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Analytical Study of NATM
Etude Analytique du NATM
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SYNOPSIS An analytical method to estimate earth pressures and displacements of steel

supports and shotcrete executed by the New Austrian Tunneling Method is newly proposed considering
not only mechanical properties of linings and the ground but also some executive conditions.

Because the analytical results can be verified by field measurements, this method is adequate for
engineering applications. Therefore, such executive conditions as the interval of supports, the
thickness of shotcrete, the advance velocity of a tunnel and the distance between tunnel face and

location of lining construction may be effectively determined by the proposed approach.

INTRODUCTION

Recently, the New Austrian Tunneling Method(NATM)
has been applied to such time dependent ground
as soils, for which it should be noted not to
cause surface displacements or damage of struc-
tures surrounding a tunnel. In the case of
NATM, linings composed of steel supports and
shotcrete are generally executed near the tunnel
face. Thus, not only time dependent character-
istics of the ground but also variational char-
acteristics of tunnel displacement along tunnel
axis should be taken into consideration in the
analysis of earth pressure acting on linings.
Furthermore, it is experimentally known that the
earth pressure is significantly affected by
various executive conditions. However, there
is little information about effective tunnel
construction considering executive conditions
and mechanical properties of the ground and
linings.

In this paper, such an analytical study of the
NATM as applied to the viscoelastic ground is
presented, taking the elastoplastic behavior of
linings and executive conditions into account.
Earth pressures and displacements of tunnel
supports measured in the highly time dependent
ground are compared with the analytical results.
Subsequently, the effective execution of NATM is
discussed, based on analytical results.

SURFACE DISPLACEMENT OF UNSUPPORTED TUNNEL

The solid curve in Fig.1l, which is obtained by
three dimensional elastic analysis of a circular
tunnel having a diameter D under a uniform
initial stress P (Ronken and Ghaboussi, 1975),
shows variational characteristics of a radial
displacement u on both real and virtual tunnel
boundaries. From the above result, it may be
possible to consider that the length of the span
where the displacement u changes along the tunnel
axis is approximately twice as long as the
diameter D, and the nondimensional displacement
curve may be approximated by the dotted curve
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Fig.l Variational characteristics of radial
displacement u on both real and virtual
tunnel boundaries in the elastic ground

expressed by the function £(Z), as shown in Fig.l.
As the nondimensional displacement curve for the
elastic ground is not much affected by Poisson’s
ratio of a given ground (Panet and Guellec, 1974},
u can be expressed by the following equation,

u(Z)=%§f(Z), (G: Shear modulus)

If the tunnel is excavated with a constant veloc-
ity V in the viscoelastic ground, the displace-
ment u of a point J on the any section X-X in
Fig.1l is affected both by time dependent charac-
teristics of the ground and by the advance veloc-
ity (Ito and Hisatake, 1979a), as follows.

op(*

u(t)=j%,¢(t'T)%?f(VT)dT ()
0

where t is the time after the origin of the
coordinate Z (which moves with the face keeping
the distance by D) has reached the section X-X,
and ¢(t) is a creep function concerning shear
deformation. Therefore, ¢(0) equals to 1/G.

ANALYSIS OF LINING
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Time dependent earth pressure, axial stress and
radial displacement of a lining composed of steel
supports and shotcrete are analyzed, considering
the elastoplastic behavior of the lining and time
dependencies of both the modulus of elasticity
and the strength of shotcrete. In this analy-
sis, the lining is supposed to resist the earth
pressure with its axial force of circumferential
direction, since the thickness of the lining is
very small in relation to the tunnel diameter in
the case of NATM. And displacements of advance
direction are neglected.

Analysis before yielding of support

It may be possible to consider that the radial
displacements of a support and shotcrete(ug and
u. respectively) which are executed at the same

time are approximately equal. That is,

us(t1)= uc(ty) (2)
where t; is the time after the lining has been
executed. Those displacements which are brought

about by earth pressures pg and p. acting on the
support and the shotcrete, respectively, can be
shown by the following equations,

=] 2
us (tm+1) 'Blps (tm'f-l) ’ qu»oL/ (AEe)
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where the time scale is divided into intervals
by the time values t;, j=1, 2, -:-(m+l), with
t;=0 and t 4 q=t;, and A and E., are the cross
section area and the modulus of elasticity of a
support, respectively, L is the interval between
supports, E. and h are the time dependent
modulus of elasticity and the thickness of
shotcrete, respectively, and a, = D/2. And a
total pressure p* acting on the lining is

(3)

P*(tp+1) =Ps(tpe1) +Pc (tpyq) (4)

After solving Eqs.(2) and (3) about p.(tp+1),
substitution of p.(tp+1) into Eq.(4) yields the
following equation,

Ps(tn+1) =21 (tp) P* (tp41)+25 (ty)

5 e e 1 (5)
5 ) ToRTE (v 7 (AR '

i, 2o1p (ty42) Pelty)
25 (ta) —zlctm){ﬁcctm)jglLJgjmc—t P (t)

On the other hand, as the displacement of the
tunnel is reduced by the lining, the boundary
condition of displacement, after the lining is
executed at the position apart from the tunnel
face by distance L, becomes

2 th+l 5
ug(tp4q)=du(tyys)- Vi ¢(tm+1'T)§?P*(T)dT (6)
t1
where Au is a displacement on the tunnel boundary
which would be brought about after the time t=t,

=(D+L)/V if the lining were not executed. And
Au and ug can be calculated from Eqs.(1), (3) and
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(5), as follows,
Au(tg+r)=ulto+tper) -u(ts)

Ug (tp+1)=B1{Z1 (tn) P*(tn+1)+2Z2(ty)}

(7

As the integral in Eq.(6) may be transformed to
the finite approximation,

tm+l 3
5} (tner - DgP* (1) dT=0 (0)P* (ty47) -9 (tu43 ) P*(0)
1
(8)

m
1
- 7§§$fp*(tj+1)+p*(tj)}{¢(tm+1-tj+1)-¢(tm+1-tj)}
P*(tm+1) is determined successively in term of

values already obtained, by substituting Eqs.(7)
and (8) into Eq.(6),

Au(tp+1)+Mp (tg) +K1(tp+1)
My (tp)+Ko (tg4q)

p*(tp+1)= (9)

Mp(tg)=-B1Z3(tp), Ma(tn)=B12;(ty)

Kl(tm+1)=0-2530{{¢(0)'¢(tm+1'tm)}P*(tm)

m-1
+;§i{p*(tj+1)+p*(th}{¢(tm+1-tj+1)-¢(tm+1-tj)ﬂ

Ko (tp+1)=0.25a,{¢(0)+d (tp+1-ty)?}

And ps, pc and ug are easily determined by Eqs.
(4), (5), (7) and (9).

Subsequently, the circumferential axial stresses
ons and op. of the support and the shotcrete,
respectively, are obtained by considering
equilibrium conditions between earth pressures
and axial stresses,

Ons (tn41) =80LPg (ty41) /A, 0y (tnyy)=a0P (thyy ) /h (10)

Analysis after yielding of support

The displacement of a support after its yielding
can be shown by the following equation, consider-
ing Eqs.(3) and (10),

us(tm+1)=a§Lﬁs/(AEe)+a§L{Ps(tm+1)'ﬁs}/(AEp)=BZPs(tm+1)+B3
By=asL/ (AEp) , B3=a00ys(Ep-Ee)/(EeEp)

where Oyg» Ps and Ep are respectively the yield
stress of a support, the earth pressure on a
support at the yielding and the modulus of elas-
ticity of a support after its yielding. In this
case, earth pressures and displacements are

easily calculated in the same manner as mentioned
above, as follows,

AU (g ) +My (tg) +Kq (tn)

My (ty)+K (tp4q)
Ps (tp41) =My (t) P* (ty41) - {M, () +B4}1/B,
Pe (tn+1)=P* (tgi1) -Ps (tp41)

Us (ty+1) =B2ps (tp+1)+B3

IO



M3 (tg)=By/{1+hByE . (ty)/a}}

My (tn)=-B3+M3 (ta){Ec(tn) (hB3/a}

1
Ec(t;) T+p  (ty);

S Re(tie)) e (th)
j=1
and the axial stresses are calculated by the
above equations and Eqs. (10).

COMPRESSIVE STRENGTH AND MODULUS OF ELASTICITY
OF SHOTCRETE

Compressive strength of shotcrete oy. at t= 28
days after it is executed in a tunnel is approx-
imately (JAPAN Soc. of Civil Engrs., 1974)

oy (t=28 days)=15-20 MN/m’

Therefore, if oy.(t=28 days)=18 MN/m2? is adopted,
the time dependent compressive strength of
shotcrete oyc(t) can be expressed by the follow-
ing equation using the time dependent character-
istic of the strength of rapid hardening concrete
, as shown in Fig.Z (JAPAN Soc. of Civil Engrs.,
1964),

ayc(t)=18{C1+C21n(1+t)} MN/m?, (t:Days) (11)

where C; and Cz are shown in Fig.2.

Moreover, modulus of elasticity E. of shotcrete
also varies with time. And E_ is calculated
by the following equation (Ban, 1952),

E. (£)=11-0.03840p (t) /Yoy (D) Y Voo (€)/8 kgf/cm?
B=7.44x10 °x0.402%,

(12)
x:Water cement ratio

After the stress of shotcrete reached the
compressive strength shown by Eq.(11), Ec is
decided as one percent of the result of Eq.(12).

ANALYTICAL RESULTS AND FIELD MEASUREMENTS

To verify the method mentioned above, field data
of earth pressures and displacements of tunnel
supports executed by NATM in the time dependent
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Fig.2 Time dependent characteristic of the
strength of rapid hardening concrete, and
constants C; and Cy in Eq.(11)
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ground (Adachi et al., 1969) are compared with
analytical results. In addition, considerations
about effective execution of NATM are given.
Parameters of linings and executive conditions
are shown in TABLE I.

TABLE I
Parameters of linings and executive conditions

A cm?[105.94[Ee  MN/m®| 206000 [Ep MV/m?| 3040
ey=0ys/Ee[0.0013{L m 12.5(L m 0.7
vV m/day| 1.5/D m 7.6|P  M/m?| 7.88
1/a MN/m? 80{1/b MN/m? 80/h m 0.25
X 0.4
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Fig.3 Radial displacements of the ground
surrounding a circular tunnel

Creep function of the ground

Fig.3 shows the radial displacement Au, of the
ground surrounding a circular tunnel (D=3 m)
without linings, which was experimentally
excavated at a shallower site before a main
tunnel (D=7.6 m) was excavated. Au, does not
include the displacement which was already
brought about before the time t, when measure-
ment started, and it can be shown by the follow-
ing equation,

Au, (T)= c+m-1n(1+T), (T:Days) (13)

where ¢ and m are constants, and T is the time
after the tunnel has been excavated. On the
other hand, the analytical displacement u can be
expressed by the following equation, assuming
the plane strain condition,

u(T)= agPe (T)/(2r) (14)

where r is the distance of radial direction from
tunnel center. From Eqs.(13) and (14), it is
easily understood that ¢ (T) may be expressed by
a logarithmic function ¢ (T)=a+b-1n(1+T), and by
substituting this function into Eq.(14), Au, can
be shown as

asPb

8ug (TY=u(T)-u(t,)=—,

{1n(1+T)-1n(1+t1)} (15)

As the Measured value m in Eq. (13) corresponds
to a?Pb/(2r) in Eq. (15), retardation shear
modulus 1/b can be determined as 80 MN/m2.
Subsequently, the value of shear modulus 1/a may
be estimated as 80 MN/m? by using Fig.4, which
shows the relationship between 1/a and 1/b,
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Fig.4 Relation between shear modulus 1/a and
retardation shear modulus 1/b

obtained by both field data of time dependent
surface settlements due to shallow tunnel exca-
vation and laboratory creep tests about several
soils and soft rocks (Ito and Hisatake, 1979b,
1981).

Analytical and measured results

Fig.5 shows the analytical and measured earth
pressures acting on supports. From the analyt-
ical result, it can be understood that the earth
pressure increases with time until it reaches

the value Pg=Ao.¢/(ao,L) at which the support
yields. Then the increase of the earth pressure
stops temporarily and resumes after the shotcrete
yields. Such analytical behavior is in good
agreement with that of field measurements.

T T T T T T T
£ 1.4} @O0 :Measured

——:Theoretical YS YC o ©
1.2 -
YS:Yield of %
1.0 F  support ."’ =}
YC:Yield of /(;:’P
0.8 - shotcrete 4

Earth pressure
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Fig.5 Analytical and measured earth pressures
acting on supports

The curves in Fig.6 show the analytical tunnel
displacements u after the lining is executed at
the time t=t, in both the cases of the NATM and
the conventional method in which the effect of
supports preventing tunnel displacements is
neglected. The measured settlements at crown
are also plotted in Fig.6. The analytical
displacement in the case of NATM is clearly less
than that of the conventional method. The
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Fig.6 Analytical displacements (the NATM and the
conventional method) and measured ones
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Fig.7 Effect of the interval of supports L on
Oyc and Tye

measured displacements correspond more closely to
the analytical result of NATM than that of con-
ventional method. Fig.7 obtained analytically
shows the effect of the interval of supports L on
the compressive strength of shotcrete o ¢ and on
the time span Ty. from the time of execution of
shotcrete to that of its yielding. If L is
larger than 2m, the strength of shotcrete becomes
very low.

CONCLUSION

In this study, an analytical method to calculate

earth pressures, displacements and axial stresses
of the support and shotcrete executed by NATM is

newly proposed. Consequently, various executive
conditions can be effectively determined by this

method.
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