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ABSTRACT 
 
     Variable Density TBMs have been introduced to the industry since a couple of 
years and by today a growing body of experience exists for their application in different 
ground conditions. The technology combines advantages and methods of EPB 
tunneling with those of slurry TBM tunneling, therefore opening new application fields 
as well as increasing the possible range to reuse existing TBMs. The paper provides an 
introduction into the variable density technology and reviews experiences in several 
projects around the world. The Kuala Lumpur Klang Valley MRT project in Malaysia 
pioneered the use of Variable Density technology for tunneling in karstic limestone 
ground conditions. The Hong Kong Shatin Central Link project used high density face 
support to safely cross a very low overburden location. In Cairo Metro Line 3, with VD 
technology, high advance rates were achieved in clays and sands. 
 
INTRODUCTION 
 
Variable Density TBM technology has propelled a wide range of successful projects 
around the world. Although there are many different types of variable density TBMs, the 
common underlying principle that defines them stays the same. By combining features 
of EPB TBMs and Mixshield TBMs, it is possible to improve the face support 
capabilities of a TBM beyond the level of either technology alone. This opens up a 
wider range of possible applications for the same TBM, which again increases the long-
term value as future projects of different geology can be executed with the same 
machine. Due to the superior flexibilitiy regarding face support medium, a Variable 
Density TBM also can deliver safer tunneling in sensitive urban areas. Especially the 
combination of higher support density in the chamber with the air bubble face pressure 
control technology safely prevents settlements in difficult low overburden tunnels.  
In summary, two different drivers can be identified behind the increased application of 
Variable Density TBMs. The first is the economic advantage of convertibility between 
earth pressure and slurry face support for projects that would require both types in 
different geological formations. Therefore, one TBM can be used in the whole project, 
instead of two different ones. The second driver is the superior capability to provide 
safe face support in difficult ground conditions. Therefore, the risk for sinkholes, 
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excessive settlements or damage to surface installations can be significantly reduced 
by using high-density slurry as face support medium and controlling its pressure 
precisely. 
 
KUALA LUMPUR KLANG VALLEY MRT 
 
The Klang Valley MRT project in Kuala Lumpur, Malaysia has pioneered TBM tunneling 
in karstic limestone. For the first and second phase, Herrenknecht has delivered a total 
of 10 Variable Density TBMs to the MMC-Gamuda JV. The TBMs have tunnelled 
through the Kenny Hill formation in EPB mode and through the Kuala Lumpur 
Limestone and Granite formations in slurry mode and high density slurry mode. The 
Kuala Lumpur Limestone is particularly challenging to tunnel through due to its karstic 
features. Carbonic acid in rainwater has led to the development of complex and 
extreme karstic features of the class IV to V. Figure 1 shows the geological map and 
karst classification of Kuala Lumpur. When a TBM hits karstic features such as caves 
or vents, an immediate loss of support medium or slurry blowout to the surface can be 
the consequence. Previous experiences in KL using two slurry TBMs for the SMART 
tunnel have required excessive surface grouting to prevent such incidents. Even such 
measures could not prevent unacceptable disturbances at the surface. Therefore, the 
new technology of the Variable Density TBM has been applied for the KVMRT 
construction. 
 

 
Figure 1: Geological Features in Kuala Lumpur 

 
Although TBMs with Variable Density TBM features have been used before in the 
Columbus OARS project as well as in the Miami Port tunnel in the US, the first fully 
specified Variable Density TBMs have been used in the 9.5km long tunnel section of 
the KVMRT line 1. The Ø  6,6m TBMs were equipped with different configurations, 
depending on the tunnel lot they were intended for. Some were designed to be 
convertible to dry mucking by belt conveyor and some were equipped for slurry 
mucking only. However, all machines were designed in such a way, that conversion 
was possible by adding a few elements. Using the air bubble system, the machines 
were able to precisely control the support pressure while at the same time using high 
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density bentonite (HDSM) to increase the density in the excavation chamber and 
reduce the blowout risk. Using the thick bentonite mix also reduced the risk of slurry 
loss into the ground. For the case such still occurred, a permanently active replenishing 
system was in place. Using thicker and higher density suspensions requires design 
adaptations such as a High Density Slurry Material (HDSM) mixing plant on surface 
where the high density material is prepared. The related pipelines and tanks were 
provided as well. Figure 2 shows the schematic structure of the jobsite. As the 
machines could be modified easily to different ground conditions, the machines used 
for KVMRT line 1 could be flexibly used in any lot of line 2 together with new Variable 
Density machines for line 2. 
 

 
Figure 2: VD TBM system and jobsite installations 

 
 
HONG KONG MTR SHATIN CENTRAL LINK SCL1128 
 
Hong Kong’s Shatin Central Link connects Tai Wan with Admiralty. Several existing 
MTR lines are connected with the new line. After completion, East Kowloon, which 
wasn’t previously connected to the MTR network, will gain access to the complete 
network. The Dragages-Bouygues JV has won the contract to construct 2x2 tunnels 
that will form part of a 6km long extension of the Shatin Central Link. Tunnelling works 
comprise of two eastern tunnels (up-track and down-track) of each approx. 590m in 
length that will run from the south ventilation building and the new Exhibition station on 
the Shatin Central Link and two western tunnels (up-track and down-track) of each 
approx. 510m that will be excavated between Fenwick Pier emergency egress point 
and the existing Admiralty station. While the up-track tunnels lie deeper, the down-track 
tunnels are very shallow. Contract 1128 drives directly under the densely built up 
northern shoreline of Kowloon Island. Figure 3 shows the location of the project. The 
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geological conditions are extremely challenging with several different formations to 
tunnel through. At lower levels, the extremely hard Hong Kong Granite with 200MPa is 
present at medium or slightly decomposed stage.  
 

 
Figure 3: Location of SCL1128 on Hong Kong Island north shore 

 
Above lies a layer of completely decomposed granite with corestones. Layers of marine 
sand and clay deposits have settled on top. These are very soft and unstable. The 
combination of mixed face tunneling with very hard formations at the invert and very 
soft formations at the top is always challenging. However, in the SCL1128 project, the 
extremely low overburden of only 3.7m added additional difficulty to the construction of 
the down-track tunnel. For this reason, a Ø  7,41m Variable Density TBM has been 
chosen for the construction of the western downtrack section. It offered the safest 
option to handle the heterogeneous face conditions with low overburden and critical 
infrastructure on the surface. 
The TBM has been designed to operate only with slurry mucking mode using normal 
bentonite as well as high density bentonite as additional medium. This allows using 
HDSM face support independently of the fines in the geology and stull fully utilizing the 
air bubble to control the support pressure. Increasing the support medium density 
allows using a higher support pressure without reducing the factor of safety against 
blowout. A separate supply line and mixing plant for the HDSM had been installed. 
Figure 4 shows the projects geological cross section.  
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Figure 4: Hong Kong SCL1128 Geology 

 
CAIRO METRO LINE 3 
 
Cairo metro is constructed in the lower Nile alluvial plain that surrounds Cairo city. The 
plains geology is formed by alluvial deposits of different sands and clays. The soil 
profile along line 3 typically consists of a surface fill layer of 2m to 4m thickness, 
followed by the upper sand layer. The upper sand layer consists of dense to very dense 
poorly graded silty sand with a thickness of 2.1m to 6.6m. Below the upper sand layer 
lies a very dense sand layer, called the middle sand layer. Its thickness varies between 
5.5m and 10m and it lies on top of a stiff clay that is between 1.5m and 4.4m thick. 
Between the clay and the bedrock lies another layer of lower sand. Table 1 provides an 
overview of the geotechnical parameters. 
 

Table 1: Geotechnical parameters of Cairo soils 

Layer Fill Upper 
Sand 

Middle 
Sand 

Silty 
Clay 

Lower 
Sand 

Bulk Density [t/m³] 1.7 1.9 1.95 1.8 1.95 

Drained Poisson Ratio [-] 0.3 0.3 0.3 0.35 0.3 

Eff. Angle of Friction [°] 27 36 38 29 38 

SPT [blows/0.3m] 4 - 20 28 32 13 - 15 35 

Coefficient of lateral pressure [-] 1 0.412 0.385 0.8 0.385 

 
The geological situation has been evaluated in detail on the base of past projects 
experiences with EPBs and Mixshields in both, the Cairo silty clay and the Cairo sands. 
The clay posed problems for Mixshield TBMs as clogging reduced the efficiency of their 
mucking system in the chamber. The advance rates dropped and specific energy 
consumption rose. This has limited advance rates of slurry TBMs in the past to values 
of 10mm/min to 30mm/min maximally. Therefore, EPBs were traditionally used in clay. 
However, the sands in Cairo have proven to exhibit too high permeability for efficient 
face pressure control using EPBs. As the section between Haroum station and Al-
Shamz station contains both, clays and sands, an existing Ø  9,5m EPB TBM has been 
converted into a Variable Density TBM for the drive. As the clays contain plenty of fines, 
a HDSM supply was not required to operate the machine in HDSM mode. The TBM 
was operated in high density mode in clay with injection of only around one hundred 
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m³/h of bentonite into the chamber and the rest into the slurryfier box. In sand 
formations, more bentonite was flushed through the chamber and the machine was 
operated in slurry face support mode. The TBM has been operated with the same STP 
as previously a Mixshield in Cairo clays. While the Mixshield was limited to max. 
30mm/min, the Variable Density TBM managed to achieve consistently around 
60mm/min with peak values of close to 80mm/min. This is possible due to the highly 
efficient chamber extraction with a combination of mechanical and hydraulic transport. 
Table 2 shows a comparison of experienced operation conditions between Mixshield 
TBM and Variable Density TBM in Cairo clay. The Variable Density TBM can achieve 
higher advance rates and lower wear that Mixshields in such geology while using less 
energy. Additionally, due to using a Variable Density TBM, the construction lot could be 
efficiently completed with one TBM instead of two TBMs. The actual operation 
parameters have confirmed the initial assumption that Variable Density TBMs have 
strengths in clay geology. 
 
Table 2: Comparison of operation parameter of Slurry TBM and VD TBM in Cairo Clay 

Operation Parameters Mixshield TBM Variable Density TBM 

CH Rotation Speed [rpm] 1.6 0.9 

Penetration [mm/rot] <6 50 

Exc. Duration [h:min] >2:30 0:33 

CH Rotations / Ring [rot] 240 30 

Spec. Energy [MJ/m³] 25 15-18 

Flushing [kWh] ⇧⇧ ⇧ 

Separation [kWh] ⇧⇧⇧ ⇧ 

Tool Wear [kWh] ⇧⇧⇧ ⇨ 

 
Conclusion 
 
Variable Density TBMs have been proven to help a wide range of projects becoming 
successful. They have superior face support ability in difficult geology and therefore are 
used whenever low overburden, critical surface structures or very challenging 
geological conditions are present. 
Due to their flexibility, one machine can be used for many different geological 
conditions. This increases their long term value for usage in different projects.  
Tunneling in clays has proven that their mucking mechanism is able to increase the 
expected advance rates over those that can be achieved with other types of tunneling 
machines. In the future, more projects will be constructed by Variable Density TBM. 
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