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Prediction of ground subsidence above tunnels in Cairo 

Prediction de I’influence du sol au dessus des tunnels du Caire

F. M. El-Nahhas, A. A. Ahmed & K.A. Esmail -  G e ote chnica l Engineering, A in S ha m s University, Abbasia , C airo, E gypt

ABSTRACT: Several kilometers of urban tunnels have been constructed in Cairo through water-bearing Nile alluvial deposits. Open-face shields 

with compressed air, bentonite sluny TBMs and earth pressure balanced TBMs were utilized for constructing the main tunnels of the Greater Cairo 

Wastewater Project having excavated diameters of up to 6.1 m. More sophisticated bentonite sluny machines of larger diameter (9.4 m) have been 

used for constructing a double-track tunnel for the Greater Cairo Metro - Line No. 2.These tunnels have been advanced under the central congested 

districts of Cairo. Therefore, extensive analytical studies and in-situ monitoring programs were carried out in order to assess ground subsidence 

associated with each construction technology and to document their actual quantitative performance in controlling ground settlement. Empirical and 

numerical predictions of ground subsidence above these tunnels were attempted during the design stages. Measured settlement troughs were also 

matched by the results of more refined two-dimensional finite element back-analyses. This paper presents comparison of measured ground settlement 

with results of the numerical back-analyses which were performed for two tunnels constructed in Cairo. The first tunnel was advanced using open 

face shield with compressed air while the second tunnel was excavated using closed-face bentonite slurry machine. These analyses take into 

consideration : ground stratigraphy, soil nonlinearity, ground-lining interaction including their interface and construction details. It is generally 

recognized that the conventional empirical assessment of ground subsidence above tunnels should be replaced by a more sophisticated numerical 

modelling which can avoid the shortcomings and limitations of the first approach. Comparison of the numerical results with the field measurements of 

the two tunnels investigated in this paper illustrates the potential of such numerical analyses to model two different construction technologies of urban 

soft ground tunnels.

1 INTRODUCTION

Urban tunnelling through water-bearing Nile alluvial sandy 

deposits may be impossible without adequate measures to control 

ground displacements, otherwise unfavorable ground subsidence 

is inevitable. The main source o f ground loss in this ground 

condition is associated with stability o f ground mass around the 

tunnel face. Therefore, smaller diameter tunnels were constructed 

successfully using open face machines under compressed air. 

However, the use o f bentonite slurry TBMs was essential for 

adequate control o f ground movements around larger diameter 

tunnels with the added advantage o f high rate o f advance.

Several approaches are readily used for prediction o f the 

ground subsidence associated with tunnelling. For instance, 

empirical methods are still in use (Fujita, 1994) due to their 

flexibility to update the new tunnelling technology with the back 

feeding o f field monitored programs. These methods appear to 

provide satisfactory results in normally consolidated clays, but 

tend to be misleading in granular soils (New & O’Reilly, 1991) 

and in overconsolidated clays (Eisenstein et. al, 1981). Several 

numerical approaches have been developed to predict the ground 

subsidence around TBMs. Some investigators recommended a 

combination o f the finite element method and the convergence- 

confinement concept o f tunnelling analysis (Eisenstein & Negro, 

1985; El-Nahhas et. al, 1992). Other researchers focused on 

analyzing the gap developed between soil excavated surface and 

lining external surface, which is known as gap parameter (Rowe 

and Kack, 1983 & Esmail, 1997).

In present paper, the finite element method was used to predict 

the ground subsidence around two tunnels constructed in the 

typical Cairo subsurface ground conditions using two different 

tunnelling technologies. The first tunnel was constructed utilizing 

open face machine under compressed air representing a part of 

the main sewer line for Greater Cairo Wastewater Project, while 

the second tunnel was constructed using closed face bentonite 

slurry TBM representing the main part o f the Greater Cairo 

Metro-Line No. 2. Figure 1 illustrates typical cross-sections 

through these tunnels.

Analyses o f the two tunnels were performed using a nonlinear 

finite element technique, in which both the soil and lining as well

as the interface between them were idealized in the analysis. In 

the first tunnel, the convergence-confinement approach o f tunnel 

analysis was coupled with a nonlinear finite element analysis to 

predict the ground displacement around the tunnel. In the second 

tunnel, the concept o f the annular gap parameter was introduced 

in the analysis which was provided with modified active spring 

type interface elements. This new developed active interface 

element was inserted between lining and ground to simulate the 

real interaction between ground and lining during excavation 

process for tunnels constructed using closed face TBMs.

2 PROCEDURE OF ANALYSIS

2.1 Analysis based on convergence-confinement approach

The convergence-confinement approach or the characteristic lines 

method is a procedure in which the soil-lining interaction is 

analyzed considering the behaviour o f each o f the soil and the 

lining independently. The analytical aspect o f the method is based 

on the axi-symmetrical cylindrical model which consider both the 

ground surrounding the tunnel opening and the lining to represent 

the same radial mode o f  deformation. However, it can be
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Figure 1: Configuration  and soil p rofile  o f Cairo W astew ater 

Tunnel ( le f t )  and Cairo Metro Tunnel (rig h t).
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extended to a general two-dimensional condition utilizing the 

finite element process (El-Nahhas et al 1992). The method 

implies an understanding o f ground behaviour for determination 

o f the soil convergence in terms o f the applied confinement 

pressure, and determination o f the confinement pressure acting 

on the lining in terms o f its deformation.

Accordingly, analysis o f the first tunnel was carried out in 

three independent stages, namely the tunnel excavation, release of 

air pressure, and ground-lining interaction stage (Ahmed, 1991).

The first stage represents the unlined tunnel subjected to 

incremental forces representing in-situ gravity, hydrostatic pore 

water pressures and stabilizing compressed air pressure. During 

tunnelling operation, the excavation machine developed 

cylindrical cavity slightly bigger than the lining dimensions 

(machine overcutting). As soon as the shield cleared the outside 

surface o f the lining, self-hardening slurry is injected into the 

surrounding ground to fill any voids around the primary lining. 

The final mobilized effective cohesion o f the filling material, the 

action o f compressed air, and the low stiffness o f  the filling 

material keep the gap between the lining and the ground at a 

definite size.

The second stage o f analysis represents the ground behaviour 

just after the release o f air pressure. During this stage, the 

prestressed ground starts to relax, after the removal of 

compressed air, up to the full closure o f  the annular gap between 

the ground and the lining and full interaction between them takes 

place. The calculated ground movements o f these two stages were 

then applied to the ground reaction curves to determine loading 

condition o f the ground-lining system.

In the third stage o f analysis, the computed reduced pressures 

(due to tunnel excavation), are applied to the soil-lining system. 

This system is composed o f the ground continuum, tunnel lining, 

and the interface medium between them.

2.2 Analysis based on gap-parameter

The main objective o f this model is to introduce a representation 

o f the soil-lining interaction ( when using closed face bentonite 

slurry TBMs). The method considers the gradual closure of 

annular gap between the soil excavated surface and lining 

external surface. The important role o f this gap on tunnel lining 

behaviour was identified by Thomson and El-Nahhas (1980).

Numerical modelling o f the method also provides a newly 

developed spring type interface finite elements inserted allover 

the perimeter o f the annular gap. These elements begin to interact 

and contribute to the global stiffness o f the soil-TBM (or-lining) 

system as soon as they become in direct contact with soil at each 

spring location. The remaining interface elements are on stand

by to take their role in the soil-lining interaction system through a 

process o f nonlinear geometric finite element iterative technique 

(Esmail, 1997).

The stress reversal forces due to excavation are applied to the 

gap system in an incremental procedure to allow the sequential 

updating o f the geometry o f gap surface and the activation of 

some interface elements and consequently the development of 

larger soil-TBM (or-lining) interaction zones.

Figure 2 illustrates the proposed analytical model just after 

lining activation, at this stage o f construction, the cylindrical 

lining due to own weight will sink to tunnel invert. Therefore, the 

width of annular gap has a maximum value at tunnel crown. 

Figures 3 to 5 show the proposed stages o f soil-TBM-lining 

interaction.

Figure 3 indicates the loading condition at tunnel crown and 

invert, just behind the cutter head. At tunnel crown (Detail A), the 

loading consists o f unloading forces due to tunnel excavation and 

slurry pressure used during excavation acting on both tunnel wall 

and TBM shield. At tunnel invert (Detail B), the loading 

condition consists only o f the unloading forces due to tunnel 

excavation.

Furthermore, Figure 4 illustrates the model at the TBM tail 

skin. Details A& B on the figure represent the loading condition 

developed at tunnel crown and invert respectively. The loading 

condition at this stage o f construction is less than those associated 

with the previous construction stage due to ground flow into the

void. At the end o f this stage, the lining is already installed inside 

the TBM shield but there is no contact between the lining and the 

ground.

The model assumes that the ground will move to close the 

annular gap around the shield before the end o f the TBM, which 

means that the ground will be in full contact with the shield at the 

tail skin. So, at this stage loading condition will be due to 

excavation only and slurry pressure will be eliminated.

Figure 5 represents the model just after full clearance o f the 

TBM shield. Grouting through the tail skin will fill the gap
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between TBM and lining. The developed grouted zone is 

idealized in the global soil-grouting-lining system with its 

strength characteristics. The reduced unloading forces due to 

excavation will be transfer to this system causing the lining to 

deform until case o f equilibrium between the ground and lining is 

reached.

3 GROUND CONDITION IN CENTRAL CAIRO

Most o f the tunnelling activities in Cairo have been located 

under the central districts which lie on the flood plain o f the river 

Nile. This plain was the site o f riverine deposition through the 

"Pleistocene" and the sediments exceed 600 m thick in the Cairo 

area. The sedimentary column can be divided into several units. 

Commencing with the surface, a top layer o f fill varies in 

thickness from place to place depending on whether the area had 

been an old channel, a pond or simply a flood plain. Below this 

fill there is natural deposit o f  stiff massive clay-silt layer. This is 

followed downwards by an extensive mass o f interbedded graded 

sands, the upper layers o f which are fine with the coarser grained 

varieties beneath. Geotechnical characteristics o f these deposits 

are given by El-Nahhas et al (1989) as shown in Table 1.

Table 2 contains the recommended values o f nonlinear 

parameters o f each layer.

4 PREDICTION OF GROUND SUBSIDENCE

4.1 Cairo Wastewater Tunnel

This tunnel extends from Ameria pumping station (north of 

Cairo) to Ein-El-Siera (south o f Cairo) for about 13.5 km. It was 

considered that the compressed air tunnelling technology is 

suitable for achieving a stable condition along about one-third of 

the tunnel route. Open face shields were driven under compressed 

air (about 140 kPa). The excavated diameter o f tunnel was 5.15m 

driven at an average depth to centerline o f about 14.0m (Figure 

1).
The tunnel lining is a two-phase system that comprises a 

primary and a secondary lining. The primary lining consisted of 

precast bolted reinforced concrete segments (having the following

properties: thickness 225mm, width 0.8m, and no. of 

segments/ring 7, while the secondary lining consisted o f  rings 

formed o f  acid-resisting blue bricks with cast-in-place reinforced 

concrete invert slab forming the final internal diameter o f 4.0m.

An in-situ monitoring program was implemented during the 

construction o f this section. Soil displacements in the vicinity of 

the tunnel were measured during the tunnel advance using an 

array o f magnetic multipoint extensometers and surface 

settlement points (Shalaby, 1990).

Figure 6 compares between calculated and measured 

subsurface ground displacements. Measured settlement trough at 

the ground surface above this tunnel is also compared with 

predicted ones with and without compressed air on Figure 7.
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Figure 6 : M easured and com puted vertical m ovem ent 

Cafro W astew ater Tunnel.
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F ig u re  7  : M e a s u re d  a n d  c o m p u te d  s u r fa c e  s e t t le m e n t  

C a iro  W a s te w a te r  T u n n e l.

4.2 Cairo Metro Tunnel - Line No. 2

The second line o f Cairo Metro is about 19.2 km extending from 

Shoubra El-Khima (north o f Greater Cairo) to Giza (south-west 

o f Greater Cairo). Construction o f the first phase o f this line (10.9 

km) was completed. Closed face bentonite slurry machines were 

used to excavate 9.43 m diameter o f 7.1 km tunnel o f this line at 

an average depth below ground surface o f 18 m (Figure 1). The 

bentonite slurry is pressurized at a value o f about 140kPaat 

tunnel centerline.

The tunnel lining consists o f precast bolted reinforced concrete 

segments having the following properties: thickness 400 mm, 

width 1.5 m and no. o f segments/ring 8. Grouting around the 

lining is carried out through the tail-skin under pressure o f  about 

160 kPa.

Table 1: Average geotechnical properties.

Type o f Soil Fill Clay - 

Silt

Medium

Sand

Dense

Sand

Bulk density (kN/m3) 18 17.5 18 20

Natural Moisture Content 38 32 22 N/A

% Clay 25 40 8 zero

% Silt 30 45 15 5

% Sand 23 15 78 95

% Gravel 22 zero zero zero

Plastic Limit % 30 25 ... ...

Liquid Limit % 50 60 ... ...

Permeability (m/s) 3.5x10-* 10-* 3xl0-5 2x1 O'4

Undrained Shear Strength 

(k Pa)

50 60 — —

Effective Cohesion 

Intercept (k Pa)

N/A 10 — —

Effective Angle of 

Internal Friction (deg.)

N/A 20-30 25 35

Standard Penetration 

( Blows/0.3m)

4-2 0 11 20 35

Table 2: Nonlinear stress-strain soil parameters:

Soil Description k n Rf V

Fill 240 0.60 0.72 0.40

Clay - Silt 225 0.55 0.75 0.40

Medium Dense Sand 350 0.53 0.80 0.35

Very Dense Sand 500 0.50 0.80 0.30
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Figure 8 illustrates a comparison between calculated and 

measured settlement trough above this tunnel while Figure 9 

shows the calculated subsurface vertical displacements.
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F ig u re  8  : G ro u n d  s u r fa c e  s u b s id e n c e  

a b o v e  C a iro  M etro  T u n n e l.
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Figure 9 : Vertical d isp lacem ents along vertical plane  

passing through tunnel axis (C airo  Metro Tunnel)
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4.3 Discussion

The close matching o f calculated and measured subsidences 

above the two tunnels confirms the evident potential o f numerical 

modelling for predicting ground response to different tunnelling 

technologies. The prerequisite for the successful prediction using 

these methods is the correct modelling o f ground behaviour, 

lining reaction, ground-lining interface and construction details. It 

is fare to say that the only outstanding limitation of the finite 

element model is its slight overestimation o f the width o f the 

settlement trough which can be presently corrected with a suitable 

reduction factor. For soft ground tunnels in Cairo this factor has a 

value ranging between 0.75 to 0.95.

5. CONCLUSIONS

This paper offers comparison between results o f numerical 

modelling using the finite element method and field 

measurements compiled during advancing o f two tunnels under 

Cairo utilizing two different construction technologies. Close 

match o f calculated and measured subsidences confirms the 

growing potential o f numerical modelling in replacing ( or least 

complementing ) the conventional empirical approaches.
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