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Vertical shafts are used for ventilation, access for equipment/personnel, or storm-
water transmission to underground cavities.  Larger diameter vertical shafts are tradi-
tionally lined using either concrete or flat steel forms.  This paper introduces flanged 
deep corrugated plate (FDCP) as an economical vertical shaft liner.  

For safety and accessibility reasons, shaft liners typically require installation be con-
ducted from only one side of the liner.  Shallow corrugated steel liner plates, which ena-
bles one side assembly, has been used for decades.  However, shallow corrugated liner 
plate’s strength has limited their use to smaller (less than 6 m) diameters. FDCP, com-
monly referred to as The Edge, was first introduced to the marketplace in 2012 and is 
five times stronger and nine times stiffer than traditional steel liner plate. FDCP is avail-
able in two-flange and four-flange configurations and is best suited for applications: 

1. required to resist ground/hydrostatic pressures or ground movements greater than 
the capacity of shallow corrugated liner plate; 

2. needing to resist unbalanced loads; 
3. where greater flowable fill pour heights are desired; 
4. with diameters > 6 m. 
FDCP is designed to the same structural limit states as traditional overlap plates with 

the additional consideration of shear load at bolted connections.  AASHTO LRFD Sec-
tion 12.13 may be used as a guideline when determining loads and structural limit states 
for vertical shaft liners.     

FDCP is well suited for vertical shaft liners.  Vertical shafts with diameters > 6 m 
and depths < 40 m are generally more economical and faster to construct when lined 
with FDCP.  Product and construction innovations are required to increase advancement 
rate and shaft depth for which FDCP compares favourably to traditional concrete liner. 
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1. INTRODUCTION 

Vertical shafts are commonly used for ventilation, access for equipment and 
personnel, or transmission of stormwater to underground cavities. ‘Shafts are the 
doorways to the underground, serving as the location at which all material enters 
and exits. They vary in size and depth, and their design and construction are key 
to the successful completion of any tunneling project.’ (Glenn M Boyce, 2016). 
Shafts are often lined to stabilize in-situ materials and prevent shaft failure 
and/or fall hazards.  Vertical shafts are commonly found in urban infrastructure 
and underground mines.   

The paper will benefit practitioners by introducing FDCP for use as a verti-
cal shaft liners.  This paper introduces FDCP shaft liner: 

1. Suitable applications; 
2. Configurations; 
3. Design criteria; 
4. Construction methods; 
5. Comparisons to alternative vertical shaft liners. 

2. FLANGED DEEP CORRUGATED PLATE APPLICATIONS 

For safety and accessibility reasons, shaft liners typically require installation 
be conducted from one side of the liner. Shallow corrugated steel liner plates, 
which typically have a corrugation depth less than 50 mm, have been used for 
decades. However, the strength of traditional shallow corrugated liner plates has 
limited their use to smaller (less than 6 m) diameters. Flanged deep corrugated 
plate (FDCP), commonly referred to as The Edge, was first introduced to the 
marketplace in 2012 (Williams, Newhook, & MacKinnon, 2012), and is 140 mm 
deep.  FDCP is approximately nine times stiffer and five times stronger than tradi-
tional steel liner plate. FDCP’s larger stiffness provides a greater resistance to 
unbalanced loads such as live load or flowable fill forces incurred during place-
ment material between the liner and shaft wall. This is beneficial when large, un-
balanced voids between the liner and shaft wall exist. FDCP’s larger yield strength 
and cross-sectional area provides greater resistance to ground/hydrostatic pressues 
and ground movement.  As a result, FDCP is viable for shaft liners: 

1. required to resist ground/hydrostatic pressures or ground movements 
greater than the capacity of shallow corrugated liner plate; 

2. where greater flowable fill pour heights are desired and/or where large 
cavities between the liner and shaft wall exist; 

3. with diameters > 6 m. 
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3. FLANGED DEEP CORRUGATED PLATE CONFIGURATIONS 

FDCP differs from traditional deep corrugated plate in that FDCP permits 
assembly from one side of the structure wheras traditional overlap deep corru-
gated plate requires access on each side of the plate.  FDCP is produced in two 
flange circumferential, two flange longitudinal (Figure 1), or four flange circum-
ferential and longitudinal seam plate (Błąd! Nie można odnaleźć źródła odwo-
łania.). Two FDCP longitudinal is typically used for shafts less than 6 m in di-
ameter as this configuration eliminates the protusion of circumferential flanges 
into the shaft, maximizing end area and work space.  Additionally, two longitu-
dinal FDCP is more cost-effective for diameters less than 6 m due to a premium 
cost associated with fabricating a circumferential flange on smaller diameters.  
Four FDCP is normally used for shafts with diameters greater than 6 m.  FDCP 
material and fabrication criteria are outlined in ASTM A761-16 and CAN/CSA 
G401-14. 

  
Figure 1. 4 Flange (left) and 2 Flange Deep Corrugated Plate (right) 

4. FDCP SHAFT LINER DESIGN 

AASHTO LRFD Section 12.13 (Transportation, 2016) outlines a design pro-
cedure for traditional tunnel liner plate. While the design method is intended for 
horizontal tunnels, design requirements outlined in AASHTO are relevant for 
vertical shaft liners.   

Loads: AASHTO has design provisions for earth load, live load and grouting 
pressure. Earth loads applied to the liner are a function of the site’s ground con-
ditions and depth. Soils with swelling potential will apply signficinantly larger 
earth pressures compared to sand/gravel or even hard/intact rock. Live load is 
typically neglibigle for vertical shaft liners. Grout is usually placed in a non-
pressurized fashion, and the applied grout pressure is commonly calculated 
based on static head. Additional project considerations such as additional load-
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ing from hydrostatic pressure, ground movement, equipment supported by the 
liner, or seismic conditions should be considered. It is noted that FDCP’s deeper 
corrugation profile is better capable of withstanding unbalanced loads such as 
slough-ins, unbalanced fluid infill placement, and concentrated loads.   

Structural Limit States: FDCP is designed considering the same structural 
limit states as traditional overlap deep corrugated plate. Bolt shear in the connec-
tion is also checked. However, the flange connection outlined in ASTM A761 
has a very high shear resistance and shear failure at the flange connection is not 
expected to be a governing limit state. AASHTO has design provisions for wall 
area (yielding under axial loads), buckling, seam strength, and structure stiff-
ness.  It is recommended these provisions be considered and reference be made 
to AASHTO Section 12.8, which contains equations for wall area, buckling and 
seam strength structural limit states for deep corrugated plate. Shaft liners should 
be designed for moments. Applied moments should be determined considering 
FDCP’s flexibility and soil-liner interaction.  

Curb rings, which are placed at the underside of the shaft liner during con-
struction and contain in-fill placed between the shaft liner and wall, are designed 
to resist static pressure from the in-fill. An example of a curb-ring is illustrated 
in Figure 7.  

5. CONSTRUCTION 

Vertical shafts are constructed using one of two methods: top down, and bot-
tom up.  

Top-down construction utilizes either conventional drill and blast, or the 
raise bore drill method. A typical raise bore drill technique is outlined in Figure 
2 and requires access to the bottom of the shaft. 

 
Figure 2. Raise Bore Construction (Priyadarshi , Fenrick, & Caldwell, 2017) 
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Bottom-up, or raise bore construction, utilizes a much smaller operation that 
drills the shaft from inside the tunnel or drift, up to the overburden. This method 
utilizes a small footprint on the surface, and the broken rock is hauled away with 
load-haul-dump (LHD) equipment. Both top down and bottom up construction 
can achieve larger diameter using conventional drill and blast practise from the 
top down if required (Shutters & Morgan, 2017). 

The shaft liner design is expected to be similar for both top down and bottom 
up construction.  If shafts are pre-assembled and rasied or lowered into place,  
a design check is required to ensure the structure is assembled section is capable 
of resisting its own self weight.   

5.1. Case study: vertical shaft liner construction 

The “Edge” four flange FDCP liner was used as a type of grout form and fi-
nal lining for a ventilation raise approximately 6 m in diameter, and 33 m in 
depth. The initial pilot raise was constructed with a raise climber from the level 
below surface, at an approximate diameter of 2.5 m. The shaft liner passed 
through five different zones of soil/rock: pumice, clay, colluvium, argillized 
andensite and compentent andensite. 

Due to the different types of soil/rock formations, traditional concrete slip 
lining could not be used, as the concrete would not cure properly due to water 
infiltration and poor curing conditions. During the design phase of the project, 
the FDCP liner thickness was varied based on loading to maximize the final 
ground support, and to maintain a cost effective liner solution.  

The structural liner was installed starting at the surface and progressed 
downward. Miners assembled two complete rings of structural liner, forming  
a sub-collar, which was then placed directly over the pilot raise opening. From 
there the sub-collar was levelled using a concrete pad, tied in with a series of 
rebar to form the overall collar. This gave the rest of the shaft its alignment for 
advancement. 

 

Figure 3. Sub-collar Construction 
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Once the sub-collar was completed, miners installed four more complete 
rings on the top of the sub-collar, and backfilled the area, returning the site to its 
original grade. A crane and man basket was then brought in to assist with the 
rest of construction. 

 

Figure 4. Finished sub-collar 

Each FDCP liner ring consisted of five plates.  Every third ring installed had 
two grout spigots per plate, as a grout height of 1.5 m was the determined pour 
height for each cycle.  

Once the crane was in place, miners were lowered into the lined portion of 
the shaft on a platform that closed off the original pilot hole, to drill and blast the 
opening to the final diameter. After each blast the miners were lowered back into 
the shaft, where rock bolts and screen were installed, followed by shotcrete 
placed against the shaft wall.  Each FDCP plate was lowered into the shaft and 
raised into position for bolting to the shaft liner. 

 
Figure 5. Shaft platform 
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Figure 6. Installing plate 

After three rings were assembled, miners would install scribing pins into the 
shaft wall. The ends of the scribing pins were supported by angle iron attached 
to the underside of the FDCP liner.  Wood formwork was then suspended from 
the circumfrential flange to act as a type of curb ring, or form work to cap off the 
bottom of the liner (Figure 7. Formwork). Grout was then placed in the closed 
off cavity. After each grout pour had set, formwork and pins were removed and 
the cycle repeated itself until they completed the shaft. Once completed, a rail  
and climber were installed and the shaft was used as a service/vent raise. 

 

Figure 7. Formwork 
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Figure 8. Finished shaft liner 

6. COMPARING FDCP TO TRADITIONAL CONCRETE LINERS  

A construction time and installation cost comparison of a 6 m diameter 
vertical shaft lined with FDCP (using the construction procedure outlined in 
Section 5.1) and a 0.3 m thick traditional concrete liner was completed. The 
study was based on the following key parameters:   

 Construction costs are based on Ontario, Canada; 
 A construction crew of five; 
 Drilling and excavation times are independent of liner type; 
 Grout lift heights: 

 Soft soil: 1.6 for for FDCP and concrete, 
 Hard soil: 2.3 m for FDCP, 5 m for concrete. 

Grout lift heights for FDCP were assumed to be less than conventional liners 
based on the practical experience at that time of the study.  It has since been 
realized FDCP is capable of supporting grout lift heights up to 5 m.  The study 
concluded: 

 FDCP shafts constructed as outlined in 5.1 have a lower initial capital 
cost and accelerated construction as FDCP may be used as a form during 
construction of the sub-collar; 

 FDCP shafts constructed as outlined in 5.1 have a slightly higher cycle 
time than traditional concrete liner; 

 Grout pour height has a significant influence on cycle time; 
 FDCP shafts constructed as outlined in 5.1 are faster to install and more 

economical for shallower shafts; 
 Conventional concrete liners are more economical for deep shaft liners. 
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The author’s practical experience is in typical conditions, FDCP compares 
favourably to concrete when shaft diameter is > 6 m and shaft depth is < 40 m. 
This is due to FDCP’s accelerated sub-collar construction, and ease of shaft 
alignment resulting in lower setup costs. It is important to note the 40 m number 
is subjective to several factors such as loading condition, site location, labour 
cost, grout pour height, and construction innovations. The study identified  
a need to further innovate FDCP construction practices such as increasing grout 
pour height or developing a more time-effective curb ring.  These innovations 
would reduce cycle time and increase the depth for which FDCP has lower con-
struction cost and construction time compared to traditional concrete liner.   

7. CONCLUSIONS 

FDCP brings to the market a corrugated steel liner which can be assembled 
from one side and is significantly stiffer and stronger than traditional shallow 
corrugated liner plate.  FDCP is well suited for urban-transporation vertical shaft 
liners and is often a more economical liner than concrete when shaft depth is  
< 40 m and diameter is > 6 m.  Product and construction innovations are re-
quired to increase advancement rate and shaft depth for which FDCP has lower 
construction cost and construction time than traditional concrete liner.   

LITERATURE 

1. Glenn M Boyce, P. P. (2016, December 20). Shaft Design and Construction. 
Retrieved from Tunnel Business Magazine: http://tunnelingonline.com/shaft-design-
and-construction/ 

2. Priyadarshi , H., Fenrick, G., & Caldwell, J. (2017, January 5). Raiseboring. 
Retrieved from TechnoMine: http://technology.infomine.com/reviews/raiseboring/ 
welcome.asp?view=full 

3. Shutters, T., & Morgan, J. (2017, January 1). Indiana Water Environment 
Association 2016 Annual Conference. Retrieved from Presentation Abstract: 
http://indianawea.org/wp-content/uploads/gravity_forms/61-bb2ade6a67ef44c47 
db07520d195ecb5/2016/03/IWEA-2016-Abstract-Top-Down-and-Bottom-Up-Shaft-
Construction-Shutters_Morgan.pdf  

4. Transportation, A. A. (2016). AASHTO LRFD Bridge Design Specifications 7th 
Edition, with 2015 and 2016 Interim Revisions. Washington, DC: American 
Association of State Highway and Transportation Officials. 

5. Williams, K., Newhook, J., & MacKinnon, S. (2012). New and Innovative 
Developments for Design and Installation of Deep Corrugated Buried Flexible Steel 
Structures. The 2nd European Conference on Buried Flexible Steel Structures (p. 8). 
Rydzyna, Poland: ARCHIVES OF INSTITUTE OF CIVIL ENGINEERING. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


