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1 Introduction 

1.1 Facility Description  
CairnGorm Mountain Railway is a funicular railway within the CairnGorm 
Mountain ski resort near Aviemore, Scotland. It is normally open to passengers 
every day all year round, subject to weather restrictions. 

CairnGorm Mountain Railway has a total length of approximately 1900m 
horizontally and an elevation gain of approximately 450m up to an altitude of 
1090m above sea level. For most of its length the funicular railway is supported 
on a 94-span viaduct with spans of typically 18m. The top 250m is in a cut and 
cover tunnel. Construction commenced in 1999 and the facility opened for public 
use in 2001. The facility is owned by Highlands and Islands Enterprise and is 
operated by Cairngorm Mountain Limited under a 25 year lease. 

Figure 1-1 General view of Cairngorm Funicular Mountain Railway 

CairnGorm Mountain Railway comes under the scope of the Cableway 
Installation Regulations 2018 and EU Directive 2016/424.  

In October 2018 Cairngorm Mountain Limited took the decision to suspend 
operation of the funicular railway temporarily, citing concerns with the structure 
supporting the track, and to allow investigation works to take place.  
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1.2 Terms of Engagement 
COWI UK Limited were originally engaged by Cairngorm Mountain Limited and 
Highlands and Islands Enterprise to assist with investigation of the current 
condition of the viaduct structure supporting the funicular railway, including this 
appraisal. ADAC Structures are also engaged by Cairngorm Mountain Limited 
and Highlands and Islands Enterprise as technical advisor and operations 
support. In late November 2018, Cairngorm Mountain Limited entered 
administration. 

1.3 Scope of this Appraisal 
The scope of this study is restricted to an appraisal of the viaduct to determine 
whether the viaduct in its current condition can support the original design loads 
using highways assessment standards.

This study includes the following: 

› appraisal of the viaduct superstructure, substructure and bearings; 

› appraisal of the viaduct foundations. 

This study excludes the following: 

› appraisal of mechanical and electrical systems including the carriages, 
track, track fixings, haul cable, drive and control systems; 

› appraisal of the top, bottom and intermediate station structures, including 
the rail support structures in the top and bottom stations; 

› appraisal of the tunnel. 
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2 Structure Details 

2.1 Structure Description 
The viaduct is predominantly concrete. Most spans are 18m between bearing 
centres horizontally, but as the gradient of the track varies, the span measured 
parallel to the track varies. 

Figure 2-1 Typical view of structure 

The funicular is generally a single track, but with a passing loop at mid-length. 
There is one intermediate station, just below the passing loop. 

Figure 2-2 Passing loop 
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Each span comprises a pair of precast concrete "I" shaped beams, one under 
each rail. The precast beams are reinforced but not prestressed. There are three 
types of beam:  

› type 1 is used on straight sections,  

› type 2 where the plan curvature is 300m radius,  

› type 3 where the plan curvature is 200m radius.  

All beams are straight and variations in the track fixings are used to 
accommodate the track curvature in plan and elevation. For beam types 2 and 3 
the track fixings are in transverse channels so they can be offset from the beam 
centreline. 

Most precast beams have scarfed ends with reinforcing bars projecting into cast 
insitu concrete stitches and diaphragms at each support to form a continuous 
structure. Straight ends are used at expansion joints. 

Figure 2-3 Typical insitu stitch at support 

There are expansion joints at approximately 300m intervals breaking the viaduct 
into six continuous structures as follows: 

› "area 1" - piers 0 to 14, adjacent to bottom station, 

› "area 2" - piers 14 to 29, 

› "area 3" - piers 29 to 48, including the intermediate station, 
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› "area 4" - piers 48 to 65, including the passing loop, 

› "area 5" - piers 65 to 78, 

› "area 6" - piers 78 to the tunnel portal. 

At the lower end of each continuous length there is a large insitu concrete 
anchor block, each with combination of rock anchors and shear dowels into the 
ground. 

Figure 2-4 Typical anchor block 

Within each span a galvanised steel plan bracing system connects the beams. 
The bracing consists of transverse "I" beams bolted to both beams at 3.6m 
centres and diagonal bracing formed from circular hollow sections.  

Figure 2-5 Construction photograph showing bracing 
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At each support a pair of "pot" bearings support the deck. One is free sliding and 
one is sliding guided providing lateral support to the deck. The bearings are 
aligned with the slope so that the sliding surfaces are parallel to the rails.  

The bearings are supported on a precast concrete crossbeam on concrete piers 
which comprise a stack of precast outer shell units with solid insitu concrete 
infill. The crossbeam is post-tensioned to the pier insitu concrete infill using four 
pre-stressing bars. At the base of each pier is a slab forming a spread 
foundation which is benched in to the sloping ground.  

2.2 Current condition 
Over recent years there have been concerns over the condition of the viaduct.
The following defects were recorded prior to COWI's involvement or have been 
discovered during this exercise: 

1 Cracks have been observed in the main concrete beams at numerous 
locations. There are cracks in the bottom flanges of most precast beams up 
to 0.5mm wide believed to be flexural cracking. There is widespread micro-
cracking in the precast web beams around the bolted bracing connections. 
However, the largest cracks are in the insitu concrete close to the interface 
between precast and insitu concrete, which in some cases cracks extend 
through the bottom flange of the precast beam. In many cases attempts 
have been made to seal cracks, for example by resin injection. At two 
locations - piers 22 and 56 - the cracks have been seen to widen by 
approximately 0.7mm under the action of live loads and close up again 
after the load has passed. [Refer ADAC condition reports Nov 2015, Dec 
2016, July 2017, July 2018] 

2 Spalling and damage to the main concrete beams has been observed in 
several areas. This damage has often been attributed to mechanical 
damage, such as impact from piste machines, or fixings being too close to 
edges. There are several locations where web reinforcement in precast 
beams has been exposed. [Refer ADAC condition reports Nov 2015, Dec 
2016, July 2017, July 2018] 

3 There is evidence of leakage at cracks, especially at the scarfed joints. 
Many have considerable calcite bleed and rust staining is noted at some of 
the cracks [Refer ADAC condition reports Nov 2015, Dec 2016, July 2017, 
July 2018] 

4 The grout under bearings is disintegrating at several locations. [Refer ADAC 
condition reports Nov 2015, Dec 2016, July 2017] 

5 Many sliding bearings appear to be misaligned longitudinally. The bearings 
at several piers, especially in areas 3 and 4 were seen to be near the end of 
the sliding tracks suggesting that under extreme temperatures the bearings 
might slide beyond their stainless steel tracks. [Refer ADAC bearing report 
Aug 2018] 
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6 One pier - pier 91 - appears to be leaning away from vertical by 
approximately 1°. [New observation by COWI/ADAC, Nov 2018] 

7 Some rock bolts at anchor blocks can be loosened by hand. [New 
observation by COWI/ADAC, Aug 2018] 

The above defects have been accounted for in the appraisal where possible by 
incorporating appropriate assumptions in the Schedule of Basic Assumptions 
(refer to Appendix A). Defect 3 indicates corrosion of reinforcement is ongoing in 
some locations, but the extent of corrosion is unknown. In this appraisal it is
assumed no significant reinforcement corrosion has taken place to date as only 
limited rust staining is visible. 

Figure 2-6 Cracking at a pier 9 (refer defect 1) 
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Figure 2-7 Crack repair at pier 9 (refer defect 1) 

Figure 2-8 Typical crack leakage and bearing misalignment (refer defects 3 and 5) 
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Figure 2-9 Bearing misalignment (refer defect 5) 

Figure 2-10 Loosened rock bolt in anchor block (refer defect 7) 
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2.3 Information available 
The available record drawings are listed within the Schedule of Basic 
Assumptions in Appendix A. These drawings present the following difficulties:  

› The available drawings do not provide a clear complete set of as-built 
information. There are some discrepancies within the drawing set, and in 
these cases it is not clear which drawings take precedence.  

› Some of the drawings are marked "preliminary" but contain details not 
shown on any other drawing, and therefore cannot be ignored.  

› There are some details missing from the available drawing set. 

› Some drawings show details that are not consistent with the existing as-
built structure. 

To corroborate the drawings, information has also been taken from the following 
sources: 

› Construction photographs, where available, 

› Site surveys of bearings and concrete reinforcement using non-destructive 
methods, 

› Intrusive investigations of reinforcement details at locations of interest, 

› Ground investigations including trial pits, 

› Extensive search of third parties involved in design and construction for 
further information. 

A safety report including a limited Health and Safety File has been identified but 
also contains conflicting information. 
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3 Appraisal Basis 

3.1 Schedule of Basic Assumptions 
A Schedule of Basic Assumptions is included in Appendix A.

Highway assessment standards are used for the appraisal of structural elements. 
Eurocodes are used for the appraisal of the foundations. Reasons for these 
choices are given in clause 4.5 of the Schedule of Basic Assumptions. 

The appraisal is concerned with immediate public safety, as opposed to 
durability, calculations are generally undertaken at the Ultimate Limit State only,
as this is associated with structural collapse. However, deflections and rotations 
of the superstructure are also considered as rail deformations may affect the 
ability of the carriage to avoid derailment. 

The appraisal uses the loads stated on the original design certificate. Wind 
speeds are based on a report produced by Edinburgh University which 
unfortunately is not available, so the validity of these wind speeds cannot be 
verified. 

3.2 Construction sequence 
The sequence of construction shown in construction photographs shows that the 
precast beams were installed as simply supported spans before the insitu 
concrete at piers was cast. Therefore under dead loads there would initially be 
sagging moments but no hogging moments. This could change in time due to 
concrete creep and differential settlement. 

Figure 3-1 Precast beam installation 
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The alignment of the bearings means that substantial axial load builds up 
towards the anchor blocks at the lower end of each area. It is not clear from 
construction photographs how precast beams were secured in position until 
insitu stitches were cast. It is possible that the tang plates at bearings were 
used to temporarily transfer axial load. The photograph below shows what might 
be evidence of welding at bottom reinforcement to provide temporary restraint.

Figure 3-2 Construction of insitu splice 

However, irrespective of the system used for temporary restraint the axial loads 
in the final condition will be unaffected. Also, it is assumed that the component 
of axial load due to the braking load is transferred into the supporting structure 
by track fixings locally to the carriage position. 

The viaduct also supports guide wheels to control the position of the funicular 
haul cable. The haul cable will therefore impose lateral loads on the viaduct as 
the track curves in plan, and vertical loads on the viaduct due to cable self 
weight and where there are crest curves in elevation.  

Figure 3-3 General view showing haul cable guide wheels 
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4 Assumed structural details 

4.1 Longitudinal reinforcement in main beams  
The main record drawings showing longitudinal reinforcement are: 

› Drawing CA150/2/49 rev B marked "preliminary". This shows 3 no T40 bars 
in bottom of all beam types, 3 no T32 bars in top of beam types 1 and 2, 
and 3 no T32 + 2 no T25 in top of beam type 3. Bottom bars are not 
continuous at piers but the middle bar is bent upwards. The top T32 bars 
are lapped at piers in beam type 1, but are connected using Bartec type B 
and DB32 grout sleeve couplers in beam types 2 and 3. The drawing does 
not show whether the T25 bars in beam type 3 are coupled, nor what 
happens where a type 3 is connected to another beam type. 

› Drawing CA150/2/76 rev D marked "contract issue, for construction". This 
shows details matching those shown on drawing CA150/2/49. 

› Drawing CA150/2/79 rev C marked "contract issue, for construction". This
shows broadly similar details to those shown on drawing CA150/2/49 but 
with a DB40 grout sleeve coupler instead of a DB32 and the middle bottom 
bar reducing from T40 to T32 at span ends. 

Other record drawings showing details are: 

› Drawing CA150/2/39 rev A mainly shows insitu diaphragm details in the 
passing loop, but also includes some beam details. It shows that links in the 
insitu concrete include all 5 top bars. 

› Drawing CA150/2/88 rev A mainly shows fixings for passing loop beams, 
but also includes the beam reinforcement. The longitudinal reinforcement 
matches drawings CA150/2/76 and CA150/2/79 except for the length of 
bars projecting beyond the scarf joints.  

Figure 4-1 Extracts from drawing CA150/2/49 
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Construction photographs confirm the top and bottom reinforcement projecting 
as shown on the drawings, but unfortunately there are no photographs showing 
top steel connections in type 2 or 3 beams, so there is no photographic 
confirmation of the coupled connection.

Figure 4-2 Beam end details 

The intrusive investigation, see Appendix E, has confirmed that there are only 
the central three T32 bars of the upper reinforcement in the insitu concrete at 
pier 56, which is within the passing loop and connects type 3 beams. The 
investigation confirmed that a coupler arrangement using couplers of similar 
dimensions to a "DB40" were used. Two T25 outer bars terminated in the pre-
cast concrete beams and thus are not continuous through the insitu joint for a 
type 3 to type 3 beam connection. Further non-destructive testing at other 
locations has also not positively confirmed if couplers have been used, but cover 
measurements indicate couplers may be used at some piers. Similarly, intrusive 
investigations at pier 22 which connects type 2 beams confirmed the use of 
couplers with similar dimensions to "DB40" in the arrangement seen on drawing 
CA150/2/49. It is also noted that where "HALFEN" channels are located within 
the proximity of a coupler in the insitu concrete joint a significant section 
through the coupler has been removed to accommodate the rail fixing detail. 

Based on the above it is assumed that longitudinal reinforcement is generally as
shown on drawings CA150/2/76 and 79. The use of couplers at all assumed 
locations has not been proven, but there is no reason to dispute the drawings.
Additionally it is assumed that at piers with type 3 beams, including within the 
passing loop, only the three central T32 bars are connected. It is unknown what 
happens where type 3 beams are connected to another beam type, but it seems 
sensible to assume the 3 no T32 bars are coupled and the T25 bars simply stop. 
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4.2 Shear reinforcement in main beams  
The main record drawings showing shear reinforcement are: 

› Drawing CA150/2/42 rev C only shows beam type 1 but shows T8 links at 
200 centres. Each link appears to be a single bar with an unusual shape. 

› Drawing CA150/2/49 rev B marked "preliminary" shows T8 links at 200 
centres in all beam types and shows a 250 lap on 2 no links within the scarf 
joint. Each link is shown as a single bar for beam types 1 and 2, but beam 
type 3 has an extra link around the top 5 bars.   

› Drawing CA150/2/76 rev D marked "contract issue, for construction" shows 
T8 links in pairs at 200 centres. Two bar marks are shown for each link pair, 
but there is no detail to show the link shape. 

› Drawing CA150/2/79 rev C marked "contract issue, for construction" also 
shows T8 links in pairs at 200 centres. Three bar marks are shown but 
there is no detail to show the link shape. A detail shows a 250 lap on 2 no 
links within the scarf joint. 

Other record drawings showing details are: 

› Drawing CA150/2/39 rev A mainly shows insitu diaphragm details in the 
passing loop, but also includes some beam details. A detail shows 5 no T8 
links at 100 centres in the scarf joint. The lap length of the links is not 
shown but appears to be approximately 250mm for 3 of the links, 200mm 
and 125mm for the remaining 2 links. A revision note says "link spacing 
reduced to 75mm at towers 51, 52, 54 & 56". Sections suggest each of the 
links is a single bar, except in the scarf joint where there is a straight lap in 
the web.  

› Drawing CA150/2/47 rev D mainly shows the passing loop, but several 
sections show links matching the details shown on drawing CA150/2/49. 

› Drawing CA150/2/88 rev A mainly shows fixings for passing loop beams,
but also includes the beam reinforcement. The shear links match drawings 
CA150/2/76 and CA150/2/79.
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Figure 4-3 Extract from drawing CA150/2/42 

Figure 4-4 Extract from drawing CA150/2/49 

Figure 4-5 Extract from drawing CA150/2/79 

Figure 4-6 Extract from drawing CA150/2/88 
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Construction photographs clearly show that the shear reinforcement projecting 
from the precast beams scarf joints appears as shown on drawing CA150/2/39, 
and not as shown on the other drawings, hence drawing CA150/2/39 is assumed 
to be correct. 

Site non-destructive testing, see Appendix D, has found that the link spacing is 
quite irregular, but varies in zones along the beam length, unlike that shown on 
the drawings. Testing at piers 51, 54 and 56 imply that the 75mm link centres 
stated on drawing CA150/2/39 is not correct. 

Based on the site testing the following shear link pattern is assumed for all 
beams. 

Figure 4-7 Assumed shear link provision 

The shear link shape is unclear, as drawings Drawing CA150/2/76, 79 and 88 
imply the basic link is formed from at least 2 bars as opposed to the single bar 
shown elsewhere. However, in the absence of any other shape indicated, the 
shear link shape for beam types 1 and 2 will assumed to be a single bar as 
shown on drawings CA150/2/39, 42, 47 and 49, with an extra loop around top 
steel for beam type 3. 

On-site intrusive investigations at piers 22 and 56 shows site alterations not 
recorded in as-built documentation. At couplers shear links are displaced 
longitudinally within the in-situ joint and in some areas are only provided around 
the central T32 bar.  

4.3 Bearings  
The main record drawings showing bearings are: 

› Drawing CA150/2/42 rev C only shows beam type 1 but states "Guided 
sliding bearing to resist uplift by CCL Systems or equal". A table gives max 
forces and movements on bearings as shown in Figure 4-8. 

150/2/76

k pro is
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› Drawing CA150/2/49 rev B marked "preliminary" refers to Ancon-CCL 
drawings giving two drawing numbers, but unfortunately these drawings 
are unavailable. Details of shear plates embedded in the insitu diaphragm 
and tapered steelwork under the bearings are given. 

› Drawing CA150/2/76 rev D marked "contract issue, for construction" shows 
bearings but gives no details. 

› Drawing CA150/2/79 rev C marked "contract issue, for construction" 
describes bearings for a typical pier with beam types 2 or 3 as "guided one 
side, un-guided other side". A section at an anchor block seems to show 
two guided bearings, but this may simply be a drawing error. 

Figure 4-8 Extract from drawing CA150/2/42 

Figure 4-9 Extract from drawing CA150/2/49 

Site photographs and inspections do not show any evidence of a hold down 
mechanism. It is therefore unlikely that uplift bearings have been provided and 
the table of bearing loads in drawing CA150/2/42 is assumed to be unreliable. 

All bearings allow sliding in a direction parallel with the track. The sliding 
surfaces are low friction, hence the effect of sliding bearings being installed at 
an inclined angle is that loads imposed by the bearings on the substructure are 
normal to the track, as shown in Figure 4-10, or horizontal normal to the guides. 
There is the possibility of a friction force in the direction of the track, but this will 
be small compared the main force. 

These forces resolve into vertical and horizontal components which act at the 
centre of the bearing contact area at the level of the lower bearing plate. 
Horizontal and vertical components vary in magnitude relative to imposed loads 
depending on angular variation in bearing sliding surface. 
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Figure 4-10 Effect of inclined bearings on substructure loads 

All bearings are of the "pot" bearing type. Although there are no drawings 
showing bearing details, the external dimensions have been measured and 
hence the area of elastomer and PTFE surfaces estimated. The assumed details 
are that the free sliding bearing has an 80mm diameter elastomeric disc, while 
the guided bearing has a 140mm diameter disc. 

Articulation of any "area" permits longitudinal movement of the main beams 
along the sliding plane. Thrust blocks provide a fixed connection to enable 
allowable movement ranges to increase with distance from thrust block. 
Movement range is quoted at +/- 75mm. Reference made in the Health and 
Safety file suggest bearings were "pre-set" during construction to account for 
differing temperatures. 

4.4 Substructure reinforcement  
Pier crosshead reinforcement is shown on the following drawings: 

› Drawing CA150/2/60 rev B shows reinforcement in the precast crossheads 
for most piers, except for the wider crossheads in the passing loop. The 
crosshead has 5 no T25 bars in the top face of the bearing corbel and 3 no 
T8 links at 200 centres along the crosshead length.

› Drawing CA150/2/77 (no rev) shows reinforcement in the widened 
crosshead at pier 51, and reinforcement details are the same as drawing 
CA150/2/60. 

› Drawing CA150/2/78 (no rev) shows reinforcement in the crossheads at 
piers 52 and 56 which support 3 main beams but reinforcement details are 
the same as drawing CA150/2/60. 

plane of 
sliding 
surface

bearing load 
acting on 
substructure
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Pier column reinforcement is shown on the following drawings: 

› Drawing CA150/2/57 (no rev) shows pier reinforcement for piers 51, 52 and 
56 in the passing loop. 

› Drawing CA150/2/67 rev D shows reinforcement for all except the shortest 
piers. The vertical reinforcement varies from 12 no T32 + 8 no T25 bars in 
the tallest piers to 18 no T25 bars in the shortest piers. Bars are 
concentrated on the shortest faces of the columns, i.e. maximising 
resistance to lateral loads. Shear reinforcement is the same in all columns. 

› Drawings CA150/2/68 rev B, CA150/2/69 rev B and CA150/2/70 rev C show 
reinforcement in the shortest piers, which are all similar to the 
reinforcement shown on drawing CA150/2/67. 

Pier base reinforcement is shown on the following drawings: 

› Drawings CA150/2/57 (no rev), CA150/2/68 rev B, CA150/2/69 rev B, 
CA150/2/70 rev C, CA150/2/71 rev C, CA150/2/72 rev C, CA150/2/73 rev 
B, CA150/2/74 rev B and CA150/2/75 rev A show reinforcement in the 
various sized bases. All bases are reinforced with T20 bars at 175 centres 
top and bottom faces in both directions and vertical side faces, with T8 bars 
at 240 centres horizontally on side faces. 

Anchor block reinforcement is shown on the following drawings: 

› Drawing CA150/2/38 (no rev) shows reinforcement in anchor block 48. 
Drawing CA150/2/63 rev D shows reinforcement in all other anchor blocks. 
All anchor blocks are reinforced with T16 bars at 200 centres on most faces 
with T25 bars providing anchorage for the beams into the centre of the 
block. 

There is nothing to verify the above, but there are no conflicting details and 
there is no reason to doubt the accuracy of these drawings. 

4.5 Foundations  
Several drawings: CA150/2/38, CA150/2/63 rev D, CA150/2/67 rev D, 
CA150/2/68 rev B, CA150/2/69 rev B, CA150/2/70 rev C, CA150/2/71 rev C, 
CA150/2/72 rev C, CA150/2/73 rev B, CA150/2/74 rev B and CA150/2/75 rev A, 
carry an identical set of notes which includes the following: "Foundation sizes 
are designed on the basis of a safe bearing capacity of 150kN/sq.m. This must 
be confirmed before construction commences. Soft spots below the foundations 
are to be removed and made up in lean mix concrete."  

A limited site investigation has been carried out and is included in Appendix C. 
Assumed soil parameters are described in section 6.8. 
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5 Analysis 

5.1 Global analysis 
The independent structures for each of the six "areas" have been analysed as 
line beams. The line beam model reflects the bearing arrangement such that 
bearing reactions are normal to the line beam and axial load builds up towards 
the bottom of each area where it is resisted by the anchor block. For self-weight, 
hinged joints are used to reflect the construction sequence. 

Figure 5-1 Typical line beam analysis  

Figure 5-2 Typical line beam bending moment for dead load  

Figure 5-3 Typical line beam bending moment for a typical live load plus 
superimposed dead load case 
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A grillage model of half of the passing loop has also been used, as a simple line 
beam model would not fully capture all the load effects. 

Figure 5-4 Typical grillage analysis at passing loop for a typical live load plus 
superimposed dead load case

In accordance with BD 44/15 clause 3.4, the analysis for loading at the Ultimate 
Limit State does not consider concrete creep and differential settlement. Hence 
in this appraisal, which is predominantly at Ultimate Limit State only, it is 
assumed there is zero hogging moment at piers due to dead load. Under 
superimposed and live load the beam is deemed to be continuous at the piers, 
except as noted below. 

The analysis at the Serviceability Limit State is the same as at the Ultimate Limit 
State but includes an allowance for concrete creep. Differential settlement is not 
considered as no data is available.  

At piers 22 and 56, cracks have been noted at the top of the insitu concrete, 
which open and close with the passage of the carriage. Intrusive investigations 
were undertaken to determine the presence of any loss of structural continuity 
in hogging bending. The observation was the structure is continuous at both 
piers. These results have been incorporated within the analysis from which 
conclusions are drawn. 

5.2 Wind loads 
The load combinations, wind speeds, carriage drag coefficient 'CD', and carriage 
dimensions are defined in the Schedule of Basic Assumptions, which in turn is 
based on statements in the original design certificate. 

BD 37/01 calls for four possible combinations of transverse 'Pt', longitudinal 'PL', 
and vertical 'Pv' wind loads: (a) Pt alone; (b) Pt in combination with ± Pv; (c) PL

alone; and (d) 0.5Pt in combination with PL ± 0.5Pv. In this appraisal, the effects 
of PL have been neglected because (i) the only part of the structure in the 
longitudinal direction that could attract wind drag forces are the piers and 
crossheads, and (ii) longitudinal wind loads on the carriage would be transmitted 
to the haul or counter ropes and have a negligible effect on carriage weight 
distribution. The effects of Pv have also been neglected due to the structure 
being open in plan. Only transverse wind loads 'Pt' [combination (a)] are 
therefore considered in this appraisal. 

In calculating the drag coefficient for the transverse wind load on the main rail 
support beams, the width 'b' was taken as the width of the top flange. The 
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resulting 'b/d' ratios resulted in high CD values for the rail support beams: 2.3, 
2.4, and 2.75 for beam types 1, 2, and 3, respectively. As the gap between the 
rail support beams is greater than 1.0 m, BD 37/01 does not give any allowance 
for shielding, and the full transverse wind load must therefore be applied to each 
beam. 

The resulting transverse wind loads, including the appropriate γfL factor, for the 
BS EN 13107 'in operation' and 'out of operation' cases are as follows: 

EN 13107 
classification

Area of 
structure

Wind speed 
(m/s)

Carriage 
total 
transverse 
wind load 
(kN)

Beam transverse wind 
uniformly distributed load 
(kN/m per beam)

Type 1 Type 2 Type 3

In operation
(Principal 
wind case 
governs)

All areas 35.0 34.3* 1.5 1.6 1.9

Out of 
operation
(Accidental 
wind case 
governs)

Area 1 57.5 92.6 4.1 n/a n/a

Area 2 58.5 95.9 4.3 4.4 n/a

Area 3 61.2 104.7 4.6 4.8 5.0

Area 4 65.0 118.1 5.3 5.5 6.3

Area 5 68.5 131.3 5.8 n/a n/a

Area 6 72.4 146.6 6.5 n/a n/a

* Additional transverse carriage loads due to nosing and centrifugal effects apply (not 
included here) 

Table 5-1 Factored transverse wind loads using EN 13107 classification 

5.3 Live loads 
The relevant load combinations and carriage weights, axle spacings, and centres 
of mass are defined in the Schedule of Basic Assumptions, which in turn is based 
on statements in the original design certificate. 

Effects due to acceleration and deceleration were found to be negligible, hence 
due to symmetry loads on front and rear bogies are assumed to be the same. 
The bogies also maintain equal load on each axle, hence all the loads down each 
side of the carriage are the same. Loads might be different on the two sides 
owing to lateral wind and centrifugal effects. 

The requirement for centrifugal effects is governed by EN 13796 which specifies 
transverse acceleration to be taken as 0.1g. This is more onerous than would be 
obtained using acceleration=V2/R using the design speed of 10m/s. This 
requirement also means the same centrifugal effects apply to all curve radii. 
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The dynamic amplification factor is included in load combinations where the 
carriage is moving, but is excluded where the carriage is static.  

The appropriate γfL factors are included in all loads tabulated below. 

The load combinations and maximum calculated wheel loads are:  

BD 37/
01
comb-
ination

Descriptive 
name

Carriage 
condition

Area of 
structure

Wind 
speed 
(m/s)

Wheel load (kN)

SLS ULS

comb 1 Live only Full payload 
and moving

All areas 0 * 43.0 or 
47.9 †

54.7 or 
61.0 †

comb 2 Principal Full payload 
and moving

All areas 35 45.8 or 
50.3 †

54.2 or 
59.7 †

Emergency 5t kentledge 
only and 
static

All areas 50 38.1 44.3

Storm Not present Area 1 57.5 n/a n/a

Area 2 58.5 n/a n/a

Area 3 61.2 n/a n/a

Area 4 65.0 n/a n/a

Area 5 68.5 n/a n/a

Area 6 72.4 n/a n/a

Accidental 5t kentledge 
only and 
static 
(clamped to 
tracks)

Area 1 57.5 42.5 49.2

Area 2 58.5 43.2 49.9

Area 3 61.2 44.9 51.8

Area 4 65.0 47.5 54.7

Area 5 68.5 50.1 57.6

Area 6 72.4 53.1 60.8

* No wind loads are included in BD 37/01 combination 1 

† Higher loads are due to centrifugal loads, hence these apply to beam types 2 and 3 only

Table 5-2 BD 37/01 Load combinations and maximum wheel loads 
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BS EN 13107 divides variable loads into "in operation" and "out of operation" 
loads. Using this the above table is simplified into the following: 

EN 13107 
classification

Area of structure Wheel load (kN)

SLS ULS

In operation Areas 1, 5 and 6 45.8 54.7

Areas 2, 3 and 4 45.8 or 50.3 † 54.7 or 61.0 †

Out of operation Area 1 42.5 49.2

Area 2 43.2 49.9

Area 3 44.9 51.8

Area 4 47.5 54.7

Area 5 50.1 57.6

Area 6 53.1 60.8

† Higher loads are due to centrifugal loads, hence these apply to curved track. Curves are 
supported on beam types 2 and 3 only and are found in areas 2, 3 and 4 only. 

Table 5-3 Maximum wheel loads using EN 13107 classification 

In most cases wheel loads are normal to the track, as longitudinal loads are 
balanced by the haul ropes as shown in Figure 5-5. However, braking and 
clamping can produce loads longitudinally as shown in Figure 5-6. It is assumed 
in all the above load cases except the accidental case that the loads are normal 
to the track, and for the accidental case the loads are vertical, as illustrated 
below.  

  

Figure 5-5 Load diagrams for all load cases except accidental 

Figure 5-6 Load diagrams for all accidental load case 

carriage 
weight

carriage 
weight
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The accidental load case therefore introduces an axial load into the track. This 
will eventually be transferred into the structure via the rail fixings, but this 
transfer may not take place until downhill of the carriage. Hence the additional 
axial load caused by the accidental load case is not included where it is 
beneficial to structural strength. 
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6 Appraisal Results 

6.1 Deflections and rotations 
Limiting deflections and rotations are given in BS EN 13107 at the Serviceability 
Limit State. Deformation is limited for variable actions plus any time dependent 
deformations due to permanent actions, i.e. live load plus creep only.  

The vertical deflection limit is L/600 where L=horizontal span. It is not stated 
whether this applies in operation or out of operation, but it is assumed to apply 
only to the in operation case (note that the maximum vertical deflections in the 
out of operation case are not necessarily higher).

Selected results, including the most critical location, are as follows: 

Span between piers Vertical deflection Limiting deflection Result

In operation

22 to 23 (typical curve) 27.9 mm 30 mm ok

52 to 53 (passing loop) 30.4 mm 30 mm 1% overload

above 93 (top span) 41.8 mm 30 mm 39% overload

Table 6-1 Vertical deflection results 

The transverse horizontal deflection limit for piers is H/300 in operation or 
H/100 out of operation, where H is the "relevant height". This term is not 
defined, but in this appraisal H is taken as the height of the pier bearings above 
the top of the base slab. Selected results, including the most critical location, are 
as follows: 

At piers Transverse 
deflection

Limiting deflection Result

In operation

46 (approx. 6m high) 4.0 mm 20.3 mm ok

51 (approx. 5m high) 2.7 mm 17.4 mm ok

91 (approx 6m high) 2.6 mm 20.1 mm ok

Out of operation

46 (approx 6m high) 8.1 mm 60.9 mm ok

51 (approx 5m high) 6.3 mm 52.2 mm ok

91 (approx 6m high) 9.9 mm 60.3 mm ok

Table 6-2 Transverse deflection results in operation 
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The maximum allowable rotation at pier locations in the direction of the track is 
0.003 radians in operation, with no limit out of operation. 

Selected results, including the most critical location, are as follows: 

At piers Rotation Limiting deflection Result

In operation

40 (typical span) 0.0032 radians 0.003 radians 6% overload

53 (passing loop) 0.0039 radians 0.003 radians 30% overload

93 (top span) 0.0042 radians 0.003 radians 41% overload

Table 6-3 Rotation results in operation 

Note that the greatest beam deflections and rotations occur at the span 
immediately below each anchor block, where the top connection is at a 
movement joint and thus effectively pinned rather than continuous (e.g. the 
span above pier 93). Typical spans with continuous supports on both ends (e.g. 
the span above pier 40) in some cases still fail to meet the BS EN 13107 rotation 
criteria, but with reduced overload percentages. 

6.2 Main beam bending and shear 
Bending and shear criteria are given in highway bridge assessment standard 
BD 44/15. Only Ultimate Limit State criteria are considered in this appraisal. All 
bending and shear limits apply both in operation and out of operation. Criteria 
are given for pure bending, pure shear, and combined bending and shear.  

Results are quoted following the convention of highway bridge assessment 
standard BD 21/01, in which SA* represents the load effects including γfL and γf3,
and RA* represents the resistance including γm and accounting for the current 
condition. In this structure the condition factor is taken as 1.0 for all elements. 

Axial thrust in the beams will enhance the bending and shear resistance. This 
means that sections at the lower end of each continuous structure near the 
anchor block will have higher resistance than sections at the upper end of each 
continuous structure near the expansion joints. This enhancement is included in 
some of the results as discussed below. 

Bending has been considered at midspan and at supports. Although there are 
laps and splices meaning that the resistance will vary along the beam length, 
the laps are by inspection well away from the critical locations, so only sag at 
midspan and hog at piers need be considered. 
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Selected results for sag bending, including the most critical location, are as 
follows: 

Span between piers Sag moment SA* Resistance RA* Result

In operation

22 to 23 (typical curve) 720 kNm/beam 1140 kNm/beam† ok

51 to 52 (passing loop) 880 kNm/beam 1120 kNm/beam† ok

above 93 (top span) 780 kNm/beam 1100 kNm/beam† ok

Worst case of In Operation or Out of operation

22 to 23 (typical curve) In operation governs n/a

51 to 52 (passing loop) In operation governs n/a

above 93 (top span) 840 kNm/beam 1100 kNm/beam† ok

†  Resistance without axial load. Resistances could be increased due to axial load, but this 
has not been necessary. 

Table 6-4 Sag bending results 

Note that spans in the tapering parts of the passing loop experience greater sag 
moments because some beams carry not only one rail but a proportion of the 
opposite rail.  

In hog, it was found that the lap lengths of the top reinforcement at the piers 
are critical. The lap length is 950mm but since laps are less than 150mm clear 
distance apart they should be 1550mm for full strength. Hog resistance has 
therefore been reduced accordingly. This only affects type 1 beams, since type 2 
and type 3 beams are connected using couplers. 

It was also found that the connections to the anchor blocks are critical. The 
beams are connected to the anchor blocks by a rigid fixed ended connection.
The bars in the top of the beam ends project into the anchor block, but the 
anchor block does not contain a matching area of reinforcement to lap with 
them, nor is the lap length of a sufficient length. Hog resistance has therefore 
been reduced accordingly. 
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Selected results for hog bending, including the most critical location at anchor 
blocks (above anchor block 0) and at piers (pier 93), are as follows: 

At piers Hog moment SA* Resistance RA* Result

In operation

0 (anchor block) 630 kNm/beam 440 kNm/beam 42% overload

52 (passing loop) 480 kNm/beam 680 kNm/beam ok

93 (top pier) 420 kNm/beam 450 kNm/beam ok

Worst case of In Operation or Out of operation

0 (anchor block) In operation governs n/a

52 (passing loop) In operation governs n/a

93 (top pier) 460 kNm/beam 450 kNm/beam 3% overload

Table 6-5 Hog bending results 

Hog bending resistance at all piers was found to be sufficient in the 'in operation' 
case. In the 'out of operation' cases, hog bending was found to be overloaded at 
the pier 93 only as shown above. 

As well as at anchor block 0, the spans above anchor blocks 14, 29, 65 and 78 
were also found to be overstressed, but generally the anchor blocks higher up 
are less critical since they have greater axial loads enhancing the resistance. The 
span above anchor block 48 is much shorter and is not overloaded.  

Moment redistribution was considered for the spans above anchor blocks, since 
these have surplus sag resistance, but unfortunately BD 44/15 does not permit 
moment redistribution in this case. 

The structure therefore has insufficient resistance for hog bending in the spans 
above anchor blocks. To comply with BD 44/15 in the critical 'in operation' span 
(above pier 0), the factored wheel loads would have to be reduced to 
approximately 38 kN. To obtain this wheel load and comply with BD 37/01 
combination 1 would require an occupancy limitation within the carriage of 
approximately 30 persons, assuming 80 kg per person. 

Shear has been considered throughout the length of the beam. According to 
BD 44/15 the shear resistance may be based on either of 2 methods: a method 
derived from BS 5400-4 in which a component of resistance due to concrete 
shear is added to a component of resistance due to shear reinforcement, or the 
method used by Eurocodes in which the resistance is derived entirely from shear 
reinforcement with a variable compression strut angle. The resistances 
presented here are based on whichever method gives the greater resistance at 
that location as permitted by BD 44/15.
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In determining the shear resistance it has been found that the shear 
reinforcement has the following weaknesses: 

› The links are not vertical for the full height of the section. In the truss 
analogy used in reinforcement design, the vertical shear must be carried 
between the top and bottom of the section (see Figure 6-1). Hence the 
ability of the link to carry vertical shear is reduced by sinΦ where Φ is the 
angle of the link to the vertical in the cross section. Shear resistance has 
therefore been reduced accordingly. 

› In the scarf joint the link effectiveness is reduced because short vertical 
laps are used. As shown in Figure 4-6 the five bars in the joint have limited 
lap lengths. Examination of photographs such as Figure 4-2 it is estimated 
that two bar laps are around 250mm, the third is 150mm, the forth 100mm 
and the last is negligible. Since laps are less than 150mm clear distance 
apart they should be 280mm for full strength. In addition at type 2 and
type 3 beams some lapped links are displaced and inclined in order to fit 
around couplers. Shear resistance has therefore been reduced accordingly. 

› In the scarf joint the bend in the upper half of the lapped link is not 
anchored around a bar, see Figure 4-6, and therefore has a tendency to 
tear through the concrete section. This would limit the strength in the bar, 
but it was found that the above limits are more critical, so this weakness 
does not govern the shear resistance. 

Figure 6-1 Effect of link shape on shear resistance 

The scarf joint itself poses some difficulty with determining shear resistance. The 
existence of a diagonal construction joint, which in some cases is cracked, is 
highly unusual and is not something that is addressed by BD 44/15. Hence there 
is a risk that there is a potential shear failure mechanism which is not taken into 
account in the calculated shear resistance.  

Shear resistance has been calculated including shear enhancement. According to 
BD 44/15 this may be applied to the component of resistance due to concrete 
shear up to 3d from the support, where 'd' is the effective beam depth. 
BD 44/15 also states that sections need not be assessed for shear within d of a 
support, hence only the upper limit due to web crushing applies. Taking account 

Asvfyv

AsvfyvsinΦ

truss analogy

Φ
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of the assumed spacing of links shown in Figure 4-10, the profile of shear 
resistance along a half span is as follows: 

Figure 6-2 Typical profile of shear resistance against applied shear envelope 

This shows that shear resistance dips at around 1m from the support. This is 
due to the shortcomings in the shear reinforcement at the scarf joint. However 
shear enhancement close to the support boosts the resistance in this zone. 
Shear resistance dips again at 2.9m and 6m from the support - both locations 
are distance 'd' beyond positions where shear link spacing changes. From the 
above it is clear that the critical position for shear in the span is at 2.9m from 
the support. 

Selected results for shear, including the most critical location, are as follows: 

Span between piers Shear 
near pier

Shear load 
effect SA*

Shear 
resistance RA*

Result

In operation

22 to 23 (typical curve) 22 200 kN/beam 160 kN/beam 23% overload

56 to 57 (passing loop) 56 270 kN/beam 220 kN/beam 23% overload

93 to tunnel (top span) 93 195 kN/beam 195 kN/beam ok

Worst case of In Operation or Out of operation

22 to 23 (typical curve) 22 In operation governs n/a

55 to 56 (passing loop) 55 In operation governs n/a

93 to tunnel (top span) 93 213 kN/beam 195 kN/beam 9% overload

Table 6-6 Shear results at 2.9m from support 

Shear 2.9m from supports therefore limits the strength of the structure. To 
comply with BD 44/15 in the critical 'in operation' spans the wheel loads would 
have to be reduced to approximately 47 kN. To obtain this wheel load and 
comply with the appraisal standards, would require an occupancy limitation 
within the carriage of approximately 50 persons, assuming 80 kg per person. It 
is noted that the critical spans for shear are where there are curves and in the 
passing loop where there are higher loads per beam. 
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Combined shear and bending requires an additional area of longitudinal 
reinforcement to carry half the shear load in addition to that required for 
bending. However, this is limited to the peak reinforcement required for 
bending, and hence this will not give a worse condition than for bending alone. 

6.3 Main beam bracing and diaphragms 
The bracing between the main rail support beams is made of structural steel. 
Strength criteria are therefore given in highway bridge assessment standard 
BD 56/10, which refers to BS 5400-3 for most clauses. The diaphragms are 
reinforced concrete and strength criteria are therefore given in highway bridge 
assessment standard BD 44/15. Only Ultimate Limit State criteria are considered 
in this appraisal. All bracing and diaphragm capacity limits apply both in 
operation and out of operation. 

Bracing loads are governed by the transverse wind loads applied to the structure 
in a given span (Figure 6-3). The bracing acts as truss web members to 
distribute the transverse loads into the diaphragms and guided bearings at the 
piers. The main rail support beams act as the truss chord members. 

Figure 6-3 Plan view of typical span with applied transverse wind loads 

The cross-bracing was analysed for one critical load case: the accidental wind 
case in area 6 (where wind speeds are highest), with the maximum span length 
of 18.4 m. Critical axial loads of 394 kN in the diagonals and 97 kN in the cross-
members were obtained (critical loads can be either tension or compression 
depending on the direction of the wind). 

The diagonals are 139.7x8 CHS sections and were assessed as having a 
compressive capacity of 496 kN, giving a utilisation SA*/RA* of 0.79. The cross-
members are 305x165x40 UB sections and were assessed as having a 
compressive capacity of 900 kN, giving a utilisation SA*/RA* of 0.11. 

The cross-bracing connection capacities were also assessed where possible, but 
limited information on the connection details is provided in the design drawings. 
The drawings show 4 No. M24 8.8 bolts used at each connection, which were 
found to be sufficient in all cases. Possible overloads of the connection plate 
welds or net sections were identified, but these required estimates of the 
dimensions and details to be made. As the overloads are uncertain, relatively 

Distributed wind on main beams

Concentrated loads at 
carriage wheels due to 

wind on carriage
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minor, and only apply to the accidental wind case in the upper areas of the 
structure, this is not considered to be an area of significant concern. 

The bolted connections for the UB cross-members were identified as having 
slotted holes in the direction of load, but bolt preload was not specified in the 
design drawings. It is therefore possible that these connections are unable to 
transmit any significant load without slippage. However, the UB cross-members 
are not essential load-carrying members, as the loads in the diagonals do not 
change if the cross-members are removed and the rail support beams have 
adequate stability to span between diagonal connection points. 

In typical spans, the diaphragms act as tension or compression members to 
carry transverse loads to the guided bearing. Critical loads in the diaphragms in 
typical spans are therefore governed by the same accidental wind case that 
governs the cross-bracing. However, in the passing loop, the diaphragms at 
piers 52 and 53 also act in bending to resist the axial thrust of the additional rail 
support beams that are terminated at those piers. In all cases, the diaphragms 
were found to have adequate strength to resist the applied loadings. 

6.4 Bearings 
According to the Schedule of Basic Assumptions it is assumed that the bearings 
have sufficient load capacity. However, it is noted that the high wind loads in the 
accidental combination (out of operation) may lead to uplift on the upwind 
bearing, and it is assumed the bearing has no uplift capacity. 

Manufacturing details or original load ratings for either the free or guided sliding 
bearings are not available and these particular bearing models are no longer 
manufactured. However based on measurements and assumptions, bearing 
resistance has been calculated to BS 5400-9. The compression resistance is 
governed by limiting stresses on PTFE and elastomer at the Serviceability Limit 
State as follows:  

Free sliding Bearing Utilization Ratio at SLS (BS5400-9)

PTFE stress limit 1.47 (47% overstress)

Elastomer pad stress limit 1.65 (65% overstress)

Table 6-7 Free sliding bearing utilization ratios 

Lateral bearing resistance has not been determined, but it is known that guide 
bearings of this type generally require a significant vertical load in order to resist 
large lateral loads - typically the lateral load should not exceed 25% of the 
coexistent vertical load. In this case the guide bearing could be subjected to a 
low vertical load and large lateral load, hence it is assumed the bearings are 
overloaded by lateral loads. 
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The bearings are approximately seventeen years old. BS EN 13107 states a 
design life of bearings as twenty years. Numerous bearings exhibit significant 
wear of PTFE sliding surface and in some locations no visible PTFE sliding pad 
was noted. 

Numerous bearings exhibit signs of longitudinal movement approaching and 
exceeding their allowable limits. In colder temperatures contraction of the main 
longitudinal beams result in bearing contact surfaces exceeding their support 
limit. This increases stress on the bearing components and risks introducing 
additional horizontal actions when thermal expansion occurs. 

An appraisal of bearing movements has been carried out based on observations 
of bearing positions noted by ADAC Structures at reference temperatures. These 
observations were monitored on site by video monitoring equipment and further 
confirmed by inspections. Appendix B reviews the monitoring of bearing 
movement and finds that the thermal movements at the bearings are broadly in 
line with what would be expected, indicating that the bearing articulation is 
acceptable. 

Results from site surveys and measurements suggest bearings absolute and 
relative positions vary widely along the viaduct's length. A representation of 
distance from theoretical centre of relative positions at piers is shown in figure 
6-4.

Figure 6-4 Longitudinal displacement of bearings along viaduct length at a reference 
temperature of 0°C and pier heights for comparison. 
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Due to bearing displacements relative to supporting main beams, the allowable 
movement range at some pier locations is severely reduced. This bearings 
displacement is consistently towards the slope of the mountain and thus affects 
the allowable movement range during contraction of the main beams in cooler
weather.  

Review of ADAC's bearing report, Aug 2018, and bearing monitoring confirms 
that some bearings exhibit partial loss of contact at temperatures as high as 
+5oC. At lower temperatures many bearing locations experience some degree of 
contact surface overhang which typical increases with correlation to pier height. 
Figure 6-5 shows the correlation between measured and theoretical bearing 
positions relative to pier height. Monitoring has confirmed that although broadly 
in line with expected, measured results are consistently less than theoretical 
predictions. 

Figure 6-5 Longitudinal displacement of bearings, measured (at ambient 
temperatures of 8.9 to 20.8°C) and theoretical (at reference temperature 
0oC). 

COWI undertook a review of survey information of the lower half of the viaduct. 
Absolute level information was available for pier top and bearing bottom plate. 
Key observations from this review are noted below; 

› Transversely, the pier crosshead levels exhibit significant differences.  

› The bearings are more level than the pier tops. However a difference in 
level of 20mm between bearings is not uncommon. 

› The difference between intended and actual top of pier levels varies 
generally by a range of 60mm suggesting a typical as built tolerance of +/-
30mm in pier top levels.   

› Deducting the effect of the intended vertical alignment curvature from an 
interpolated straight line shows a typical bearing level tolerance of +/-
10mm up to pier 32, but +/-20mm above pier 32. 

It is assumed the grout in the bearing pack was used to regulate differences in 
levels across the pier tops and thus the grouted bearing pads vary in depth 
along the viaducts length. Data was interrogated for possible differential 
settlement between piers though it has not been possible to confirm any 
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evidence of this. Any potential settlement in the order of 10mm would be lost in 
the construction tolerances assumed and permitted on a structure of this nature. 

Operational tolerance requirements for the funicular rail track and cableway 
were likely regulated by the rail plinth grouting at rail support points. Due to this 
possibility no judgement about whether any ground movements have occurred 
based on this data would be accurate. If the track was laid to a smooth 
alignment, data on the current track alignment is the only way to determine if 
ground movements have occurred. 

6.5 Pier crossheads 
Strength criteria are given in highway bridge assessment standard BD 44/15.
Only Ultimate Limit State criteria are considered in this appraisal.  

The pier crossheads are subject to bearing loads and have to transfer the 
bearing loads to the pier columns. The pier crossheads therefore act as corbels 
and have been analysed using strut and tie systems.

The guide bearings impose lateral loads on the crossheads, but due to the 
inclination of the bearings, longitudinal loads as well as vertical loads are 
imposed on the crossheads. The crossheads have large bars with good strength 
to resist vertical and lateral loads but it is the longitudinal loads that govern, 
because the resistance is limited by relatively small shear links. 

Selected results for the links, including the most critical location, are as follows: 

At piers Hog moment SA* Hog resistance RA* Result

In operation

56 21 kN/bar 22 kN/bar ok

77 22 kN/bar 22 kN/bar ok

79 21 kN/bar 22 kN/bar ok

Worst case of In Operation or Out of operation

56 24 kN/bar 22 kN/bar 11% overload

77 30 kN/bar 22 kN/bar 36% overload

79 32 kN/bar 22 kN/bar 44% overload

Table 6-8 Results of strut and tie analysis for crosshead links 

In fact most of the pier crossheads in the upper half of the structure fail under 
out of operation loads, due to the inclination of the bearings. 

The crossheads are fixed down to the columns solely by prestressed bars. The 
prestress gives sufficient shear resistance against lateral and longitudinal 
bearing loads, but is critical in bending due to the lateral bending moments 
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generated by lateral bearing loads and unequal vertical bearing loads, and 
longitudinal moments generated by longitudinal bearing loads. 

Selected results for bending on the prestressed interface, including the most 
critical location, are as follows: 

Pier Minor axis bending Major axis bending Combined 
biaxial
factor

Result

SA* RA* SA* RA*

In operation

56 144 kNm 360 kNm 366 kNm 1140 kNm 0.65 ok

77 170 kNm 360 kNm 193 kNm 1140 kNm 0.61 ok

79 170 kNm 360 kNm 193 kNm 1140 kNm 0.60 ok

Worst case of In Operation or Out of operation

91 116 kNm 360 kNm 789 kNm 1140 kNm 0.87 ok

90 137 kNm 360 kNm 737 kNm 1140 kNm 0.89 ok

75 137 kNm 360 kNm 824 kNm 1140 kNm 0.95 ok

Table 6-9 Crosshead fixing biaxial bending results 

Hence the crosshead fixings are adequate. 

6.6 Pier columns 
Bending and shear criteria are given in highway bridge assessment standard 
BD 44/15. Only Ultimate Limit State criteria are considered in this appraisal. All 
bending and shear limits apply both in operation and out of operation. 

Bending and shear will occur about both axes. The inclination of the bearings 
produces bending and shear in the direction of the track, see Figure 6-6. Lateral 
bending and shear is generated by lateral wind loads, track nosing loads, and 
loads arising from track curvature. 

Figure 6-6 Calculation of pier minor axis (i.e. in the longitudinal direction of the track) 
loads as a result of normal reactions on the bearings 
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Results are quoted following the convention of highway bridge assessment 
standard BD 21/01, in which SA* represents the load effects including γfL and γf3,
and RA* represents the resistance including γm and accounting for the current 
condition. In this structure the condition factor is taken as 1.0 for all elements. 

Selected results for bending, including the most critical location for piers with 
base types 4, 5, and 6, are given in Table 6-10. Pier bending results presented 
here use a linear combination of the minor axis bending utilisation (i.e. SA*/RA*) 
and major axis bending utilisation to determine the combined biaxial factor. The 
enhancement of bending resistance due to axial load is neglected in the results 
given in Table 6-10. The overload percentages presented are therefore 
conservative. However, the effects of full biaxial moment resistance and axial 
load interaction have been evaluated separately, e.g. as shown in Figure 6-7.
The increased resistance of the actual resistance envelope is, in the majority of 
cases, insufficient to significantly lower the overload percentage, relative to what 
would be calculated using the simplified resistance envelope. 

Pier Minor axis bending Major axis bending Combined 
biaxial 
factor

Result

SA* RA* SA* RA*

In operation

91 1205kNm 809 kNm 755 kNm 3200kNm 1.73 73% overload

90 901 kNm 741 kNm 604 kNm 2817kNm 1.43 43% overload

75 748 kNm 634 kNm 472 kNm 2303kNm 1.38 38% overload

Worst case of In Operation or Out of operation

91 975 kNm 809 kNm 2970kNm 3200kNm 2.13 113% overload

90 729 kNm 741 kNm 2392kNm 2817kNm 1.83 83% overload

75 603 kNm 634 kNm 1690kNm 2303kNm 1.68 68% overload

Table 6-10 Pier biaxial bending results 

Only taller piers (over 2500mm from base top to crosshead beam top) with 
sufficient bearing inclination (greater than 11°) are overloaded in the 'in 
operation' case. All 25 piers overloaded in the 'in operation' case therefore occur 
at or above pier 39, as the lower sections of the railway have less inclination 
than the upper sections. 

Operational limits that would allow the critical 'in operation' pier (pier 91) to 
comply with BD 44/15 cannot be obtained while still complying with loading 
criteria from BD 37/01. The mass of the empty carriage (14,900 kg) is sufficient 
to cause a minor axis bending overload of approximately 25% in Pier 91. 
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Figure 6-7 Simplified and actual pier biaxial bending resistance envelopes for Pier 91 

Pier shear resistances were calculated including the enhancing effects of the 
coincident axial load and short pier heights (where the pier stem is less than 3 
times the effective depth to tension reinforcement 'd' in height). Selected results 
for pier shear, including the most critical location, are as follows: 

Pier Minor axis shear Major axis shear Combined 
biaxial 
factor

Result

SA* RA* SA* RA*

In operation

54 169 kN 528 kN 160 kN 444 kN 0.68 ok

51 161 kN 555 kN 180 kN 473 kN 0.67 ok

57 180 kN 514 kN 141 kN 455 kN 0.66 ok

Worst case of In Operation or Out of operation

90 145 kN 518 kN 406 kN 423 kN 1.24 24% overload

92 136 kN 504 kN 407 kN 423 kN 1.22 22% overload

91 145 kN 537 kN 406 kN 467 kN 1.14 14% overload

Table 6-11 Pier biaxial shear results 

My-Mz-Interaction diagram Cross section (Girder):  BASE6

My-Mz interaction diagram – Pier 91

(axial load corresponding to out of operation load case)

Simplified resistance envelope – linear combination with no axial load
Actual resistance envelope
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Note that pier shear demand in individual axes is also governed by the impact 
load case, calculated as per the Schedule of Basic Assumptions, with a design 
value SA* = 415kN. Taking into account the applicable height of the impact 
loading and the enhancement of the pier shear resistance near the support, all 
piers have sufficient capacity to resist this loading in both axes. The bending 
induced as a result of the impact load has a maximum value of SA* = 1080kNm. 
All piers have sufficient capacity to resist this bending moment if applied in the 
major axis. However, the impact load is sufficient to cause minor axis bending 
overload in all piers tall enough to permit the full impact bending to be applied. 
The overloads due to minor axis bending can be as high as 70%, but it is noted 
that this load case requires impact on the piers in the longitudinal direction of 
the railway. 

6.7 Pier base slab 
Bending and shear criteria are given in highway bridge assessment standard 
BD 44/15. Only Ultimate Limit State criteria are considered in this appraisal. All 
bending and shear limits apply both in operation and out of operation.  

Results are quoted following the convention of highway bridge assessment 
standard BD 21/01, in which SA* represents the load effects including γfL and γf3,
and RA* represents the resistance including γm and accounting for the current 
condition. In this structure the condition factor is taken as 1.0 for all elements. 

Base slabs are generally narrow in the direction of the track but wide 
transversely. Since reinforcement is the same in both directions, by inspection 
bending in the base slab is critical in the transverse direction. A trapezoidal (or 
triangular where applicable) bearing pressure diagram under the base slab has 
been assumed and hence bending moments have been determined at the face of 
the pier, see Figure 6-8. For the out of operation case, base overturning failure 
in the transverse direction was determined to occur at piers 81, 90, 91, 92, and 
93. Bending moments at the pier face are therefore not provided at these piers,
but they should be considered as overloaded in the out of operation case. 

Figure 6-8 Base bending moment calculation procedure 

P (axial load)

M  (transverse moment)

P (bearing pressure resultant)

x2

Triangular soil 
bearing pressure 

distribution
Zero bearing pressure

x1

= ×

Critical location for
base moment demands

= ×
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Selected results for base bending, including the most critical location, are as 
follows: 

At piers Bending moment
SA*

Bending resistance 
RA*

Result

In operation

46 963 kNm 1875 kNm ok

51 945 kNm 1875 kNm ok

91 782 kNm 1875 kNm ok

Worst case of In Operation or Out of operation

51 2253 kNm 1875 kNm 20% overload

46 1989 kNm 1875 kNm 6% overload

57 1776 kNm 1875 kNm ok

Table 6-12 Base slab bending results 

The minimum possible base shear resistance (RA*) was determined to be over 
1200kN for the most critical base type (type 6). The maximum possible shear 
loading on the base (SA*) is equal to the maximum vertical load transferred 
from the base to the underlying soil, which was determined to be less than 
1200kN in all load cases (both in and out of operation). The bases therefore 
were assessed as having sufficient shear capacity at all piers. 

6.8 Pier foundations 
The foundation assessment has been carried out for In Operation and Out of 
Operation load cases. For both load cases, foundation pressures have been 
derived and checked against ultimate bearing capacity at 4 locations along the 
length of the viaduct structure.   

Piers 22, 44, 61 and 91 have been selected on the basis that they represent the 
variation in the ground conditions encountered along the length of the viaduct as 
described in Technical Note Ref: TN-3-002 Ground Investigation Report, see 
Appendix C. A summary of the prevailing ground conditions and characteristic 
soil strength properties adopted in the foundation assessment are summarised 
in the following table: 

Pier Foundation 
Subgrade

Characteristic 
Bulk Unit Soil 
Weight (kN/m³)

Characteristic 
Internal Soil 
Friction 
(Degrees)

Characteristic 
Soil Cohesion 
(kN/m²)

22 Glacial Deposits 18 35 0

44 Alluvium 17 32 5
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61 Head Deposits 18 38 0

91 Weathered Granite 19 42 5

Table 6-13 Summary of Foundation Subgrade 

From the 2018 trial pit investigation the foundation backfill material has been 
assessed as loose to medium dense granular fill comprising sand and gravel with 
trace silt and clay and varying amounts of cobbles and boulders. A summary of 
the characteristic soil strength properties of the backfill material adopted in the 
foundation assessment are summarised in the following table: 

Foundation Backfill Characteristic 
Bulk Unit Soil 
Weight (kN/m³)

Characteristic 
Internal Soil 
Friction 
(Degrees)

Characteristic 
Soil Cohesion 
(kN/m²)

Granular Fill 18 30-34 1

Table 6-14  Summary of Foundation Backfill 

The guidelines set out in BS EN1997-1:2015 (Eurocode 7-Geotechnical Design) 
have been adopted in the foundation assessment. In keeping with UK practice 
Design Approach 1 has been adopted which requires two separate combinations 
of partial factors on actions and soil strength properties to be applied when 
checking that the ultimate limit state is satisfied. 

The partial load and material factors applied in the assessment are listed in the 
following table: 

BS EN1997-
1:2015

Partial Load Factors Applied to 
Actions

Partial Material Factors Applied to 
Soil Strength

Dead Load (GK) Live Load (Qk) Soil Friction Soil Cohesion

DA1 C1 1.35 1.5 1.0 1.0

DA1 C2 1.0 1.3 1.25 1.25

Notes: DA1 means Design Approach 1 

C1 and C2 mean Combination 1 and Combination 2 respectively 

Table 6-15 Summary of Partial Load and Material Factors Applied 

In the derivation of foundation pressure under operational loads it is assumed 
that only 50% of the maximum available passive soil resistance is mobilised on 
any given side of the foundation pad.    

As illustrated in Figure 6-9, in the case of loose sands, (representative of the 
backfill material) to mobilize full passive resistance of the soil placed against the 
foundation pad would require the foundation (depth 1.25m) to displace by 
approximately 60mm (i.e. y=0.05*1.25=0.062m). 
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Figure 6-9 Approximate values of retaining wall movements for the development of 
Active and Passive failure in soils 

In comparison, only 10mm of displacement would be required to mobilise 50% 
of the maximum available passive soil resistance which is considered reasonable 
given the magnitude of the operational loads. 

Under accidental loading where high transverse shear and moments about the 
longitudinal axis occur, larger displacements would be expected justifying the 
adoption of full passive soil resistance in the derivation of the base pressures.     

The results of the foundation assessment are described herein. Checks on 
foundation overturning, bearing capacity and sliding have been carried out.  
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The results of the bearing capacity checks are expressed in terms of bearing 
capacity utilisation ratio (UR) defined as the ultimate bearing pressure/ultimate 
bearing capacity.  On the basis that the value of UR listed in the summary table 
is less than 1.0 the limit state is satisfied. In certain cases (Pier 91) where the 
eccentricity of the base reaction lies outside of the footprint of the foundation it 
has not possible to calculate a value of UR for bearing capacity.  In these 
circumstances overturning of the foundation is the governing failure mechanism. 

A summary of the results of the foundation assessment are listed below. 

Pier BS:EN 
1997-1: 
2015

Foundation 
Pressure 
(kN/m²)

Ultimate 
Bearing 
Capacity 
(kN/m²)

Utilisation 
ratio UR

Result

In Operation

22 DA1 C1 201 1469 0.14 ok

DA1 C2 151 694 0.22 ok

44 DA1 C1 289 757 0.38 ok

DA1 C2 257 372 0.69 ok

61 DA1 C1 507 1101 0.46 ok

DA1 C2 591 460 1.28 28% overload

91 DA1 C1 853 2323 0.36 ok

DA1 C2 1588 914 1.74 74% overload

Worst case of In Operation or Out of Operation

22 DA1 C1 274 315 0.87 ok

DA1 C2 255 71 3.60 260% overload

44 DA1 C1 338 731 0.46 ok

DA1 C2 360 266 1.35 35% overload

61 DA1 C1 665 1027 0.65 ok

DA1 C2 1035 257 4.02 302% overload

91 DA1 C1 N/A N/A N/A overturning

DA1 C2 N/A N/A N/A overturning

Notes: DA1 means Design Approach 1 

C1 and C2 mean Combination 1 and Combination 2 respectively 

N/A indicates overturning of the foundation is governing. 

Table 6-16 Summary of foundation assessment expressed in terms of utilisation of 
ultimate bearing capacity. 
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In conclusion, at the location of P22 and P44 the foundations satisfy conditions 
of ultimate limit state as defined by BS EN1997-1:2015 under normal 
operational loading conditions. 

At the location of P61 and P91 the foundations are overstressed under normal 
operational loading conditions.

At the location of P22, P44 and P61 the foundations are overstressed under 
accidental storm force loading.  

At the location of P91 under accidental storm force loading, overturning of the 
foundation is the governing failure mechanism.  

Remedial works to strengthen the foundations will be required to address these 
defects. 
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7 Conclusions 

7.1 Summary of Results 
The structure has failed to meet the appraisal requirements both for In 
Operation and Out of Operation loading.  

The structure does not comply with the deformation limits of BS EN 13107. Note 
that in making this determination conservative assumptions have been made 
including that deformations due to concrete creep have occurred (this makes up 
much of the vertical deformation) and that the track rails do not contribute to 
structure stiffness. 

The superstructure does not comply with strength criteria of BD 44/15. Failures 
are noted in hog bending at anchorages, and shear in numerous spans in the 
structure both for In Operation and Out of Operation loading. The hog bending 
failure is slightly more critical than the shear failure - to comply with BD 44/15 
the carriage load would have to be limited to 30 persons to avoid bending failure 
which is more onerous than the limit of 50 persons to avoid shear failure.

In making this determination a number of assumptions about the superstructure 
reinforcement have had to be made based on limited investigations. Based on 
the investigation it has also been assumed the structure is not weakened by 
corrosion. 

Although there is little information about the bearings, it appears that the 
bearings are overloaded both for vertical load and lateral load according to the 
original design standard BS 5400-9, and more severely overloaded according to 
the current standard BS EN 1337. In particular the lateral guide bearings are 
unsuited for the combination of low vertical load and high lateral load which 
could occur under strong wind from the south or west. There is also the 
possibility of uplift under Out of Operation loads. In addition, many of the 
bearings in areas 3, 4 and also pier 91 appear to be displaced significantly in the 
uphill direction and will therefore slide beyond their limits under low 
temperatures. This will further overload elements within the bearing to stress 
levels in excess of their assumed capacity.  

Many of the piers do not comply with strength criteria of BD 44/15. Failures are 
noted due to bending and shear in the pier columns both for In Operation and 
Out of Operation loading. The piers that fail with the highest utilisations are the 
taller piers. The degree of failure for the tallest piers is so severe that it fails to 
comply under the weight of an empty carriage. 

Based on a sample of four pier foundations, many of the pier foundations do not 
satisfy bearing pressure limited determined to BS EN 1997. Failures occur in the 
piers in the upper parts of the structure for In Operation loading, and more 
extensively for Out of Operation loading. In addition, the uppermost pier is 
considered failed by overturning for Out of Operation loading. 
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The results reported above are summarised in the table below: 

Element Mode of failure Result of In 
Operation load

Result of Out of 
Operation load

Main beams Vertical deflections 39% overload not applicable

Rotations 41% overload not applicable

Transverse deflections ok ok

Sag bending ok ok

Hog bending 42% overload In operation governs

Shear † 23% overload In operation governs

Bracing Tension or compression ok ok

Bearings Misalignment Temperature limited to -3oC

Vertical capacity 65% overload not applicable

Lateral capacity Assume overloaded

Uplift capacity ok Uplift occurs

Piers Deflections ok ok

Crosshead links ok 44% overload

Column bending 73% overload * 113% overload

Column shear ok 24% overload

Base slab bending ok 20% overload

Pier foundations Bearing capacity 74% overload Piers overturn

* Certain columns would also fail in bending under impact load 

† Potential shear failure at scarf joints has not been taken into account 

Table 7-1 Summary of results 

7.2 Commentary 
A number of non-compliances have been found in this appraisal.  

Deformation limits are Serviceability Limit State criteria. Although the reasons 
for deformation limits are not given in BS EN 13107, the criteria are thought to 
be related to proper functioning of the funicular including avoiding derailment, 
passenger comfort, and to appear robust to users and the public. In this case 
the funicular has been in regular use until recently and unless there are 
concerns with any of the above, it is suggested that the failure to comply with 
deformation limits may not need to be addressed but that this should be 
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reviewed by a suitably qualified organisation to ensure that safety is not 
compromised. 

The main beams show cracks, including some large cracks around piers, and 
there is evidence of rust staining. Cracking is a Serviceability Limit State 
criterion but can lead to reinforcement corrosion. Intrusive investigations have 
not found any bar failures or significant corrosion to date, but corrosion of main 
reinforcement or shear links leading to loss of bending or shear strength could 
occur in the future.  

Structural strength criteria such as bending and shear limits are Ultimate Limit 
State requirements aimed at avoiding structural collapse with a suitable safety 
margin. However failures are not always sudden - some modes of failure are 
ductile and generally signs of distress can be noted before fracture occurs. Other 
modes of failure can be brittle with little or no warning signs. On this structure 
the bending failures should be ductile, but shear failures might be brittle, hence 
arguably the shear failures are of more serious concern than the bending 
failures.

In addition to the identified shear failures there is a risk that there is a failure 
mechanism in shear at the scarf joints which is not addressed by the standards,
and hence has not been quantified in this appraisal. 

The biggest and most imminent problem with the bearings is that many are 
expected to slide beyond the ends of their sliding tracks at moderately low 
temperatures. The bearings are thought to be significantly overloaded with the 
full contact area but if bearings slide off their tracks then the overload becomes 
considerably more acute. The eccentric loading could lead to the elastomeric disc 
popping out or the bearing seizing. Thus there is a risk of damage to the bearing 
itself, but should not lead to damage to the structure unless complete seizure 
occurred.  

The overloading of foundations suggests that some piers are liable to overturn 
due to In Operation loads. The piers most likely to fail are the taller piers with 
high track inclination.  

Although investigations have not definitively identified the reason for bearing 
misalignments there is a correlation between the most overloaded pier 
foundations and the observed misalignments of bearings in areas 3 and 4 and 
pier 91. Based on current knowledge it is thought the most likely reason for the 
bearing misalignment is that some pier foundations have failed and rotated in 
towards the slope due to the inclination of the bearings as shown in Figure 7-1.
All the bearing misalignments are in the uphill direction, which supports this 
theory. 
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Figure 7-1 Rotation of pier leading to bearing misalignment 

direction of 
bearing load, 
leading to 
rotation of pier
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8 Recommendations 

8.1 General 
The appraisal has found the structure does not comply with the standards as 
outlined in the Schedule of Basic Assumptions. That does not necessarily mean 
the structure is in imminent danger, but it does indicate that there is a lower 
margin of safety than desirable. It is therefore recommended that measures are 
taken to address the failures prior to any resumption of the funicular railway 
operation. 

Highways standard BD 79/13 offers a method for addressing the management of 
deficiencies in substandard structures on the highways network. This is 
considered best practice in the industry so it is recommended that a similar 
approach is taken for this structure. 

Based on the results of this appraisal the structure would be classed as an 
Immediate Risk Structure to BD 79/13, governed by the substructure findings. 
According to the processes in BD 79/13 interim measures should be put in place. 
It is noted that the funicular is currently closed, hence it is recommended that 
the interim measures are implemented before the funicular is opened to 
passengers. The interim measures are discussed below as short term measures. 

For the funicular to remain open, strengthening is recommended. Suggestions 
are discussed below as long term measures. 

8.2 Short term (Interim) measures 
Before the funicular is to be put into service, the following measures are 
recommended in the short term: 

› Either accept that the structure cannot be put into service at low 
temperatures, or install jacks to temporarily support the deck at misaligned 
bearing positions. The jacks should incorporate sliding surfaces and could 
use the existing sliding surfaces on the downhill side of existing bearings - 
this would also have the advantage of introducing a restoring moment onto 
the pier foundations, see below. The existing bearings would not be 
removed, hence guide bearings would continue to provide lateral support. 

› Reduce loading so that shear and bending overstress in the superstructure 
is avoided. This means restrictions in the maximum number of persons to 
be carried at one time. 

› Regularly monitor the structure for signs of further deterioration, for 
example visual checks on bearings or superstructure crack measurements. 

› Protect any piers that may be subject to accidental collision loading in the 
track direction. 
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Note that it is not proposed that piers are strengthened or propped. It is 
believed that any further signs of distress would appear gradually over time, and 
therefore it is sufficient to monitor these elements at this stage. 

The short term measures are compared to the appraisal findings as follows: 

Element Mode of failure Result of In 
Operation load

Consequence
of failure

Short term measure

Main beams Deflection 39% overload See 7.2 No action

Rotation 41% overload See 7.2 No action

Hog bending 42% overload Assumed 
ductile failure

Apply load 
restriction 

Shear 23% overload Possible brittle 
failure

Apply load 
restriction 

Bearings Misalignment loss of contact 
area below 
+5oC

Bearing 
damage

Apply temperature 
restriction or install 
jacks. Monitor

Vertical 
overloading

65% overload Bearing 
damage

Monitor (load 
restriction will help)

Lateral 
overloading

not quantified Bearing 
damage

Monitor (load 
restriction will help)

Piers Column 
bending

73% overload Assumed 
ductile failure

Monitor (load 
restriction and 
jacks will help), 
protect from impact

Pier 
foundations

Bearing 
pressure

74% overload Pier rotation Monitor (load 
restriction and 
jacks will help)

Table 8-1 Short term measures 

8.3 Long term measures 
To keep the funicular in service the following measures are recommended in the 
long term: 

› Piers could be strengthened to provide better resistance to bending and 
foundation overturning. A possible arrangement would be to install diagonal 
props. Preloading such props might allow the existing piers to be pushed 
back towards their original positions to some degree. 

› Replacement of all bearings. Bearings have finite service life and will need 
to be replaced at some stage. New bearings should have a higher load 
capacity and adequate movement capacity. They should also be specifically 
designed for a combination of low vertical load and high horizontal load 
where appropriate.  
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› Unless permanent load restrictions are acceptable, strengthen main beams 
where necessary to provide sufficient bending and shear resistance. Excess 
cracking may lead to reinforcement corroding in the future. A main beam 
strengthening scheme that reduces cracking would be an advantage, as 
would one that intuitively reduces the risk of shear failure along the line of 
the scarf joint. 

› For the avoidance of doubt, the deformations should be checked with the 
equipment supplier, Doppelmayr, to verify the mechanical equipment is 
compatible with the calculated deflections and rotations. 

› Reconsider the "accidental" load case in which a broken down carriage is 
clamped to the tracks in a storm. This is an extreme situation, does not 
result in persons at risk, and therefore there is little safety value 
strengthening the structure to meet this criterion. 

› Consider permanent protection to any piers that may be subject to 
accidental collision loading in the track direction (may be combined with 
propping). 

The long term measures are compared to the appraisal findings as follows: 

Element Mode of failure Result of In 
Operation load

Short term measure

Main beams Deflection 39% overload Confirm with supplier

Rotation 41% overload Confirm with supplier

Hog bending 42% overload Apply permanent load 
restriction or strengthen

Shear 23% overload Apply permanent load 
restriction or strengthen

Bearings Misalignment loss of contact 
area below +5oC

Replace bearings

Vertical 
overloading

65% overload Replace bearings

Lateral 
overloading

not quantified Replace bearings

Piers Column bending 73% overload Strengthen piers, e.g. by 
propping and apply 
permanent protection

Pier 
foundations

Bearing 
pressure

74% overload Strengthen foundations, e.g. 
by propping or anchors

Table 8-2 Long term measures
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Appendix A Schedule of Basic Assumptions 
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Name of Bridge or Structure:

1 STRUCTURE DETAILS 

1.1 Type of installation 

1.2 Permitted traffic speed 

1.3 Existing restrictions  

2 SITE DETAILS 

2.1 Obstacles crossed  



3 PROPOSED STRUCTURE 

3.1 Description of structure and design working life 

3.2 Structural type 

3.3 Foundation Type 



3.4 Span Arrangements 

3.5 Articulation Arrangements 

3.6 Road restraint systems requirements 

3.7 Inspection for assessment 

3.7.1 Traffic management 



3.7.2 Access arrangements to structure 

3.7.3 Intrusive or further investigations proposed 

3.8 Environment and sustainability 

3.9 Materials strengths assumed and basis of assumptions 

3.9.1 Basis of assumptions 



3.9.2 Precast concrete 

3.9.3 In-situ concrete 

3.9.4 Reinforcing steel 

3.9.5 Post-tensioning bars 

3.9.6 Rock bolts and dowels 



3.9.7 Structural steel  

3.10 Risks and hazards considered for design, execution, maintenance and demolition. 
Consultation and agreement from the CDM co-ordinator 

3.11 Year of construction 

3.12 Reason for assessment 

3.13 Part of structure to be assessed 





4 ASSESSMENT CRITERIA 

4.1 Actions 

4.1.1 Permanent Actions 

Dead Loads 

Superimposed Dead Loads 

Support Settlement, Creep, and Shrinkage 

4.1.2 Snow, Wind and Thermal Actions 

Snow 



Wind 



Thermal 



4.1.3 Live Loads 

Figure 1. Carriage axle spacing 



4.1.4 Loading relating to normal traffic under the Road Vehicles (Authorised 
Weight) 1998 (AW) regulations and The Construction & Use (C & U) regulations 
1996

4.1.5 Loading relating to General Order Traffic under STGO regulations 

4.1.6 Footway or footbridge live loading 

4.1.7 Loading relating to Special Order Traffic, provision for exceptional 
abnormal indivisible loads including location of vehicle track on deck cross 
section 



4.1.8 Accidental Actions 

4.1.9 Actions during construction 

4.1.10 Any special action not covered above 

4.2 Heavy or high load route requirements and arrangements being made to preserve 
the route, including any provision for future heavier loads or future widening 

4.3 Minimum head room provided 



4.4 Authorities consulted and any special conditions required 

4.5 Standards and documents listed in the Technical Approval Schedule 

4.6 Proposed Departures relating to Standards given in 4.5 

4.7 Proposed Departures relating to methods for dealing with aspects not covered by 
standards in 4.5 

5 STRUCTURAL ANALYSIS 

5.1 Methods of analysis proposed for superstructure, substructure and foundations 



5.2 Description and diagram of idealised structure to be used for analysis 

Figure 2. Idealized model for superstructure analysis 

Anchor block

Pier bearing 
support typ.

Movement joint



5.3 Assumptions intended for calculation of structural element stiffness 

5.4 Proposed range of soil parameters to be used in the assessment of earth retaining 
elements 



6 GEOTECHNICAL CONDITIONS 

6.1 Acceptance of recommendations of the Geotechnical Design Report to be used in 
the assessment and reasons for any proposed changes 



6.2 Summary of design for the structure in the Geotechnical Design Report  

6.3 Differential settlement to be allowed for in the assessment of the structure 





7 CHECK 

7.1 Proposed Category 

7.2 If Category 3, name of proposed independent Checker 



8 DRAWINGS AND DOCUMENTS 

8.1 List of drawings (including numbers) and documents accompanying the 
submission 

8.2 List of construction and record drawings (including numbers) to be used in the 
assessment 

Table 1. A. F. Cruden Associates original design drawings 





8.3 List of pile driving or other construction records 

8.4 List of previous inspection and assessment reports 

Table 2. Past inspection reports 



9 THE ABOVE IS SUBMITTED FOR ACCEPTANCE 

10 THE ABOVE IS REJECTED/AGREED SUBJECT TO THE AMENDMENTS AND 
CONDITIONS SHOWN BELOW 



Appendix A Technical Approval Schedule 

Schedule of Documents to be Used in Appraisal
Standard Title Amendment / 

Corrigenda
The Design Manual for Roads and Bridges (DMRB)

Eurocodes

Other European Standards

British Standards
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Appendix C Doppelmayr Operation and Maintenance Manual 





































Appendix D Structural Design Check Certificate 























Appendix E Relevant photos from Previous Inspection Reports 



 

From: ADAC Structures – Factual 
report on the sliding bearings to 
the funicular railway – 05-09-
2018 

 

Showing: Sliding pot bearing 
reaching the end of the stainless 
steel wearing plate at Pier 91. 

 

From: ADAC Structures – Factual 
report on the sliding bearings to 
the funicular railway – 05-09-
2018 

 

Showing: Guided pot bearing 
reaching the end of the stainless 
steel wearing track at Pier 61. 

  



 

From: ADAC Structures – 
Funicular railway inspection 
report – 2018 – 24-07-2018 

 

Showing: Cracking of a precast 
beam bottom flange where it 
meets the bearing plate. 

 

From: ADAC Structures – 
Funicular railway inspection 
report – 2018 – 24-07-2018 

 

Showing: In-situ joint at Pier 9 in 
poor condition. Cracking noted 
at the in-situ / precast interface 
and within the in-situ mass. 
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1 Introduction 
Previous inspection reports prepared by ADAC structures highlighted bearing movements close to the limit 
of their articulation. Monitoring of these bearings would confirm structural articulation was similar to 
theoretical predictions. 

Video monitoring has been undertaken by ADAC Structures at three piers, 44, 61 & 91. This technical note 
covers COWI’s review of these videos.  

The purpose of this monitoring is to establish whether the structure is articulating as intended and to 
correlate the theoretical movement against actual observations. This will permit a review of permissible 
movement ranges and associated temperature limits. 

2 Summary of Data  

› P44 – 5no. sets of data, covering a continuous period from 3/10/2018 through to 9/11/18. 

CAIRNGORM MOUNTAIN LTD / HIGHLANDS AND ISLANDS ENTERPRISE

CAIRNGORM FUNICULAR 
RAILWAY- BEARING 
MONITORING

TECHNICAL NOTE: REVIEW OF VIDEO MONITORING
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› P61 – 4no. sets of data, covering a period from 3/10/2018 through to 9/11/18. Gap from 12/10/18 
through until 25/10/18 due to technical issues. 

› P91 – 2no. sets of usable data, covering a period from 3/10/2018 through until 25/10/18. Data after 
this point was not usable due to adverse weather conditions. 

3 Results 

3.1 Pier 44 
Results at Pier 44 are shown in Figure 1. 

Figure 1 - P44 

3.1.1 Movement Range 
An approximate movement range of -20mm (contraction) and +25mm (expansion) was seen from the zero 
point (taken as the start of movement). 

The corresponding temperature change was approximately 15 degrees C. This corresponds to a movement 
of 3mm per degree.  

This pier is 260m from the point of fixity and would experience a theoretical movement of up to 3.1mm per 
degree. These results are considered similar and within the accuracy of this method. 
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3.1.2 Temperature Behaviour 

Figure 2 – Zoomed in temperature movement at P44. Temperature (RH Axis) and Movement (LH axis) 

Figure 2 shows a section of the data available at Pier 44. Temperature (orange) is plotted against 
movement (blue). 

In general, reasonable agreement is seen. Temperature profiles of Cairngorm, where nights can be hotter 
than days, means that it is difficult to make accurate conclusions. In general, the maximum expansion of 
the structure is seen at around 5pm. Maximum contraction seems to be more gradual and has generally 
occurred by around 10am. Owing to these profiles it is difficult to deduce a thermal lag. 

Good agreement is seen between air temperature (Cairngorm Monitoring Station) and local structure 
temperature. Air temperature and structural temperature can therefore be considered analogous at the low 
temperatures seen. 

3.1.3 Relative Bearing Position 
Site measurements from ADAC structures suggest that the bearing had approximately 10mm of available 
movement range at 11degC structural temperature.

Based on the movement range seen, the bearing exceeded the available sliding surface by between 10-
15mm at the extremity of its movement range, which occurred at -1degC. This agrees with results 
measured from the tracking video, and subsequent further site measurements by ADAC structures/COWI,
although it is noted that there was no movement beyond this value despite lower temperatures. 

These results would suggest that the bearing exceeds the available sliding surface at a temperature of 
approximately 5degC. 
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Figure 3 - Pier 44, extremity of movement 

3.2 Pier 61 
Results at Pier 61 were affected by a camera outage of approximate 13 days. However, there is still 
sufficient information available to allow conclusions to be drawn. 

3.2.1 Movement Range 

Figure 4 - Movement Range - P61 

An approximate movement range of -20mm (contraction) and +20mm (expansion) was seen from the zero 
point (taken as the start of movement). 

The corresponding temperature range was approximately 13 degrees C. This corresponds to a movement 
of 3.1mm per degree.  

This pier is 214m from the point of fixity and would experience a theoretical movement of up to 2.6mm per 
degree. These results are considered similar and within the accuracy of this method. 
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3.2.2 Temperature Behaviour 

Figure 5 - Zoomed in on first week of P61 data. Temperature (RH Axis) and Movement (LH axis) 

Figure 4 shows a section of the data available at Pier 61. Temperature (orange) is plotted against 
movement (blue). 

In general, reasonable agreement is seen. Temperature profiles of Cairngorm, where nights can be hotter 
than days, means that it is difficult to make accurate conclusions. In general, the maximum expansion of 
the structure is seen at around 5pm, although it is noted that the maximum expansion often “plateaus” in 
the afternoon / evening. Maximum contraction seems to be more gradual and has generally occurred by 
around midday. 

Owing to these profiles it is difficult to deduce a thermal lag. The structure would appear to behave in 
tandem with the temperature. Where it is present however, the lag appears to be around 4 hours. 

Relatively good agreement is seen between air temperature (Cairngorm Monitoring Station) and local 
structure temperature. 

3.2.3 Relative Bearing Position 
Site measurements from ADAC structures suggest that the bearing had approximately 10mm of available 
movement range at 13degC structural temperature. 

Based on the movement range seen, the bearing exceeded the available sliding surface by around 15mm 
at the extremity of its movement range, which occurred at -3degC. This broadly agrees with 
measurements taken manually from the camera and those measured on-site by ADAC Structures/COWI 
though are less than theoretical. This suggests that the bearing will exceed its allowable sliding surface at 
5degC. 
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Figure 6 - Pier 61, extremity of movement 

3.3 Pier 91 
Results at Pier 91 were affected by storms which blocked the camera lens from the 25/10 onwards. 

3.3.1 Movement Range 

Figure 7 - Movement Range – P91 

An approximate movement range of -12mm (contraction) and +22mm (expansion) was seen from the zero 
point (taken as the start of movement). 

The corresponding air temperature range was approximately 12 degrees C. This corresponds to a 
movement of 2.8mm per degree.  

This pier is 220m from the point of fixity, which would suggest a theoretical movement of up to 2.6mm per 
degree. These results are considered similar and within the accuracy of this method. The results agree with 
those at Piers 44 and 61.  
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3.3.2 Temperature Behaviour 

Figure 8 - Zoomed in on first week of P91 data. Temperature (RH Axis) and Movement (LH axis) 

Figure 4 shows a section of the data available at Pier 91. Temperature (orange) is plotted against 
movement (blue). 

The movement behaviour at Pier 91 broadly correlates with temperature, however the day-to-day 
temperature behaviour is erratic, with sudden rises/falls being apparent. 

Owing to these profiles it is difficult to deduce a thermal. Where it is present however, the lag appears to 
be around 4 hours. 

Air temperature would appear to be around 2degC greater than measured temperatures. 

3.3.3 Relative Bearing Position 
Measurements from ADAC structures suggest that the bearing was at the limits of its movement range at 
approximately 10degC air temperature. 

Based on the movement range seen, the bearing exceeded the available sliding surface by around 12mm 
at the extremity of its movement range, which occurred at 0degC air temperature. This result agrees with 
measurements taken on site by ADAC structures/COWI though is less than theoretical. It is however noted 
that the limited monitoring period for this bearing did not include days where the temperature was colder 
(below 0degC). As such the bearing is likely to have exceeded its sliding surface by more than this value. 
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Figure 9 - Pier 91, extremity of movement 

4 Conclusions 

› The bearings at Cairngorm Funicular Railway are moving as anticipated and experiencing the expected 
movement range. 

› This movement broadly tracks with temperature. The unusual weather patterns experienced at 
Cairngorm, where it is regularly hotter overnight than during the day mean it is difficult to draw 
conclusions about the day-to-day behaviour of the structure. This is likely limited to the "shoulder" 
seasons where temperature inversions are experienced within mountainous topography. 

› The bearings monitored all theoretically exceeded their maximum sliding distance significantly during 
the monitoring period. This was verified by on-site measurements. 

› Bearings exceed contact surface area at relatively high temperatures. Bearings will have some degree 
of loss of contact area at +5degrees. 

5 Recommendations 

› Continue monitoring to gain additional data at lower temperatures. 

› Investigate reasons for bearing misalignment – See Appraisal Report. 

› Apply temperature restriction to structure. 

› Review lower limits and verify movements at lower temperatures with on-site measurements. 
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1 Introduction 
This technical note summarises the findings of a desk study and subsequent trial 
pitting investigation carried out to characterise the ground conditions along the 
route of the funicular mountain railway.  

The technical note comprises the ground investigation report prepared in 
support of the ongoing appraisal being carried out by COWI of the viaduct 
structure. 

A desk study review of the available archive data, published geological maps,
memoirs and historical ground investigation data held on the British Geological 
Society (BGS) database has been carried out. The findings of the desk study 
review are described in Section 2. 
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ENTERPRISE
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Between 10th and 19th October 2018 a site investigation comprising excavation 
of 12No trial pits was carried out to establish the ground conditions as a selected 
number of foundations supporting the viaduct piers.  The scope of this trail pit 
investigation is described in TN-03-001.  

The findings of the 2018 trial pit investigation are described in Section 3.  

Pictorial trial pit logs and photographs are reproduced in Appendix A.  

Soil samples recovered during the 2018 investigation were scheduled for 
laboratory testing.  Testing has provided geotechnical data on soil classification 
and strength.

The test results are summarised in Section 3 and reproduced in Appendix B. 

2 Background Information 

2.1 General description  
The funicular mountain railway viaduct is approximately 1700m in length. It 
rises 440m in elevation from the Cairngorm Ski Center base station at 
approximately 630mOD up to the tunnel portal on the approach to the summit 
station at 1070mOD.  

The viaduct structure can be separated into 6 structural units. Each unit 
comprising a downslope thrust block and variable number of concrete piers 
supporting precast concrete cross heads (transverse beams).  Precast concrete 
longitudinal beams made continuous through provision of a cast in-situ concrete 
stitch support the running rails.  These longitudinal beams are supported on the 
cross head beams by free and guided pot bearings. 

The piers are founded on shallow gravity base foundations of various size. Seven 
foundation base types are indicated on the A.F. Cruden Associates drawings as
being present.

The base types range in size from 4m by 2m (type 1) to 8m by 2m (type 7). The
drawings indicate that the foundation bases are 1.25m deep with the top surface 
of the foundation buried by 500mm (minimum) cover, i.e. on the downslope side 
of the pier.  

2.2 Desk study 

2.2.1 Archive data 
Archive information comprising extracts from the project Health and Safety file 
indicate the gravity base foundations to be founded on either weathered granite 
rock or a matrix of granular deposits comprising sand and gravel deposits.  
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2.2.2 Published geological data 
Geological data published by the BGS indicate the underlying geology at the site 
is Granite Biotite of Silurian age.  

Drift (near surface) sediment mapping indicates the route of the railway passes 
through various sediment types of Quaternary age comprising, glacial, alluvial 
and blanket head deposits as illustrated in Figure 2-1 below. 

Figure 2-1 Extract BGS Drift Map showing variation in near surface sediment type 
along the route of the funicular mountain railway 

Three distinct areas/types of surface geology are indicated to be present. 

› Area 1A, located between CH0+000 and CH0+600m is characterised by 
glacial sands, gravels and boulders. This area is located at the toe of south 
west facing tallus slopes. The down slope ground profile in plane with the 
structure varies between 4˚to 8˚ in this area. 

› Area 1B, located between CH0+950 and CH1+100m is characterised by 
glacial sands, gravels and boulders. This area is located above the Sheiling 
crossing loop. The down slope ground profile in plane with the structure 
varies between 15˚to 18˚ in this area.

› Area 2, located between CH0+600 and CH0+950m is characterised by 
alluvial deposits of sand, silt and clay.  In this area the surface sediments 
are likely to be thickest containing a higher percentage of silt and clay sized 
particles together with peat and organic deposits.  Vegetation was observed 
to be better established in this area compared with areas 1 and 3 indicative 
of the soils ability to retain water to a greater extent.  The down slope 
ground profile in plane with the structure varies between 8˚to 15˚ in this 
area. 

A natural spring was observed to discharge at surface above pier No.41 at 
CH 0+785m. 
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› Area 3, located between CH1+100 and Ch1+700m is characterised by head 
deposits. This area corresponds with the steepest down slope ground profile 
ranging between 15˚ to 22˚.  In this area it is anticipated that surface 
sediments will be thinnest.  A natural spring was observed to discharge at 
surface above pier No.72 at CH 1+310m. 

2.2.3 Historical ground investigation data 
Two phases of historical ground investigation are known to have been carried 
out by Grampian Soil Survey Ltd of Aberdeen on behalf of Cairngorm Chairlift 
Company Ltd (1994) and HTS Associates on behalf of Highlands Council (1999) 
prior to construction of the funicular mountain railway. 

Phase 1 1994 Investigation 
The first phase of investigation carried out in 1994 comprised excavation of 
three trial pits located upslope of the Sheiling in proximity to Piers 90, 93 and 
the tunnel portal 

The 1994 historical ground investigation data indicates the presence of peaty 
topsoil overlying quaternary deposits of silty gravelly sands and gravels of 
glacial origin overlying weathered granite.  At only one location (TP1 in proximity 
to tunnel portal) was bedrock comprising weak, highly to moderately weathered 
granite definitively encountered at a depth of 2.2m below existing ground level. 

Elsewhere the trial pits were terminated in dense sands and gravel with many 
cobbles and boulders of broken rock at depths below 1.7m (TP2) and 3.4m 
(TP3) respectively. This material may is described as very dense and is 
interpreted to be representative of the weathered rock head profile. 

The data indicates the likelihood that the pad foundations constructed on the 
upper slopes in proximity to the trial pits are founded either directly on 
weathered bedrock or on a thin layer of granular material comprising silty sand 
and gravel.

The sands and gravels are described as medium dense with angular sand 
particles and sub rounded to sub angular gravel particles indicative of the soil 
possessing an internal friction angle in the range 34-36 degrees. 

Groundwater seepages were encountered as the contact between the topsoil 
layer and Quaternary deposits and within the quaternary deposits at depths 
varying between 1.5m to 3m indicative of the founding soils being partially 
saturated.    

1998-99 Investigation 
The second phase of investigation carried out in 1998-99 proposed 6No cable 
percussion boreholes and 8No trial pits.  Due to the winter timing of the 
investigation fieldwork, boreholes were located near the Cairngorm Ski Centre
base station (Day Lodge) and Sheiling as indicated in Figure 2-2 below. 
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Figure 2-2 1998-99 Ground investigation borehole location plan. 

Boreholes were advanced using shell and auger boring equipment and 200mm 
diameter casing.  The boreholes recovered between 4m and 5m of Quaternary 
granular deposits of glacial origin before terminating on weathered bedrock.  

Boreholes BH4 & BH5 are understood to have been abandoned. Boreholes BH7
and BH8 were drilled in July 1999 as possible replacements to BH4 & BH5.  The 
exact location of boreholes BH7 and BH8 is unknown. 

The exact location of the 8No trial pits excavated during the 1998-99
investigation is unknown. However the description of the location given on the 
trial pit logs suggest they may have been excavated alongside the access track. 

The 1998-99 investigation data indicate the site in proximity the base station 
(BH1, BH2, BH3) the thickness of the quaternary deposits may exceed 5m.   

Only in BH 2 was weathered rock definitively encountered at a depth of 5m. 
Elsewhere the boreholes were advanced through sand and gravels containing 
many cobbles and boulders of broken rock on occasion weathered to residual 
soil. These quaternary deposits are described as dense to very dense based on 
Standard Penetration test data, although this data is likely to be influenced by 
the presence of the cobble and boulder obstructions. 

The data indicates the likelihood that the pad foundations constructed on the 
lower slopes in proximity to the base station are founded on a 1-2m thick layer 
of granular material comprising silty sand and gravel overlying a 1m thick layer 
of disintegrated rock bound in a sand and gravel matrix.  

The sands and gravels are described as dense with angular sand particles and 
sub angular to angular gravel particles which is indicative of the soil possessing 
an internal friction angle in the range 36-38 degrees.  

In proximity to the Sheiling, the data indicates the pad foundation are likely to 
be constructed on weathered rock. In BH6 weathered rock was encountered at a 
depth of 1m. 



6 CAIRN GORM FUNICULAR MOUNTAIN RAILWAY – GROUND INVESTIGATION REPORT

http://projects.cowiportal.com/ps/A116993/Documents/03 Project documents/03 Reports/Geotechnical/TN-3-002 Rev 01.docx

The location of BH7 and BH8 are unknown. The logs indicate the presence of soft 
and loose mix of peat, silt and sand with numerous cobbles and boulders to 
depth of 1.5-2m underlain by Quaternary deposits of coarse sand and gravel of 
glacial origin with many boulders of broken rock weathered to a residual soil.  

Rock head was proven in BH7 at a depth of 4.3m. 

3 2018 Ground Investigation  

3.1 Scope of works 
12No trial pits were excavated at the site by McGowan's Civil Engineering Ltd 
between 10th and 19th October 2018. 

The trial pit investigation was supervised by representatives from Cairngorm 
Mountain Ltd and observed by geotechnical specialists from COWI and structural 
specialist from ADAC Structures. 

The trial pits were excavated in two phases using different excavators to 
manage the variable terrain encountered downslope and upslope of the Shieling 
station. 

The first phase of the trial pit investigation was carried out downslope of the 
Shieling station at CH 0+900m. 

› 6No pits were excavated between 10th and 11th October at pier locations 
42,41,40 and 24,23,22 with a light weight (5 ton) Volvo ECR58D tracked 
excavator.  

The second phase of the trial pit investigation was carried out upslope of the 
Shieling station. 

› 6No pits were excavated between 17th and 19th October at pier locations 
91,72,70 and 57,56,55 with a (10 ton) Menzie Muck A91 wheeled 
excavator. 

› Trial pit 72 is located in proximity to a groundwater spring discharging from 
the hillside approximately 10m upslope of the pier location. The backfill 
material surrounding the foundation base was saturated and despite efforts 
to control water flow the excavation was abandoned due to collapse of 
unstable side walls without exposing the underside of the foundation base. 

All trial pits were excavated alongside the pier foundations with the excavator 
orientated perpendicular to the longitudinal axis of the viaduct structure.

This orientation was selected to expose the full breadth of the pad foundation 
without disturbing backfill material placed against the upslope and downslope 
face of the foundation which provides some passive resistance to lateral 
loadings. 
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The location of all 12No trial pit are shown in Figure 3-1 below. 

Figure 3-1 2018 Ground investigation trial pit location plan 

3.2 Sampling and laboratory testing 
Bulk and disturbed samples recovered from selected trial pits were scheduled for 
laboratory testing. 

Soil classification testing in accordance with BS1377-2:1990 and total stress 
strength testing in accordance with BS1377-7:1990 was carried out by MAT test 
Ltd in Glasgow.

Details of the laboratory test results provided by MAT test Ltd are given in 
Appendix B. 

3.3 Investigation findings 
The trial pit investigation established the foundation geometry and 
characteristics of the foundation subgrade soils at 5 locations along the route of 
the funicular railway.  

The 5 locations investigated reflect the three areas/types of surface geology 
identified during the desk study investigation. 

The reference datum adopted for measurement of foundation depth, bearing 
strata and sample recording in all cases is the top surface of the foundation pad. 
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Description of the foundation geometry, backfill and foundation subgrade at 
each of the five investigation locations are given below. 

Pictorial logs and photographs for each of the 12No trial pits excavated along the 
route of the viaduct are reproduced in Appendix A. 

3.3.1 Area 1A (Piers 22, 23 & 24) 
The depth to the top surface of the foundation below present ground level varied 
between 0.45m and 0.75m.  Generally, the foundation overburden consisted of a 
thin layer of organic peat, silt and clay topsoil 0.3m in thickness overlying sandy 
silty topsoil containing many granite boulders. 

All three of the foundations exposed were 2.1m in breadth.  The offset measured 
between the foundation edge and leading edge of the pier varied between 0.85m 
and 1.0m.   

The thickness depth of the foundation pads varied between 1.5m to 1.65m. 
Typically, a cold joint was exposed at 1.25m depth which was interpreted to 
mark the interface between blinding concrete and the reinforced section of the 
foundation. 

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite, some decomposed to a residual soil. The deposit was 
assessed as loose to medium dense with an internal friction angle between 32
and 34 degrees. 

The foundation subgrade comprised sand of glacial origin with variable silt and 
gravel content. The deposit was assessed as damp and medium dense with an 
internal friction angle between 34 and 36 degrees. 

Groundwater flow was encountered in TP23 and TP24 entering from the side wall 
of the excavation at depth varying between 0.4m and 1.0m below datum 
indicative of the foundation subgrade being saturated.  

The results of the liquid limit and particle size distribution tests performed on 
bulk samples confirmed the foundation stratum to comprise a non-plastic silty 
sand with trace clay (<10%) and variable gravel content (10-30%).   

The results of direct shear box testing confirmed that the material when 
subjected to light compaction can possess an internal friction angle of 36 
degrees. 

3.3.2 Area 2 (Piers 40, 41 & 42) 
The depth to the top surface of the foundation below present ground level varied 
between 0.3m and 0.6m.  Generally, the foundation overburden consisted of a 
thin layer of organic peat, silt and clay topsoil 0.5m in thickness overlying sandy 
silty topsoil containing many granite boulders. 
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All three of the foundations exposed were 2.1m in breadth.  The offset measured 
between the foundation edge and leading edge of the pier varied between 1.75m 
and 1.95m.   

The thickness depth of the foundation pads is 1.3m. Typically a cold joint was 
exposed at 1.25m depth which was interpreted to mark the interface between 
blinding concrete and the reinforced section of the foundation. 

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite, some decomposed to a residual soil. The deposit was 
assessed as loose to medium dense with an internal friction angle between 32 
and 34 degrees. 

A 0.2m thick layer of made ground was present beneath the concrete blinding 
layer. 

The foundation subgrade comprised interlayered alluvial sediments of sandy silt 
and silty sand with variable gravel content. The deposit was assessed as damp, 
loose in density and firm in terms of shear strength with an internal friction 
angle between 30 degrees and 32 degrees and effective cohesion of 5kPa. 

Groundwater flow was encountered in all three trial pits entering from the side 
wall of the excavation at depth varying between 1.25m and 1.7m below datum 
indicative of the foundation subgrade being saturated. 

The results of the particle size distribution tests performed on bulk samples 
confirmed the foundation stratum to comprise silty sand with trace clay (<10%) 
with variable gravel content (10-40%).   

The results of liquid limit tests carried out on disturbed silt samples confirmed 
the silt horizons are of intermediate plasticity. 

The results of direct shear box testing confirmed that the silty sand material 
when subjected to light compaction can possess an internal friction angle of 36-
38 degrees while the sandy silt and silt materials have an internal friction angle 
of 32 degrees. 

3.3.3 Area 1B (Piers 55, 56 & 57) 
The depth to the top surface of the foundation below present ground level varied 
between 0.3m and 0.4m.  Generally, the foundation overburden consisted of a 
thin layer of fibrous peat, and soft organic silt and clay topsoil 0.2-0.25m in 
thickness overlying sandy silty loamy topsoil containing many granite boulders. 

All three foundation pads exposed were 2.1m in breadth.  The offset measured 
between the foundation edge and leading edge of the pier varied between 1.2m 
and 2.15m.   

The thickness depth of the foundation pad foundations varied between 1.3m and 
1.4m. Typically a cold joint was exposed between 1.05m and 1.25m depth which 
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was interpreted to mark the interface between blinding concrete and the 
reinforced section of the foundation. 

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite. The deposit was assessed as loose to medium dense with an 
internal friction angle between 32 and 34 degrees. 

The foundation subgrade comprised slightly clayey fine to coarse sand and fine 
to coarse angular to sub-angular gravel. The deposit was assessed as medium 
dense with an internal friction angle between 34 and 36 degrees. 

The foundation backfill and subgrade were either dry or damp indicative of the
subgrade soils being subject to variable levels of saturation.  

The results of the particle size distribution tests performed on bulk samples 
confirmed the foundation stratum to comprise fine to coarse sand and gravels  
with trace silt (<10%).   

3.3.4 Area 3 (Pier 70) 
The depth to the top surface of the foundation below present ground level varied 
between 0.4m and 0.7m.  Generally, the foundation overburden consisted of a 
thin layer of fibrous peat, and soft organic sillty topsoil up to 0.2m in thickness 
overlying organic loamy silty fine to coarse SAND and fine to medium gravel 
with occasional cobbles and boulders of granite. 

The foundations pad measured 2.1m in breadth.  The offset between the 
foundation edge and leading edge of the pier measured 1.5m. 

The thickness depth of the foundation pad measured 1.4m. A cold joint was 
exposed at a 1.2m depth which was interpreted to mark the interface between 
blinding concrete and the reinforced section of the foundation.    

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite and traces of silty organic sand. The deposit was assessed as 
loose to medium dense with an internal friction angle between 32 and 34 
degrees. 

A 0.45m thick layer of made ground was present beneath the concrete blinding 
layer. 

The foundation subgrade comprised slightly silty fine to coarse sand and fine to 
coarse angular to sub-angular gravel characteristic of head deposits. The deposit 
was assessed as medium dense to dense with an internal friction angle between 
34 and 38 degrees. 

The foundation subgrade was damp. 
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The results of the particle size distribution tests performed on bulk samples 
confirmed the foundation stratum to comprise fine to coarse sand and gravels  
with trace silt (<10%).   

3.3.5 Area 3 (Pier 91) 
The depth to the top surface of the foundation below present ground level varied 
between 0.6m and 0.8m.  Generally, the foundation overburden consisted of a 
layer of fibrous peat, and soft organic silty topsoil 0.6m in thickness overlying 
organic loamy silty fine to coarse SAND and fine to medium gravel with 
occasional cobbles and boulders of granite. 

The foundations pad measured 2.1m in breadth.  The offset between the 
foundation edge and leading edge of the pier measured 1.8m. 

The thickness depth of the foundation pad measured 1.45m. A cold joint was 
exposed at a 1.25m depth which was interpreted to mark the interface between 
blinding concrete and the reinforced section of the foundation.    

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite and traces of silty organic sand. The deposit was assessed as 
loose to medium dense with an internal friction angle between 32 and 34 
degrees. 

The foundation subgrade comprised highly weathered granite bedrock recovered 
as broken cobbles and boulders bound in a coarse sand matrix. The deposit was 
assessed as to dense to very dense with an internal friction angle between 38 
and 42 degrees. 

The foundation subgrade was dry. 

The results of the particle size distribution tests performed on bulk samples 
confirmed the foundation stratum to comprise fine to coarse sand and gravels  
with trace silt (<10%).   

4 Conclusions 
The 2018 ground investigation data supports the findings of the desk study 
investigation. 

The composition and strength of the foundation subgrade varies across the site.   

Weathered rock head was only encountered in TP91 at pier 91.

Drained shear strength parameters of 42 degrees (Friction) and 5kpa (Cohesion) 
is assigned to the weathered rock. 

Elsewhere the foundation subgrade comprised medium dense to dense sands 
with varying silt and gravel content of glacial origin (Area 1A/B and 3) and 
interlayered sediments of silt and sand with variable gravel content of alluvial 
origin (Area 2). 
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Bulk unit weight of the foundation subgrade is assessed as 18-19kN/m³ for 
glacial sands/gravels and 17kN/m³ for the interlayered alluvial sediments. 

Based on the laboratory test data drained shear strength parameters are 
assessed as 34-38 degrees for sands/gravels and 32 degrees and 5kPa 
(cohesion) for the interlayered alluvial sediments. 

The thickness of the foundation subgrade overlying weathered rock remains 
unknown over the length of the viaduct structure but is estimated to vary 
between 1-3m in Area 1A/B, 5-10m in Area 2 and 1-3m in Area 3. 

As-built foundation geometry was observed to broadly comply with the data 
presented on the A.F Cruden design drawings. The thickness depth of the 
foundation pad measured between 1.3m and 1.65m. Typically, a cold joint was 
exposed at a 1.25m depth which was interpreted to mark the interface between 
blinding concrete and the reinforced section of the foundation.   

Foundation backfill comprised sandy fine to coarse gravel with many cobbles and 
boulders of granite with trace organic silt and clay. The deposit was assessed as 
loose to medium dense with bulk unit weight assessed at 17-19kN/m³ and
friction angle between 32 and 34 degrees. 

Foundation subgrade soils were typically observed to be damp or saturated 
indicative of groundwater being at or above formation level.

  

  



Appendix A - Trial Pit Logs
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Appendix B - Laboratory
Test Results (MatTest Ltd)
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1 Introduction
Past inspections of the Cairngorm funicular railway by ADAC Structures Ltd. identified 
that cracks between the in-situ joints and precast rail support beams opened at some 
piers during passage of the rail carriage. In particular, piers 22 and 56 were identified 
as having significant crack widths (~0.5 to 1 mm), although it is noted that the 
inspections were not comprehensive, and similar crack widths may also occur at other 
locations.

These crack observations led to concerns that there may be a lack of continuity in the 
top flange reinforcement connections within the in-situ joints. Where the structure is 
curved in plan, the top flange reinforcement is connected via a combination of grouted 
and threaded couplers. Where the structure is straight in plan, the top flange 
reinforcement is connected via a lap splice. Prior to intrusive investigations it was 
assumed that coupled connections are used at both piers 22 and 56 and therefore 
were of particular concern.
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This report presents the results from investigations and tests (specified in COWI report 
A116993-SP03) that were undertaken to assess the continuity of the top flange 
reinforcement. Background information on the test program is available in COWI 
report A116993-SP03.

2 Test Description
The tests used dial gauges to measure deformations in the in-situ joint region during 
controlled passage of a rail carriage with a known weight. The dial gauges had a 
resolution of 0.01 mm. Two types of deformations were measured:

1 Crack widths at the in-situ to precast interface (see Figure 1). The dial gauge 
connection points were two steel angles fixed to the concrete on either side of the 
interface. These measurements were conducted at 13 No. locations. At three of 
the in-situ joints, measurements were taken on both the downhill and uphill 
interfaces of the joint, i.e. 2 No. locations at each joint. These locations allowed 
the total cracking deformation across the two interfaces to be assessed.

2 Reinforcement deformation across a gauge length of approximately half the in-situ 
joint length (see Figure 2). The dial gauge connection points were clamped 
directly onto reinforcement exposed by hydro demolition of the cover concrete.
These tests were conducted at piers 22 and 56. At pier 22, the gauge length 
spanned across a grouted coupler connection. At pier 56, the gauge length 
spanned across a threaded coupler connection but not a grouted coupler.

Figure 1 Type 1: General setup for crack width measurement tests
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Figure 2 Type 2: General setup for reinforcement deformation tests

The tests were conducted in two phases. In the first phase, carried out 22-23rd 
November 2018, only non-invasive crack width tests were conducted (test type 1). A 
carriage with a 4 tonne kentledge was used, giving a total carriage weight of 18,900 
kg (as per the Doppelmayr Operations and Maintenance Manual). The full list of the 
first phase test locations is given in Table 1.

Table 1 List of tests conducted in phase 1 (all type 1)

Test No. Pier Beam End Adjacent Beam Type

1 9 Left Downhill 1

2 9 Right Downhill 1

3 16 Left Uphill 2

4 20 Left Uphill 2

5 21 Left Downhill 2

6 21 Left Uphill 2

7 22 Right Downhill 2

8 22 Right Uphill 2

9 23 Left Downhill 2

10 23 Left Uphill 2

11 24 Left Downhill 2
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In the second phase, carried out 29th November – 1st December 2018, reinforcement 
deformation was directly measured (test type 2). Interface crack width tests (test type 
1) were also conducted at the same locations to allow for comparison. An empty 
carriage was used, with a total weight of 14,900 kg (as per the Doppelmayr 
Operations and Maintenance Manual). The second phase test locations are listed in 
Table 2.

Table 2 List of tests conducted in phase 2

Test No. Pier Beam End Adjacent 
Beam 
Type

Test type Gauge 
length 
(mm)

12 22 Left Uphill 2 2 (steel) 680

13 22 Left Uphill 2 1 (conc.) 200

14 56 Right Uphill 3 2 (steel) 1050

15 56 Right Uphill 3 1 (conc.) 200

Videos of the dial gauge readings were taken during passage of the rail carriage. 
Audial signals were given to note the approximate position of the carriage at various 
times in the videos.

3 Test Data
The videos of the dial gauge readings were processed to determine the displacements, 
as well as the approximate position of the rail carriage at the time the maximum 
displacements occurred. Figure 3 shows the relationship between displacement and 
carriage location for Test No. 1 (see Table 1). The results are generally indicative of 
what would be expected to occur in a continuous beam, with compressive 
displacements occurring when the carriage is one span away and tensile displacements 
occurring when the carriage is on adjacent spans.

Figure 3 Displacement versus carriage position for Test No. 1 (typical of all tests)
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Only maximum compressive and tensile displacements are here reported for the 
remaining tests. This information is given in Table 3. Several observations can be 
made from the data:

› For all tests, the carriage location at the time of maximum displacements is 
consistent with the response of a continuous beam.

› Compressive displacements are smaller than tensile displacements in all cases, 
consistent with the relatively smaller sagging moment than hogging moment that 
develops at supports in continuous beams.

› Maximum tensile interface displacements were similar (between 0.14 and 35 mm) 
in most cases but with two exceptions:  Test No. 8 (0.05 mm) and Test No. 15 
(0.6 mm).

› Tests on the reinforcement (Test Nos. 12 & 14) gave similar results to equivalent 
tests across the interfaces (Test Nos. 13 & 15), despite having significantly longer 
gauge lengths.

Table 3 Maximum measured displacements for all tests

Test 
No.

Maximum 
compressive 
displacement 
(mm)

Carriage span 
when max 
compressive 
displacement 
measured

Maximum
tensile 
displacement 
(mm)

Carriage span when max 
tensile displacement 
measured

1 0.03 7 (below) 0.27 9 (adjacent - uphill)

2 0.01 10 (above) 0.15 9 (adjacent - downhill)

3 0.06 17 (above) 0.32 15 (adjacent - downhill)

4 0.03 21 (above) 0.14 19 (adjacent – downhill)

5 0.04 19 (below) 0.21 21 (adjacent – uphill)

6 0.04 19 (below) 0.14 20 (adjacent – downhill)

7 0.02 23 (above) 0.35 22 (adjacent – uphill)

8 0.03 23 (above) 0.05 21 (adjacent – downhill)

9 0.04 21 (below) 0.29 23 (adjacent – uphill)

10 0.06 24 (above) 0.24 22 (adjacent – downhill)

11 0.04 25 (above) 0.25 24 (adjacent – uphill)

12* 0.08 23 (above) 0.17 21 (adjacent – downhill)

13 0.06 23 (above) 0.2 21 (adjacent – downhill)

14* 0.02 57 (above) 0.55 56 (adjacent – uphill)

15 0.04 54 (below) 0.6 56 (adjacent – uphill)

* Denotes measurement as type 2 
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Pairs of tests conducted on both the uphill and downhill interface of the same in-situ 
joint (Test Nos. 5 & 6, 7 & 8, and 9 & 10) allow for the total displacement due to 
interface cracking on both ends of the joint to be assessed. The maximum tensile 
displacements for the relevant in-situ joints are listed in Table 4. It is noted that the 
downhill and uphill interface tests were not ran concurrently, so the "total" 
displacements are taken as the sum of the maximum displacements measured in two 
separate tests. However, this is expected to cause little error as the response is elastic 
and similar maximum tensile displacements are obtained regardless which adjacent 
span the carriage is on (see Figure 3).

Table 4 Maximum tensile displacement across both in-situ-to-precast interfaces

In-situ joint Downhill interface 
max. tensile 
displacement (mm)

Uphill interface 
max. tensile 
displacement (mm)

Total tensile
displacement across both 
interface cracks (mm)

21 Left 0.21 0.14 0.35

22 Right 0.35 0.05 0.4

23 Left 0.29 0.24 0.53

The following observations can be made based on the data in Table 4:

› Similar total tensile displacements were obtained at the three in-situ joints. The 
fact that the lowest displacements were observed at pier 21 is likely due to the 
observation of an additional crack within the in-situ joint, which was not picked up 
by the dial gauges.

› Pier 22 exhibited considerably different crack widths at the downhill and uphill 
interfaces, with almost all of the deformation occurring at the downhill interface.

4 Theoretical Deformations
Calculations were undertaken to assess the expected deformations due to passage of 
the rail carriage only, i.e. ignoring deformations due to permanent actions. Moments at 
pier centres due to the rail carriage loads were determined using analysis models 
previously developed as part of the viaduct structural appraisal (COWI report 
A116993-RP01). The analysis models used a gross sectional stiffness EcIg, where Ec

was calculated as per BD 44/15.

Theoretical tensile strains in the top flange reinforcement (3 No. T32 bars in all cases) 
due to the hogging moments were assessed using a sectional analysis of the in-situ 
joint cross-section (Figure 4). A triangular concrete stress block and a constant section 
width of 340 mm was assumed. In all cases, maximum concrete stresses were 
approximately 5 MPa or below, indicating that the triangular stress block assumption
was appropriate.
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Figure 4 Basis of reinforcement strain calculations

Theoretical reinforcement deformations were calculated directly by multiplying the 
theoretical tensile strains by the test gauge length. Theoretical deformations at the in-
situ joint interfaces were calculated by multiplying the theoretical tensile strains in the 
top flange reinforcement by half of the in-situ joint length (i.e. 1550 mm / 2 = 775 
mm). The calculation therefore assumes that all deformation within the in-situ 
concrete is concentrated at the interfaces, which is deemed appropriate due to a
general lack of observations of cracks within the joint.

Theoretical crack widths assuming simply supported beams with no continuity were 
also calculated. These calculations used standard elastic beam deflection formulae to 
determine the theoretical rotations at the end of a simply supported beam due to a rail 
carriage centred on the span. A gross sectional stiffness EcIg was used, which is 
expected to give a conservative (low) estimate of rotation relative to the actual 
cracked condition of the structure. Rotations were converted to crack widths by 
assuming a centre of rotation at the beam centroid.

Table 5 compares the measured maximum tensile displacements against the 
theoretical maximum tensile displacements for both a continuous and simply 
supported structure. It is evident that the theoretical values corresponding to a 
continuous structure are significantly closer to the measured values than those 
corresponding to a simply supported structure. While the calculation procedures 
employed here have limitations, e.g. no consideration of concrete cover depths, it is 
believed that they are sufficient to indicate continuity of the top flange reinforcement.

௦ߝ = ݀)ߝ − ݔ/(ݔ ܶ = ௦ߝ௦ܧ ∗ ௦ܣ = 2ߝܧܾݔ = ܥ ݖ = ݀ − 3ݔ
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Table 5 Measured versus theoretical displacements – continuous and simply supported

Test No. Measured max. 
tensile displacement 
(mm)

Theoretical max. 
tensile displacement 
– continuous (mm)

Theoretical max. 
tensile displacement 
– simply supported 
(mm)

1 0.27 0.28 1.8

2 0.15 0.28 1.8

3 0.32 0.28 1.7

4 0.14 0.28 1.7

5 0.21 0.28 1.7

6 0.14 0.28 1.7

21 Left total
(5+6)

0.35 0.56 3.4

7 0.35 0.29 1.7

8 0.05 0.29 1.7

22 Right total
(7+8)

0.40 0.57 3.4

9 0.29 0.29 1.7

10 0.24 0.29 1.7

23 Left total 
(9+10)

0.53 0.59 3.4

11 0.25 0.28 1.7

12* 0.17 0.20 n/a

13 0.2 0.22 1.3

14* 0.55 0.42 n/a

15 0.6 0.31 1.2

* Denotes measurement as type 2

5 Condition Assessment of In-Situ Joint Reinforcement and 
Couplers

After completion of the invasive tests at piers 22 and 56, additional hydro demolition 
of the in-situ joint cover concrete was carried out to enable visual inspection of the 
grouted couplers. Figure 5 shows a fully exposed grouted coupler at pier 22. The 
coupler was 500 mm long and had an internal diameter of 75 mm. The end of the 
coupler on the exterior side of the joint had a threaded connection, consistent with the 
design drawings. The grout inside the coupler was visually observed to be free from 
voids and appeared in good condition. Grout visible at the vent holes located on the 
upper surface of the coupler imply that the coupler was fully grouted.
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It was observed that a section of the coupler had been cut out to allow for installation 
of the HALFEN channel that forms part of the rail plinth connection detail. A close-up 
view of the cut out is shown in Figure 6. This confirmed some evidence of site 
modifications to couplers seen in historical video footage.

Figure 5 Exposed grouted coupler at pier 22

Figure 6 Close-up view of grouted coupler cut-out around HALFEN channel at pier 22
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The concrete breakout at pier 56 was contained between two rail plinths and therefore 
did not expose the full length of the grouted couplers. However, the breakout did 
expose nearly the full width of the top flange, as shown in Figure 7. This breakout 
allowed the staggered coupler arrangement shown in the design drawings to be 
confirmed albeit in a reversed format to that indicated on the drawings. At this location
two grouted couplers and one threaded coupler at the lower end of the in-situ joint 
and one grouted coupler and two threaded couplers at the upper end were observed.
The breakout also confirmed the additional 2 No. T25 top flange longitudinal 
reinforcement used in "type 3" rail support beams are terminated prior to the in-situ 
joints; they are not continuous (Figure 8).

Figure 7 Breakout at pier 56 showing staggered coupler arrangement

Additional observations were also made possible from the invasive investigation. Shear 
links within the in-situ joint were different to design drawings, being anchored around 
only the middle bar of top flange reinforcement where two grouted couplers were 
present (e.g. as shown in Figure 7). Where only a single grouted coupler is present, 
the shear links were as shown in the design drawings, but manually bent to 
accommodate the coupler diameter.

Shear links were observed as pairs in the precast concrete. No shear links were 
observed in the arrangement indicated on the drawings for the in-situ concrete stitch. 
No links were present connecting the outer bar and coupler to the other T32 
longitudinal bars within the footprint of the coupler. Only one link was observed in the 
in-situ concrete over the area of the entire breakout at pier 22.

"DENSO" type tape was found to be plugged into the end of the grouted coupler 
(Figure 9), presumably to bung the end for grouting purposes. This tape had been left 
in-situ and thus acted as a de-bonder to the localised open end of a coupler and the 
in-situ concrete. US patent number 5.261.198 was observed on the side of a coupler. 
The coupler dimensions were similar to the "DB40" coupler as referenced on original 
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design drawings. The annulus within the coupler of internal dimeter 75mm for a 32mm 
diameter bar is quite large for a grouted application.

Figure 8 Breakout at pier 56 showing termination of T25 bar before the in-situ concrete 
interface

Figure 9 DENSO tape at grouted coupler end
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6 Conclusions and Recommendations
The following conclusions can be drawn based on the results of the continuity study:

› The top flange reinforcement is believed to generally have good continuity 
through the in-situ joints, due to the following:

› The locations of the carriage at times of maximum tensile and compressive 
measured displacements were consistent with what would occur in a 
continuous beam.

› Theoretical deformation calculations for a continuous structure had 
significantly better agreement with measured results than those for a simply 
supported structure.

› While the observed reinforcement detailing within the in-situ joint was in most 
cases consistent with the design drawings, some differences and evidence of poor 
workmanship were observed. Namely, shear link shape and location, HALFEN 
channel cut-outs, and T25 bar curtailment.

It is recommended that analysis on the viaduct appraisal report (COWI report 
A116993-RP01 v1) is updated to assume the top flange reinforcement as continuous 
over the piers.


