesion is high, the much 
steeper failure surface has a position unaffected 
by the operating machine; in the case of positive 

c’ = 1 c’ = 5

c’ = 10 c’ = 15

Figure 10. Sliding surface for different values of cohe-
sion (incremental shear strain shadings, light color cor-
responds to the maximum value).

Figure 11. Unstable soil in the case of load in a nega-
tive position (τ/τmax shading, light color correspond to the 
maximum value of relative shear stress) for c′ = 10 kPa, 
L = 8 m, B = 1 m.

Table 3. 2D analyses carried out and resulted hc.

c′ (kPa) 1 5 10 15

hc (m) 3 3 4 6

depth of failure mechanism (m) 1.7 2.7 3.7 5

Table 4. FS calculated with the formula of Fox (2004) 
for the critical heights hc.

c′ (kPa)
hc (m)
(3D FEM)

FS
(FOX, 2004)

1 5 0.60

5 10 1.12

10 18 1.66

15 34 2.55

Figure 12. Unstable soil in the case of load in a posi-
tive position (τ/τmax shading, light color correspond to the 
maximum value of relative shear stress) for c′ = 5 kPa, 
L = 8 m, B = 1 m.
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load, the machine placed on the short side of the 
panel has the beneficial effect of increasing the 
mean stress within the soil, thus resulting into an 
increase of the critical height.

Fig. 14 reports the value of hc versus panel 
length L for the different positions of the load, in 
the case of c′ = 10 kPa and B = 1 m. As expected, 
hc decreases as L increases. In the case of negative 
load, for L > 8 m hc becomes smaller than that cal-
culated in 2D conditions. The cases with no load 
or with the load in a positive position have more or 
less the same hc, the largest values pertaining to the 
latter case for the lower values of L.

In the case of load in negative position, hc is 
always lower than in the other cases. For L higher 
than 10 m, hc does not change. This is because 

dimension: 8 m x 1 m
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Figure 13. Value of hC versus c′ and the position of the 
load.
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Figure 14. Value of hc versus panel length L.

Figure 15. Unstable soil in the case of load in a nega-
tive position (τ/τmax shading, light color correspond to the 
maximum value of relative shear stress), for c′ = 10 kPa, 
L = 12 m, B = 1 m.

Table 5. Results for absent load: hc calculated by 3D FEM; D by 3D LEM and 3D FEM.

L (m) B (m) c′ (kPa) h
c
 (m) H* (m) D (m) DWashbourne (m) DPiaskowski (m) DFox (m)

6 0,4 10 33 32 2 2,59 4,29 6,10

8 0,4 1 8 6 3,2 2,59 5,72 1,25

8 0,4 5 12 9 4,3 3,46 5,72 2,89

8 0,4 10 19 16 4,8 3,46 5,72 4,65

8 0,4 15 34 32 2,2 3,46 5,72 7,32

10 0,4 10 15 12,5 5 4,32 7,15 4,09

12 0,4 10 13 11 5,2 4,75 8,57 3,76

6 1 10 32 31 2 2,59 4,29 6,01

8 1 1 5 3 2 1,30 5,72 0,96

8 1 5 10 8,5 4 3,46 5,72 2,58

8 1 10 18 16 4,4 3,46 5,72 4,50

8 1 15 34 32 2,5 3,46 5,72 7,07

10 1 10 14 12 4,9 4,32 7,15 3,90

12 1 10 12 9,5 5,1 4,10 8,57 3,55

*depth of the slip surface.
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as the length of the panel becomes large enough, 
the failure surface closes around the machine 
(Fig. 15), again resembling a foundation limit load 
mechanism, being unaffected by the remaining 
part of the panel, that therefore plays no role in 
the mechanism.

5 CONCLUSIONS

The stability of panels is a key issue in the design 
of diaphragm walls. A somehow unexpected fail-
ure mechanism observed on site by the authors 
during panel excavation with no slurry support in 
a weakly cemented material could be explained by 
taking into account the weight of the operating 
machine. To confirm this hypothesis and to ana-
lyze the effect the this usually neglected load has 
on the stability of panels excavated in soils with 
a small cohesion, 3D numerical analyses were car-
ried out, comparing the results with some of the 
available analytical solutions.

It was found that 2D solutions (LEM or FEM) 
are usually conservative, unless an operating 
machine on the long side of the panel is considered. 
In this case, as the panel gets longer or the cohesion 
gets smaller, 3D FEM solutions give values of hc 

lower than any 2D calculation. In most cases, the 
operating machine on the short side of the panel 
under excavation has a positive effect.
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