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A Case Study of 3D FE Analysis of a Deep Excavation Adjacent to a Tunnel 
Construction 

Une étude de cas d'une simulation tridimensionnelle  d'analyse par éléments finis d'une excavation 
profonde adjacente à une construction d'un tunnel

Guler E. 
Bosphorus University, Istanbul, Turkey 

Osmanoglu U., Koç M. 
ELC Group Inc. (Royal HaskoningDHV Turkey), Istanbul, Turkey 

ABSTRACT: This paper describes the 3D geotechnical FE analysis and design of a deep excavation bracing system. The location is
situated in a very dense business area in Istanbul. The maximum height of the excavation is ~23 m to accommodate 7 basement floors.
The layout has a non-uniform shape, surrounded with existing high rise structures with multi-basement floors, and an underpass 
connection to E-5 Motorway. In addition to these, the most outstanding characteristic of this design is the pedestrian tunnel and the
shaft that is very close to the excavation pit. Both of these underground structures were being constructed throughout the same
construction period as the deep excavation. At the non-anchoring zones adjacent to the tunnel and shaft, steel struts have been used. 
As a compound engineering service, soil investigation – design – site supervision – geotechnical instrumentation works was carried
out. Therefore a comprehensive data for comparison between design results and in-situ performance could be gathered. This paper
focuses on the details of the sophisticated 3D FE analysis and the comparison with the in-situ performance of the shoring system. 

RÉSUMÉ : Ce document décrit l'analyse géotechnique 3D par éléments finis et la conception d'un système de contreventement utilisé
dans l'excavation profonde. L'emplacement est situé dans un quartier très dense à Istanbul. La hauteur maximale de l'excavation est de 
23 m pour 7 sous-sols. Le site a une forme non uniforme, entouré de structures existantes de grande hauteur avec multi-sous-sols, une 
connexion souterraine de l'autoroute E-5. En plus de cela, la caractéristique la plus remarquable de cette conception est le tunnel pour 
piétons et l'arbre qui est très proche de l'excavation. Ces deux structures souterraines ont été construites pendant la même période que 
la construction de l'excavation profonde. Au niveau des zones de non-ancrage adjacentes au tunnel et à l'arbre, des entretoises en acier
sont utilisées. En tant que service d'ingénierie l'étude du sol, - la conception - la supervision de chantier - les travaux en 
instrumentation géotechnique ont été réalisées. Par conséquent un ensemble de données complètes pour la comparaison entre les 
résultats de la conception et de la performance in-situ aurait pu être recueillie. Ce document se concentre sur les détails d'une
simulation 3D sophistiquée d'Analyse par éléments finis et la comparaison des performances in-situ du système d'étaiement. 

KEYWORDS: 3D FE Analysis, Deep Excavation, Case Study, Excavation-Tunnel-Shaft interaction. 

1 INTRODUCTION 

The deep excavation retaining system project is located at the 
European side of Istanbul. The plan view of the site is presented 
in Figure 1. The depth of the excavation is 23 m. The ongoing 
construction of a pedestrian tunnel and entrance shaft adjacent 
to this excavation makes the design of the retaining system 
complicated. Interaction with this deep excavation work was not 
considered in the design of the tunnel and shaft. Hence, the 
shoring design for the deep excavation had to consider the very 
close tunnel and shaft which were still being constructed and 
standing with their temporary support systems during the 
excavation works. Since the interaction between the deep 
excavation and the simultaneously constructed shaft and tunnel 
cannot be modeled with only a 2D analysis (plain-strain model), 
a 3D Geotechnical FE analysis (especially for the shaft location) 
had to be conducted. 

The pedestrian tunnel has a span of 7 m at a distance of 7 m 
to the piles of the shoring system. The shaft has a diameter of 6 
m at 2.5 m distance to the piles of the shoring system. The 
tunnel and shaft’s temporary support system was composing of 
~20 cm shotcrete facing and rock bolts. In the tunnel 4 m long 
rock bolts were used only at the top heading. In the shaft 2 m 
long radial rock bolts were used. The temporary excavation 
system of the building is designed with micro piles, pre-stressed 
anchors and steel struts at non-anchoring zones due to tunnel 
and shaft. The elevation corresponds roughly to the foundation 
level of the excavation pit.  

The software used in this project were TNO DIANA for 3D 
modeling and Plaxis V.11 for 2D modeling (for the analysis at 
the tunnel side).  
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Figure 1. Site layout with surrounding structures 

2 DESIGN PHASE 

The design works were carried out based on the geological & 
geotechnical data obtained from the site investigations. 
Surcharge loads were considered wherever necessary. 
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2.1 Geological & Geotechnical Conditions 

The geology of the site mainly consists of Carboniferous aged 
Trace Formation’s intercalation of sandstone – siltstone layers. 
The bedrock is overlain by weathered particles of the Trace 
Formation in clay matrix with thicknesses varying between 3 ~ 
4 m. Finally the site is covered with artificial fill with a 
thickness of ~2 m. The bedrock is divided in to two fictitious 
layers at a depth of 14 m according to the increasing rock mass 
quality. Except leakage water from the discontinuities and 
fractures, no groundwater table was encountered at the site. The 
proposed stratigraphy and the engineering parameters used in 
modeling are presented in Table 1. 

Table 1. Proposed stratigraphy and engineering parameters  

Layer Fill Residual Zone Bedrock-1 Bedrock-2

Thickness (m) 2 5 7 - 

c (kPa) 0 1 5 10

 (°) 25 30 35 38 

(kN/m³) 18 20 22.5 23 

E (kN/m²) 5,000 25,000 100,000 150,000 

 0.35 0.30 0.28 0.25 

2.2 Design Philosophy 

Since the construction of the pedestrian tunnel and shaft were 
ongoing at the time, the initiation of the phased construction 
model had to be started with simulation of these structures. The 
design work was aiming to find out the effects of the deep 
excavation on the tunnel and shaft structures. In order to detect 
the magnitude (after initial phase) and variations of the section 
forces together with the deformations of the tunnel and shafts’ 
temporary support system throughout the deep excavation, 
demounting and basement construction stages, the shotcrete 
facing was modeled with shell elements. 

The deep excavation support system was designed 
contiguous (without a gap) to the basement walls that will be 
constructed after the completion of the deep excavation. This is 
mainly due to the clients’ demand for minimum space loss. This 
philosophy turned in to an advantage for the adjacent tunnel and 
shaft, since every constructed basement floor constituted a rigid 
support to the shoring system, hence the effects of demounting 
stages could be minimized on tunnel and shaft. 

Both the 2D and 3D finite elements models were constituted 
in compliance with in-situ construction steps (tunnel & shaft 
construction, staged deep excavation procedure, staged 
basement construction and demounting of the steel struts).  

The steel struts, piles of shoring system, shotcrete facing and 
the rockbolts were modeled as linear elastic materials. The 
properties of these linear elastic materials are given in Table 2. 
All struts used were tubular steel with a thickness of 10.3 mm. 

Table 2. Elastic and rigidity variables  

Material E (kN/m²) D Spacing (m) d Diameter 

Micropiles 2.5E7 0.60 30 cm 0.20 

Shotcrete 2.0E7 cont. 20 cm 0.20 

Steel struts  2.1E8 3 16” ~ 32” 0.28 

Rockbolts 1E7 1.5 51 mm 0.28 

2.3 2D FE Analysis 

General approach to model a deep excavation in geotechnical 
engineering is to execute Limit Equilibrium stability analysis to 
get the satisfactory factor of safety and a FEA to check the 

compliance of deformation criteria. Since 2D FEA is a fast and 
effective design tool, the same methodology was used for the 
subjected project. 

The 2D FE model at the adjacent tunnel location is given in 
Figure 2. 

Figure 2. 2D FE model from tunnel section 

Deformation analyses were carried out with commercial 
software package of PLAXIS. Mohr Coulomb material model 
was used for the design based on the expertise of deep 
excavation designs and their feedback from in-situ performance, 
in similar geological circumstances which is very widespread in 
Istanbul.

2.4 3D FE Analysis 

A 3D FE Analysis had to be conducted in order to simulate the 
interaction between the deep excavation works and 
tunnel&shaft. The main goal of the 3D modeling study was to 
establish an appropriate excavation system and sequence, hence 
only the related part of the system was focused in the analysis. 
By this means, the processing time in such a complex model 
could be reduced to a reasonable level. As it is in 2D FEA, also 
Mohr-Coulomb material model was used in the 3D FEA. All 
engineering parameters were kept same. 

The 3D FE model is given in Figure 3. 

Figure 3. 3D FE model from with nearby tunnel and shaft 

3 RESULTS FROM THE ANALYSES 

The main purpose of this modeling study was to find out the 
interaction between the tunnel&shaft structures with (and 
during) the deep excavation works. Therefore, the specific 
values (bending moments, shear forces, normal forces, and 
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displacements) are presented in this paper (both from 2D FEA 
and 3D FEA) in Table 3. The given results for the tunnel and 
shaft structures are values prior to excavation and final values 
after completion of deep excavation work. 

Table 3. Results of FEA  

Result 2D FEA 3D FEA 

Deformation of shoring (mm) 7.8 4.2 

Deformation of Tunnel (mm) 9 / 3 2.0 

Deformation of Shaft (mm) NA 3.2 

Bnd.Moment on Shoring (kNm/m) 97.3 31

Bnd.Moment on Tunnel (kNm/m) 9 / 16.4 8.4 / 8.7 

Bnd.Moment on Shaft (kNm/m) NA 13.9 / 16.1 

Shear Force on Shoring (kN/m) 132.4 83

Shear Force on Tunnel (kN/m) 20.2 / 22.5 26.8 / 25.3 

Shear Force on Shaft (kN/m) NA 20.0 / 19.6 

Normal Force on Shoring (kN/m) 416.8 366

Normal Force on Tunnel (kN/m) 470.7 / 633.4 545 / 532 

Normal Force on Shaft (kN/m) NA 800 / 666 

The result for total deformation from the 3D FEA is 
presented in Figure 4. The result for total deformation from the 
2D FEA is presented in Figure 5. 

Figure 4. Total displacement from 3D FEA (max. 4.2 mm) 

Figure 5. Total displacement from 2D FEA (max. 7.8 mm) 

The result for bending moments (on all shell elements) is 
presented in Figure 6. 

Figure 6. Bending moments from 3D FEA (max. 31 kNm/m 
shoring, max. 8.7 kNm/m tunnel, max. 16.1 kNm/m shaft). 

In addition to deformations and section forces, the axial 
forces on the steel struts are also calculated and compared with 
both 2D and 3D FEA. The values are presented (as the envelope 
values for all construction and demounting stages) in Table 4. 

Table 4. Results of Axial Forces in struts 

Result 2D FEA 3D FEA 

Axial Forces (kN) 263 kN/m 627-765 kN* 

*The assumed length of struts in 2D is 20 m hence the results 
of 17-23 m struts in 3D model are given. The spacing of the 
struts in 2D model is 4.0 m, so that the value of 263 kNm/m 
(perpendicular to the surface) shall be multiplied by 3 in order 
to get the axial perpendicular force of an individual strut. 

The results for steel strut axial forces from 3D FEA are 
presented in Figure 7. 

885 kN 
838 kN 

765 kN 
627 kN 
219 kN 

Figure 7. Total strut forces from 3D FEA (max. 885 kN) 

4 CONSTRUCTION AND MONITORING PHASE 

During construction period, a geotechnical instrumentation 
program, consisting of inclinometers, optic survey points (for 
deformation monitoring) and strain-gauges (for axial force and 
dependently stresses on steel struts), has been carried out. This 
monitoring program gave reliable data and so it was possible to 
verify the design results with in-situ performance that has been 
gathered. 

The maximum deformation on the inclinometer at shaft 
location (INK-07) was measured as ~7 mm. The maximum 
deformation values received from optical surveys are also ~7 
mm at shaft location and ~8 mm at the tunnel location. 
Inclinometer and optic survey results are presented in Figure 8.  
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Figure 8. (a) Inclinometer (b) optic survey results 

In addition to deformation monitoring, the axial forces (and 
dependently stresses) on the steel struts were monitored by 
means of strain-gauges. As expressed in Table 4, the maximum 
axial force on the steel struts were found as 263 kN/m 
(normalized axial force ~1500 kN). This value corresponds to a 
stress value of ~125 MPa. The maximum axial force from the 
strain-gauge readings is calculated as ~1620 kN corresponding 
stress is calculated as 130 MPa. The mean axial deformation 

horing wall was calculated as ~6.2 mm, 

can be concluded Finite Element Analyses (preferably including 
ically complex problems) are useful tools 

Und Geological
Characteristics of Istanbul Greywackes”, 10th IAEG2006, Paper 
395, Nothingam, UK. 

Undul O. and Tugrul A, 2006. “The Engineering Geology of Istanbul, 
Turkey”, 10th IAEG2006, Paper 392, Nothingam, UK. 

perpendicular to the s
which was derived from the results of axial compression values 
(L17.5 mm) from the strain-gauges. 

5 CONCLUSIONS 

In the deep excavation project in Istanbul, geotechnical
dimensioning of the shoring system was defined by means of 
Limit Equilibrium and Finite Element method of analyses. Both 
2D and 3D FE analyses were adopted for evaluation of the 
interaction between the adjacent tunnel & shaft (which were 
still under construction and standing with their temporary 
supports) with the deep excavation. The shaft and the tunnel 
design had not foreseen the deep excavation at their close 
vicinity, so the responsibility of ensuring the stability of the 
excavation itself and of the tunnel and shaft was the sole 
responsibility of the deep excavation support system designer. 

Based on the results gathered from this project, it can be 
concluded that the 2D FEA leads to safer results (slightly higher 
deformation values and section forces) compared to 3D FEA. 
This conclusion is also in accordance with our own expertise in 
deep excavation design works with similar circumstances. 

Moreover, the data gathered from the geotechnical 
monitoring program revealed compatible in-situ performance 
with the analyses results (both on deformations and stresses). It 

3D FEA in geometr
under expertise whereby supported with in-situ monitoring.  
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