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Abstract of the MAINLINE Project 

Growth in demand for rail transportation across Europe is predicted to continue. Much of 
this growth will have to be accommodated on existing lines that contain old infrastructure. 
This demand will increase both the rate of deterioration of these elderly assets and the 
need for shorter line closures for maintenance or renewal interventions. The impact of 
these interventions must be minimized and will also need to take into account the need for 
lower economic and environmental impacts. New interventions will need to be developed 
along with additional tools to inform decision makers about the economic and 
environmental consequences of different intervention options being considered.  

MAINLINE proposes to address all these issues through a series of linked work packages 
that will target at least €300m per year savings across Europe with a reduced 
environmental footprint in terms of embodied carbon and other environmental benefits. It 
will: 

 Apply new technologies to extend the life of elderly infrastructure 
 Improve degradation and structural models to develop more realistic life cycle cost 

and safety models 
 Investigate new construction methods for the replacement of obsolete infrastructure 
 Investigate monitoring techniques to complement or replace existing examination 

techniques 
 Develop management tools to assess whole life environmental and economic impact.  

The consortium includes leading railways, contractors, consultants and researchers from 
across Europe, including from both Eastern Europe and the emerging economies. Partners 
also bring experience on approaches used in other industry sectors which have relevance 
to the rail sector. Project benefits will come from keeping existing infrastructure in service 
through the application of technologies and interventions based on life cycle 
considerations. Although MAINLINE will focus on certain asset types, the management 
tools developed will be applicable across a broader asset base. 

Partners in the MAINLINE Project 

UIC, FR; Network Rail Infrastructure Limited, UK; COWI, DK; SKM, UK; University of 
Surrey, UK;  TWI, UK; University of Minho, PT; Luleå tekniska universitet, SE; Deutsche 
Bahn, DE;  MÁV Magyar Államvasutak Zrt, HU; Universitat Politècnica de Catalunya, ES; 
Graz University of Technology, AT; TCDD, TR; Damill AB, SE; COMSA EMTE, ES; 
Trafikverket, SE; Cerema (ex SETRA), FR; ARTTIC, FR; Skanska a.s., CZ. 

WP4 in the MAINLINE project 

The main objectives for WP4 are:  

 To clarify what inputs the degradation models require from advanced monitoring 
techniques and examination systems, investigate their use and identify how these can 
operate in the most cost-effective and reliable way to complement or replace existing 
examination techniques for elderly infrastructure. Such monitoring and examination 
systems, together with the degradation models, will form a part of an effective and 
efficient integrated whole life asset management system developed in WP5. 
 

 To provide case study/validation evidence so as to promote take-up of the proposed 
approaches by infrastructure managers. 
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Glossary 

Abbreviation/ 
acronym  

Description 

M&E Monitoring and Examination 

GASSA Genetic Algorithm for Slope Stability Analysis 

SKMA Sinclair Knight Merz Algorithm 

SSHI Soil Slope Hazard Index 

SRV Slope Risk Value 

NR Network Rail Limited [Great Britain Infrastructure Manager] 

FRP Fibre Reinforced Plastic 

FEM Finite Element Model 
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1. Executive Summary  

1.1 Scope 

The key objectives of MAINLINE Work Package 4 are as follows: 

 To review currently used Monitoring and Examination (M&E) techniques (Task 
4.1)  

 Identify and provide solutions to address gaps in compatibility between inspection 
systems and degradation models (Task 4.2) 

 Provide validation of improved approaches via case studies (Task 4.3) 

 

The present deliverable reports on the case study work carried out under Task 4.3.  This 
includes the following: 

 Case study selection through review of previous work completed under Tasks 4.1 
and 4.2. 

 Report on two bridge case studies and one cuttings case study designed to 
validate new approaches to M&E for improved asset management. 

1.2 Findings 

1.2.1 Bridges 

Retszilas bridge in Hungary was used as a test location for using FRP materials to 
strengthen weak bridge elements. Under the same loading and instrumenting arrangements 
it was shown that the FRP temporary repair reduced the crack expansion under loading by 
approximately 80%. This study also helped prove the effectiveness of an FRP strengthening 
repair solution. 

 

In order to identify critical hotspots for the Åby Bridge and develop a method of assessing 
these through non-destructive assessment, measurements were carried out in two different 
phases using a photographic strain measurement system which comprises of several 
sensors and gauges. Results from the measurements have been compared against 
traditional assessment of the remaining fatigue life of the bridge and finite element modelling. 

1.2.2 Earthworks 

In this deliverable the close correlation between the SKMA and SSHI analyses has been 
demonstrated when applied to a real world asset on the basis of photos and descriptions.  
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3. Introduction  

This deliverable captures the details and findings of three case studies designed to validate 
new and improved approaches to monitoring and examination of bridge and earthworks 
assets.  

 

The purpose of each case study is to contribute to an industry understanding of how 
particular improved monitoring and examination techniques can enhance risk based asset 
management. This is achieved by quantifying the benefits regarding use, reliability and cost 
effectiveness of the new approaches to monitoring and examination systems that have been 
adopted. Such validated information, when disseminated, will promote the early uptake of 
beneficial approaches by the rail sector. 

 

This report builds on work carried out to date within the MAINLINE Project, as well as 
research from other relevant European projects, such as the “Sustainable Bridges”, and 
“SMARTRAIL” projects (SMARTRAIL, 2014). 

 

 

 

Figure 3.1  General organisation of the project 
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4. Selection of Case Studies  

The purpose of the D4.3 case studies is to validate new approaches to monitoring and 
examination for improved asset management. A number of new approaches have been 
identified in the preceding Work Package 4 deliverables, which fall into two categories: 

 

 Emerging new technologies for monitoring and examination as identified in D4.1  
(MAINLINE 2012) 

 Improved M&E techniques identified in D4.2 (MAINLINE, 2013) as potential ways to 
improve compatibility between M&E methods and the inputs required by asset 
degradation models 
 

A number of techniques were identified in each of these categories for both bridge and 
cutting asset types. A selection process was therefore required to identify which of the 
approaches would be taken forward for case study validation. 

 

The selection process involved compiling a list of all identified techniques, and assessing 
them against the following criteria: 

 

 Potential benefits of new approach in terms of reliability, application and cost. 
 Potential for case study to be carried out within the limited timeframe and resources 

available within D4.3. 
 

A complete list of the potential M&E approaches considered is presented in the Case Study 
Selection Matrices in Appendix A. 

 

The key factor in the selection process were those examples where most of the data 
collection had been undertaken as part of a related deliverable or project. The following three 
case studies were selected for use as the D4.3 case studies, following consultation with the 
wider MAINLINE Consortium: 

 

 Case Study 1 – Retszilas Bridge, Hungary. 
 Case Study 2 – Aby Bridge, Sweden. 
 Case Study 3 – Sligo Line Cutting, Ireland 
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5. Bridges 

5.1 Case Study 1 – Retszilas Bridge, Hungary 

5.1.1 Case Study Overview 

Structure Name: Retszilas bridge (HUNGARY) 

Description of structure: The bridge is located at the Hungarian railway network. 
Type of the bridge: steel truss railway bridge 
Year of construction: 1952-1953 
Span: 51.5 m 
Height: 7.36 m 
Number of tracks: 1 

Location: Railway line: Kelenföld – Pécs, Hungary 
Section: 891+35 

Photo: 

 

Traditional M&E approaches 
used historically: 

- Visual inspection of cracks 

- Manual measurements of crack opening 

- Displacement measurements with an analogue system 

 

New Approach tested: Instrumented monitoring with a computer controlled digital 

displacement measuring system. 

 

Table 5.1.  Bridge Case Study 1 Overview 
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5.1.2 Detailed Description of Asset 

The following case study summarises the monitoring of a steel bridge strengthening project 
where a damaged structural element has been temporarily strengthened with fibre reinforced 
polymer sheet. The evolution of damage and the effects of strengthening were monitored 
with a computerised 24 channel displacement measuring system during normal traffic 
operation. The results of the monitoring project confirmed the efficiency of the proposed 
strengthening solution by comparing displacement results before and after the strengthening 
intervention, and highlighted the need for applying a system that is capable to monitor 
damage evolution. 
 
Fatigue can play a significant role in undermining the resistance of load bearing elements of 
bridges (Ivanyi, 1998 and Imam et al., 2010). The primary evocator of the deterioration 
mechanism of fatigue are related to traffic loading, environmental effects and poor design of 
structural elements or connections. Fatigue damage of steel bridges usually takes decades 
to initially develop but the progress to failure is then relatively quick. Damage due to cyclic 
loadings, such as from traffic effects, is a result of gradual increase of fatigue cracks. Once a 
crack reaches a certain critical size the failure can happen in a progressive manner (Pipinato 
et al., 2012). 
 
In order to maintain damaged bridges in service repair or reinforcement intervention is 
needed to prevent further fatigue cracking propagation whilst stabilizing the condition of the 
structure. There are many techniques available for engineers to strengthen the damaged 
structural elements of steel bridges and extend their service life. The conventional fatigue 
strengthening solutions involve methods such as removing the crack by mechanical methods 
or temperature methods and methods involving introduction of beneficial compressive stress 
zones near the damage or cold working of the metal (Guideline SB 6.1, 2007). 
 
The use of fibre reinforced polymers (FRP) products is considered one of the most recently 
developed techniques for retrospective strengthening and fatigue crack growth limitation. 
However design guidelines and standards are still in the early developmental stage that 
cause difficulties in the widespread practical application of this strengthening technique. 
 
The present case study summarizes the results of a monitoring project of a damaged steel 
structural element that was strengthened an FRP sheet. It is considered a pilot application on 
a railway bridge in Hungary. 
 
The bridge in the case study is located at the Hungarian railway network. The main 
parameters of the bridge and general information on the case study are summarised in Table 
5.1.  
 
The view of the bridge at the time of the monitoring project can be seen on Figure 5.1. 
 

5.1.2.1 Description of damage 

The damage occurred on a bearing element at the longitudinal and transversal beam 
connection was assessed to be due to fatigue. The damage was observed during periodic 
major inspection. Structural details of the connection and photos of the damage are shown 
on Figure 5.2, Figure 5.3 and Figure 5.4.  
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Figure 5.1.  The view of the tested steel truss bridge 

  
 

 
 

Figure 5.2.  Details of transversal and longitudinal beam connection 
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Figure 5.3.  Observed fatigue crack on the bearing element during periodic inspection  

 

      
 

Figure 5.4.  Observed fatigue crack on the bearing element after cleaning of the surface 

 

As a remedial set of measures were implemented after the observation of the damage, which 
included; a 40 km/h speed restriction, more frequent visual supervision and a periodic 
measurement of movements and crack opening was introduced with conventional analogue 
measuring device. The crack ran through the outer part of the curved L steel and had a 3.5 
mm opening in unloaded situation (Figure 5.5). 

 

Figure 5.5.  Crack opening in unloaded situation 

Lateral movement of the 
bearing element  

Fatigue crack 
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The crack opening increase under traffic loading was in the range of 0,5 – 1,5 mm depending 
on the type of the loading vehicle. Vertical movement of the damaged element and the 
longitudinal beam in the vicinity of the bearing element was also measured periodically 
(Figure 5.6). Although the results of these measurements has shown that the development of 
the damage was rather undetectable in the period of supervision, the installation of a more 
precise instrumented monitoring system was considered necessary to control the 
degradation process until the repair of the damaged element is completed.  
 

     
 

Figure 5.6.  Vertical displacement measurement with analogue system under the damaged 
element and the longitudinal beam  

The same damage was not observed on the same element at the opposite side of the bridge. 
It was also observed that the track line had cca. 50 mm eccentricity to the longitudinal axle of 
the bridge. This fact suggested that the reason for the damage could have been the 
asymmetric loading of the bridge or local material weakness.  

5.1.3 Methodology 

5.1.3.1 Instrumented monitoring prior to strengthening 

A UniTech 24 channel computer controlled digital displacement monitoring system was 
installed on the damaged element. During the measurement, the measured data were 
displayed online on the computer screen and also digitally stored for further analyses. The 
system is suitable for static and dynamic measurement too. In dynamic measurements the 
measured data were displayed in time – displacement diagrams. 

 

The measuring system and the computer were connected via USB port. The accuracy of the 
measured displacements were 0.01 mm. The location of the extensometers are indicated on 
Figure 5.7. The monitoring system was installed also on the undamaged part of the bridge.  
 
The following measured displacements were assigned to the different channels: 
 
On the damaged side: 
CH1: Relative displacement between the two sides of the crack on 50 mm basis length. 
CH2: Relative displacement between the lower flange of the transversal beam and the 
longitudinal beam. 
CH3: Relative vertical displacement between the lower flange of the transversal beam and 
the lowest point of the cracked curved L steel. 
 
On the undamaged side: 
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CH10: Relative displacement between the lower flange of the transversal beam and the 
longitudinal beam. 
CH11: Relative vertical displacement between the lower flange of the transversal beam and 
the lowest point of the curved L steel. 

     

 

 

Figure 5.7.  Instrumented monitoring  

5.1.4 Results 

The monitoring measurements were carried out in a 2 weeks period under normal traffic 
operation with trains hauled by V43 (total weight: 800 kN) and V63 (total weight: 1160 kN) 
locomotives of the Hungarian Railways. 
 
In this report only the results of the measurements on the damaged side are summarised.  
Some of the typical displacement results are displayed as follows.  
 
1st period of measurements: 
 

a) displacement monitoring 

at damaged part 

b) displacement monitoring 

at undamaged part 
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Maximum/Minimum values:  
 

 CH1 CH2 CH3 

Maximum (mm) 1.687 0.828 0.065 

Minimum (mm) -0.043 -0.867 -0.779 

 

 
 

Maximum/Minimum values:  
 

 CH1 CH2 CH3 

Maximum (mm) 1.538 0.808 0.036 

Minimum (mm) -0.023 -0.793 -0.701 
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Evaluation of the results 
Comparison was made between displacement results measured on the first day and last day 
of monitoring. In this comparison only passenger trains with V43 locomotives were taken into 
account. 
 
Table 5.2 shows the changes in the average maximum and minimum displacement values 
after 2 weeks monitoring period: 
 

 CH1 CH2 CH3 

Average maximum  - 1st measurement 
(mm) 

1.008 0.706 0.030 

Average maximum – after 2 weeks (mm) 1.062 0.704 0.048 

Increase after 2 weeks monitoring 5.4% -0.2% 60.7% 

 

 CH1 CH2 CH3 

Average minimum - 1st measurement 
(mm) 

-0.101 -0.508 -0.501 

Average minimum – after 2 weeks (mm) -0.139 -0.540 -0.524 

Increase after 2 weeks monitoring 37.1% 6.3% 4.6% 
 

Table 5.2.  Changes in maximum and minimum displacement values (only passenger trains 
were taken into account with a V43 locomotive) 

 

The 2 weeks instrumented monitoring on the damaged element confirmed the gradual 
deterioration process of the bearing element. The relative displacement between the two 
sides of the crack increased by  5.4%; the relative vertical displacement between the lower 
flange of the transversal beam and the lowest point of the cracked curved L steel increased 
by 4.6%; and, there was a notable increase in other displacement components too. 
The maximum displacement values were measured when a double V63 locomotive was 
passing the bridge.   
 

5.1.4.1 Temporary strengthening of the damaged element with FRP sheet 

The monitoring results pointed to the possibility of an accelerating deterioration of the 
bearing element and the risk of a sudden damage. As a remedial measure it was decided to 
carry out a strengthening work on the damaged element. Among various possibilities a FRP 
system was chosen as reinforcement.  
 
It was a requirement that the work had to be carried out within a very short time, at minimal 
cost, with the use of MAV’s own bridge maintenance team and without significant 
disturbance of traffic. 
 
The main advantages of the chosen system were considered the low weight, its easy 
applicability in confined space and minimal labour requirements. The high tensile strength 
and deformation capacity of the FRP system, its high fatigue strength and resistance to 
corrosion meant optimal material features for the given problem. As there were no preceding 
experience at MAV the solution was considered only as temporary.  
 
A 5-layer SikaWrap 900C/150 FRP (Construction Guideline, 2011) sheet was used for 
strengthening. In order to minimize the time of execution the reinforcing element was 
prefabricated in laboratory (Figure 5.8). In order to follow the shape of the damaged L steel a 
cast was taken first and the reinforcing element was built up on a template form. This 
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procedure made possible to install the U-shaped 5-layer FRP reinforcing element on site in 
one step and save time during the execution process. The principle of design was to provide 
a reinforcing element which has a tensile capacity equal to or higher than that of the 
substrate steel material at a strain limit of 0.6%.  
 

           
 

Figure 5.8.  The FRP sheet material and the U-shaped reinforcing element 

 

      
 

Figure 5.9.  Placement of FRP reinforcement on the damaged element 

 

The execution of work consisted of the following steps: 
1. Preparation of the substrate surface by means of grinding. 
2. Filling up the crack with a high strength fast hardening metal adhesive 
3. Levelling and sealing the substrate with epoxy material 
5. Installation and fastening of the FRP reinforcing element (Figure 5.9) 
6. Heating and curing 

 
The work was carried out using mobile scaffolding under a 10 km/h temporary speed 
reduction. Following the installation of the reinforcing system there was a 2 hour long period 
without traffic. After that period the temporary speed reduction was maintained for another 4 
hours.    
 

5.1.4.2 Material tests 

Test specimens were made from unused gusset plate elements taken out from the structure. 
The test was carried on standardised tensile specimens with an INSTRON 5595 Universal 
Testing machine under displacement control. 
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The tensile test results suggest that the steel material used for the bridge construction has a 
relatively low yield strength compared to the tensile strength and an evidently low yielding 
elongation before hardening. Typical fracture surface of the tested specimens is shown on 
Figure 5.10. 
 
 

    
 

Figure 5.10.  Fractured surface of the steel specimens 

 

The texture of the steel material taken out from the structures was also analysed with an 
electron microscope. Some images recorded during this measurement is seen on Figure 
5.11 – 5.13. 
 
The tests show that the steel texture contains 10-15 % of perlite by volume, located primarily 
on the edges of the granules. The texture does not contain pinned shape crystals. Ferrite 
arrays can be seen in the direction of rolling containing elongated perlite granules. The 
characteristics of the metal texture causes anisotropy in the texture.  
 
The test results on tensile specimens confirm low yield stress that can also be an important 
reason for the fatigue sensitivity. If the level of stress in case of high-cycle loading is close to 
the yielding stress the material can easily crack and this crack can propagate in a 
progressive manner. The analysed material texture refers to a hot rolled mild steel material. 
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Figure 5.11.  Texture of steel after etchwork (magnification: 100x) 

 
 
 

 

Figure 5.12.  Texture of steel after etchwork (magnification: 200x) 
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Figure 5.13.  Texture of steel after etchwork (magnification: 500x) 

 

5.1.4.3 Instrumented monitoring after strengthening 

The monitoring and frequent inspection was continued after the strengthening work had been 
carried out. The notation of measuring channels were the same as those used for the 
measurements before the strengthening (Figure 5.14). 
 
The bridge was subjected to similar traffic loading with the same vehicle types as during the 
measurements before the strengthening intervention.  
 

     
 

Figure 5.14.  Instrumented monitoring after strengthening 

 

Some of the measured results are shown on the following load-displacement charts. 
 

CH1  -  + 

CH3  
+ 

-  
- 

+  
CH2  
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1st period of measurements: 
 

 
 

Maximum/Minimum values:  
 

 CH1 CH2 CH3 

Maximum (mm) 0.212 1.005 0.011 

Minimum (mm) -0.016 -0.167 -0.216 

 
 
 

 
 

 
 

Maximum/Minimum values:  
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 CH1 CH2 CH3 

Maximum (mm) 0.323 1.126 0.008 

Minimum (mm) -0.008 -0.214 -0.291 
 

2nd period of measurements: 
 

 
 

Maximum/Minimum values:  
 

 CH1 CH2 CH3 

Maximum (mm) 0.220 1.015 0.014 

Minimum (mm) -0.018 -0.082 -0.217 
 
 
 

 
 

 
 

Maximum/Minimum values:  
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 CH1 CH2 CH3 

Maximum (mm) 0.306 1.044 0.008 

Minimum (mm) -0.007 -0.148 -0.277 

 
 
Evaluation of the results: 
 

The comparison is made by the relevant absolute displacement values measured before and 
after the strengthening intervention (Table 5.3). 
 

Displacements before strengthening CH1 CH2 CH3 

Maximum displacement under passenger train 
(mm) 

1.086 0.760 0.532 

Maximum displacement under freight train 
(mm) 

1.538 0.808 0.701 

 

 Displacements after strengthening CH1 CH2 CH3 

Maximum displacement under passenger train 
(mm) 

0.220 1.015 0.217 

Maximum displacement under freight train 
(mm) 

0.323 1.126 0.291 

 

Change after strengthening CH1 CH2 CH3 

Maximum displacement under passenger train 
(mm) 

-80% +34% -59% 

Maximum displacement under freight train 
(mm) 

-79% +39% -58% 

  

Table 5.3.  Comparison of displacement values before and after strengthening 

 

As a result of the strengthening measure the relative displacement between the two sides of 
the crack, measured on 50 mm basis length, decreased by approximately 80%. It means that 
the crack opening in the damaged element has become nearly immeasurable, the measured 
displacement values were mainly due to elastic deformation.  
 
The vertical displacement of the bearing element decreased by approximately 60%, however 
the vertical movement of the longitudinal beam slightly increased.  

5.1.5 Conclusions 

The instrumented monitoring system installed on the bridge pointed to the gradual 
degradation process that was developing in the cracked bearing element.  
 
The likely reasons of the fatigue damage were the overloading of the bearing element due to 
the eccentricity of the loading, and the improper material characteristics of the steel used for 
the bridge. 
 
It has been confirmed by instrumented monitoring that the crack opening in the damaged 
element and the vertical displacement of the bearing element decreased significantly as a 
result of the strengthening intervention. 
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The cracked element could be strengthened effectively with the use of fibre reinforced 
plastics. The work was carried out in a short time under extreme conditions (ie. at low 
temperature, in confined space, without full stoppage of traffic). 
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5.2 Case Study 2 – Aby Bridge, Sweden 

Structure Name: Åby Bridge (Sweden) 

Description of 
structure: 

Location: Åby river, Swedish Northern mainline 
Type: steel truss railway bridge 
Year of construction: 1957 
Span: 33m 
Width: 5.5 
 
In 2012 the bridge was replaced by a new steel beam bridge and the 
old bridge was placed beside the river. It was tested to failure to study 
its remaining load-carrying capacity in September 2013. 

Location: Åby river, Swedish Northern mainline, 50 Km W of Pitea and 80km SW 
of Lulea, Sweden 

Photos/drawings: 

 

View of the bridge before and after testing 

Traditional M&E 
approaches used 
historically: 

- visual Inspection 
- hammer testing 
- dye penetration 
- full scale testing 

New Approach 
tested: 

Photographic strain monitoring system (fatigue measurement); strain 
gauges, deflection gauges, temperature sensors and accelerometers 
were mounted on the bridge for monitoring purposes. 

 

Monitoring in service state 

 

Critical Sections monitored: 

- Longbeam/crossbeam 
- Welded connection 
- Longbeam/crossbeam under load point  

Table 5.4.  Aby Bridge Case Study Overview 
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Loading to failure 

 

 

FEM Analysis 

 

The bridge remained elastic up to about three times the original design 
load (hidden capacity) and the load could then be almost doubled with 
substantial yielding deformations before a buckling failure appeared in 
the top girders 

 

 

Table 5.4.  Aby Bridge Case Study Overview continued 

Yielding in the bottom longitudinal 
girders indicated by flaking off of 
corroded skin 
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Table 5.4 above provides an overview of the Case Study 2 (Åby Bridge, Sweden) which was 
carried out within MAINLINE. The steel truss railway bridge at Åby River was built in 1957 
with a span of 33 m (105 feet). In 2012, the bridge was replaced by a new steel beam bridge 
and the old bridge was placed beside the river. In September 2013, it was tested to failure 
(two hydraulic jacks, anchored by cables to the bedrock, pulled the bridge downwards) by 
Luleå University of Technology to study its remaining load-carrying capacity for the purposes 
of MAINLINE. 

 

Åby bridge has been carrying the Swedish northern mainline from Stockholm over the river 
Åby some 80 km SW of Luleå. The location for the bridge is in a rural environment and 
approximately 50 km from the coast. The line was originally built in 1894 while the tested 
steel truss was designed and constructed in 1957, see Figure 5.155. The span has a length 

of 33 m and a width of 5.5 m The SW support has four pins while the NE support has four 
rollers; the supports are founded on moraine. An axle load of 250 kN was used for the 
design. The steel quality for the main beams was SIS 1411 (yield stress fs = 250 - 260 MPa; 
failure stress fu = 440 MPa). Verticals, diagonals and secondary beams had the quality SIS 
1311 (fs = 200 - 220 MPa and fu = 370 MPa) (Blanksvärd et al., 2014). 

 

 

Figure 5.15.  Elevation and Plan – Original drawing from 1957 of the Åby Bridge. 
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The bridge was designed according to the present trainloads type F46 which corresponds to 
25 tons axle load which is still the current load on the railway. Girders and connections in the 
bridge are partially riveted and partially welded with the steel used in the superstructure 
being described in Table 5.5. 

 

 

Table 5.5.  Material properties used for evaluation 

5.2.1 Methodology 

Following a preliminary assessment of the fatigue capacity of the bridge, which was carried 
out in 1994, it was indicated that a fatigue failure was already overdue. However, since no 
fatigue cracks were detected during the inspection, Finite Element Model (FEM) analyses 
were carried out to predict the ultimate load of the bridge using reliability analysis. The 
analyses were conducted in two different phases, in 2012 and 2013, due to a move of the 
bridge to a new position in the autumn of 2012.  

 

Simulations of the intended load case were performed prior to the test by a FEM created in 
ABAQUS. The model was developed as a shell model with the limitation of not assigning any 
constraints to the joints; therefore all connections are fully rigid. During the first stage of FEM 
analysis, four node shell elements were used with 43000 nodes. Several joints were 
encountered with von Mises stresses in the order of 100 MPa. In the spring of 2013 an 
updated FEM model was designed using Abaqus shell elements (Blanksvärd et al., 2014). 

 

In terms of monitoring, which was also carried out in two phases, a number of sensors were 
mounted on the bridge and photometric measurements were performed at the joint between 
the longitudinal stringer beams and the crossbeams; the latter enables the evaluation of the 
degree of constraint in the connection between the stringers and the crossbeams which 
according to calculations was the critical hotspot which led to the replacement of the 
structure (Elhag, 2013). 

 

During the phase stage, before the Åby River Bridge was taken out of order (autumn 2012), 
measurements were performed while the bridge was in service. Overall 40 strain gauges, 10 
deflection gauges and 3 temperature sensors were mounted on the bridge during the 
summer of 2012 in order to check strains and deformations in critical sections (Blanksvärd et 
al., 2014). The highest strains observed when ordinary trains passed over the bridge were of 
the order of 250 x 10-6 corresponding to a stress of 50 MPa. Since these initial ‘live’ 
measurements were less comprehensive than the final tests (carried out in 2013), it served 
as an intermediate step towards planning the full scale tests. Train loads were defined and, 
therefore, it was possible to estimate the dynamic response of the bridge as well as 
transforming the static load scenario to the shape of train sets (Blanksvärd 2012; Moreno 
2013). 
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During the second phase of monitoring, once the bridge was taken out of service, it was put 
on temporary supports close to the tracks where the sensors were mounted. The force on 
the bridge was induced by two jacks where the jack was attached to a girder that distributed 
the load to four equally distributed point loads. The bridge was instrumented with 
accelerometers in different setups and subjected to a controlled force with variable frequency 
using a load shaker. Some accelerometers served as reference at fixed position throughout 
all setups while others were moved to different positions. The output consisted of estimation 
of natural frequencies, mode shapes, damping ratios and frequency response functions. The 
results served as input for updating the numerical models (Blanksvärd et al., 2014). 

The different sensors were divided between 72 strain gauges, 46 linear variable differential 
transducers (LVDTs), 8 temperature gauges and the photometric measurement system 
(Aramis-system (GOM 2013)), as illustrated in Figure 5.16. 

 

a) b) c)  

Figure 5.16 a)  The Aramis setup for the photometric measurements b) Cables form sensors for 
measurements c) Hydraulic jack and one of the load distributing beams 

 

As described in deliverable D4.2 (MAINLINE.4.2 2013), the strains were followed in critical 
details to monitor any fatigue failure. Ordinary gauges were used but also a new type of 
optical measurements was applied; in the latter, a grid is painted on the detail, which is 

photographed continuously during the tests (Figure 5.17). 

However, no brittle or fatigue failure appeared in any of the 
joints and the bridge proved to behave in a ductile way with a 
substantial hidden capacity. The data from the test have 
been analysed in order to evaluate damage modelling and 
compare monitoring and examination results regarding 
fatigue as well as corrosion. An assessment of the load-
carrying capacity of the bridge with a reliability based method 
has been carried out by Casas and Soriano (MAINLINE.1.2 
2013). A critical review of methods and enabling 
technologies for automated inspection and restoration of 
steel bridges was given in McCrea et al. (2002). 

 

Figure 5.17.  Optical measurements of strains in a critical 
riveted connection between a transverse and a longitudinal 

beam in the Åby Bridge in northern Sweden, Blanksvärd et al 
(2014). 

 

The measurements consisted of 18 different predefined load series with the three last ones 
being done with the rail removed and the last one being tested to failure (Häggström et al., 
2014). The sensors placed on the main truss for the global analysis are shown in Figure 5.18 
and analytically described in Table 5.6 below. 
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Figure 5.18.  Position of sensors for global measurements, with the description in Table 5.6 

 

Table 5.6 Sensors for measuring global effects 

 
 

Buckling of the top frame was the most likely failure mode and, therefore, the horizontal 
displacement was monitored as shown in Figure 5.19a). Figure 5.19b) depicts the sensor 
measuring the global deflection at mid span and the strains measured for the lower frame for 
both the upper and lower flange. Measuring the strain of two or more points on a cross 
section enables the calculation of the section forces that are caused by a specific load. Since 
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the bridge was placed on temporary supports and loaded to failure, settlements were likely to 
occur. In order to be able to refine and calculate the outcome for deflection it was necessary 
to measure the settlements at the supporting points as well as the rotation, as shown in 
Figure 5.19c. 

 

a)  b)  c)  

Figure 5.19 a)  Measurements of the horizontal deflection due to loading (LRFV1)  
b)  Measurements of deflection at mid span (TUM2) and strain (TUM1)  

c)  Measurements of settlements and rotation at support 

 

5.2.2 Output 

Prior to testing the bridge to failure, estimations made using FEM indicated that the global 
failure mode would be buckling of the top frame in the main truss and would occur at 
approximately 9MN. Before buckling of the frame there would be some yielding and 
redistribution of forces in the structure. Figure 5.20 and Figure 5.21 show the results for the 

static non-destructive testing and the final testing to failure respectively (Häggström et al., 
2014).  

 

a) b)  

Figure 5.20 a)  Strain as a function of total force in the upper frame at mid span  

b) Horizontal deflection for the top frame 



D4.3 Report on monitoring and examination case studies MAINLINE SST.2011.5.2-6. 
ML-D4.3-REPORT_ON_MONITORING_AND_EXAMINATION_CASE_STUDIES.DOCX 29/09/2014 

 

PU ©MAINLINE Consortium Page 36 

a)  b)  

Figure 5.21 a)  Strain as a function of total force in the upper flange of the  
lower frame at mid span  

b)  Same position as Figure 9a but for the lower flange 

 

Values from the sensors are given as a function of the total force induced by both hydraulic 
jacks. Due to the high loads required for the purposes of loading the bridge to failure, no load 
cells could be used, but the force was accounted as a function of the oil pressure and the 
area of the cylinder. For the final test, the stroke of the cylinders was not enough, whereas 
the cables were wedged so that the jacks could be repositioned. This repositioning means 
that the load is consistent whereas the oil-pressure is reduced to zero. Since the results are 
presented as a function of the total force, which is based on the oil pressure, these are cut 
out in order to create a diagram that provides a clearer picture of the outcome; Figure 5.22 

shows the expected results for the simulation (Häggström et al., 2014).  

 

 

Figure 5.22.  Deflection at mid span (sensor LM2) and expected outcome based on the 
simulation and the parts that are cut due to jacks’ repositioning. 
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One can conclude that the simulation corresponds well to the measured results regarding the 
global deformation. This indicates that the simulation has the correct stiffness of the structure 
but, once it starts yield, it differs to some extent. The reason for this difference might be an 
incorrect assumption of the material properties once it starts to yield or that the real bridge 
has greater capacity to redistribute forces. 

 

As the load increased the top frame eventually started to yield. By observing Figure  5.20a) it 
appears that the yielding starts at approximately 10MN and, since it is in compression 
without constraints in the horizontal direction, buckling will occur as a consequence as shown 
in Figure  5.20b). Figure  5.21a) and Figure  5.21b) clearly show that the flanges in the lower 
frame are both in tension but a great difference with respect to strains due to concentrated 
loads can be observed. It can be inferred that the lower flange yields towards the end of the 
test at the same time as the strains are decreased for the upper flange, which is the result of 
the buckling of the top frame. When buckling occurs, the forces in the top frame will not 
increase significantly and as the applied load is increased the lower frame will be subjected 
to a greater amount of bending instead of tension (Häggström et al., 2014). 

5.2.3 Findings 

The bridge has been tested to failure with the buckling of the top frame being the failure 
cause. This conclusion comes to agreement with the outcome estimated by the simulation 
modelling performed on the bridge. Besides buckling of the top frame, there was also local 
failure at the web right underneath the point where the load was applied. Although the local 
failure might be interesting from a scientific point of view, it is not relevant to the capacity of 
the bridge since the trainloads will be more distributed. It is highly unlikely that issues related 
to the main and ultimate limit state would have an impact on the capacity of the bridge, but 
rather the phenomenon of fatigue. 

 

According to the results of the assessment, Åby Bridge remained elastic up to about three 
times the original design load; the load could then be almost doubled with substantial yielding 
deformations before a buckling failure appeared in the top girders for a load of ca. 10MN. No 
brittle or fatigue failure in any of the joints appeared and the bridge proved to behave in a 
ductile way with a substantial hidden capacity. Estimations made before testing by the Finite 
Element Software Abaqus indicated that the global failure would occur at approximately at 
9MN. 

 

In order to refine the material parameters of the Finite Element Model and be able to 
evaluate the results more accurately it is necessary to know the real properties of the 
material. The next step towards finding the real material properties are to create specimens 
to be tested in the lab. The specimens will be subjected to tensile tests in order to find the 
static material parameters. There is also provision to conduct tests on the toughness of the 
material, in order to be able to evaluate ductility and fatigue capacity. Beyond the material 
testing, tests of fatigue will also be performed on selected bridge parts.  

5.3 Summary 

Deliverable D4.2 (MAINLINE.4.2, 2013) identified gaps in compatibility between monitoring 
and examination systems and degradation models and provided recommendations for 
potential solutions to address these issues. In particular regarding fatigue in metallic bridges, 
optical sensors, photographic strain monitoring and full-scale testing were the proposed 
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solutions to enable the measurement at points with maximum damage and calibrate fatigue 
models to improve their reliability. 

 

Retszilas bridge in Hungary was used as a test location for using FRP materials to 
strengthen weak bridge elements. Under the same loading and instrumenting arrangements 
it was shown that the FRP temporary repair reduced the crack expansion under loading by 
approximately 80%. This study also helped prove the effectiveness of an FRP strengthening 
repair solution. 

 

In order to identify critical hotspots for the Åby Bridge and develop a method of assessing 
these through developing a methodology for non-destructive assessment, measurements 
were carried out in two different phases using a photographic strain measurement system 
which comprises of several sensors and gauges. Results from the measurements have been 
compared against traditional assessment of the remaining fatigue life of the bridge and finite 
element modelling. 

 

In order to further verify assumptions and conclusions made on the assessment of Åby 
Bridge, measurements on the Rautasjokk Bridge (Sweden) are scheduled for the autumn of 
2014. 

 

Overall, the monitoring program in Åby Bridge follows the following steps: (i) monitoring of 
the bridge over Åby river when it is in service, (ii) upon replacement, the bridge will be moved 
and tested under static loads to assess boundary conditions and state of stress, (iii) then 
parts of the bridge will be disassembled and tested in laboratory environment for fatigue life 
assessment, (iv) results will be validated and compared against measurements from the 
bridge over Rautasjokk in service limit state. 
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6. Earthworks 

6.1 Case Study 1 – 101MP Sligo Line Cutting,  

6.1.1 Important Note 

The intention for this deliverable was to undertake a site visit to the Sligo Line Cutting in 
northwest Ireland and compare the risk rating determined by the SKMA with results from the 
monitored slope. This comparison would have allowed for comparison between SKMA and 
SSHI ratings determined via a desk study, SKMA and SSHI ratings determined during the 
site visit and ratings determined using the Genetic Algorithm for Slope Stability Analysis 
(GASSA).   

 

The results from instrumentation within the slope are passed through the GASSA to derive a 
hazard rating. The long-term monitoring regime would also allow for verification of the 
degradation profiles discussed in ML D2.2 (MAINLINE, 2012b) – D2.4 (MAINLINE, 2014) 
documents. Due to unforeseen circumstances, it has not yet been possible to undertake the 
proposed site visit. The follow section therefore presents the results of the SKMA and SSHI 
ratings determined via a desk study, as well as the methodology for the proposed 
comparisons and verification. 

6.1.2 Case Study Overview 

Structure Name: 101MP Sligo Line Cutting (SMARTRAIL Cutting test site) 

 

Description of 
structure: 

Soil type: Boulder clay (very cohesive) 
Cutting height: 10-11m 
Slope Angle: 45-50° 
Slope Vegetation – none 
Previous failure – Evidence of some minor rainfall induced failures 
present. 
 

Location: 

 

 

 

 

 

 

 

 

 

 

 

 

101MP Sligo Line 
North West Ireland 
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Location: 

 
 
Sligo Line, North West Ireland 
 

Photos/drawings: 

 

Test cutting site on the Sligo Line 

 

Table 6.1.  Earthwork Case Study 1 Overview 

 

Table 6.1.  Earthwork Case Study 1 Overview continued 
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Aerial view of the test cutting site 

  

Traditional M&E 
approaches used 
historically: 

Dependent upon location –  

 In many areas of Europe no planned programme of 
inspections is used.  Cuttings maintenance is done on a 
reactive basis. 

 In the UK the SSHI visual inspection sheet is used. 
 Direct investigations which for example include geotechnical or 

geophysical monitoring techniques to investigate earthworks 
are used mostly in the forensic examination of failure³.  
Outputs from monitoring instrumentation are not commonly 
used for deterioration modelling and maintenance planning 
purposes. 

 

This cutting has been previously assessed by Irish Rail using their 
own visual inspection check sheet. This data has been requested and 
will be compared with SKMA/SSHI/GASSA results for the same 
cutting. 

New Approach 
tested: 

 Approach A - Visual assessment for generalised condition 
scoring 
 
 SKMA visual examination carried out on same cutting site (see 

D4.3 Case Study 3 overview for details) and results compared. 
 Network Rail SSHI assessment on the same cutting to test 

outputs.  
All outputs will be compared with an Irish Rail visual examination 

Table 6.1.  Earthwork Case Study 1 Overview continued 
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assessment that could be carried out. 
 

 Approach B - State of the art sensor technology for 
calculation of reliability index 
 
Instrumented critical section of a railway cutting with state of the 
art sensor technology.  Instrumentation and parameters measured: 

o Tensiometers (suction) 
o Moisture content sensors (positioned at different depths, 

used to monitor progression of the wetting front) 
o Rainfall data 

 Data would then be input into a sophisticated computer model 
(GASSA) and used to calculate reliability index (probability of 
failure) against a number of slope stability limit states. A Model 
is currently being developed to also predict time to landslide 
initiation for rainfall induced failures. 

Results from the two approaches will then be compared and assessed 
for compatibility and scope for application in asset management. 

 

Table 6.1.  Earthwork Case Study 1 Overview continued 

6.1.3 Detailed Asset Description 

The 101 MP Sligo Line cutting has been selected by researchers at University College Dublin 
for instrumentation and testing, as part of their work under the SMARTRAIL Project.  It is a 
live railway cutting owned by Irish Rail, and has been selected as an example of an asset 
which is considered to be highly at risk of instability. 

 

It is situated on a line that runs a light service and the toe of the cutting is situated a few 
metres from the track, making it suitable for test purposes. 

 

Unfortunately, walkover survey results and instrumented data are no longer available from 
the SMARTRAIL project as this cutting was removed from their scope. 

6.1.4 Methodology 

6.1.4.1 Input from Deliverable 4.1 

 

Deliverable 4.1 (MAINLINE, 2013b) reported on current monitoring and examination 
practices in relation to the degradation models.   

 

The following parameters were identified as being of high importance when monitoring the 
condition of a cutting: 

 

Physical 
parameters 

 Slope height 

 Failure frequency 

 Slope angle 

 Launching features 
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 Ditch catchment 

Climatic 
conditions 

 Annual precipitation 

 Seepage/water 

 Aspect 

Geological 
conditions 

 Undercuttings 

 Durability/weathering 

 Inter bedded/ character 

 Slope 

 Joint conditions 

 Vegetation 

 Tension crack 

Table 6.2.  Important parameters to be considered during monitoring  
of cuttings as reported in Deliverable 4.1 

 

The report identified regular visual examinations as being among the most cost-effective 
means of ensuring safety and longevity of cuttings.  Such inspections involve careful 
examination of all parts of the cutting and its adjacent environment and must be carried out 
by a suitably trained person.  Although cost effective, this observational method does have 
limitations in its accuracy as it can only report on visual features on the surface of the cutting 
and is affected by human error and inconsistencies between different assessors.   

 

The limitations of the visual examination method described above have led to the 
development and application of a wide range of new monitoring techniques for cuttings which 
are also reported in Deliverable 4.1.  A summary table of the cutting monitoring and 
examination techniques covered in D4.1 (MAINLINE, 2013b) is presented in Table 6.3: 
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Table 6.3.  Summary of cutting monitoring and examination  
techniques considered in Deliverable 4.1 

Refer to the full report for full details of the data outputs, advantages and disadvantages of 
each technique. 

 

6.1.4.2 Visual assessment for risk based condition scoring 

As identified in MAINLINE Deliverable 2.2, it is possible to perform a generalised condition 
assessment on a soil cutting by using an algorithm such as the SKM Algorithm (SKMA). or 
Network Rail’s SSHI algorithm (ML D2.2, D2.3 and D2.4).  The use of such assessment 
algorithms requires input data gained from visual inspection of the asset in question.  Such 
information can be gained either by carrying out a site visit, or by carrying out a desk based 
review of asset information recently collected by others. 

 

It should be noted that in order to make the condition criteria more general and usable by 
other infrastructure managers across Europe the Network Rail’s scoring system (SSHI) has 
been simplified.  The revised scoring system derived by SKM is known in the context of this 
project as the SKM Algorithm (SKMA). Previous work done in MAINLINE project, provide 
extensive details about these tools. For more information the user is advised to reference ML 
D2.2 (MAINLINE, 2012b), D2.3 (MAINLINE, 2013a) and D2.4 (MAINLINE, 2014). 

 

Desk based SKMA and SSHI assessments were carried out on the Sligo Line cutting using 
asset information provided by SMARTRAIL during a project collaboration meeting.  The 
inputs were based on knowledge gained from photographs and previously collected data.  In 
total there are a maximum of 17 fields of data required for the SKMA assessment and 47 
required for the SSHI assessment, all of which are qualitative or semi-quantitative, and can 
be obtained via visual examination of the slope.  The data gathering process is non-intrusive 
and does not require the installation of any monitoring equipment.  A clipboard to record 
checklist data as well as a camera to take photographic evidence of observed features is all 
that is required. 
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Slope Risk Value Calculation Method 

The input parameters used for the SRV calculation are shown in Figure 6.1 below:   

 

Figure 6.1.  SKMA Input parameters for Sligo Line Cutting  
(visual inspection data from desk based study) 

 

The input data is split into two categories. The first category is static information which is 
concerned with the permanent features of the asset. This includes soil type, slope angle, 
slope height and adjacent land features.  The second category is variable data related to 
vegetation, movement and drainage features observed.   

 

The visual inspection data presented in Figure 6.1 was then input into a spreadsheet tool 
which calculates a Slope Risk Value using the SKMA algorithm. The tool inputs the visual 
inspection data into the following algorithm for calculating an aggregated Slope Assessment 
Value (SAV) and Slope Risk Value (SRV), using the following equations: 

 

The Slope Assessment Value (SAV): 

 

       (     )     (      )         

 

Slope Risk Value (SRV): 

         (   
   
  

 ) 

The SAV values can range between 0 and 20, with a higher score representing a higher risk 
of failure.  Three condition bands have been developed as part of the MAINLINE Project, as 
indicated in Table 6.4 
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Risk 
Level 

Low Medium  High  

SRV 1 2 3 4 5 6 7 8 9 10 11 12 

Table 6.4.   SRV Score Condition Banding 

 

For more information, the tool is based on two blocks of parameters that can be 
independently defined and then inter-related through their relative impact on cutting stability. 
The identified building blocks are: 

 
1) Base Values (Slope geology and geometry) 

 Soil type  

 Slope angle & height factor (SAHF) 

 Adjacent landform factor (ALF) 
 
The Base Value (BV) calculation has remained the same as that in D2.2: 

                 

2) Assessment Values 

 Movement assessment (MA) 

 Surface water assessment (SWA) 

 Drainage assessment (DA) 

 Vegetation assessment (VA) 

 Burrowing assessment (BA) 

 Construction activity assessment (CAA) 
 
The Slope Assessment Value (SAV) calculation has been slightly modified and does not 
incorporate the PRA factor now: 
 

       (     )     (      )            
 
 
Slope Risk Value (SRV) 

Slope Risk Value calculation is the same: 

         (   
   
  
 ) 

 

For more information the reader is advised to read Deliverable D2.2 (MAINLINE, 2012b).  
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Soil Slope Hazard Index Calculation Method 

The input parameters used for the SSHI calculation are shown in Table 6.5 below:   

 

STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W

O
R

K
S

 F
A

C
T

O
R

 

F
E

A
T

U
R

E
S

 P
R

E
S

E
N

T
 

Slope 
Geometry 

Slope Angle and 
Slope Height 

<15 degrees,        <3m High A1 L   

15 to <25 degrees,       <3m High A2 L   

25 to <35 degrees,       <3m High A3 L   

>35 degrees,               <3m High A4 L   

<15 degrees,            3m to <10m High A5 M   

15 to <25 degrees,   3m to <10m High A6 M   

25 to <35 degrees,   3m to <10m High A7 M   

>35 degrees,            3m to <10m High A8 M   

<15 degrees,                >10m High A9 H   

15 to <25 degrees,       >10m High A10 H   

25 to <35 degrees,       >10m High A11 H   

>35 degrees,                >10m High A12 H 1 

Slope angle 
adjacent to 

earthwork (i.e. 
Sidelong 
Ground) 

(-)ve falls away from earthwork B1     

(+)ve falls towards e/work <5 degrees B2     

(+)ve falls towards e/work 5 to 15 degs B3     

(+)ve falls towards e/work >15 degs B4     

Retaining walls 
1m high or 

greater 

None C1   1 

<1m high but>20m length C2     

No evidence of distress C3     

Minor distress (spalling, pointing etc) C4     

Cracking / evidence of lateral 
displacements 

C5 
  

  

Evidence of Repairs C6     

Construction 
activity at slope 

crest 

None D1   1 

Removal of material from crest D2     

Addition of fill <1m high D3     

Addition of fill between 1m & 5m high D4     

Addition of fill >5m high D5     

Excavation at toe of slope D6     

Minimum slope 
to track 

separation 

Distance 
between sleeper 
ends and toe of 

cutting 

Cutting cess width >6m E1     

Cutting cess width 3-6m E2   1 

Cutting cess width 1-3m E3     

Cutting cess width<1m E4     

Geology BGS Geological 
Strata Shown 

within 0.2km of 
Earthwork limits 

(if more than 
one of these is 

present, use the 

Drift       

Peat F1     

Alluvium F2     

Sand and Gravel F3     

Boulder Clay F4   1 

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study 
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STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W

O
R

K
S

 F
A

C
T

O
R

 

F
E

A
T

U
R

E
S

 P
R

E
S

E
N

T
 

cumulative 
score) 

Clay with flint F5     

Mapped landslips F6     

Head Deposits F7     

Blown sand F8     

Solid       

O/C Clay 1 : Gault and Lias Clays F9     

O/C Clay 2 : Ldn, Oxd, K'ridge, A'field, 
Oxd Clay 

F10     

O/C Clay 3 : Other, inc Weald and 
Wadhurst Clay 

F11     

Hastings Beds F12     

Mercia Mudstone & Shales F13     

Chalk F14     

Lower Greensand and Sandgate Beds  F15     

Norwich Crag F16     

Rock F21     

Slope Crest  Width Crest to boundary <1.5m G1   1 

Crest to boundary 1.5-3m G2     

Crest to boundary >3m G3     

Slope 
Composition at 

Crest 

Predominant 
Material Type  

Very Weak or Weak Rock H1     

Coarse granular H2     

Fine granular / Ash H3     

Mixed granular/cohesive H4     

Cohesive (low - intermediate plasticity) H5     

Cohesive (high – very high plasticity) H6   1 

Chalk H7     

Unknown H8     

Slope 
Composition at 

Toe 

Predominant 
Material Type  

Very Weak or Weak Rock I1     

Coarse granular I2     

Fine granular / Ash I3     

Mixed granular/cohesive I4     

Cohesive (low - intermediate plasticity) I5     

Cohesive (high - very high plasticity I6   1 

Chalk I7     

Unknown I8     

Associated 
Drainage 

Slope face 
drainage 

conditions 

Face dry J1     

Functioning drainage J2     

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study) cont. 
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STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W

O
R

K
S

 F
A

C
T

O
R

 

F
E

A
T

U
R

E
S
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R

E
S

E
N
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Blocked drainage J3     

Marshy areas on slope J4     

Surface issues on lower slope J5   1 

Surface issues on upper slope J6   1 

Drainage of 
adjacent land 

None K1   1 

Natural water course within 20m of slope 
crest 

K2 
  

  

Artificial water course within 20m of slope 
crest 

K3 
  

  

Adjacent 
catchment depth 

>5 km L1 
  

  

1 to 5km L2 
  

  

100m to 1km L3   1 

< 100m L4     

Adjacent 
catchment 
gradient 

> 25
o
 M1     

5-25
o
 M2   1 

< 5
o
 M3     

Slopes away from structure M4     

Catchment 
Surface 

Rough Grass N1   1 

Grazed Pasture N2     

Ploughed N3     

Wooded/Large Scrub N4 
  

  

Other N5 
  

  

Residential N6     

Industrial/Hardstanding N7     

Associated 
Drainage 

Catchment 
Geology 

Permeable P1 
  

1 

Impermeable P2     

Mixed P3     

Slope crest 
drainage 

None Visible Q1   1 

French Drain Q2     

V Channel Q3     

U Channel Q4     

Size >0.25 m
2
 Q5     

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study) cont. 
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STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W
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 F
A

C
T

O
R
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A
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Size 0.1m
2  

to 0.25m
2
 Q6     

Size < 0.1m
2 
 Q7     

Gradient <5
o
 Q8     

Gradient 5
0
 to 15

0
 Q9     

Gradient >15
0
 Q10     

Free Draining Q11     

Partially blocked Q12     

Blocked Q13     

Slope Crest 
concentration 

features 

Multiple Narrow – Well Defined R1     

Single Narrow – Well Defined R2     

Multiple - Shallow R3     

Single - Shallow R4     

None R5   1 

Slope erosion Multiple – well defined S1     

Multiple – poorly defined S2     

Single – well defined S3     

Single – poorly defined S4     

None S5   1 

Cess Drainage None T1   1 

Present clear running T2     

Present unknown condition T3     

Flooding apparent T4     

Present - impaired/ blocked T5     

Movement 
Indicators 

(Overall Failure) 

Slope form of 
Earthwork 

Uniform toe U1     

Terracing in midslope U2   1 

Hummocky ground in midslope U3   1 

Toe bulging U4     

Uniform Crest U5     

Stepped Crest U6     

Geomorphology 
of Adjacent Land 

Deep-seated landslips V1     

Hummocky Ground / Solifluction Lobes V2     

No Significant Features V3     

Track 
Movements (vis. 

to naked eye) 

Track Heave W1     

No Significant Features W2   1 

Attitude of Vertical X1     

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study) cont. 
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STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W

O
R

K
S

 F
A

C
T

O
R

 

F
E

A
T

U
R

E
S

 P
R

E
S

E
N

T
 

mature trees / 
fence lines / 

signals 

Random X2     

Bent tree trunks (convex upslope) X3     

Bent tree trunks (convex downslope) X4     

Predominantly tilted downslope          
(<10 degrees off vertical) 

X5 
  

  

Predominantly tilted downslope            
(>10 degrees off vertical) 

X6 
  

  

Tilted upslope near cutting crest X7     

Cracking None Y1   1 

Random orientation Y2     

Persistent and Parallel to slope crest       

 

Width              Vertical (mm) 
 

  
  

  

<10                  <30 Y3     

<10                  >30 Y4     

10 to 50          <30 Y5     

10 to 50          >30 Y6     

>50                  <30 Y7     

>50                   >30 Y8     

Mass 
movements 

None Z1     

Slope wash Z2     

Soil creep movements Z3     

Local slumping at slope face Z4   1 

Translational Failure Z5     

Rotational failure Z6     

History of 
instability 

None AA1   1 

No Remediation - Presence of 
piezometers, slip indicator tubes / 

inclinometers 

AA2     

Regular maintenance required AA3     

Counterfort Drains AA4     

Repaired Previous failure AA5     

Site Remediated - Piezometers, slip 
indicator tubes / inclinometers present  

AA6     

Mining / 
Removal of 

Support 

Known mining area BB1     

No Significant Features BB2   1 

Animal Activity Burrows None observed CC1   1 

Occasional Rabbit (<10 burrow holes CC2     

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study) cont. 
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STABILITY 
INDICATORS 

FOR SOIL 
CUTTINGS 

STABILITY 
INDEX 

PARAMETER 

OBSERVED/MEASURED VALUE REF 
CUT 

E
A

R
T

H
W

O
R

K
S

 F
A

C
T

O
R

 

F
E

A
T

U
R

E
S

 P
R

E
S

E
N

T
 

/20m
2
) 

Occasional Fox / Badger (<3 burrow 
holes /50m

2
) 

CC3     

Frequent Rabbit (>10 burrow holes 
/20m

2
) 

CC4     

Frequent Fox / Badger (>3 burrow holes 
/50m

2
) 

CC5     

Vegetation Tree Cover Absent DD1   1 

Saplings but no mature trees DD2     

Occasional mature trees (<10 trees 
/20m

2
, on slope angles of <25degrees 

DD3     

Occasional mature trees (<10 trees 
/20m

2
 on slope angles of >25degrees 

DD4     

Frequent mature trees (>10 trees /20m
2
) 

on slope angles of <25degrees 
DD5     

Frequent mature trees (>10 trees /20m
2
) 

on slope angles of >25degrees 
DD6     

Ground Cover Bare areas EE1   1 

Hydrophilic EE2     

Sparse grass / bramble cover EE3     

Dense grass / bramble cover EE4     

Dense shrubs / bushes EE5     

Table 6.5.  SSHI Input data for Sligo Line Cutting (from desk based study) cont. 

 

The visual inspection data presented in Table 6.5 was input into a spreadsheet tool which 
calculates a five SSHI values, one each for the following failure mechanisms: 

 Rotational  
 Translational 
 Earthflow  
 Washout 
 Burrowing 

 

The SSHI value for each failure mode can range between 2 and 12, with higher values 
representing higher risk of failure. The SSHI calculation steps are described in detail in 
Deliverable D2.2 (MAINLINE, 2012b). 
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The overall SSHI score for the cutting under consideration is taken to be the highest of the 5 
SSHI values for each of the failure modes.  Three condition bands have been developed 
which categorise a cutting as Serviceable, Marginal or Poor depending on its SSHI score, as 
shown in Figure 6.2 below: 

 

 

Figure 6.2.  SSHI score for earthwork categories 

 

6.1.4.3 Slope instrumentation for calculation of GASSA reliability index 

As part of the SMARTRAIL project, Task 2.1 research has been carried out on instrumented 
smart slopes.  One of the slopes investigated as part of this work was the 105MP Sligo Line 
cutting, hence its selection for use as a collaborative case study in this deliverable. 

 

Unfortunately, the SMARTRAIL project removed this cutting instrumentation from their scope 
which has prevented MAINLINE from performing further validation with the results from this 
cutting. 

6.1.5 Results 

6.1.5.1 Slope Risk Value 

The Slope Risk Value for the 101MP Sligo Line Cutting was calculated by inputting the 
inspection data into the SKMA calculation spreadsheet tool.  The output from the 
spreadsheet calculation is shown in Table 6.6 below. 

 

Actual Failure + Potential Failure = Total = SSHI

Factor Factor Failure

Factor

H, M or L H, M or L

(6, 3 or 1) (4, 2 or 1)

16

H (4) 10 13

12.8

11.2

H (6) M (2) 8 11.2

10.4

10

L (1) 7 9.1

9.1

8

H (4) 7 8

8

7

M (3) M (2) 5 7

6.5

6.5

L (1) 4 6.4

5.2

5

H (4) 5 5

4.8

4

L (1) M (2) 3 3.9

3.2

3

L (1) 2 2.6

2

NOTE

High, Medium and Low Values for the three factors are defined in the 'Notes on the Development of 

the Algorithm.'

EARTHWORK SSHI

CATEGORISATION

Poor Greater than or equal to 10

Marginal Greater than or equal to 6 and < 10

Serviceable <6

H, M or L

x Earthworks Factor

(1.6, 1.3 or 1.0)
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Table 6.6.  SKMA Slope Risk Value for Sligo Line Cutting (based on desk based study) 

 

As can be seen, the SRV for the Sligo Line Cutting was calculated as 4.9, which puts it into 
the High Risk condition category in accordance with the condition bands defined in Table 6.4 
above. 

 

6.1.5.2 SSHI 

The SSHI score for the 101MP Sligo Line Cutting was calculated by inputting the inspection 
data into the SSHI calculation spreadsheet tool provided by Network Rail.  The output from 
the spreadsheet calculation is shown in Table 6.7 below. 

 

 

Table 6.7 Soil Slope Hazard Index for Sligo Line Cutting (based on desk based study) 

Unfortunately, The SMARTRAIL project removed the Sligo Line Cutting from their scope and 
therefore MAINLINE were unable to further compare the results against the GASSA and 
IrishRail analysis tools/index. 
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Cuttings

Score 20 30 40 0 -25 100 106 84 78 -5

Ranking LOW MED MED LOW LOW HIGH HIGH HIGH HIGH LOW

Factor 1 1 3 1 1 4 4 4 4 1 1.6 8.0 8.0 11.2 8.0 3.2

SSHI CATEGORY M M P M S

ACTUAL POTENTIAL SSHI SCORE
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6.1.6 Findings 

Two M&E approaches have been used on the 105 MP Sligo Line cutting. Approach A relied 
on visual inspection and deterministic condition assessment whilst Approach B involved 
heavy instrumentation and complex probabilistic stability analysis. Via this case study the two 
approaches have been compared, and the findings are presented in Table 6.8 below. 

 

 Visual inspection and assessment Instrumented smart slope 

Cost Materials – Low 

Staff – Moderate 

Site Access – Moderate 

Data processing - Low 

Equipment – High 

Staff – High 

Site Access – High 

Data processing - High 

Level of 
expertise 
required to 
implement 

Moderate-high High 

Data outputs Deterministic Slope Risk Value Probabilistic reliability index 
for slope stability. Different 
reliability indices can be 
obtained for different limit 
states. 

Features of 
data outputs 

Subjectivity - high Subjectivity - low 

Degradation 
models 
covered 

Rainfall induced failures 

Failures caused by geometric changes to 
slope (burrowing and construction activity) 

 

Rainfall induced failures 

Scope to use 
of data outputs 
in asset for 
asset 
management 

Method could be used to carry out high 
level condition assessments across a large 
portfolio of assets 

Method could be used to 
carry detailed stability 
analysis on selected slopes. 

Method likely to be too costly 
and data intensive to  

Table 6.8 Comparison between the M&E approaches 

 

The result from the different M&E  

 

Index  Value Comments 

Slope Risk Value (SRV) 4.9  High Risk of Failure (General) 

Soil Slop Hazard Index 
(SSHI) 

11.2 High Risk of Earthflow Failure 

Marginal Risk of 
Rotational/Translational/Washout 
Failure 

Low risk of Burrowing Failure 
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Unfortunately, The SMARTRAIL project removed the Sligo Line Cutting from their scope and 
therefore MAINLINE were unable to further compare the results against the GASSA and Irish 
Rail analysis tools/index. 

 

 

6.2 References  

MAINLINE Deliverable 2.1 (2012a) – Degradation and performance specification for 
selected assets. 

 

MAINLINE Deliverable 2.2 (2012b) – Degradation and intervention modelling techniques. 

 

MAINLINE Deliverable 2.3 (2013a) – Time-variant performance profiles for LCC and LCA. 

 

MAINLINE Deliverable 2.4 (2014) – Field validation of performance profiles. 

 

MAINLINE Deliverable 4.1 (2013b) – Current monitoring and examination techniques. 
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7. Conclusions 

7.1 Bridges 

Deliverable ML D4.2 (2013) identified gaps in compatibility between monitoring and 
examination systems and degradation models and provided recommendations for potential 
solutions to address these issues. In particular regarding fatigue in metallic bridges, optical 
sensors, photographic strain monitoring and full-scale testing were the proposed solutions to 
enable the measurement at points with maximum damage and calibrate fatigue models to 
improve their reliability. 

  

The case study with the Retszilas Bridge in Hungary illustrates how monitoring can be used 
to follow fatigue cracking and strengthening in a full scale test on a real bridge.  

  

The case study with the Åby Bridge in Sweden illustrates how a photographic strain 
measurement system can be used. Results from the measurements were compared against 
traditional assessment of the remaining fatigue life of the bridge and finite element modelling. 

  

In comparison with the project Sustainable Bridges, SB-MON (2007), progress has been 
made especially regarding methods for photographic strain monitoring and full scale testing. 

  

Further work is needed regarding methods to study critical sections in bridges in an efficient 
way over a long time. 

7.2 Earthworks 

In this deliverable the close correlation between the SKMA and SSHI analyses has been 
demonstrated when applied to a real world asset on the basis of photos and descriptions.  

 

Sadly, the intention to further analyse and confirm the SKMA with instrumented results from 
the Irish Rail cutting was curtailed by change of scope in the MAINLINE project. If however 
this cutting is instrumented then this analysis could be undertaken to further assess the 
usefulness and correlation of the SKMA with existing theoretical assessment methods. 
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8. Appendices 

8.1 Bridges Case Study Selection 

Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches 

 
Potential for 

MAINLINE D4.3 
case study? 

USE COST 

Arising from D4.1 - New technologies  

1.1 Optical Fibre Monitoring strain changes, corrosion 
and fatigue 

visual inspection, 
hammer testing etc. 

long term 
monitoring, 
monitor hidden 
components 
that are difficult 
to access 

reducing labour 
for visual 
inspection 

  

1.2 Ultrasonic Testing (incl. 
PA) 

weld defects, cracks, steel 
thickness, voids 

visual, hammer testing, 
dye pen 

quick testing 
using portable 
equipment, 
reliability 

cost-effective 
when localised, 
not for large 
areas 

  

1.3 Radiography Testing images indicating cracks 
and voids 

visual/photographic 
inspection 

large area of 
inspection 
coverage, data 
usage 

medium cost for 
equipment 

  

1.4 Liquid Penetrant Testing surface defects (fatigues 
cracks, poor weld etc.) 

visual inspection high accuracy 
(1mm), results 
on site 

low cost and 
training needed 

 

1.5 (Electrical Resistance) 
Strain gauges 

stress/strain changes, 
measuring fatigue 

visual inspection can sense 
static and 
dynamic strain 
measurements 

low cost but 
slow 
deployment 
(time to mount 
and protect) 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches 

 
Potential for 

MAINLINE D4.3 
case study? 

USE COST 

1.6 Fatigue sensors crack growth at critical 
points, fatigue monitoring 

visual and full scale tests amount of 
fatigue damage 
and remaining 
life estimate 

long-term cost 
savings 

 

1.7 Magnetic Particle 
Inspection 

surface flaws (shown in 
photographs) 

visual inspection simple and fast 
testing, based 
on defined 
standards, high 
accuracy 
(1mm) 

the cost of the 
method is low 

 

1.8 Laser Scanning (LiDAR) 3D visual outcome, surface 
measurements 

traditional surveying, 
geodetic measurement, 
extensometers etc. 

high accuracy, 
large 
measurements 

costly method, 
not fully ready 

 

1.9 Acoustic emission crack location and 
propagation (activity), critical 
joints/welds 

visual inspection long term 
monitoring, 
remote 
monitoring 

medium-high 
cost 

 

1.10 To include Guided Waves?      

1.11 Computer controlled digital 
displacement monitoring 
systems (extensometers) 

Crack growth, displacement 
of members 

Visual inspection of 
cracks, manual 
measurements of crack 
opening, displacement 
measurements with 
analogue system 
 
 
 

  Retszilas 
Bridge (MAV) 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches 

 
Potential for 

MAINLINE D4.3 
case study? 

USE COST 

Arising from D4.2 - Gap analysis proposed solutions  

2.1 Photographic strain 
monitoring 

Fatigue  Ability to 
measure at 
points with 
maximum 
damage 

 Åby Bridge 
(LTU) 

2.2 More full-scale tests of old 
structures 

Fatigue  Results used to 
calibrate 
fatigue models 
resulting in 
improved 
reliability/accur
acy of 
deterioration 
modelling 

 Åby Bridge 
(LTU) 

2.3 Monitoring procedures for 
exposure conditions 
(corrosion & coating 
deterioration) 

Corrosion and coating 
deterioration 

Ability to input exposure 
condition variables into 
deterioration models 
resulting in better 
reliability/accuracy 

 Estimated 
exposure 
conditions 
based on 
averages? 
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8.2 Cuttings Case Study Selection Matrices 

Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

Arising from D4.1 - New technologies  

1.1 LiDAR (Light Detection and 
Ranging) 

Water presence 
Scour 
Movement (Landslides and 
rockfalls) 

SSHI/SKMA visual 
assessment 
Movement pegs 
Inclinometer readings 

Increased 
accuracy of 
geometric 
calculations 
Better ability to 
predict 
flooding 
(establishment 
of flood prone 
areas) 

Equipment 
costs 
expensive but 
possession/ac
cess costs 
less due to 
remote 
monitoring 
capability 
(would need 
detailed whole 
life costing 
exercise to 
determine if 
this approach 
is more or less 
expensive 
than traditional 
methods) 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

1.2 Co-Axial Cable Time 
Domain Reflectometry 

Movement detection 
(washout, slip, scour) 
(note depth only can be 
measured, not magnitude 
of displacement) 

SSHI/SKMA visual 
assessment 
Movement pegs 
Inclinometer readings 

Allows 
measurement 
of continuous 
down hole 
movement 

Ability to 
monitor 
movement 
from long 
distance 
(remote 
assessment) = 
reduced 
access costs 

MEMS is 
thought to be 
superior to this 
technology - low 
value in using 
this as a case 
study. 

1.3 InSAR (Interferometric 
Synthetic Aperture Radar) 

Movement (monitoring 
landslips, mining 
subsidence) 

SSHI/SKMA visual 
assessment 
Movement pegs 
Inclinometer readings 

Remote 
assessment 
High accuracy 

Possible future 
cost benefit 
but over large 
areas only: 
Fast 
installation = 
low installation 
costs 
Remote 
access = low 
possession 
costs 

Equipment 
costs currently 
very high  
LiDAR generally 
provides a more 
accurate Digital 
Terrain Model 
so would be 
more valuable 
to validate that 
technology. 
Technology 
requires more 
research and 
development 
before case 
study validation 
will be possible. 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

1.4 Resistivity measurements Used to identify soil/rock 
layers  
Used to identify change in 
moisture content over time 
(related to likelihood of 
washout and slip failures) 

SSHI/SKMA visual 
assessment  
Piezometers 

Remote 
assessment  
Assessment of 
underlying 
geology 
without 
intrusive 
ground  
investigation 
Earlier warning 
of instabilities 
caused by 
water content  

?   

1.5 Video and Image analysis Large scale movements  
Rock falls 

SSHI/SKMA visual 
assessment 

Changes 
automatically 
recognised 
and alerts 
raised  

Low cost    

1.6 Acoustic Monitoring Washout generation 
Rock fall detection 
Large slip failure 

SSHI/SKMA visual 
assessment 
Movement pegs 
Inclinometer readings 

Real time 
slope data and 
alerts for large 
events 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

1.7 (MEMS) Micro Electro 
Mechanical Systems  

Acceleration (used to 
measure slope movement) 
Also soil temperature and 
moisture 

Standard inclinometers Allow stacking 
of in-situ 
inclinometers - 
a number of 
MEMS 
inclinometers 
can be 
installed in a 
single string 
and left in situ 
in a boe hole 
to monitor 
movement.  
This allows 
information to 
be gained 
along the full 
length of the 
slope as 
installation is 
much faster 
and less labor 
intensive. 

?   

1.8 Tensionmeters 
(SMARTRAIL) 

Presences of water (pore 
water pressures) 

  More reliable 
prediction of 
landslides  
More detailed 
data slope 

  Found to be 
unsuccessful in 
Sweden 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

data for areas 
identified as 
most at risk 
(used in 
conjunction 
with initial 
visual 
inspection to 
identify critical 
areas) 

1.9 Soil moisture probes 
(SMARTRAIL) 

Volumetric water content 
(saturation) 

      Found to be 
unsuccessful in 
Sweden 

1.10 3D laser scanner 
(SMARTRAIL) 

3D laser scans monitor 
movement continuously 

SSHI/SKMA visual 
assessment 
Movement pegs 
Inclinometer readings 

  Automatic alert 
upon 
movement 

  

Arising from D4.2 - Gap analysis proposed solutions 

2.1 Generalised examination 
sheet (SKMA) 

Qualitative assessment 
data for all factors relating 
to slope stability 

Probabilistic deterioration 
models based on smaller 
sample of SSHI specific 
data 

Ability to 
collect large 
standardised 
datasets from 
across regions 
Considers 
multiple 
deterioration 
mechanisms 
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Ref 
New/Improved M&E 

Approach 

Variables 
measured/Degradation 
mechanisms tracked 

Equivalent traditional 
approaches for 

comparison 

Expected Benefits Over 
traditional approaches  

Potential for 
MAINLINE D4.3 

case study? 

USE COST 

to give an 
overal 
indicator of 
slope stability 

2.2 Collection of further 
monitored data that can be 
used in deterioration 
model (e.g. SMARTRAIL 
model) - e.g. use of 
SMARTRAIL techniques on 
live assets 

SEE ITEMS 8-10 ABOVE         

 


