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Numerical modelling of prefabricated segmental tunnels under embankments

Michel J. BASTICK Alain GUILLOUX, Christelle LONGUET,
Development Manager, General Manager Engineer,

Groupe TAI, TERRASOL, TERRE ARMEE,
PARIS, FRANCE MONTREUIL, FRANCE LE PECQ, FRANCE

Summary

Groupe TAI introduced the TechSpan arch system about a decade ago. Since then about 600
structures have been built. This article presents the possible design options and assesses their
representativeness. The influence of various parameters on the arch behaviour is studied. A
comparison with measurements on a real structures validates the specific approach selected for
TechSpan.

1. TechSpan™ structures

TechSpan™ is a prefabricated arch system which is used to replace bridges, install tunnels under
fill or in cut and cover situation. Shape is optimised so that the concrete is mainly in compression.

The concept of arch is quite ancient and has been successfully used for centuries for masonry arch
bridges or for cast in situ culverts. Groupe TAI revisited the concept in 1986 and launched a three
hinge prefabricated system consisting of two pieces [1]. Typical dimensions are 3 to 25 meters in
span. Applications are for river crossings under fill, road and railway crossings, covering existing
railway in order to save space and reduce noise, and for industrial applications. To date, about
600 TechSpan structures have been built around the world.

2. Shape optimisation

Whilst the arch concept is simple in itself, the actual load history a structure element will undergo
while it is transported, erected and then backfilled is far from being simple. A safe structure will
call for all the load cases to be designed for. The whole purpose of TechSpan is to optimise the
shape in order to minimise the maximum tensile stresses to be resisted by steel reinforcement. This
optimum shape obtained by a computer program leads to an economical design. In some instances
TechSpan ability to be adapted in shape to the client's special requirement will prove useful in
special cases when extending an existing structure for example.
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Fig. 1 : Example of a TechSpan Fig.2 : Typical cross section and notations

In the end the system introduces the reliability and quality of an industrialised process in the
geotechnical field, where the geometry, load and soil variability cause each structure to be unique.
This uniqueness is accounted for by the shape optimisation, leading to a cost effective solution.

3. Various possible design methods

As for any underground structure, various calculation models can be used for the structural
design. But it is well known that the behaviour of buried structures is a problem of soil-structure
interaction, as the loads are dependant upon displacements.

The possible design methods can be classified in three categories, for which table 1 summarises
the advantages and drawbacks :
o the static analysis, in which the backfill is modelized only by the loads imposed to the
structure, without considering soil-structure interactions
e the beam and spring models, where the backfill is modelized both by the loads acting on the
structure (assumed value) and by the reactions exerted by the soil on the structure. These
reactions are dependant upon the calculated displacements, generally according to a linear
elastic behaviour in compression (no tensile reactions), requiring the selection of adequate
spring moduli characterizing the soil.

Feature Model —» Static analysis Beam & spring model FEM with
1 DUNCAN model

Soil-structure interaction NO Partly YES
Staged loading Possible’ Possible” YES
Compaction effect Possible” Possible’ YES

Soil arching Marston effect NO™ NO™ YES
Arching around the arch NO NO YES
Soil-structure friction NO NO YES
Foundation displacements NO Possible’ YES

Non linear soil behaviour NO Possible” YES
Stress dependant modulus NO NO YES

Soil parameters determination N/A Difficult (non intrinsic) Easy (intrinsic)

* Possible but usually not done  ** Marston effect not represented by the model, taken into
account by a coefficient obtained from an independent computation

Table 1 : Representativeness of possible design methods

2L Toe hinge

Footing
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e the FEM (Finite Element Method) modelization, in which the soil is modelized as a whole,
with its geomechanical parameters (elastic and elastoplastic) : such analysis does not require
any additional assumption upon loads acting on the structure and reactions exerted on the
structure. Of course, many constitutive laws can be used for soil modelization, but the most
accurate for this kind of application appears to be the law presented by Duncan et al. [2].

4. Geomechanical parameters for FEM calculations

The previous table shows that the FEM is the only way to correctly represent all the features
governing the soil-structure interaction, and a realistic behaviour of soils. For this reason and after
a detailed investigation of the main parameters and their influence on the design, the FEM analysis
was chosen as the usual design method for TechSpan.

4.1 Soil modelisation

The model presented by Duncan et Al. [2]
was selected for the soil around the
concrete arch in the FEM design because ©.-0,) (©
it takes into account all the important ~ = = 6femmm_m—-————————-
parameters that affect the behaviour of the
structure :
e the stress strain curve is parabolic (Fig. 3)
e the initial modulus depends on the stress
E; =K pa (03/pa)"
where p,y = atmospheric pressure
e the unload-reload modulus differs from E; 1 Eo)rT

E\ (0| B 61)

ut

Stress |

but also depends on ©3
¢ the bulk modulus also varies with confining

stress : B =Ky, p, (o3/pa)™ Strain

e Mohr-Coulomb criteria (c, @) is used to

e ) Fig. 3 : Non linear stress-strain curve
define the deviatoric stress at failure

Realistic values for the main parameters may be found in the literature. Table 2 presents the
recommended values which agree with the various soil and backfill types specified for TechSpan
structures. Parametric analysis has shown that the model is numerically stable and that realistic
variations around these values have a limited impact on the computed stresses in the elements.

Material Y [0 c Ki n Ky m
kN/m’ (0) kPa (MPa) - (MPa)
Foundation soil * * * 10.E, 0 0.85.K; (S) 0
0.55K; (R)
Dense backfill 21 33/36 0 600 0.35 300 0.2
Normal backfill 20 30/33 0 500 0.40 220 0.25
L . compacted 18/19 28/30 0 350 0.45 220 0.25
Non select fill 16/17 25/28 0/25 200 0.6 150 0.4
* :according to geotechnical data S :soils R :rocks

Table 2 : Recommended parameters for TechSpan design
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4.2. Construction phase loadings

Final state is normally not the most severe design case. It is important to compute the model for
each single construction step or fill layer and within each step to represent the compaction stress
applied on the fill, with three sub-steps per layer : fill, compact, remove compaction load.

4.3. K coefficient

The K = o}/, coefficient around the tunnel is one of the main parameters governing the
behaviour of the structure, as it characterises the supporting effect of the lateral backfill. While
this parameter is an hypothesis in others models, it is a result of the FEM calculations.

It is of major interest to note that, during the different construction stages, K varies widely
e near the footings, K increases from 0.3-0.5

15 15
(between K, and K) when backfill is A Ky § S _! ____________ o
erected up to the top of the vault, to 1.0 € 'é 8+ - — =t
(much higher than Ko) for high backfill o 6T N, ot I |
cover b ok \ .

e near the crown, K decreases from more 2 "
than 1.5, to 0.6-0.8 (significantly higher g Tz '
than K,) when backfilling reaches the 23l o
crown, and then down to 0.4-0.5 (close to ol
Ko) for high backfill cover =

Such effect confirms that usual calculation T ¢t

methods cannot modelize the actual N

behaviour, as they generally consider % Ko Ko 1 5 5 25

constant K values (0.3 and 0.5) whatever the K= oy /0y Kp2 o

stage of backfilling

Fig. 4. Variation of K around the arch
4.4. Marston effect during backfilling stages

It is well known that rigid culverts under embankments are loaded by stress Gy which can be much

larger than the overburden pressure yh. This effect known as "Marston effect" [3] [4].is due to the
differential settlements of embankment between the zone above culvert and the adjacent zones.

To account for this stress increase, Marston introduced a coefficient such that Gy = Km vh. This
coefficient is usually in the range 1.1 to 1.5 and may be as high as 2. Overlooking it in a design
may lead to failure. Since this effect is not represented in either the static or the beam and spring
model, the Marston coefficient is reintroduced in the system afterwards. Table 3 presents the ratio

o,/yh obtained from the TechSpan FEM model for a given geometry. Flexible structures lead to
lower values of Ky and the model is in good agreement with semi-empirical values when the
hypothesis are made consistent with Marston's: rigid structure, constant modulus.

TechSpan Rigid TechSpan Rigid TechSpan Semi-empirical
0.3. m thick 1 m thick Constant E Marston coefficient
1.10 1.22 1.30 1.35

Table 3 : Marston Coefficient
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5. Comparison between predicted and monitored behaviour

5.1. The Oita TechSpan

Built in Japan in spring 1995, the Oita structure with 11.5 m span and 17.5 m of fill cover offered
an interesting case for full scale experimentation. The monitoring was quite complete and included
both stresses and displacement measurements in seven cross sections [5]. The measurements were
quite consistent for the various section and in this short article we will only report average values.

5.2. Moments in the arch elements

Stress gauges were installed on the steel reinforcement cages in order to estimate the bending
moment in the elements. From these steel strains the moment in the precast element may be
derived assuming either a cracked or an un-cracked concrete section. Safety normally requires the
designer to take the conservative assumption that the concrete will be cracked. This leads to a
maximum bending moment of 30 kN.m which is much lower than the result of the analysis.

However the elements are designed and handled in a way that minimises bending moments and the
hypothesis that the elements in the completed structure are un-cracked is more realistic. Under
this assumption the measured moment in the element reaches 110 kN.m as a maximum. This is in
very good agreement with the moment obtained from the Finite Element Method.

It must be noted that the shape and maximum value of the moment is not much affected by the E
value selected for the concrete in the usual range (20 GPa to 36 GPa). Moment derived from
other methods lead to unrealistic values (Table 4). Note that the asymmetric shape of the moment
envelope corresponds to the asymmetric stress history during the backfilling stages.

Calculated maximum bending moment | Measuring bending moment
Static analysis Beam and spring FEM FEM Un-cracked | Cracked section
E;= 36 GPa E; =20 GPa section
500 kN.m 150 kN.m 115 kN.m 105 Kn.m 110 kN.m 30 KN.m

Table 4 : Calculated and measured maximum bending moment in TechSpan
5.3. Deflection

Fig. 5 presents the measured vertical displacement at the crown (DY3) along with the value
predicted with the finite element model. The FEM program was run with two sets of input : the

standard properties with concrete stiffness of E; = 20 GPa and no cohesion in the backfill and a

second set with E. = 36 GPa and C = 20 kPa. The second set leads to very representative results
and should really be used when short term prediction is required. The standard set is more
representative of long term. Both sets lead to deflection within a few millimetres of measurements
and the impact of these parameters is small on the reinforcement design.

The shape of the curves is interesting as it shows that the elements will breath up and down
during the backfilling to return close to an undeformed state for the completed structure. The
corresponding moments (either from measurement or FEM) are much reduced. The fact that the
permanent state of stress of the element is much smaller than the maximum for which it was
designed leads to enhanced durability and long term safety.
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Fig. 5 : Computed and measured deflections Fig. 6 : Measured and producted

convergences for various design approaches
5.4. Lateral displacements

Fig. 6 presents the convergence or change in width of the structure at three elevations above
footing for the final stage. Only the FEM study gives realistic values for these deformations while
the beam and spring and the simple static model lead to results very different from measurements.

6. Conclusion

The soil interaction phenomenon's are taken into account in TechSpan up to the point that the
shape of the structure is optimised accordingly. This specificity of TechSpan would be
meaningless without its FEM design method. This method is the only one capable of representing
the soil structure interaction phenomenon developing during the various phases of construction.

The parameters to be used in the method have been presented and the sensitivity of the results to
variations of these parameters discussed. In the end the comparison with the monitoring of the
Oita structure validates the method which was the only one to predict adequately the structure
behaviour both in stresses and displacements, during construction phases and for its finished state.
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