CSM COMPUTER MODEL FOR TBM PERFORMANCE PREDICTION

1. Background

The CSM modd for TBM performance prediction was developed by the Earth Mechanics
Indtitute (EMI) over a time period extending over 25 years. The development efforts on the CSM
modd began with a theoreticd andyss of cutter penetration into the rock without any adjacent
cuts or free-faces. As shown in Fgure 1, this fird step was crucid in understanding dress fidds
and the resultant fractures that are created benegth the penetrating edge of a disc cutter. Initidly,
the andyss focused on V-profile disc cutters, but later modified to include the congtant-cross
section discs as they became the industry standard. In this andyds, various previous theories
derived from wedge indentation into rock were used as a guide. This andyss helped confirm the
occurrence of a highly stressed crushed zone and the radid tenson cracks during cutter

penetration into the rock.
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Figure 1. Stress fields and the resultant fractures benegth the penetrating edge of a disc cutter




The next sep was to extend this single cutter andysis into multiple cutter operaion to
smulate the interaction of adjacent cutting paths on a TBM. This means a free face (cut) exists
on one Sde of the cutter to which the chip formation occurs, as illustrated in Figure 2. In this
scenario, the rock under the cutter is again crushed to a fine powder, which behaves in a dtate of
hydrogtatic dtress, causing radid cracks to form and radiate from this crushed zone or the so-
cdled pressure-bulb. As these cracks are forced to grow, one or more of them reach the
neighboring cut, causng rock falure in the form of a chip. Detaled andyss of this chip
formation mechanism aded with high-speed movies taken during cutting and chip surface
ingpections led to the concluson that rock falure was occurring in tenson. As a result, in the
firgd formulation of the CSM modd, rock compressve and tensile strengths were used as input to
characterize the rock boregbility by disc roller cutters. The compressve srength was used to
describe the rock crushing beneath the cutter tip while the tensile strength accounted for the chip
formation between adjacent cuts. Hence, using these two rock properties, a correlation was
developed between cutter thrust force and the depth of peneration achieved as a function of
cutter edge geometry and the cutter diameter.
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Figure 2. Chip formation between adjacent cuts




Once the equation relating cutter thrust to penetration was established, the cutter rolling
force was determined using a rétio cdled the cutting coefficient. Figure 3 illudrates three cutting
forcesthat are exerted to the tip of the disc cutter during excavation.
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Figure 3. Individual forces acting on a cutter

2. Prediction of Penetration Ratein CSM M oddl

The formulation of the initid modd was followed with cdibraion with actud cutting
data obtained from laboratory tests performed on the CSM Linear Cutting Machine (LCM). The
LCM dlows testing of full sze fidd cutters under fidd-smulated conditions in terms of cut
gpacing, penetration, speed, etc (Figure 4). The accuracy of LCM test results has been validated
with extensve fidd TBM data The datigicd anadyss of the cutting forces from LCM testing
with intact rock properties (such as unconfined compressve dtrength and tendle drength),
cutting geometry (spacing and penetration), and cutter geometry (diameter and tip width) became
the basis of the CSM computer mode in order to formulate the cutting forces thet are exerted on
tip of the disc cutter. This made penetration rate prediction possble for a tunnd boring machine
in given rock conditions by usng the formulation from LCM tesing. This dso means that one




can make performance prediction without doing any laboratory-cutting test, such as LCM, with
an acceptable accuracy.
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Figure 4. LCM test set-up and cutting forces recorded

Unconfined compressive srength and tensile srength are Hill the pat of CSM database
to assess peformance prediction of TBMs aong with additional specid tests, such as Punch
Penetration Index test, to characterize the boregbility of the intact rock. But, grest attention is
pad to scrutinizing the rock compressve and tendle srength measurements before they are
entered into the CSM mode. For compressive srength, al structurd failure data are discarded
since such data does not represent the true intact strength of the rock. The same holds true for
tendle drength measurements. Figure 5 illudrates the falure types that represent types of




falures. The falure of a core sample dong an exiding fracture, joint or bedding/foliation planes
during laboratory test is considered as sructurd falure.
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Figure 5. Fallure typesfor UCSand BTS

Prediction of penetration rate is first based on the new cutters for the entire cutterhead.
This vaue is then adjusted to account for cutter wear as the TBM will dways include cutters at
different levels of wear during mining. Because of this, a correction factor must be included to




account for the weighted average new and worn cutters at a time. The CSM computer model
performs this adjusiment.
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Figure 6. New and worn disc cutters

From the comparison of the modd results with field data, it became gpparent that the
compressve and tendle drengths themsdves were not sufficient to fully characterize and
describe rock falure by disc cutters. This meant there were some other rock properties, which
influenced cuttability in addition to its compressve and tendle drengths. This property was
referred to as the toughness, meaning some rocks required either more or less cutting effort than
would be predicted based on their strength values done. In some cases, rock was found to resst
efficient chipping with more than usua crushing occurring benesth the cutter tip. In others, rock
chipping occurred with less effort than anticipated. Following further theoreticd and
experimental studies, this toughness issue was addressed by two methods. First was the adoption
of the Punch Penetration test as one measure of rock toughness. The punch test was origindly
developed by Ingersoll-Rand for estimating raise borer performance and later adapted and used
by Robbins for TBM peformance prediction This test is described in literature it basicdly
involves the penetration of a cone-shaped indentor into the rock and andyzing the load vs.
penetration curve recorded during the test (Figures 7). This dope is then used to provide a
measure of rock toughness. Another method to assst in defining rock toughness is the thin-
section petrographic andyss. It was found that in some rocks certain  gran/matrix
characterigtics contributed to rock exhibiting certain toughness by impeding efficient chipping.
In such rock types, extensve crushing of rock was seen to occur in the cutter path prior to
formation of chips  Petrographic evaluaions of such rocks reveded the occurrence of gran
suturing/interlocking, which made the rock fabric more difficult to “tear apat”, hence the




increased difficulty of chipping during TBM operation. As a result of these findings, the Punch
Penetration index and the observations from thin-section andyss (Figure 8) were also added as
input parameters to the CSM moded. Also consdered were rock porosty and grain size.
Especidly rock porogty effects the fracturing since the chipping mechenics in disc cutting is
based on the fracture propagation between adjacent cuts as described in Figure 2. All these
factors are incorporated into the modd through empirica corrdations with fidd data from

various job sStes.
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Figure 7. Punch Penetration Index Test (A) Test Set up (B) Penetration-Force Plot

Figure 8. Example andlyss of Thin-sections

Further, the tensle drength (Brazilian) tests are evduated from a viewpoint of sample
orientation with respect any bedding/foliation, which might be present. As shown in Figure 9, in




rocks exhibiting directiond behavior due to exigence of bedding/foliation, the Brazlian disks
need to be oriented so that faillure occurs in more or less the same direction as chipping between
cutter paths.
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Figure 9. Rock failure in bedded/foliated rock formations (A) paralel to foliation and (B)

perpendicular to foliation

The CSM modd predicts the penetration rate without any condderation given to the
influence of exiging jointsfissures in the rock. To account for these effects, the modd makes
use of the corrdation factors developed for joint effects by the Norwegian Geotechnica Ingtitute
(NTNU). Depending on joint/fissure spacing and angle that these weakness planes make with the
tunnd axis (i.e. the dpha angle)) NTNU has derived a st of rdationships between TBM
penetration rate and the fracturing factor. The CSM mode results are then adjusted accordingly
to account for the jointffissure effects usng the reationships gmilar to those developed by
NTNU.

3. Model Description

The equations and the specific agorithms used in the CSM modd for relating cutter force
to penetration are proprietary and are not disclosed to third parties. However to demonstrate how
the modd functions, following is a dep-by-step explanation as to the logic, which the modd
utilizes to estimate the TBM penetretion rate and cutter life.




Figure 10 is a flow chart, which shows the generd steps involved in making performance
edimates. Once the appropriate rock and geologic data is entered into the modd, one of two
options can be exercised. If the predictions are to be developed for an existing machine, the
mode then asks for relevant information about the machine, including cutter type, layout, type of
machine, dl machine specifications in terms of thrust, torque, power, rpm, etc. If it is desred to
use a new machine, the modd will then devdop the required specifications and provide a

cutterhead layout determined to be optima for the rock and geologic conditions anticipated. This
as0 covers the selection of the best cutter geometry.
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Figure 10. Logic of the CSM Mode for TBM performance prediction




Figure 11 shows the moded window where the machine specifications are entered

which vary as trangition begins to occur from face to gage cutters (Figure 12).
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Figure 11. Data Input Window for CSM Modéel

(A) Drawing

Figure 12. Cutterhead layout

(B) Model Plot

together with power and thrust efficiency factors. The modd then asks whether the actud
cutterhead is layout is available and if so, whether the estimates are to be developed using actud

layout or the average cutter spacing. These two approaches give very close results The only
difference is that by usng the actud head layout, the modd can dso caculate individud loads,
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The next sep is to perform the caculaions usng the force-penetration agorithms built

into the modd. The modd accomplishes the required caculatiions usng an iterative gpproach. It
darts from a low ROP and gradualy increases it until one or more cutter or machine limits are

reached (Figure 13). It then records the corresponding penetration rate as the maximum
achievable ROP for the rock and geologic conditions anticipated. It follows the same procedure

for al other rock types to be encountered in the tunnd. All estimates are then summarized and
liged in a tabular form. As noted previoudy, the basic penetration is then adjusted by the model

to account for joints/foliation, porosity and rock toughness.
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Figure 13. Calculation of ROP

The model can dso produce a plot of cutter load digtributions over

example of thisis shown in Figure 14.
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Figure 14. Thrust, Power and ROP at different rock strengths

the cutterhead. An
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The CSM modd dso develops an estimate of cutter life and the resultant cutter codts
usng the Cerchar dbradvity index. This test, which was originadly developed by the French Cod
Mine Research Inditute, has been found to provide an accurate measure of rock dorasivity for
disc cutter usage. The test essentidly involves scratching the fresh rock surface with a sted pin
made of the same materid as the cutter itsdf (Figure 15). The tip loss resulting from a series of
surface scratches is then converted © a cutter life index usng fied-lab data correlations. Using
the Cerchar abrasvity index and the caculated ROP, the modd then makes an esdtimate of cutter
life in terms of hours of operation and/or the cubic yards of excavation before cutter replacement
becomes necessary. If cutter hub assembly and the ring/spares codts are available, cutter costs are

determined as dollars per cubic yards of excavation.
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Figure 15. Cerchar Abrasivity Test Set-up

4. Conclusion

The CSM performance prediction modd is subjected to continual improvements as more
fidd data is acquired and additional cdibrations are peformed. This is an ongoing process,
which serves to gdeadily enhance the accuracy of the modd. The CSM modd results dso, in
generd, agree with the two other most widdy used TBM peformance prediction modes,
namey the NTNU mode and the Robbins mode!.
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