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ABSTRACT
In this study, the most widely used performance prediction models for TBMs were
evaluated by comparing the model prediction with the actual measured data. TBM
performance prediction models included Gehring, CSM, NTNU, QTBM, and RSR model.
Sensitivity analysis for the input parameters was performed to determine the most
effect parameters in the models.
Also, measured TBM performance was compared with the predicted performance.
Predicted penetrations of models were larger than measured one for this study. Since
the considered tunnel section had an average value of 490 m overburden, the effect of
overburden must be considered. A correction factor for overburden was derived from
the QTBM model to be applied to other TBM performance models.
1. INTRODUCTION
Tunnel boring machine (TBM) is a machine used to excavate a tunnel with a
circular cutterhead equipped with disc cutters, drag bits, scrapers, and cutting knives. In
the past conventional tunneling methods such as drill and blast methods and/or
mechanical excavators was frequently employed. With advances in technology of
TBMs, the use of TBMs has been increased significantly.
In this study, the most widely used performance prediction models for TBMs were
evaluated by comparing the model prediction with the actual measured data from a
hard rock open TBM site in central Europe. TBM performance prediction models
included Gehring, CSM, NTNU, QTBM, and RSR model. Sensitivity analysis for the
input parameters were performed to determine the parameter that has the greatest
effect on the models.
Also, measured TBM performance was compared with the predicted performance.
Since the considered tunnel section had an average value of 490 m overburden, the
effect of overburden must be considered. A correction factor for overburden was
derived and applied to other TBM performance models.
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2. TBM PERFORMANCE PREDICTION MODELS
In general, TBM performance prediction models are based on analytical and
empirical approaches. Analytical models introduced equations based on analyzing of
disc cutting force acting on individual disc cutter. The most popular example of the
analytical model is a CSM model (Rostami and Ozdemir, 1993; Rostami, 1997).
Empirical models have been developed by statistical analysis of field recorded data,
rock mass conditions, and machine parameters. Example of empirical models can be
found in Gehring (1995), NTNU (Bruland, 2000), QTBM (Barton, 2000), and RSR
models (Innaurato et al., 1991).
2.1 CSM model
CSM model has been developed at the Colorado School of Mines by Ozdemir et
al. (1977) and was updated by Rostami (1997). The CSM model estimates the cutting
forces for a given penetration (mm/rev), based on intact rock properties, geometry of
cutter and cutting through iterations. The model is based on the statistical analysis of a
database of cutting forces developed by full scale linear cutting test of disc cutters on
various rock types in the CSM laboratory.
The cutting force can be calculated as follow:
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where,
Ft = Total forces acting on the disc
C = Constant equal 2.12
T = Disc cutter tip width
R = Dis cutter radius
 c = Uniaxial compressive strength of rock (UCS)
 t = Brazilian indirect tensile strength of rock (BTS)
S = Disc cutter spacing
 = Angle of the contact area estimated as
 R p
  cos 1 
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p = Cutter penetration per revolution
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2.2 RSR model
Innaurato et al. (1991) introduced a TBM performance model using UCS and
Rock Structure Rating (RSR) of Wickham et al. (1972). The method is based upon 112
homogeneous sections, which can provide a reliable correlation between rate of
penetration and parameters of UCS and RSR. It is noted that the RSR was originally
developed for rock support in conventional tunneling method. In order to adapt to the
case of TBM tunneling, an adjustment coefficient, which is the influence of tunnel
diameter, should be taken into account. The rate of penetration in m/hr is calculated as:

ROP   c0.437  0.047  RSR  3.15

(3)

where,  c is uniaxial compressive strength of intact rock in MPa.
2.3 Gehring model
Gehring (1995) developed a TBM performance prediction model for internal
company purposes of the company Voest Alpine Bergtechnik, which was active as a
TBM manufacturer. It is based on an extensive evaluation of the literature and was
validated against data from many projects. This model assumes that the penetration is
proportional to the disc cutter normal force and inversely promotional to uniaxial
compressive strength of rocks. In addition, this model takes into account several
correction factors as follow:
1)
Specific fracture energy
2)
Orientation and spacing of discontinuities
3)
Stress state in rock mass
4)
Disc cutter diameter
5)
Disc cutter spacing
The penetration, P , in mm/rev is estimated as:
F
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where,
FN = Disc cutter normal force [kN]
 c = uniaxial compressive strength of rock [MPa]
k0 , k1 , k2 , k3 , k4 , k5 = correction factors, k0 is a constant equal to 4.
2.4 NTNU model
NTNU model has been developed by the Norwegian University of Science and
Technology since 1976 and the current model is based on data from 35 projects with
more than 250 km of tunnels (Bruland, 2000). The model was developed using
multivariable regression, and it uses charts to determine working parameters. The basic
philosophy of the NTNU model is to simulate the penetration curve based on rock mass
and TBM parameters. The model combines the decisive rock mass parameters into
one rock mass boreability parameter, i.e. the equivalent fracturing factor, kekv , and the
relevant machine parameters into one machine or cutterhead parameter, i.e. the
equivalent thrust, M ekv . Basic penetration rate io is expressed as a function of
equivalent thrust, the critical or necessary thrust and the penetration coefficient.
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where,
M 1 = the critical or necessary thrust to achieve a penetration of 1 mm per cutterhead
revolution
b = the penetration coefficient or penetration exponent

2.5 QTBM model
Barton (2000) developed a model for predicting penetration rate and advance rate
of TBM tunneling. This model is based on Q-system, but has additional rock-machine
and rock mass- machine interaction parameters. QTBM is expressed as follow:
SIGMA 20 q  
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where,
RQD0 J r
J
Qo 
  w
Jn
J a SRF
RQD0 = RQD(%) interpreted in the tunneling direction
J n , J r , J a , J w , SRF = ratings are unchanged, except that J r and J a should refer to the
joint set that most assists (or hinders) boring
F = average cutter load (tnf) through the same zone
SIGMA = rock mass strength estimate (MPa) in the same zone
CLI = cutter life index
q = quartz content in percentage terms (%)
  = induced biaxial stress on tunnel face (approx. MPa) in the same zone, normalized
to an approximate depth of 100m (assumed 5 MPa per 100 m depth)
3. SENSITIVE ANALYSYS
The influence of each input parameter on the prediction models is conducted by
sensitivity analysis. A sensitivity analysis conducted to find the influence of each
effective parameter. This was performed by variation of one input parameter across
from minimum to maximum range while the other input parameters were kept constant
on their mean value. In this respect, a variation range is selected for the input
parameters of prediction models
Average values and variation range of input parameters are listed in Table 1. It
should be noted that the variation range of geomechanical properties and TBM
parameters such as thrust per cutter has been selected based on a hard rock open
TBM site in central Europe. Disc cutter size and disc cutter spacing were set to 482 mm
and 75 mm, respectively.
Considering the ranges of these parameters, sensitivity analyses of the predicted
penetration based on each model were performed. Fig. 1 shows the normalized
penetration for CSM model. The normalized values are determined by dividing the
mean values. It seems that thrust per disc cutter has the maximum effect on the
predicted penetration in CSM model. Fig. 2 shows the normalized penetration for NTNU
model. It seems that fracturing factor and thrust per disc cutter have the maximum
effect on the predicted penetration in NTNU model. But, the variation of UCS has a
negligible influence on penetration. Normalized penetration for QTBM model is
presented in Fig.3. The variation of UCS, CAI and quartz content has a negligible
influence on penetration in QTBM model.
Figs. 4 and 5 are normalized penetration of prediction models with respect to

UCS and thrust. The variation of UCS has less effect on RSR, NTNU and QTBM
models. The variation of UCS has the maximum effect on CSM model. The CSM model
is most effected by the variation of thrust per disc cutter. Penetration due to the
variation of thrust in NTNU models is approximately same as the QTBM model.
Table 1. Input parameters for sensitive analysis
Input parameter
Min.
Average
UCS [MPa]
130
175
BTS [MPa]
5
7
CAI
3.4
4.8
Thrust per cutter [kN]
150
230
RSR
54
80
RPM
5
8
Fracturing factor
0.36
0.90
Quartz contents [%]
37
50
Induced biaxial stress [MPa]
2.5
5

Max.
250
10
6.1
300
97
10
1.73
80
75

Fig. 1. Normalized values of predicted penetration in CSM model

Fig. 2. Normalized values of predicted penetration in NTNU model.

Fig. 3. Normalized values of predicted penetration in QTBM model.

Fig. 4. Normalized penetration of prediction models with respect to UCS

Fig. 5. Normalized penetration of prediction models with respect to thrust.

4. COMPARISON OF ACTUAL TBM PERFORMANCE AND MODEL PREDICTION
The progress of the TBM excavation and monthly production is presented in Fig.
6.

Fig. 6 Progress of the TBM excavation and monthly production

TBM excavation started from November 2013 and as of November 2014 the
tunnel is bored to 1,683 m. More detailed analysis was made on the data excavated
between April and July 2014. In this periods the TBM excavation parameters were
relatively uniform. The considered tunnel section is located between ch. 0+518.3 and
ch. 1+157.9 (Fig.7). The main rock type in this tunnel section was gneiss.

Fig. 7 Longitudinal profile of the considered tunnel section
The thrust per disk cutter varies between 136 and 280 kN with an average value
of 240 kN. The cutterhead rotational speed varies between 2.5 and 10.1 rpm with an
average value of 8.7 rpm. The penetration varies between 1.1 and 5.9 mm/rev. The

average values is 2.7 mm/rev with a standard deviation of 1.1 mm/rev.
For the estimation of the TBM performance, 5 prediction models of CSM, NTNU,
Gehring, RSR and QTBM were employed. Table 2 summarizes the geomechanical
properties and TBM parameters used in the models.
Table 2. Geomechanical properties and TBM parameters.
UCS

BTS

[MPa]

[MPa]

0+518.30~0+628.00

169.3

0+628.00~0+847.90

Chainage

Q

RSR

6.74

66.5

86

174.4

6.94

31.7

0+847.90~1+015.70

175.8

7

1+015.70~1+157.90

176.7

7.03

Quartz

Fracturing

CLI

DRI

36

3.7

12

46

0.979

9.6

222.4

81

77

5.7

5.6

45

1.077

8.4

242.9

27.5

80

46

4.2

9.5

45

0.949

8.6

246.6

14.1

75

46

4.2

9.5

45

0.826

8.7

242.2

content[%]

factor

RPM

Thrust

CAI

[kN]

Fig. 8 presents the predicted penetration estimated by the considered models. In
general predicted penetrations of models are larger than measured one. The predicted
penetration from QTBM model is the closest penetration to the measured one. The
results from CSM model is approximately 4 times bigger than actual penetration. The
predicted penetration from NTNU and Gehring models shows a similar trend.

Fig. 8 Predicted penetration from considered models.
Only the QTBM model considers the effect of overburden. Since the considered
tunnel section has an average value of 490 m overburden, the effect of overburden
cannot be ignored. For this reason the QTBM model seems to be close to actual
penetration. Fig. 9 shows the average measured penetration, penetration from QTBM
and overburden depth.

Fig. 9. Average measured penetration, penetration from QTBM and overburden
depth
A correction factor for overburden is derived from the QTBM model in this study.
Correlation between overburden depth and normalized penetration is presented in Fig.
10. Normalized penetration is determined by dividing the penetration at 100 m
overburden.

Fig. 10 Correlation between overburden depth and normalized penetration.
Derived correction factor f (d ) is expressed as:

f (d )  2.5096  d 0.2

(3)

where, d = overburden in meter.
Predicted penetration corrected by overburden is presented in Fig. 11. In this
case the predicted penetration from RSR model is the closest penetration to the
measured one.

Fig. 11. Predicted penetration after correction factor for overburden.
5. CONCLUSIONS
In this study, the most widely used performance prediction models for TBMs were
evaluated by comparing the model prediction with the actual measured data. Sensitivity
analysis for the input parameters are performed to determine the most effect
parameters in the models. Also, measured TBM performance and the comparisons
between predicted values and measured ones are discussed. A brief summary of the
results is presented in the following,
1) A sensitivity analysis conducted to find the influence of each effective
parameter. The variation of UCS has less influence on RSR, NTNU and
QTBM models. The variation of UCS has the maximum effect on CSM model.
The CSM model is most effected by the variation of thrust per disc cutter.
Penetration due to the variation of thrust in NTNU models is approximately
same as the QTBM model.
2) In general predicted penetrations of models are larger than measured one.
The predicted penetration from QTBM model is the closest penetration to the
measured one. Since the considered tunnel section has an average value of
490 m overburden, the effect of overburden cannot be ignored. For this reason
the QTBM model seems to be close to actual penetration
3) A correction factor for overburden is derived from the QTBM model in this
study.
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