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Multi-stage numerical analysis
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ABSTRACT: Large settlements induced to a multi-store building at the initiation of the construction of 
a diaphragm wall led to a demand of re-dimensioning the initial retaining measures. To achieve this target 
a multi-stage numerical analysis was carried out including the simulation of excavation using bentonite 
slurry and concreting stages. Appropriate pre-supporting measures were defined based on an iterative 
process in order to meet the demands of acceptable level of settlements. A steel tube curtain was applied 
to minimize the stress release due to unfavorable pressure differentiation. The instrumentation during 
construction and the comparison of the numerical prediction with the in situ measurements were quite 
helpful during the application of the proposed design.

the foundation of the adjacent building using jet 
grouting, prior to the construction of the dia-
phragm wall. The conditions were so poor that soil 
was unable to undertake the stresses temporarily 
caused at the soil pile boundary before grout hard-
ening, resulting in the increase of settlement and 
rotation of the adjacent building.

For the surveillance of the movements of the 
adjacent building several inspection points were 
installed at different periods of time and at vari-
ous levels, including the top of the building as well 
as the common boundary of the two buildings. 
Displacement measurements recorded every day 
showed that further measures should be taken in 
order to prevent soil movement and limit stress 
release under the foundation during the construc-
tion of the diaphragm wall (before the hardening 
of the concrete).

2 SUPPORTING METHOD

2.1 Selection of supporting measures

In order to carry the lateral pressure and prevent 
soil movement under the adjacent building, it was 
decided to assemble a steel tube curtain at the com-
mon boundary of the two buildings. The selected 
method has sufficient strength and stiffness to 
sustain the lateral pressures with the minimum 
disturbance, since the steel tubes will be installed 
by rotating and cutting soil. Furthermore, the 
characteristics of these elements are guaranteed 
by the manufacturer and thus the risk of construc-
tion defects is eliminated. A bitumen coat was also 
proposed in case further reduce of lateral friction 

1 INTRODUCTION

The demolition of an old building for the con-
struction of a multi-store building with a 4-level 
underground parking provoked large settlements 
on an adjacent building. The aim of the present 
paper is to investigate the interaction between the 
retaining structures, consisting of a diaphragm 
wall combined with steel struts, and the adjacent 
building and to design the appropriate measures 
that will minimize the effects during the diaphragm 
construction.

The project is located in Thessaloniki, at the 
sea-front Nikis Av., and the excavation of 20.00 m 
width and 25.0 m length extends to the depth of 
12.0 m. For the construction of the 4-level under-
ground parking, the construction of a reinforced 
concrete diaphragm wall was predicted, while the 
excavation was planned in stages with the installa-
tion of steel struts accordingly.

It is widely accepted that underground construc-
tions and retaining structures installation in urban 
environment with neighbouring buildings can 
cause disturbance of the foundation conditions 
of the latter. The consequences are more severe 
the poorer the subsoil conditions are. In the case 
of soft soil formations with low shear strength 
parameters and high compressibility, stress release 
can be observed underneath the adjacent build-
ings, resulting in unacceptable values of differen-
tial settlements.

As far as the case under investigation is con-
cerned, large settlements and rotations were 
observed on the adjacent building when demolish-
ing the old one and its foundation. This was the 
reason that led to the decision of underpinning 
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was needed. As far as the implementation of the 
proposed method is concerned, it is rather simple, 
owing to the equipment commonly used to per-
form boreholes. Its main disadvantage, in com-
parison with other methods, is additional time and 
higher cost demands.

2.2 Method description—construction stages

The sequence of the supporting measures instal-
lation initially involved the placement of the steel 
tubes at the common boundary with the adjacent 
building, as illustrated in Figure 1. The heads of 
the steel tubes were fixed in a a reinforced concrete 
beam as shown in the figure. The excavation of 
the diaphragm wall was carried out in segments of 
2.80 m.

During excavation procedure, bentonite slurry 
completely filled the diaphragm shaft, while the 
lifting of the excavator head was accomplished 
very slowly in order to avoid soil boiling on the 
excavation sides. At every segment concreting was 
poured from the bottom of the excavation using 
a tube. The same procedure was followed for 
the next 2.80 m segment of the diaphragm wall. 
Measurements of displacements were acquired 
and evaluated on a continuous basis to minimize 
the risk of deteriorating the situation.

When the construction of the diaphragm was 
completed, the excavation took place in stages. 
Each stage included, apart from the excavation to 
a certain level, the installation of steel tube struts 
(final design of excavation and retaining procedure 

carried out by the constructor). Displacements 
measurements were still recorded for every excava-
tion phase until the basement slab is constructed.

3 NUMERICAL ANALYSIS

3.1 Soil profile

The results of a geotechnical investigation carried 
out in the site have been evaluated, along with the 
results of a geotechnical survey conducted for the 
construction needs of a nearby building.

The subsoil in the area of the project initially 
consists of depositions, down to the depth of 
7.20 m, composed of silty sand with gravel, which 
is characterized by a low shear strength with prac-
tically zero cohesion. The layer of depositions is 
underlain by the sea-bed consisting of loose silty 
sand with shells and organics, with a thickness of 
2.60 m. The third soil formation encountered is 
a cohesive layer, with shear strength parameters 
increasing with depth. In general, the subsoil in 
the area of the project is very compressible with 
relatively low shear strength down to a depth of 
10.00 m. According to EN 1998-1:2003 it is clas-
sified to S2 soil category which includes deposits 
of liquefiable soils, of sensitive clays, or any other 
soil profile not included in types A–E or S1 and 
requires special studies. Table 1 presents the main 
soil properties of each soil layer, adopted for the 
numerical analysis and derived from geotechnical 
investigation and evaluation of in-situ and labora-
tory tests.

3.2 Simulation procedure

The numerical simulation of the excavation 
procedure was performed using the finite differ-
ence code FLAC (ver. 5.0). At the bottom level 
of the computational domain all movements were 
restrained, whereas at the lateral exterior sides lat-
eral movements perpendicular to the boundary 
were restricted. Table 1 summarizes the properties 
of the soil layers, while the elastic-plastic Mohr-
Coulomb constitutive model was used to simulate 
the behaviour of the soil. It is noted, however, that 
in case of unloading the deformations moduli pre-
sented in Table 1 are 10 times higher.

The analysis was two dimensional (plain strain 
conditions), while in reality triaxial conditions 
at the corners of the excavation are more favo-
rable (Moormann and Katzenbach R., 2002). 
The number of soil elements was 6960, while 
125 beam elements were used to simulate the 
adjacent building (115 elements) and the steel 
tubes (10 elements). Beam elements were con-
sidered as linear elastic and their rigidity has 
been accordingly modified for the 2-D analysis Figure 1. Supporting measures cross section.
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(divided by spacing). Figure 2 illustrates the mesh 
used together with soil stratification adopted.

The groundwater level was found at the depth of 
1.50 m and therefore the appropriate hydrostatic 
pressure is allowed for in the analysis. No drainage 
have been taken into account.

The numerical analysis included all construc-
tion stages. More specifically, the first step cor-
responded to the initialization of the stress field 
(Stage 0), while the next stage includes the adja-
cent building allowing for its loads (Stage 1). The 
next stages, Stages 2–4, simulated the excavation 
of the diaphragm down to the depth of 2.0, 5.0 
and 22.0 m, respectively). The simulation allowed 
for the bentonite slurry action, whereas the pres-
ence of the steel tubes was evaluated by solving the 
same problem twice, with and without activating 
the steel tube elements.

The analysis which incorporated the pre- 
supporting measures was followed by excavation 
stages to the final excavation level, according to the 
final design of excavation and retaining procedure. 
Thus the first excavation stage was simulated by 
removing soil elements down to the depth where 
the first strut was to be placed (Stage 5). Four exca-
vation stages followed (Stages 6 to 9) until the level 
of −11.84 m, including the installation of a tube 

strut in each stage, at the appropriate levels so as 
not to impede the construction of the slabs of the 
building. In order to limit soil spreading under-
neath the adjacent building during excavation 
phases, it was found from a preliminary analysis, 
that the struts must be prestressed at 500 kN each.

3.3 Numerical analysis results

The cinematic field and the settlements of the adja-
cent building after the excavation of the diaphragm 
until the depth of 5.0 m are illustrated in Figure 3. 
The presence of the bentonite slurry was incorpo-
rated in the analysis, and the steel tubes were also 
activated. In Figure 4 horizontal displacements 
of the adjacent building and bending moments at 
steel tubes are presented for the same stage. The 
horizontal displacement at the top of the building 
equals to 1.8 mm while the maximum settlement 
is 0.56 mm.

Next construction stage (Stage 4), simulating 
22.0 m diaphragm excavation, led to displacements 
and moments illustrated in Figures 5 and 6. The 
horizontal displacement at the top and the settle-
ment reaches 22.2 mm and 17.9 mm respectively. 
The pre-supporting tubes’ maximum moment is 
42.8 kNm/m and determined the required section.

In the case where the steel tubes were not acti-
vated (no pre-supporting measures taken), the cor-
responding displacements for Stages 3 and 4 are 
presented in Figures 7 and 8 respectively.

Without the implementation of the pre- 
supporting measures, the lateral displacement at the 
top of the building is already 12.2 mm at Stage 3, 
while the settlement is 5.9 mm. Excavating 22.0 m 
of the diaphragm without the installation of the 
tube curtain (Fig. 8) leads to a horizontal displace-
ment of 42.7 mm and a settlement of 34.6 mm.

When comparing the results of the two analyses, 
with and without the steel tubes, it is realized that 
the application of the proposed pre-supporting 
measures prior to the diaphragm construction 
contributes considerably to stress reduce limitation 
under the adjacent building, minimizing its settle-
ment to acceptable limits.

Table 1. Effective shear strength parameters and deformations moduli used in the analysis for the profile sublayers.

Layer 
FILL

Layer
S

Layer
M

Layer
C

Layer
C1

Layer
S1

Layer
C2

Depth (m) 0.0–7.0 7.0–10.0 10.0–13.0 13.0–17.0 17.0–22.0 22.0–25.0 >25.0

Unit weight γ (kN/m3) 19.4 16.5 15.8 21.1 21.5 21.1 21.3

Bulk modulus b (MPa) 7.42 5.00 2.50 5.00 8.33 16.70 25.00

Shear modulus s (MPa) 3.42 2.31 1.15 2.31 3.85 7.69 11.5

Cohesion c (kPa) 3 1 2 5 10 0 30

Angle of friction φ (ο) 30 30 20 32 28 38 35

Figure 2. Finite difference mesh.
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Figure 3. Displacement field and settlements of the 
adjacent building, Stage 3.

Figure 4. Horizontal displacements of the adjacent 
building and bending moments at steel tubes, Stage 3.

Figure 5. Displacement field and settlements of the 
adjacent building, Stage 4.

Figure 6. Horizontal displacements of the adjacent 
building and steel tubes’ bending moments, Stage 4.

Figure 7. Displacement field and settlements of the 
adjacent building, without pre-supporting, Stage 3.

Figure 8. Displacement field and settlements of the 
adjacent building, without pre-supporting, Stage 4.
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The settlement provoked by the diaphragm con-
struction is of the order of 18 mm, given the instal-
lation of the tube curtain precedes the diaphragm 
excavation. Provided that the recorded settlement 
before the elaboration of the present analysis was 
approximately 25 mm, the total anticipated settle-
ment by the end of the diaphragm construction 
will be of the order of 43 mm.

The maximum values of tube bending moments 
are summarized in Table 2, where maximum dis-
placements are presented as well for both cases 
(with and without tube curtain installation).

The results of the final stage of the analysis 
(Stage 9) are illustrated in Figure 9. More specifically, 

the figure depicts the isovalues of horizontal dis-
placements of the soil, the horizontal displacements 
of the adjacent building, the bending moments of 
the diaphragm and the axial forces of the prestressed 
struts. It is realized that the final horizontal displace-
ment at the top of the adjacent building, after the 
final excavation stage down to the foundation level 
was 7.7 mm. It is also worth mentioning that the 
aforementioned value is achieved only in case of 
adequately prestressed struts (in fact precompressed) 
and that in case of no prestressing imposed, dis-
placements would exceed the acceptable limits. The 
latter was validated after a series of analyses which 
determined the precompression force as well.

Table 2. Horizontal displacements and settlements of the adjacent building with and without steel tubes diaphragm 
during excavation and bending moments of tubes for all excavation stages.

Stage

Max. horizontal
displacement without
pre-supporting
(cm)

Max. settlement
without
pre-supporting
(cm)

Max. horizontal
displacement with
pre-supporting
(cm)

Max. settlement
with
pre-supporting
(cm)

Max. tube
bending 
moment
(kN.m/m)

2 0.0 0.0 0.0 0.0  7.2

3 1.2 0.6 0.0 0.0 10.7

4 4.3 3.5 2.2 1.8 42.8

Figure 9. Horizontal displacements of the adjacent building, diaphragm bending moments and struts’ axial forces, 
Stage 9.
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4 DESIGN OF STEEL TUBES

The problem presented has been numerically solved 
within the notion of soil—structure interaction, 
the implementation of which does not include the 
use of safety factors. Consequently, for the design 
of the structural elements (steel tubes in this case), 
forces and moments from the numerical analysis 
must be multiplied by a general factor of safety. 
Given that steel quality is St 37, for permanent 
use of the steel tubes, the allowable stress is taken 
equal to σs = 161 MPa (DIN 17100). The required 
moment of resistance for the tubes' section, Wreq, is 
calculated using Equation 1:

WreWW q
s

M
* F=

maMM x

σ s

 (1)

where F = the factor of safety and Mmax = the 
maximum bending moment developed along tubes 
(see Table 2).

Tubes of with 254 mm external diameter and a 
thickness of 8 mm were applied, with moment of 
resistance W ≈ 368.65 cm3.

5 COMPARISON OF IN-SITU 
MEASUREMENTS AND 
NUMERICAL RESULTS

During the construction of the projects measure-
ments of displacements were continually taken at 
several points of the adjacent building, as the final 
design specified. It is noteworthy that the recorded 
horizontal displacement at the top of the adjacent 
building after the construction of the diaphragm 
was 20 mm, which is practically equal to the 
numerically estimated (22.2 mm).

The prestressed struts enabled the excavation 
to the final depth, limiting the displacements to 
acceptable values. The struts’ disposition after the 
final excavation stage is shown in Figure 10.

6 CONCLUSIONS

With the aim to solve the problem of minimizing 
the effects of stress reduce under an adjacent build-
ing during the construction of the retaining ele-
ments of a four level basement at a seaside area in 
Thessaloniki, a numerical analysis was carried out. 
Large settlements had already been observed when 
demolishing the old building. The application of jet 
grouting was not effective and further settlements 
and rotation of the adjacent building were observed. 
It was therefore considered that the construction of 
the diaphragm wall using bentonite slurry would 
further enlarge the effect due to the fact of unfavo-
rable pressure differentiation at the upper part of 
the excavation where lateral pressure underneath 
the foundation of the adjacent building would be 
higher than that of the bentonite slurry.

It was therefore decided to assemble a steel tube 
curtain to carry the lateral pressure and prevent soil 
movement under the foundation. To achieve this 
target a multi-stage numerical analysis was carried 
out including the installation of the tube curtain, 
the simulation of excavation and soil replacement 
by bentonite slurry. An iterative process of analysis 
has permitted an effective design for both the length 
and the section of the tubes. The analysis was then 
extended to the construction of the diaphragm 
wall, the excavation in stages and the installation of 
steel struts accordingly. In order to maintain lateral 
displacement to an acceptable limit and at the same 
time sustain the development of bending moment 
below the diaphragm wall capacity an iterative 
process of analysis was also carried out.

The horizontal displacement at the top of the 
adjacent building was recorded when the diaphragm 
started using a gauge dial at the boundary with the 
next building founded on piles. By the construction 
of the diaphragm it was 20 mm, which is practically 
equal to the numerically estimated (22.2 mm).
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