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Abstract

The objective of this paper is to identify the dynamic seutime function for the
train-induced vibration of underground tunnels. Under the ideraion of the gaps between
adjacent slabs and the constraint from equal-spacingntst the vertical force loaded by the
moving train is modelled by a periodical source time fumcti@onsequently, the induced
vibration at any specified observation point on the inredt of the embedded waveguide can be
determined on the basis of the transition matrix (Trbdgamethod. On the other hand, thanks to
the Taipei Rapid Transit Corporation for the permissidran in-situ test, the train-induced
vibration on the inner wall of underground tunnels was orealsto validate the proposed
periodical source time function and further, to identifg associated loading parameters. It can
be found that the vibration responses determined nunigrimathe identified model, both the
waveform in time domain and the Fourier spectrum iguescy domain, are in good agreement
with the measured signals.
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1. Introduction

The vibrations of underground tunnels or highway bridges dalgéhe traffic loading will
propagate outwardly through the surrounding soil layerstlaam the nearby structures will be
affected significantly by the induced vibrations or noisése analysis of ground motions and
the associated structural vibrations due to underground trairesyiscomplicated 2 (Lin and
Krylov, 2000; Metrikine and Vrouwenvelder, 2000), however, i ¢& simplified by three
topics: (1) the analysis of the train-induced vibratiotuninels embedded in an infinite domain,
(2) the analysis of transient waves scattered fiioentainnels in the surrounding soil layers, and
(3) time history analysis of buildings on the basistltd input of the train-induced ground
acceleratiorfd (Gardien and Stuit, 2003).

In this paper, the tunnel is assumed to be an infinilevaaylindrical waveguide embedded
in an infinite elastic domain. Neither the interactimetween tunnels nor the boundary conditions
between soil layers is considered. Hence, based amath&tion matrix (T-matrix) method, the
induced vibration of the embedded waveguide and the scatteredfiellin the surrounding



soil can be solved in terms of the external loadingcfion due to the moving trains. Under the
consideration of the gaps between adjacent slabs amdiséraint from equal-spacing fasteners,
the vertical force loaded by the moving train onto the tLicawe be modeled by a periodic source
time function. In order to verify the proposed periodic seurme function and to identify the
associated loading parameters, the train-induced vibratio the inner wall of underground
tunnels was measured by an in-situ test of the TaipadRapnsit system. It can be found that
the vibration responses determined numerically by theogsexp model as well as the identified
parameters, both the waveform in time domain and thei¢tospectrum in frequency domain,
are in good agreement with the measured signals.

Based on the proposed source time function as welleagléntified loading parameters, the
train-induced wave field scattered from the tunnel instimeounding soil can be also determined
by the T-matrix method. Then, in the next stage, atstaf the infinite surrounding medium, the
case of soil layers will be considered and modelled byayered half-space, and the
aforementioned wave field can be applied to define theiiation source within the upper soil
layer. Subsequently, under the boundary conditions ofrzotyt at the interface and traction free
on the ground surface, the induced ground vibration can bende¢el by means of the
transmission and reflection coefficient matricessoéttered waves at the interface and free
ground. Based on the simulated ground acceleration, tleehigtory analysis can be performed
to evaluate the structural vibration caused by the trainsngariunderground tunnels.

2. Source Time Function and Tunne Vibration
2.1 Transition Matrix and Train-induced Tunnel Vibration

As shown in Fig. 1, the underground tunnel is modelled bynfmite hollow cylindrical
waveguide surrounded by infinite soil. The 3D cylindrical cawaté systemr{&y coordinates)
is defined such thataxis is coincident with the axis of the tunnel and thimtpy=0 is defined at
the middle point of one slab. Based on the radiat@mditions at infinity { - ) as well as the
symmetry about the vertical axis, the scalar potent@ls @, andy, with non-negative
integerm corresponding to P-, SV- and SH- waves, respectiealy,be solved and expressed in
the frequency domain as
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Herein, H® is them™order Hankel function of the second king, is the Neumann factor
(&=1 form=0 or &:=2 form1), k, and k_ are defined by
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where ky=a/Cp, and k=a/Cs are the wavenumbers of the longitudinal and sheaves,

respectively. Then, based on the scalar potentladsbasis functions of the displacement vectors
in the 3D domaint® (r,8, y;w) can be determined by

u®=0g, ; u?=0x[@.e) ; U;?:kimxmx(,vmey) 3)
Furthermore, them™order Hankel function of the second kind® can be replaced by the
m"order Bessel functiod,, to define the regular part of the basis functians(r,8, y; w). It

should be noted that the basis functions repregentoutgoing waves and the regular parts
represent the standing waves.
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Figure 1. The coordinate systems for the analyidisam-induced vibration
of an underground tunnel

As shown in Fig. 1, the cylindrical surfa& (r=r,) and$, (r= rp) are defined as the inner
wall and outer wall of the tunnel, respectivelyd& is the interface between the tunnel and the
surrounding soil. It should be noted that all o thinctions and parameters corresponding to the
tunnel are denoted by a subscri@@). Due to the train-induced external force loadedthomn
inner wall S,, the wave field within the tunnetj&r<ry) will propagate outwardly and then
reflected between the inner and outer walls. Tloeegtthe wave field within the tunnek€r<ry,)
can be expanded by the series of the basis furscéind the regular parts as

U(0) = z::o Zi:l fn‘laU:\(O) + 2:1:0 zzzl 1’:\rf:yﬁf‘::(o) (4)

On the other hand, the wave scattered from theeturmthe surrounding soilr%ry,) will
propagate outwardly, and hence, it can be expabgedseries of the basis functions as

u=y..,>..C.u (5)

Based on the continuity conditions of displacenmam traction on the outer w&) as well as
the boundary condition due to the external foreeléml on the inner wa},, all of the expansion



coefficients f 7, fm" andC’ can be determined. Furthermore, it should be nobedl the

external traction vector loaded on the inner Waltan be expressed in frequency domain as

1 N cosmé 0 0
t°(r..0,y,0)= _0(57 memfnf‘e"k”dkyj with D, =.Je,| 0 sinmd 0 (6)
" 0 0 cosmé

Then, all of the expansion coefficients’, fm” andC? can be expressed in terms of the
loading vector?m‘"*, and further, the time history of the induced &tin u®(r,, 8y;t) on the inner

wall S, can be expressed by

w3 (r, 8, yit) =37 _ud (., 8, yit) with ud(r,,8,y;t) = 4]172 (NN D, T2t? e ™"k, dw (7)

Herein, T* is the m™order transition matrix, all of the elements cam tetermined and
expressed explicitly.

2.2 Periodic Source Time Function

In this paper, the train is assumed to move albegpbsitivey-axis with a constant speegd
and the first set of wheels will pass the pgm0 att=0 coincidently. Furthermore, as shown in
Fig. 1, each set of the wheels consists of two she&h a width ofW. Therefore, the- and &
components of the external traction vectdl(ra,e, y;t) loaded by the first set of wheels onto

the inner wall can be expressed by

t2 =F(y,t)(Jo(6-6,)+3(6+86,)coss, ; t2=F(y,t)(-5(6-86,)+3(6+86,)sing, (8)

Where 8¢=sin*(W/2a) is the angle between the contact point and thtcaé axis (see Fig. 1),
andF(y, t) is the contact force. Under the consideratiothefgaps between adjacent slabs and
the constraint from equal-spacing fasteners, thicaécontact forcé=(y, t) can be defined by

F(y,t) =Q(t)B(y—ct) with Q(t)=Q,(1+y, cos, t+y, cos@, t) 9)

Herein, dy-ct) is to define the location of the wheels alongkisaandQ(t) is a periodic function
representing the amplitude of contact foiQgis the averaged contact pressubgand 4 are the
angular frequency and amplitude ratio of the fadoe to the gaps between adjacent slabs, and
£, and s are corresponding to the fasteners. In additiom,angular frequencig®; and.2, can

be determined by the length of slaland the spacing of fastenéssas well as the moving speed

c as =2rc/Ls and ,=21c/L;, respectively. It can be found that{§&)+d &+ &)] and

[-A 8 &)+d 6+ &)] are the even and odd functionséftespectively, and can be expanded by the
series of commfand sirméas
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Therefore, the external traction vector loaded on tieeri wall S, can be expressed in the
frequency domain as

— ~ (1 =~ =~ =~ a, COSHO
t(r..6,y: )= 20[57 memt;e"kyydkyj with £ = F(k,, ) b,siné, (11)
m= O

From Eq. (9), we have

Fli, )= [ [ F(y.te “dydt = 27@0{5(60— kc)+ Zi[g Slw-2 -keJ+2 w2 - kyc)}}
(12)

Based on the loading vect(fr: as expressed by Egs. (11) and (12), the vibratip(ra, 8y;t)
on the inner wall induced by the first set of wiseedn be determined by Eq. (7). For tfeset
of wheels with a distande, from the first set of wheels, the source time fiomccan be defined
by F(y, t-L/c), and hence, the associated response can be detdrfrom that caused by the
first set of wheels with the specific time delayc and multiplied by a weightingv,. Therefore,
the total response can be defined by

u*(r,,6,y,t) = Y W,us, (r,, 6, y,t-L, /<) (13)

3. In-situ M easurement and Identification of Source Time Function

In order to verify the proposed periodic sourceetifunction and to identify the loading
parameters, an in-situ test was organized to medhartrain-induced vibration on the inner wall
of an underground tunnel (Taipei Rapid Transit). sh®wn in Fig. 2, the micro-tremors were
setup at the middle points of two adjacent slabg, they were fixed onto the tunnel ground
between the rails witl=0°.

As the train passes, the train-induced vibrationtha selected two measurement locations
can be measured simultaneously, and Figure 3(aysshioe typical velocity signals (vertical
component). Because the selected test points énddzated at the middle point of one slab, the
waveform of the measured signals &d \, are much similar to each other and a time delay
exists between the two signals &d \4. This time delay represents the moving time ofttaa
passing through the selected two test points, @amdbe determined on the basis of the cross
correlation function. The cross correlation funatie defined by



R(7)= [V, (t) v, (t - 7)ot (14)

where \, and \% are the measured signals, and the value that caudesttienR(7) to reach its
maximum is taken for the traveling time between the talecsed points. Therefore, the moving
speed of the train can be determined by the travelinghdestidetween the two test points and the
calculated moving time. In addition to the time signtis, Fourier amplitudes of.Mand \% are
determined and compared in Fig. 3(b), and Figure 3(c) showsotiraed signals for the low
frequency range €<4 Hz). It can be found that the Fourier spectra pfawd \4 for the two
selected test points are almost the same. It shauldoted that, based on all of the measured
signals, the tunnel vibration are almost the same andntheng speed of the train passing
through the test locations is a constant of 60 km/h.
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Figure 2. Setup of the micro-tremors in the in-situ ireghe underground tunnel

Based on the special case with moving speed (c=60 kmAlghlef slabi(=14.5 m) and the
spacing of fastenerd #0.75 m), the angular frequencies of the proposed periodice time
function can be determined #%=7.22 rad/sf{=1.15 Hz) and2,=139.6 rad/sf(=22.2 Hz), and
the associated amplitud€ls. Qi1=Qoy: and Q,=Quy- will be identified by the measured signal.

Based on Eq. (7) as well as the regarded parameterspsi Rapid Transit system as shown in
Table 1, the-component of velocity response caused by the firsbfsetheels on the inner wall
with y=0 (middle point of slab) an8=0° can de determined numerically.

A train consists of 6 carriages, and the length of eachiage is 23.5 m. There are 4 sets of
wheels on each carriage, and the distances of the tear sets from the first one are 4m, 16m,
and 20 m, respectively. Therefore, the total responsetaltlee total 24 sets of wheels of a
moving train can be carried out by Eq. (13). Based on dhgparison of the numerical results



with the measured signals, the amplitudes of the periodding can be identified &%=0.018,
Q:=0.0004 and,=0.00002, and the weighting of the four sets of wheel oh eaxriage can be
also identified as\V;=1.0, W»=0.4, W5=0.8 andW,=0.1. Figure 4 shows the numerical results
which are determined on the basis of the proposed pesodice time function as well as the
identified loading parameters. It can be found from Eithat the vibration response determined
numerically by the identified model, both the wavefanime domain and the Fourier spectrum
in frequency domain, are in good agreement with the unedsignals.

Table 1: Parameters for the analysis of velocity respaf underground tunnel

Underground tunnel Surrounding soil
Inner diametera=2800 mm S-wave velocityCs=180 m/s
Outer diameterb=3050 mm P-wave velocityC,=380 m/s

S-wave velocityC»=2500 m/s Mass densityp=2000 kg/m3
P-wave velocityCp=4500 m/s
Mass densityp,=2400 kg/m3
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Figure 3. Vibration signals measured on the inner walhafraderground tunnel in the in-situ
test: (a) time histories of velocity, (b) Fouriemsérmation and (c) zoom in low
frequency range.
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Figure 4. Comparison of the signals determined numeribglte proposed model and the
identified loading parameters and the measured signalim@histories of velocity,
and (b) Fourier transformation in low frequency range.

4. Conclusion

In this paper, the vibration of an underground tunnel anédheciated scattered wave field
in the surrounding soil can be solved in terms of theraal loading function due to a moving
train. Under the consideration of the gaps betweercansslabs and the constraint from equal-
spacing fasteners, the vertical force loaded by the movémg onto the tunnel can be modeled
by a periodic source time function. In addition, thepmsed periodic source time function and
the associated loading parameters can be verified andfiel®iby the measurement of an in-situ
test of the Taipei Rapid Transit system. It can hendbthat the vibration responses determined
numerically by the identified model, both the wavefannime domain and the Fourier spectrum
in frequency domain, are in good agreement with the unedsignals.
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