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Abstract 

 

The first railway network arch in the UK was opened in December 2017.  It is the 

signature bridge of the Ordsall Chord; a new stretch of railway viaduct connecting 

Piccadilly and Victoria Stations in the heart of Manchester. 

 

The bridge takes a comparatively novel structural form for the UK within a highly 

constrained site that necessitated a complex and unconventional erection methodology. 

Therefore, the promoter required verification of the design assumptions during 

construction and confirmation that the desired stressed state of the structure had been 

achieved at completion of construction. This requirement was addressed through 

structural monitoring during erection, particularly during the staged tensioning of 

hanger networks. Data acquisition and instrumentation were installed to monitor forces 

in all 92 hangers throughout the two-phase tensioning sequence comprising more than 

270 stressing operations. 

 

Measurements successfully verified that structural behaviour was as predicated and 

confirmed that the achieved final stress state was in-line with design. Furthermore, real-

time measurements improved the control of stressing processes and the accuracy of 

loads introduced. 

 

This paper describes the implementation of the instrumentation and field measurements 

during the network stressing phases, the challenges that the project posed, and how 

these were addressed. 

 

 
Figure 1. Photograph of complete structure 
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1.  Introduction 

 
Network Rail’s Great Northern Rail Project is a major infrastructure scheme in the 

North of England, improving the capacity of the railway network. Amongst 

improvements to the existing infrastructure, the programme includes the construction of 

a new 350m long railway viaduct in the heart of Manchester, the Ordsall Chord. The 

centrepiece of the Ordsall Chord is a network arch structure, the first of its kind in the 

UK, spanning 89m over the River Irwell. 

 

The River Irwell Bridge comprises twin steel arch ribs and steel tie beams, with steel 

transverse girders and a concrete deck slab. Unlike a conventional bowstring arch with 

vertical hangers, a network arch utilises inclined hangers with multiple intersections 

which make up the hanger networks. For the River Irwell Bridge, each hanger network 

is formed of 46 proprietary tension assemblies comprising solid steel bars and cast fork 

anchorages. 

 

 
Figure 2. Photograph hanger networks during Phase I stressing 

 

The highly constrained urban site and a challenging construction programme dictated a 

complex and somewhat unconventional “piecemeal” erection approach on asymmetric 
temporary river towers. The employed erection methodology necessitated that the 

hangers are installed and stressed once the main steelwork is completed over the river. 

The process of tuning the hanger networks in this way is highly sensitive as introducing 

force into one hanger can have a significant influence on the forces in the other hangers 

within the networks. Therefore, a carefully detailed two phase stressing sequence was 

implemented:  

 

Phase I – Prior to the construction of the concrete deck slab, the hangers were stressed 

on installation in 92 stressing operations, relieving the temporary river 

towers and transferring the dead weight of the structure through the arches 

and tie beams to the abutments. 
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Phase II – Following the initial cure of the concrete deck slab, the forces in the hangers 

were fine tuned to the desired final force pattern in more than 178 stressing 

operations. 

 

Given the comparatively novel structural form and complexities in the erection 

methodology, a structural monitoring system was employed to measure displacements, 

temporary bearing reactions, temperature and hanger forces. The focus of this paper is 

on the monitoring throughout the staged tensioning of the hanger networks. 

 

Each of the anchorage pins of the proprietary tension assemblies is fitted with ultrasonic 

technology that is used to determine the stress level in the pin which is calibrated 

against the force in the hanger. The recommended force range over which reliable 

readings can be attained corresponds to a minimum of 20% of the ultimate tensile 

strength of the hanger. However, due to onerous accidental hanger loss scenarios set out 

in the design requirements, the strength of the supplied hangers included a significant 

redundancy when compared to hanger forces for the intact structure under self-weight. 

Therefore, for the majority of the stressing operations in the Phase I and Phase II 

sequences, hanger forces were well below the threshold at which reliable load pin 

results could be attained. Whilst the load pins are suitable for long term hanger force 

monitoring after completion of construction when the additional weight of the ballasted 

track bed has been introduced, a short-term system was required, suitable for monitoring 

hanger forces throughout construction. 

 

Strain gages were deemed most appropriate for the short-term monitoring system. 

Whilst vibrating wire strain gages typically perform more reliably for longer-term 

monitoring periods, resistive type gages were chosen for their superior sampling rate. 

This enabled real-time monitoring during stressing operations and the system could also 

be used to verify the dynamic performance of the structure during load testing, which at 

the time of procurement, was planned for the commissioning phase. Despite the low 

heat input required for welding the strain gages to the tension assemblies, concerns had 

been raised over the impact to the long-term performance of the hangers in terms of 

introduction of stress raisers and consequently fatigue problems. Considering the 

challenging construction programme and the time required to gain approvals for 

welding the strain gages to the tension assemblies, the decision was taken to adhesively 

bond the strain gages to the hangers. 

 

Glass prisms were installed along the arches and tie beams to facilitate displacement 

monitoring and hydraulic jacks were used as bearings at the temporary supports and the 

cylinder pressures were periodically recorded. The arches, tie beams, hangers and 

transverse girders were instrumented with thermocouples to monitor temperature 

variation between the different structural components. 
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2.  Hanger Force Monitoring Equipment 
 

2.1 Monitoring Instrumentation 

 

All hangers were instrumented with two quarter bridge foil strain gages positioned 180° 

apart, perpendicular to the plane of the hanger networks. The location of the strain gages 

along the length of the hanger were dependent upon the hanger nominal diameter and 

length. The strain gages were oriented and configured to capture axial force and out-of-

plane flexure.  

 

Following proper strain gage installation techniques, layers of paint and anodize were 

mechanically abraded to reach the base material. From there, further detailed surface 

preparation and cleaning were required before adhesively bonding the foil strain gages 

to the surface. After installation, leadwires were soldered to the strain gage and the area 

cleaned extensively once more before applying several layers of environmental 

protection to ensure integrity and longevity. 

 

Strain gage leadwires were connected into bridge completion module boxes, where the 

quarter bridge strain gage circuitry was completed. Generally, one bridge completion 

module box was installed for every two hangers. This configuration maintained 

relatively short leadwire lengths; approximately 1 meter. From the bridge completion 

module boxes, instrumentation cable was routed to the data acquisition units, which 

varied between tensioning phases. 

 

 
Figure 3. Typical adhesive strain gage installation (left) and typical bridge completion module box 

installation (right) on River Irwell Bridge 

 

2.2 Monitoring Application 

 

While the same strain gage installation was used for both Phase I and Phase II, the 

procedures and monitoring equipment varied. During Phase I, small wireless Data 

Acquisition (DAQ) modules were used to measure the strain gages on the particular 

hanger or pair of hangers being tensioned for the first time. Strain values were read from 

the screen of a laptop computer and entered into a spreadsheet to calculate the hanger 

force during the stressing operation. The hanger force was evaluated by averaging the 
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two strain gage values and multiplying the result by the elastic modulus of the steel and 

the cross-sectional area.  

 

After a hanger was stressed in sequence, the DAQ unit was moved to each of the other 

hangers previously installed to obtain a new set of force values. Following each 

stressing and measuring stage with the introduction of a new pair of hangers, the 

measured set of forces were compared against theoretical predictions. This step was 

extremely valuable as it provided quality control of the measurements and identified any 

manual data entry errors.  

 

Initially the manual measurement and monitoring process was reasonably quick, but 

gradually became tedious and slow as more hangers were introduced into the networks. 

By the end of the process, approximately one hour was required to take a full set of 

readings, manually enter data into spreadsheets, and record the forces for all 92 hangers. 

However, the manual measurement and recording of individual hangers achieved the 

purpose and all hangers were successfully stressed within design limits.  

 

Phase II comprised significantly more stressing operations than for Phase I and given 

that all 92 hangers required monitoring, this equated to more than 16,363 force 

calculations and 33,752 strain measurements. Therefore, to achieve the construction 

programme, more sophisticated and automated monitoring procedures were required. 

Phase II monitoring was performed with a completely wired structural monitoring 

system where every strain gage could be continuously monitored. Furthermore, the 

monitoring system was programmed to perform a variety of computations in real-time 

such as hanger force and temperature compensation. With this approach, measurements 

for all hangers could be performed simultaneously, during and after each tensioning 

operation. 

 

 
Figure 4. Real-time hanger force monitoring (force vs time) for a pair of hangers during a typical 

stressing operation 

 

As with Phase I, strain and force were reviewed in real-time for the pair of hangers 

being stressed which helped to improve the control of the stressing process. Figure 4 
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illustrates the real-time monitoring performed for a typical stressing operation. Once the 

pair of hangers were stressed to the specified design value, a full set of hanger forces for 

the entire network were recorded and provided to the designer’s site representative for 

comparison with theoretical predictions. The entire process of retrieving hanger network 

forces and providing data was completed within a couple minutes, which was primarily 

due to data transfer between computers. In addition to time savings, the automated 

measurement and computation process eliminated manual data entry errors. 

 

Whilst monitoring of hanger forces was primarily undertaken during and after each 

stressing operation, data was also recorded continuously. Therefore, it was possible to 

examine previously measured data to address questions concerning potential 

measurement errors or any anomalies.  

 

3. Control of the Stressing Process 
 

3.1 Stressing Operations 

 

Stressing operations were undertaken using a pair of hydraulic jacks and a stressing 

frame comprising stressing bars and steel blocks which load onto the hanger jacking 

nuts, refer to Figure 5. The pressure in the jacks was gradually increased, hence 

relieving the load in the turnbuckle, until the friction on the threaded hanger ends 

became sufficiently low that the turnbuckle could be turned by hand, i.e. the load 

through the turnbuckle is bypassed by the stressing frame. The pressure in the hydraulic 

jacks could then be gradually increased or decreased as the turnbuckle was wound up or 

down before the turnbuckle was locked off and the hydraulic jacks were de-pressurised, 

hence transferring the load in the stressing frame back into the turnbuckle. This is the 

process by which the force in a hanger was adjusted. Real-time strain monitoring was 

used to improve control of this process. 

 

 
Figure 5. Photograph of stressing frame and hydraulic jacks mounted over hanger turnbuckle  
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3.2 Controlling Lock Off Losses 

 

When the turnbuckles are locked off and the jacks are depressurised, instantaneous 

prestress force losses occur due to bedding of the turnbuckle threads. Therefore, an 

allowance for this loss has to be made when targeting a lock off load. The amount of 

prestress loss is dependent on the length of the bar, the force in the bar and the effort 

with which the operative locks off the turnbuckle. With all of these variables, it is 

difficult to consistently and reliably predict the prestress loss and hence real-time 

monitoring of the strain gages at lock off enabled loss allowance to be verified against 

recorded loss (refer to Figure 4 at 2500s) and the hanger force to be corrected at that 

stage if necessary. 

 

3.2 Improving Consistency 

 

A pressure transducer was linked up to the hydraulic system which enabled real-time 

hydraulic force monitoring during stressing and this was predominantly used as the 

primary control measure. This worked reliably for the majority of stressing operations 

but on occasion, if the stressing frame had been set with a slight eccentricity or the jacks 

locked up against the threaded stressing bars, the pressure readings could give a false 

impression of the force delivered to the hanger. Real-time strain monitoring of the 

hangers allowed these instances to be rapidly identified and the jacks to be re-set to 

ensure accuracy and consistency of the loads introduced. 

 

4.  Monitoring Challenges and Solutions 
 

4.1 Strain Gage Reliability 

 

The strain gage monitoring system had performed reliably for the Phase I stressing 

sequence, but some unusual results were observed before commencing Phase II. The 

only site activity over this period was construction of the concrete deck slab but strain 

gage records showed an increase in force in some of the hangers, far greater than the 

weight of concrete introduced. 

 

Following completion of the concrete deck slab, investigations were undertaken to try to 

explain the unusual strain gage records. For a selection of hangers, the pressure in the 

hydraulic stressing jacks was increased until the hanger turnbuckles could be turned by 

hand, indicating the recorded hydraulic force matched the force in the hanger. The load 

in the hydraulic jacks was also cycled up and down and the response of the strain gages 

recorded. Investigations showed that the hanger forces were in line with the design and 

a number of strain gages were producing erroneous readings in terms of absolute strain. 

However, all strain gages were found to be responding reliably to the change in jack 

force over short periods. 

 

A range of potential causes were examined, and troubleshooting found a number of 

electrical faults in the system. It was initially assumed that the strain gage bond or 

weather protection was beginning to fail because the installation was performed in less 

than ideal conditions of wind and rain. After many iterations of repairs, it was 

discovered that strain gage installation was not the issue, but that many of the 
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instrumentation cables had small cuts or abrasions which likely occurred during the 

deck casting process while the system was left unattended for approximately one month.  

Hairline cuts in the cable sheathing induced a variety of partial shorts between the 

electrical conductors which produced an assortment of random noise or occasional 

shifts in the measurements. Complicating the troubleshooting and repair procedures was 

the fact that most of the cuts were nearly invisible and symptoms came and went with 

the rain. Inconsistent data errors plagued the system at the beginning of Phase II and the 

issues were gradually solved as they appeared. By the end of the monitoring period all 

issues were corrected but this meant occasional errors had to be dealt with throughout 

much of the tensioning process. Had the damage been more severe the problems would 

have been obvious, and the sensors would have been rewired at the beginning of Phase 

II. However, due to the random appearance of the electrical faults the system repairs 

were patched as problems were detected. 

 

4.1 Delta Summation Approach 

 

In order to achieve the construction programme, it was decided to adopt an alternative 

monitoring approach which instead of relying on absolute strain records, took advantage 

of the observed reliable performance of the strain gages in recording short term changes 

in force: 

 

1) When a given hanger was stressed in sequence, the hydraulic jack force was 

recorded and this force became the known starting load. 

2) The change in force in all other hangers was recorded on the strain gages during 

stressing of the given hanger 

3) The absolute value of hanger force could be calculated at any point throughout 

the Phase II sequence by summating all recorded short-term changes in force 

and adding to the known starting load. 

 

This methodology was successfully implemented throughout the Phase II sequence. 

 

5.  Monitoring Results 

 
5.1 Verification of Design Assumptions 

 

A finite element (FE) model of the bridge was developed during the design process to 

enable the structural behaviour to be predicted. The assumptions made on stiffness and 

structural self-weight within the FE model can be verified by confirming the predicted 

structural behaviour is in line with the measured structural response throughout the 

hanger stressing sequences. Refer to Figure 6 to Figure 9 for predicted and measured 

plots of hanger forces and relative vertical displacement. 

 

It can be seen in all plots that there is a good correlation in structural behaviour between 

predicted and measured. Therefore, it can be concluded that the design assumptions 

made on stiffness and structural self-weight are valid. 
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Figure 6. Plot of hanger force vs Phase I stressing stage for a typical hanger (H15_East) 

 
Figure 7. Plot of hanger force vs Phase II stressing stage for a typical hanger (H04_West)  

 
Figure 8. Plot of the total Phase I relative vertical displacement along the West tie beam 

 
Figure 9. Plot of the total Phase I relative vertical displacement along the West Arch 
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5.2 Confirmation of Achieved Stressed State at Construction Completion 

 

It is important that the final hanger network force pattern achieved at end of 

construction does not significantly deviate from the design intent to ensure the long-

term performance of the structure is not affected. There are two main acceptance criteria 

in reviewing the final force pattern: 

 

1) When the bridge is in operation, there will be no loss of tension in a hanger, 

overstress or rupture. 

2) The resulting stress in the structural steelwork (which is inherently dependant on 

the hanger forces) is within design limits. 

 

At completion of Phase II stressing, the measured hanger network force pattern was 

reviewed, and it was decided to introduce an additional 6 stressing operations to achieve 

these criteria. Refer to Figure 10 for the final force pattern for the West hanger network 

after the additional stressing operations. 

 

 
Figure 10. Plot of final hanger forces (West network) at completion of Phase II stressing 

 

A good correlation can be seen between the numerical predictions and the measured 

final forces and the achieved force pattern at completion of construction is within design 

limits. 

 

6. Conclusions 

 
Given the comparatively novel structural form and complexities in the erection 

methodology, structural monitoring was extensively employed throughout the 

construction of the River Irwell Bridge. Real-time strain monitoring proved invaluable 

in controlling the stressing process and improving the accuracy and consistency of the 

loads introduced into the hangers. Monitoring records showed a good correlation to 

design predictions and successfully enabled verification of design assumptions. 

Measured hanger forces at completion of construction were found to be in line with the 
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design and hence confirmed that the desired stressed state of the structure had been 

achieved. 

 

A variety of monitoring related challenges were encountered throughout the course of 

the construction, most notably the electrical faults with the strain gage system. It was 

found that nearly all measurement errors were the result of instrumentation cable that 

had been slightly damaged during concrete deck casting between Phases I and II of the 

stressing process. While it was thought that the cable was bundled and tucked out of the 

way, the bundles were occasionally pulled and hairline cuts in the sheathing were 

introduced. In hindsight, the cables should have been protected within conduit or 

removed entirely during the concrete work. Furthermore, if continuous monitoring had 

been employed during Phase I and continued through the deck casting process, cable 

damage and measurement problems would likely have been easier to detect because the 

onset of shifts or random signal noise would have been identified.  

 

These challenges were overcome with innovative thinking, teamwork and 

communication between the contractor, steelwork fabricator, designer, and 

instrumentation contractor. Structural monitoring is rarely a straight forward 

application, but the collaboration and effort put forth by everyone involved made this 

project a success. 
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