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Cracking in shotcrete tunnel shells 

Roman Lackner & Herbert A.Mang 
Institute for Strength of Materials, Vienna University of Technology, Vienna, Austria 

ABSTRACT: In this paper, a material model for the numerical simulation of cracking of shotcrete is pre
sented. Cracking is described by means of a multi-surface chemoplasticity model formulated in the framework 
of thermodynamics of chemical reactive porous media. The material model is calibrated by means of the frac
ture energy concept. This concept is extended towards chemoplasticity accounting for early-age cracking of 
shotcrete and towards consideration of interaction between shotcrete and the reinforcement. The applicability 
of the material model is demonstrated by means of a numerical analysis of a shotcrete tunnel shell of the Sieberg 
tunnel, Lower Austria. For this purpose, a hybrid method proposed by (Rokahr & Zachow 1997) is reformu
lated. The term "hybrid" refers to the combination of in situ displacement measurements and a material model 
for shotcrete. The amount of cracking in the shotcrete shell is investigated. From the obtained stress state, a 
"level of loading" is computed serving as safety measure of the shell. 

INTRODUCTION 

If high flexibility is required during tunnel excavation 
(e.g. in difficult ground conditions and/or in urban ar
eas), the New Austrian Tunneling Method (NATM) 
has proved to be a powerful mode of construction. 
Having been applied world-wide since the 1950's, its 
success strong! y depends on the experience of en
gineers. However, the demand for assessment and 
specification of the load-carrying behavior of tunnels, 
which allows an improvement of tunneling with re
spect to economy and safety, continues to increase. 
E.g., in situ measurements of displacements by means 
of a monitoring system are standardly used nowa
days in NATM tunneling. They deliver 3D displace
ment vectors at points of the tunnel shell which are 
arranged in a relatively dense grid. Recently, hybrid 
methods combining these measurements with a con
stitutive Jaw for shotcrete were developed (Rokahr 
& Zachow 1997) (Hellmich et al. 1999). They al
low the quantification of stress states in shotcrete 
shells 1• The employed material model for shotcrete 
has to account for chemical, thermal, and mechanical 
cross-effects, see (Hellmich et al. 1999). Such ther
mochemomechanical material models are formulated 
in the framework of thermodynamics of chemical re
active porous media (Coussy 1995). Recently, the ma-

1 When tunnels are driven according to the NATM, shotcrete 
is applied onto the newly excavated cross-section forming a thin, 
llexible shell. 
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terial model proposed in (Hellmich et al. 1999) was 
extended towards consideration of creep as reported 
in (Sercombe et al. 2000) and towards modeling of 
brittle failure (Lackner et al. 2001), finally account
ing for 

., increasing stiffness and strength in consequence 
of hydration, 

., chemical shrinkage, 

" creep, and 

" mircocracking. 

Cracking of shotcrete is caused by bending mo
ments in the shell induced by heterogenous soil and 
rock conditions. Moreover, shrinkage and thermal 
gradients (both in space and time) result in tensile 
loading favoring the development of cracks. In gen
eral, shotcrete shells are reinforced by means of two 
layers of reinforcement grids. As known from rein
forced concrete design, the presence of reinforcement 
leads to a distribution of cracks finally resulting in a 
stabilized crack pattern (see, e.g. (Hofstetter & Mang 
1995)). 

In this paper, the material model developed by 
(Hellmich et al. 1999) and improved by (Sercombe 
et al. 2000) (Lackner et al. 2001) is extended towards 
consideration of early-age fracture of shotcrete. The 
maximum tensile stress (Rankine) criterion is used 



to control the tensile stresses in the shotcrete shell. 
The softening curves, which define the decrease of 
the tensile strength in consequence of microcracking, 
are calibrated by means of the fracture energy ap
proach (Hillerborg et al. 1976). The interaction be
tween shotcrete and the reinforcement bars, resulting 
in the so-called tension-stiffening effect, is considered 
within the calibration of these softening curves (Lack
ner 2000) (Lackner & Mang 2000). 

The remainder of this paper is organized as fol
lows: In Section 2, the hybrid method for the analysis 
of tunnel shells is described. A new structural model 
is proposed. Section 3 deals with the employed ther
mochemoplastic material model for shotcrete. For the 
calibration of the material model, the fracture energy 
approach is extended towards chemoplasticity allow
ing the simulation of early-age cracking. Finally, a 
hybrid analysis of the shotcrete tunnel shell at the 
Sieberg tunnel in Lower Austria is performed. The 
respective numerical results including the "level of 
loading" of the shell are presented in Section 4. 

2 HYBRID METHOD FOR THE ANALSIS OF 
SHOTCRETE SHELLS 

In the context of tunnel shell analyses, hybrid meth
ods are characterized by the combination of in situ 
displacement measurements with a material law for 
shotcrete. Displacements are monitored at measure
ment points (MPs). The MPs are arranged within 
measurement cross-sections (MCSs), see Figure 1. 
The distance between adjacent MCSs ranges from 5 
to 10 m. In 1995, (Zachow 1995) proposed to com
pare in situ measured displacements with numeri
cally obtained displacements. For this purpose, a large 
number of finite element (FE) analyses characterized 
by varying loading conditions was performed, provid
ing sets of displacements together with corresponding 
stress states. Based on these sets, the actual stress state 
in the tunnel shell can be estimated by identifying the 
analysis which gave displacements similar to the ones 
measured on site (see, e.g. (Rokahr & Zachow 1997)). 
Figure 2 shows the employed structural model used 

Figure 1: Illustration of the location of MPs installed 
at MCSs in tunnels driven according to the NATM 
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Figure 2: Hybrid method for the analysis of shotcrete 
shells: structural model proposed by (Zachow 1995) 

by (Zachow 1995). Only a part of the shotcrete shell 
is considered. It is discretized by means of beam ele
ments. 

(Hellmich et al. 1999) improved the approach pro
posed in (Zachow 1995) as regards both structural 
modeling (from the aforementioned beam model to 
3D) and material modeling of shotcrete. The struc
tural model used in (Hellmich et al. 1999) consists of 
a ring of 1 m width, fictitiously cut out of the tun
nel shell (see Figure 3). This ring contains one MCS. 
It is discretized by means of 3D finite elements. In 
the context of nonlinear FE analyses, the displace
ments at the outer surfaces of the ring are prescribed. 
They are obtained from interpolation between dis
placements available at the MPs. The performance of 
this structural model in the context of hybrid analyses 
was demonstrated for a MCS at the Sieberg tunnel in 
Lower Austria (Hellmich et al. 1999). More recently, 
a similar structural model was employed for the hy
brid analysis of segmented tunnel linings of the Sem
mering pilot tunnel, Austria (Lackner et al. 2001). 

The main advantage of the structural model pro
posed by (Hellmich et al. 1999) is the possibility to 
account for in situ conditions such as, e.g., the ac
tual displacements, the shotcrete mixture used, the air 

I top 
heading 
bench . 
invert 

Figure 3: Hybrid method for the analysis of shotcrete 
shells: structural model used in (Hellmich, Mang, and 
Ulm 1999) for the analysis of the Sieberg tunnel 



temperature, and the actual thickness of the shell. The 
required nonlinear FE analysis, however, is very time 
consuming, rendering real~time analyses of shotcrete 
shells impossible. 

The structural model proposed in this paper was de
veloped aiming at real-time applications of the hybrid 
method on site. Similar to the structural model used in 
(Hellmich et al. 1999), consideration of in situ condi
tions is possible. It is characterized by several simpli
fications concerning the deformation and stress state 
of the shotcrete shell. These simplifications are de
scibed by means of the following hypotheses: 

" Hl: The change of the longitudinal curvature of 
a shell section is negligible. 

., H2: A smooth displacement field is assumed be
tween the MPs. As long as the tunnel shell does 
not collapse (which would result in a localization 
of displacements), this is a reasonable assump
tion. 

" H3: Pe1fect bond is assumed between the 
shotcrete shell and the surrounding rock. The 
NATM aims at this type of bond: Shotcrete is 
sprayed onto the more or less rough rock sur
face, and rock bolts are set in order to support 
the rock-shotcrete-bond. 

" H4: During the deformation, the thickness of the 
shell is assumed to be constant. Because of the 
small thickness of the shell, this assumption is 
reasonable. 

"' HS: Lines which are perpendicular to the interior 
surface of the tunnel shell right after installation, 
remain perpendicular to the interior surface dur
ing the deformation. Because of the small thick
ness of the shell, this assumption is reasonable. 

e H6: Only axial stresses in the circumferential 
and longitudinal direction are considered. Since 
shotcrete shells are loaded predominantly by bi
axial stress states stemming from circumferential 
and longitudinal deformations, this assumption 
is reasonable. 

Hypotheses HJ to H3 are similar to the ones em
ployed in (Hellmich et al. 1999). They are used to 
specify the mode of interpolation of displacements 
between the MPs. 

The additional hypotheses H4 and HS allow deter
mination of the displacement of any point of the shell 
at any time from in situ measured displacements only. 
For this purpose, temporal and spatial interpolation 
of displacements between the available displacements 
at the MPs is performed (Hellmich et al. 1999). The 
displacement field obtained from interpolation is de-
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Figure 4: Proposed structural model for hybrid anal
yses of tunnel shells: illustration of the determination 
of the displacements of a point of the shotcrete shell, 
u, from the given displacements at the interior surface 
of the shell, il, using hypotheses H4 and HS 

noted as il(<p, t), where <pis the circumferential co
ordinate of the tunnel section. ii.( <p, t) is prescribed at 
the interior surface of the tunnel shell, see Figure 4. In 
this figure, determination of the displacement vector 
of a point of the shotcrete shell, u, on the basis of hy
potheses H4 and HS is illustrated. u is obtained from 
geometric considerations as 

u(<p, t, () = -(hiii.0 (<p) + il(<p, t) + (hii.(<p, t), (1) 

where ( is a normalized coordinate perpendicular to 
the interior surface of the tunnel shell. ii.0 denotes the 
direction of the shell section right after installation 
and ii is the respective direction in the deformed con
figuration. Both ii.0 and n are perpendicular to the in
terior surface of the tunnel shell (hypothesis HS), i.e., 
both can be computed from the given displacement 
field il(<p, t). 

In contrast to the structural model employed in 
(Hellmich et al. 1999), no FE analysis is required. 
Hence, the main drawbacks known from nonlinear FE 
analyses such as high computational cost and partially 
lacking of robustness do not apply for the proposed 
structural model, finally paving the way to real-time 
analysis of shotcrete shells on site. 

2.1 Determination of strains in the shotcrete shell 

According to hypothesis H6, only axial stresses in the 
circumferential and longitudinal direction are consid
ered. The determination of the respective strains from 
the given displacement field is described in the fol
lowing. 



2.1.1 Axial strain in circumferential direction 

For determination of the axial strain in the circumfer
ential direction, E'P, layered beam elements are em
ployed (see Figure 5). These elements are not used to 
discretize the shotcrete shell in order to perform an 
FE analysis. They serve the purpose of determination 
of E'P only. Accordingly, their location is arbitrary and 
can be specified by the user. If, e.g. the evolutions of 
axial forces and bending moments at a certain shell 
section are of interest, only one finite element which 
is located at the respective shell section is required. In 
general, however, the overall structural response is of 
interest. For this purpose, a user-specified number of 
elements is distributed equally over the tunnel section, 
see Figure 6. The distance between adjacent elements 
is given by 6.<p. The length of each element, repre
sented by 6.rpe, is arbitrary and has to be specified by 
the user. 

Once finite elements are placed along the shotcrete 
shell, the axial strain in the circumferential direction, 
E'P, can be computed on the basis of the known dis
placement field. E'P of the k-th layer, E<p,k. is deter
mined from the displacements of the respective points 
at the beginning and the end of the middle surface of 
this layer, see points P1 and P2 in Figure 5. According 
to Equation (1 ), they are given by 

u1,1,(t) = -(khiio(rp1) + u(<p1, t) + (khn(rp1, t) (2) 

and 

The strain E<p,k is computed as 

ek - /io,k 
Erp,k = -,-, -- ' 

'·11,k 

interior smface 
of shotcrete shell 

(4) 

Figure 5: Proposed structural model for hybrid anal
yses of tunnel shells: layered beam element shown in 
the undeformed configuration used for determination 
of the axial strain in the circumferential direction 
where and P.k denote the length of the k-th layer 
right after installation of shotcrete and in the de-

right 
bench 

Figure 6: Proposed structural model for hybrid analy
ses of tunnel shells: equally distributed finite elements 
for the example of the Sieberg tunnel in Lower Aus
tria 

formed configuration, respectively. They are com
puted from the coordinates of points P1 and P2 in 
the undeformed configuration, x1,k and x2,k, and the 
respective displacements given in Equations (2) and 
(3): 

(5) 

and 

2.1.2 Axial strain in longitudinal direction 

The axial strain in the longitudinal direction, r:: 2 , is 
determined by means of interpolation between the 
measured displacement components in the longitudi
nal direction at the MPs, such as u2 , 1wp; for the i-th 
MP. The interpolation is based on the value of Uz,MPi 

at the considered, the previous, and the subsequent 
MCS, using linear and quadratic interpolation func
tions, giving ·uz,MPi(z, !;), where z is measured from 
the considered MCS in the direction of the tunnel ad
vance. The strain in the longitudinal direction at the 
considered MCS (z = 0) is computed from 

( ) ( ) d·uz,MP;(z, t) I 
E z MPi t = E z 'P = 'P MPi, t = d · ' z z=ll 

(7) 
Ez is determined at the midpoint of the beam elements, 
given by <p" = ('Pi + rp2 ) /2 (see Fig. 5). For this pur
pose, an interpolation between the axial strains at 
the MPs Ez,MP;(t) is performed (see (Hellmich et al. 
1999)). 

According to hypothesis HI, E z is constant for all 
layers of a beam element. 

3 MULTI-SURFACE CHEMOPLASTICITY 
MODEL FOR SHOTCRETE 

The thermochemoplastic material model for shotcrete 
is formulated within the framework of thermodynam
ics of reactive porous media. It is based on a macro
scopic description of phenomena on the microlevel 
of the material by means of state variables. In the 
material model according to (Hellmich et al. 1999) 
(Sercombe et al. 2000), two external (macroscopically 
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measurable) variables (e: and T) and six internal vari
ables ce, e;P, )(, e:", e:f, and/) are used. 

"' e: denotes the strain tensor. 

"' T stands for the absolute temperature. 

., The degree of hydration, e, describes the state of 
hydration. Hydration is the chemical reaction be
tween cement and free water. The reaction prod
ucts are termed hydrates. e is the ratio between 
the current specific mass of water bound in hy
drates, m, and the respective mass at complete 
hydration, 1n00 • 

" e;P and x denote the tensor of plastic strains and 
the vector of hardening variables, respectively. 
They represent deformations and microstructural 
changes because of microcracking, respectively. 

" According to Ruetz (Ruetz 1966), the reason for 
short-term creep are stress-induced movements 
of water in the capillary pores of concrete. Their 
diameter is in the range of micrometers. The re
sulting viscous strains are denoted by e:". 

" According to Wittmann (Wittmann 1982), long
term or flow creep follows from dislocation-like 
processes in the nanopores of cement gel. Thus, 
the observation scale of this phenomena is 1000 
times smaller than the one concerning short
term creep. The corresponding macroscopic flow 
strains are denoted by e:f. The internal variable/, 
called viscous slip (Ulm 1998), respresents mi
crostructural changes resulting from dislocation
like phenomena. 

During hydration of shotcrete, new hydrates are 
formed in a state free of microstress (Ba:lant 1979). 
This is reflected by an infinitesimal stress-strain Jaw, 
reading (Sercombe et al. 2000), 

da = C(O: [de: - de:P - lds8 (e) - fordT 

(8) 

with C(e) as the (aging) isotropic elasticity tensor, 
depending on Young's modulus E(e) and on a (con
stant) Poisson's ratio 1,1. lEs(e) represents the strains 
caused by chemical shrinkage with 1 as the second
order volumetric unity tensor. ay is the coefficient of 
thermal dilation, which is assumed to be constant. The 
ID rheological model depicted in Figure 7 illustrates 
the employed infinitesimal formulation of the stress
strain law (8): Each hydrate is loaded exclusively by 
microstress resulting from macrostress applied after 
the formation of the respective hydrate. 

3 .1 Yield surfaces 

The ductile behavior of shotcrete subjected to a mul
tiaxial state of compressive stresses is accounted for 
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E = E(m) = E(e) 

Figure 7: Material model for shotcrete: ID rheolog
ical model illustrating elastic properties of hydrat
ing concrete (m: specific mass of hydrates formed; 
CJmicro: microstress in the hydrates; CJ: macroscopic 
stress used in the material model; E: aging Young's 
modulus) 

by a hardening Drucker-Prager model. This material 
model is suitable for the simulation of predominantly 
biaxial stress states (see, e.g. (Lackner 2000) (Feen
stra 1993)). According to hypothesis H6, only axial 
stresses in the circumferential and longitudinal direc
tion of the tunnel shell, CJ 'P and CJ z, are considered. 
The respective form of the Drucker-Prager criterion 
is given as 

fo(CJ;p,CJz,(v) = {J; +aI1 -(v(Xv,0//3, (9) 

with 

1 ( 2 2) J2 = 3 CJ'P - CJ;pCJz + CJz . (10) 

In Equation (9), (v is the hardening force which in 
case of chemoplasticity depends on both the harden
ing variable xv and the state of the chemical reaction 
represented by ( a and f3 are material parameters. 

Microcracking of shotcrete is modelled by means 
of the maximum tensile stress (Rankine) criterion. 
According to hypothesis H6, two Rankine criteria are 
employed to control the tensile stresses of shotcrete in 
the circumferential and longitudinal direction: 

and 
fR,z(CJz,(R,z) = CJz - (R,z(XR,z,0 · (12) 

(R,;p and (R,z are the respective hardening forces. The 
use of two hardening forces allows consideration of 
cracking in the circumferential and longitudinal di
rection as two independent processes. Hence, in con
trast to isotropic softening, the strength in one direc
tion remains unchanged when the crack in the other 
direction is opening. This agrees with experimental 
observations. 

The employed yield surfaces define the space of ad
missible stress states, given by 



l fo(a'P, a,, (v) <:'. 0, 

u E CE H fn,<p(a'P, az, (11,<p) <:'. 0, 

fH,z(a'P, a,, (R,z) <:'. 0. 

( 13) 

Figure 8 shows this space in the a<p-az stress space. 

Rankine 
surface, f R,z 

---<i----~--0----l+'-<>----'a'P 
softening 

Rankine 
surface, f R,<p 

Drucker-Prager 
surface, f D 

Figure 8: Material model for shotcrete: illustration of 
employed yield surfaces in the a<p-az stress space 

3.2 Hardening/softening laws - calibration 
The material parameters a and (3 of the Drucker
Prager criterion can be determined by means of the 
uniaxial compressive strength fc and the biaxial com
pressive strength ./b. Experimental results (Byfors 
1980) suggest the assumption of isotropic chemical 
hardening. In this case, the ratio K = fb/ fc "" 1.16 
remains constant during hydration. Inserting the two 
pairs of stresses given for a uniaxial and a biaxial 
compressive test, (-f,, 0) and (- fb, - fb), into (9), a 
and (3 are obtained as 

/\:-1 
C1=-----

v'3(2r;, - 1) 
and (J = v'3(2K - 1) . (14) 

K 

Employing a quadratic plastic hardening law, (D can 
be expressed as (see Figure 9) 

l w Uel + [f,(e) -wfc(e)J [1 
(JJ(Xv,el= (xD;£'ul'] forxJJ<~v, 

f,(~) torxD2X.v, 
( 15) 

where w denotes the ratio between the elastic limit 
under uniaxial compressive loading, f Y' and the com
pressive strength f,: w = f,Jf,"" 0.25. Similar to K, w 
remains constant during hydration. XD can be deter
mined from a uniaxial compression test at complete 
hydration, 

where 
with 

XD = ( 16) 

represents the total strain at peak stress, 
"" 0.0022. f,, 00 and E 00 are the final values 
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(D 6 > e1 

fc(6) ----------·;:;.-.-----c-~ 

fc(e1) -

wJA6l 
wfc(6) 

XD 
X.D 

Figure 9: Material model for shotcrete: increase of (JJ 
in consequence of microcracking (strain hardening) 
for two different values of e 

of the compressive strength and Young's modulus, re
spectively. 

As regards the Rankine criterion, an infinitesimal 
formulation is employed for the description of strain 
softening and chemical hardening, reading (Lackner 
& Mang 2001) 

d(R,<p = d(R,<p(dX.R,<p, dE,) (17) 

and 
d(11,z = d(R,z ( dX.R,z, dE,) . (18) 

In contrast to the commonly used total formulation, 
characterized by ( = ( (x., el' the increase of strength 
in consequence of hydration (chemical hardening) is 
added directly to the actual strength and does not de
pend on x, i.e. does not depend on the state of micro
cracking (partial decoupling hypothesis). According 
to (Lackner & Mang 2001), only the infinitesimal for
mulation gives the correct amount of released energy 
in consequence of early-age fracture. For the case of 
purely chemical hardening, characterized by ( = ((E,), 
the total and infinitesimal formulation give the same 
result. 

The finite counterpart of the infinitesimal formula
tion for the hardening force ( R,<p ( 17) for the ( n + 1 )-st 
load increment reads (see Fig. 10) 

.6(R,<p,n+1 = (Ji',<p,n+l [ 1 - exp ( - 6_,XR,<p,n+l)] ,( 19) 
X.R,<p,n+l 

strain softening 

with 

( 1.7" . - ( + .6(hyd (.6 c ) 
-R,ip 1n+l - _R,tp,n -R,cp,n+l '::.n+l (20) 

chemical hardening 

In Equation (20), .6.(11".yd .. +i represents the increase of ,tp,n 
tensile strength in consequence of chemical harden-
ing. It is computed from the incremental increase of 
the degree of hydration, .6~ 11+ 1 . The calibration pa
rameter 1 in Equation ( 19) accounts for the 



Ci?,ip,n+1 

(11,'{J,n 

(H,'{J,n+l 

- - - -chemical 
hardening 
6.('!id 

- - - - J?,'l',~':1:-~ 

CJ \NC 
n+l - 1 ip,n 

e'P 

XR,'{J,n XR,'{J,n+l 

Figure I 0: Material model for shotcrete: illustration 
of the incremental change of ( 11,'P for the (n + 1)-st 
load (time) increment consisting of chemical harden
ing and strain softening 

energy related to crack opening. This energy is given 
by the difference between the fracture energy C~+l 
and the energy released in previous load (time) incre-
ments, Hf~,n· is computed from 

cf - we -n+1 v;,n ~ 

C 1= (!;,'fJ,n+L exp ( - _6.XR,'P )d(6.X11,'P), (21) 
.Jo XR,'{J,n+l 

where £ denotes the average spacing between adja
cent opening cracks (determination of/!. is described 
in the following subsection). Integration of (21) gives 
the calibration parameter XR,'fJ,n+l as 

cf we n+l - ip,n 

(Jl,'{J,n+l £ 
(22) 

with C~+I = C.f, + 6.Cf(6.~n+1). 

3.3 Consideration of' reinforcement 
As known from reinforced concrete design (CEB-FIP 
1990), the presence of reinforcement leads to a dis
tribution of cracks finally forming a stabilized crack 
pattern (see Fig. 11). The formation of a stabilized 
crack pattern has already been accounted for by the 
average crack spacing £ in the determination of the 
calibration parameter XR,'f',n+l (Eqn. (22)). The inter
action between the reinforcement bars and the sur
rounding shotcrete, the so-called tension stiffening ef
fect, results in an increase of stiffness and strength of 
the composite material. In the present model, the ten
sion stiffening effect is considered within the material 
model for shotcrete by increasing the fracture energy 
by the factor /, with I > 1. Hence, the tension stiff
ening effect is considered in the analysis model for 
strain softening. 

Both the average crack spacing /!. and the factor / 
depend on the material properties of shotcrete and 
steel and the geometric properties as the shotcrete 
cover c, the effective tension height for shotcrete, 

and the reinforcement ratio, given by Ps = 
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(b) 

opening of 
longitudinal cracks 

Figure 11: Material model for reinforced shotcrete: il
lustration of cracks opening in shotcrete shells show
ing the average crack spacing in the circumferential 
and longitudinal direction, e'P and £z 

as/ hc,ef f. For the case of two layers of reinforcement 
such as used in shotcrete tunnel shells, the effective 
tension height can be estimated according to (CEB
FIP 1990) (see Figure 12): 

hc,eff = min{2.5(c+ 0,/2),h/2}, (23) 

with 0, as the diameter of the reinforcement bars. e 
and / are computed by means of a ID composite 
model (for details on the composite model, see (Lack
ner 2000) (Lackner & Mang 2000)). The model con
sists of one steel bar and the surrounding shotcrete. 

I 

1_, @ @ 0 0 G GI 

I I 

hc,eff ~ 10 9 @ ® a 0 ®: 

Figure 12: Material model for reinforced shotcrete: 
on the evaluation of the effective tension height for 
shotcrete, hc,eff, for reinforced shotcrete shells 

For the description of the interaction between steel 
and shotcrete, a nonlinear bond slip - bond stress rela
tion is considered. This relation is taken from (CEB
FIP I 990) and extended towards aging materials (see 
Figure 13). Similar to the chemomechanical coupling 



bond stress T ( s) 

TJ(6) ' ____ J _____ ~--------- ---

---+----~------------·~-~: -- slips 

S1 S2 83 

Figure 13: Material model for reinforced shotcrete: 
bond slip - bond stress relation according to (CEB
FIP 1990) extended towards consideration of aging 

used in the hardening law for the Drucker-Prager cri
terion (see Fig. 9), deformations such as the slip val
ues s1 to s 3 are assumed to be constant and stresses 
such as the bond-stress values Tf and T ma.x are as
sumed to depend on the degree of hydration. 

The analysis on the basis of the aforementioned 1 D 
composite model is performed under displacement 
control. The reaction forces are monitored for the bare 
steel bar and the embedded steel bar, giving Pbare and 
Pembedded (see Figure 14 ). The difference in deforma
tion energy between the embedded and the bare steel 
bar, 

j·oo Pembedded - Pbare du , (24) 
0 hc,ef f 

where fi stands for the prescribed displacement at the 
crack face, is set equal to 1Gf. The factor/ is consid
ered in the calibration of the Rankine criteria. Hence, 
Equation (22) becomes 

(25) 

with 

Pba.re Pembedded 

IF= 
Ll 

(b) (a) 

Figure 14: Material model for reinforced shotcrete: 
illustration of the obtained load-displacement relation 
of (a) a bare steel bar and (b) an embedded steel bar 

3.4 Intrinsic material.functions 
The material properties of shotcrete are related to the 
degree of hydration ~ by means of intrinsic mate
rial functions. Intrinsic means that these functions are 

independent of field and boundary conditions. Alto
gether seven material functions are required for the 
decribed material model. They are determined from 
extended laboratory tests, providing 
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" the normalized chemical affinity A, 

" the compressive strength f c' 

., Young's modulus E, 

.. the chemical shrinkage strain E3 , 

., the characteristic time for short-term creep, T w, 

"' the final viscous compliance J~, and 

e the fracture energy Gf 

as functions of the degree of hydration~· 
The intrinsic function for the normalized chemi

cal affinity, A(O, is depicted in Figure 15(a) for a 
shotcrete mixture investigated at Lafarge CTEC Man
nersdorf, see (Hellmich 1999). In order to facilitate 
the implementation of the normalized chemical affin
ity A in the numerical analyses, an analytical expres
sion is established: 

A(~)= a 1 - exp(-b~) 
1 + c~d (26) 

For the evaluation of the free parameters a, b, c, 
and d, a nonlinear regression is performed (Hellmich 
1999). Figure 15(b) shows the linear strength growth 
of concrete/shotcrete (Mindess et al. 1978). The fi
nal strength of the considered Lafarge shotcrete is 
39.6 MPa. In Figure 15(b), ~o denotes the percola
tion threshold (Acker 1988) beyond which the ma
terial can support a stress deviator. The evolution 
of Young's modulus E(~) for this shotcrete is given 
in Figure 15(c). The intrinsic function for chemi
cal shrinkage strains is depicted in Figure 15(d). It 
was computed from experiments conducted by (Hu
ber 1991). Figure 15(e) shows the employed linear 
intrinsic function for the characteristic time for short
term creep. The final value of Tw, Tw, 00 , for the con
sidered Lafarge shotcrete is approximately 24 hours 
(Hellmich 1999). For the same shotcrete, J~(~) is 
depicted in Figure 15(f) (Lechner et al. 2001). Ac
cording to (Lackner & Mang 2001) a linear intrinsic 
function is employed for the fracture energy Gf (see 
Figure 15(g)). 

4 APPLICATION: SIEBERG TUNNEL IN 
LOWER AUSTRIA 

For the numerical analysis of the Sieberg tunnel, the 
measurement cross-section MCS1452 (km 156.990) 
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Figure 15: Intrinsic material functions for shotcrete: 
(a) normalized chemical affinity, (b) strength growth, 
(c) aging elasticity, (d) chemical shrinkage, (e) char
acteristic time for short-term creep, (f) final viscous 
compliance, and (g) fracture energy 

is chosen. For evaluation of the axial strains in the lon
gitudinal direction, the preceding and the subsequent 
MCS, i.e. MCS1444 (km 156.998) and MCS1462 
(km 156.980), are employed. 

4.1 Geometric dimensions and material properties 
The geometric dimensions of the standard cross
section of the Sieberg tunnel are given in Figure 16. 

top heading 

left 
bench 

Figure 16: Sieberg tunnel: cross-section 

Typical mechanical properties of shotcrete used in 
the following analysis are listed in Table 1. 

Table l: Sieberg tunnel: mechanical material parame
ters for shotcrete 
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final Young's modulus [MPa] 
Poisson's ratio [-] 
final compressive strength f c,oo [MP a] 
final tensile strenth ft,oo 

40,800 
0.2 
39.6 

fc,oo/10 

The final value of the fracture energy Cf, Cfx,, is 
computed from (CEB-FIP 1990) 

ci =cf c,oo 
(j. )0.7 

co o fco ' 
(27) 

where fco=lO N/mm2 . CS depends on the maxi
mum aggregate size d.ma.x· For the maximum aggre
gate size of shotcrete, namely 8 mm, Cb is obtained 
as 0.025 Nmrn/mm2 (CEB-FIP 1990), giving Gfx, = 
0.065 Nmrn/mm2 . 

The shotcrete shell is reinforced with two layers of 
AQ60 (~6 mm, spacing of 100 mm, giving a, = 283 
mm2/m). Assuming a shotcrete cover c of 30 mm, 
the effective tensile shotcrete height is obtained as 
hc,eff = 82.5 mm (Eqn. (23)). 

The material functions for the average crack spac
ing e and the factor /, which are required for the 
calibration of the Rankine criteria, are computed on 
the basis of the earlier-described 1 D composite model 
(see Subsection 3.3). Hereby, the following properties 
describing the bond slip - bond stress relation (Fig. 
13) are used: Trnax = 2ffc, TJ = O.l5Tmax' SJ = S2 = 
0.6 mm, s3 = 1.0 mm, and a= 0.4 (CEB-FIP 1990). 
f!. and/ are determined for different values of e, giv
ing discrete values of the functions f!.(e) and 1(0 (see 
circles in Figure 17). The obtained relations are ap
proximated by a constant and a linear function, re
spectively, as shown in Figure 17. 

4.2 Monitoring equipment 

Five devices for 3D displacement measurements are 
installed at each MCS, see Figure 18. The measure-



(a) 

(b) 

e(e) [mm] 
400+-~o,__.a-'..o.."'"""-""'o""""'~o~o~~o~o~~o 

0 

300 

200 

100 8 

00 

e = 400 mm = canst. 

e l-J 
0.2 0.4 0.6 0.8 1.0 

1(0 [-] 
20 

15 

10 

5 

0 '°' 
0 

22.s - 15.oe 

0.2 0.4 0.6 0.8 

n-i 
1.0 

Figure 17: Sieberg tunnel: material functions for the 
average crack spacing /!. and the factor I used for the 
calibration of the Rankine criteria 

ment devices provide displacement vectors. all mea
sured in one spatial reference system. 

•• "Is!" 

MPl 

MP2 il1P3~ 

.® J\!f P4 

Figure 18: Sieberg tunnel: monitoring equipment con
sisting of five MPs 

4.3 Construction history 

The construction history for the part of the tunnel 
around MCS 1452 is depicted graphically in Figure 
19. 120 h after the erection of the top heading in 
MCS 1452, the construction works were interrupted 
for 456 h (Christmas vacations). The left and the right 
bench, respectively, were installed 288 h and 336 h, 
respectively, after resuming work. 

4.4 Numerical results - level of loading 
For the analysis of the Sieberg tunnel, 31 layered 
beam elements are employed. They are distributed 
equally over the circumferential direction of the 
shotcrete shell, with l:,.<p = 6.6° (see Table 2). !:,.'P 
represents the distance between the middle points of 
two adjacent elements. As regards the discretization 
of the shell over the thickness, six layers, each of 5 
cm thickness, are used. The angle giving the length of 
the beam elements, l:,.<p" (Fig. 6), is set equal to 0.01°. 
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current length of 
tunnel [m] 

1500.-~---'j-~~-.--~---,,-,,..,-~,-~--, 

Christmas 
vacations 

240 480 720 960 t [h] 

Figure l 9: Sieberg tunnel: construction history for top 
heading, left bench, and right bench (t = 0 refers to 
the time constant of installation of the top heading) 

For the present analysis, isothermal conditions with 
T = 20°C = canst. are assumed. 

The time span considered in the analysis is 50 days, 
starting with the installation of the top heading. The 
temporal discretization is characterized by time (load) 
increments of 0.25 h, yielding 4800 time increments. 
Based on the proposed structural model presented in 
Section 2, the analysis of the Sieberg tunnel took only 
two minutes. Needless to say, the analysis on the basis 
of a fully 3D model would require significantly more 
computation time . 

The state of deformation in the tunnel at the con
sidered MCS is illustrated in Figure 20 by means of 
the circumferential and the longitudinal stretches, 

n n 

E'P = I: E<p,k!:,.(k and Ez = 2.:: Ez,kl:,.(;, , 
k=l 

(28) 
k=l 

Table 2: Sieberg tunnel: location of middle points of 
layered beam elements 

I no.I 'P II no. I 'P II no. I 'P II no. I 
1 -9.40 9 43.6° 17 96.6° 25 149 7° 
2 -2.8° 10 50.2° 18 103.3° 26 156.3° 
3 3.8° 1 l 56.8° 19 109.9° 27 162.9° 
4 10.40 12 63.5° 20 116.5° 28 169.6° 
5 17.1° 13 70.1° 21 123.2° 29 176.2° 
6 23.7° 14 76.7° 22 129.8° 30 182 8° 
7 30.3° 15 83.4° 23 136.4° 31 189.5° 
8 36.9° 16 90.0° 24 143.1° 

where n represents the number of layers. For the finite 
element located at the top, compressive circumferen
tial stretches prevail (Fig. 20(a)). Remarkably, they 
are not monotonically increasing. At the right foot
ing of the top heading, compressive stretches evolve 
rapidly reaching their peak approximately 80 hours 
after installation of the top heading (Fig. 20(b)). This 
rapid increase is followed by a decrease of almost 
70%. In the left bench, the compressive circumfer
ential stretches undergo a reduction of approximately 
45% between t = 960 and 1090 h (Fig. 20(c)). For 
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Figure 20: Sieberg tunnel: stretches E'P and Ez at 
MCS1452 at (a) rp = go 0 (element 16), (b) rp = 10.4° 
(element4), and (c) rp = 182.8° (element 30) 

t > 10go h, an increase of E'P is observed. The lon
gitudinal stretches are lying within the compressive 
regime. They are significantly smaller than E'P. 

Figure 21 shows the evolution of the axial forces in 
the circumferential and the longitudinal direction, 

n 

n'P = :z= O"<p,khD.(1: 
k=1 

n 

and nz = L O"z,kh6.(k · 
k=l 

(29) 
After application of the top heading, compressive cir
cumferential forces develop (Fig. 2l(a)). These forces 
are simultaneously reduced by the creep capacities of 
shotcrete. During the Christmas vacations, the stress 
relaxation continues (200 < t < 330 h). At t = 330 h, 
the compressive circumferential stretches E'P slightly 
decrease (Fig. 20(a)). Temporarily, this results in ten
sile forces in the top heading. Continuation of the ex
cavation after the Christmas vacations again leads to 
compressive loading states in the circumferential di
rection of the shotcrete shell. At the right footing of 
the top heading, the rather abrupt increase of the com
pressive stretches E'P (Fig. 20(b)) leads to high com
pressive loading of the young shotcrete. From t = 100 
to 570 h the evolution of E'P is almost constant. The 
creep properties of shotcrete, however, result in a re
laxation of the compressive stresses. The reduction of 
e'P fort> 570 h leads to tensile loading causing crack
ing of shotcrete. At t = 600 h, the employed Rankine 

867 

0 

-2 

n'P 
-4 

(a) -6 )n'P, n 2 [MN/m] 

0 

-2 

-4 

(b) -6 n'P, nz [MN/m] 

0 
500 

-2 nz 

(c) -6 n'P, n 2 [MN/m] 

Figure 21: Sieberg tunnel: axial forces in circum
ferential and longitudinal direction, n'P and nz, at 
MCS1452 at (a) rp = go 0 (element 16), (b) rp = 10.4° 
(element 4), and (c) rp = 182.8° (element 30) 

criterion gives a good estimate of the maximum ten
sile load in the circumferential direction, which can be 
carried by the shell, i.e. n<p,mao:"" f 1,00 h = 4 · 0.3 = 1.2 
MN/m, where .ft,oo = 4 MN/m2 represents the tensile 
strength at the end of hydration. For t > 600 h, the 
tensile force that can be carried by the shotcrete is de
creasing as a consequence of strain softening. In the 
left bench, the reduction of compressive circumferen
tial stretches observed in Figure 20(b) between 960 
and 1080 hours results in tensile loading (Fig. 2l(c)). 
For t > 1080 h, the increase of the circumferential 
compressive stretches leads to compressive loading of 
the left bench. 

As regards the axial force in the longitudinal di
rection, n,, realistic modelling of chemical shrinkage 
in the material model for shotcrete together with the 
decreasing evolution of the compressive longitudinal 
stretch Ez between 200 and 920 hours leads to tensile 
stresses in the top heading (Fig. 2l(a)). A similar re
sponse in the longitudinal direction is observed at the 
right footing of the top heading (Fig. 2l(b)). Right af
ter installation of the left bench, chemical shrinkage 
results in tensile loading of shotcrete in the longitu
dinal direction (Fig. 2l(c)). Again, the used Rankine 
criterion is well-suited for the representation of crack
ing in the shotcrete shell. 

In order to assess the crack opening in the tunnel 



shell, crack indicators c'P and CZ are introduced in 
the form 

_ W~(t) 
C'P--f--. 

Ginc1(t) 
and 

W~(t) 
Cz=-r--· 

Gir1cr ( i) 
(30) 

C'P and C2 relate the released energy in consequence 
of cracking, w~ and Tif!~, to the increased fracture en-

ergy G{,,cc· Hence, for values of C equal to zero, no 
cracking has occurred so far. For C = 1, all hydrates 
at the crack face are broken, giving a tensile strength 
equal to zero. Figure 22 shows the evolutions of 

n 

and CZ = I: C~' t:,.(k (31) 
k=l 

for the FE elements located at 'P = go 0
, 10.4°, and 

182.8°. C'P = 0 at the top of the tunnel shell (Fig. 
22(a)) indicates that the observed circumferential de
formations do not cause cracking of shotcrete. At 
cp = 10.4° and 182.8°, however, the reduction of the 
compressive stretches Ecp causes cracking. Almost ev
ery time, when fcp is reduced, an increase of c'P is 
observed in Figures 22(b) and 22(c). At t = 1200 h, 
c'P at the right footing of the top heading is equal 
to 91.3% (Fig. 22(b)). The respective decrease of the 
tensile load-carrying capacity is reflected in the evo
lution of n'P shown in Figure 2l(b). The compres
sive stretches in the longitudinal direction at the top 
of the tunnel shell are neither constant nor monotoni
cally increasing (Fig. 20(a)). Hence, in time intervals 
characterized by a reduction of the compressive lon
gitudinal stretches (570 < t < 700 h, see Fig. 20(a)), 
cracking of shotcrete occurs as indicated by the evo
lution of Cz (Fig. 22(a)). Similar to the evolutions of 
Cz at 'P = 10.4° and 182.8°, Cz at cp = go 0 does not 
exceed 30%. Hence, at least 70% of the formed hy
drates are still intact, providing the observed residual 
tensile strength of shotcrete in the longitudinal direc
tion (Fig. 21). 

Finally, the level of loading, L, is evaluated . It 
amounts to 0% for the structure without loads and 
to 100% when the (actual) compressive strength is 
reached. For the Drucker-Prager criterion, the level of 
loading for the k-th layer is given as 

L _ JI2(CJcp,kCJz,k) +aI1(CJcp,k,CJz,k) 
k - fc(tk)//3 ' 

(32) 

see Figure 23. 

in the tunnel cross-section. Right after installation of 
the top heading, values for L up to 80% are obtained 
at the footings of the top heading. This reflects the 
earlier-observed abrupt increase of compressive cir
cumferential stretches Ecp and of the respective axial 
force n'P (see Figs. 20(b) and 2l(b)). With increasing 
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Figure 22: Sieberg tunnel: crack indicators C'P and 
Cz at MCS1452 at (a) cp = go 0 (element 16), (b) 
cp = 10.4° (element 4), and (c) 'P = 182.8° (element 
30) 
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Figure 23: Sieberg tunnel: illustration of the level of 
loading L in the CJ 'P-CJ z stress space 

time, relaxation in consequence of creep of shotcrete 
results in a reduction of L below 20% for the entire 
top heading, see calendar week 2, 1998 in Figure 24. 
Installation of the benches, however, causes further 
loading of the shell reflected by the increase of L in 
the top heading to a value of 40.1 %. The increase 
of the compressive circumferential stretches Ecp in the 
left bench fort> 10go h (Fig. 20(c)) yields very large 
values of L. The maximum value is obtained at the 
footing of the left bench as L = g5.4%. 



(a) (b) 
Figure 24: Evolution of L of the Sieberg tunnel at MCS1452: (a) right view and (b) left view (cw: calendar 
week) 

Figure 24 shows the evolution of L, where 

n 

L = l::LkL.(k, (33) 
k=l 

5 CONCLUSIONS 
An efficient and robust analysis tool for quantifica
tion of the stress state in shotcrete tunnel shells was 
presented. It is based on the combination of in situ 
displacement measurements and a material model for 
shotcrete. In addition to commonly considered mate
rial properties of shotcrete, such as aging, creep, and 
plasticity, the material model was extended to account 
for early-age fracture of shotcrete. The interaction be
tween the reinforcement of the tunnel lining and the 
surrounding shotcrete was considered in the calibra
tion of the shotcrete model. 

From hybrid analysis of the Sieberg tunnel the fol
lowing conclusions can be drawn: 

"' Right after installation of the top heading, high 
compressive loading was encountered at the 
footings, characterized by a level of loading up 
to 80%. 

., The installation of the benches caused an in
crease of the loading of the tunnel shell which 
was reflected by an increase of the level of load
ing in the top heading. 

"' Cracking in both the circumferential and the lon
gitudinal direction was indicated by the analy
sis. The main reasons for cracking are reductions 
of compressive circumferential and longitudinal 
stretches in the shell and shrinkage of shotcrete. 
The employed Rankine criterion together with 
the proposed mode of calibration allowed the 
simulation of strain softening in consequence of 
microcracking, crack healing, and the interaction 
between the reinforcement and shotcrete. 

The analysis of the Sieberg tunnel took less than two 
minutes for a simulation time of 50 days. Hence, the 
proposed strategy is well-suited for on-line monitor
ing of stress states in tunnel shells on site. 
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