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Summary 

Optimising the strategy for repairing, upgrading and replacing bridges in the European 
Union, and elsewhere, is becoming increasingly important due to ageing of the bridge 
stock, continuously increasing load requirements and budgetary limitations. Thus, there 
is a clear need to identify or develop, and implement, refined methods for assessing 
existing bridges in order to determine the most cost-effective options and actions to 
extend their lives, increase their capacities or replace them. 

Thus, the objective of the research project partly reported in this licentiate thesis is to 
verify and calibrate methods for refined assessment of existing bridges, using infor-
mation acquired in an extensive program of experimental studies. In addition to de-
scribing parts of the project, the thesis is intended to provide a basis for suggestions and 
a discussion of the author’s future research in the area. It includes presentations of two 
experimental studies designed to evaluate, and calibrate, assessment methods: 

1. A laboratory-based experimental study of 12 two-span continuous reinforced 
concrete beams conducted in Dublin, Ireland, in 2012. The tests particularly 
focused on the beams’ nonlinear overall behaviour and related redistribution of 
internal forces. 

2. A full-scale test of a 55 year-old post-tensioned girder bridge in Kiruna, Swe-
den, in 2014, focusing on: (a) failure loading of the main girders, (b) failure 
loading of the slab, (c) the condition of post-tension cables, and (d) two 
strengthening systems using carbon fibre reinforced polymers (CFRP). 

The continuous reinforced concrete beams behaved in a nonlinear manner from an 
early stage in the loading. This is not usually considered in either the design or assess-
ment of existing bridges, but should be for the verification to be accurate at the service-
ability and ultimate limit states (SLS and ULS, respectively). The results also indicated 
that there was more redistribution of internal forces at the ULS than stated in standards. 
Thus, use of refined methods to assess bridges or other reinforced concrete structures 
can be beneficial for avoiding unnecessary repairs, strengthening or replacement 
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measures. In addition, the tests demonstrated the importance of taking into account the 
interaction between flexural moments and shear forces. This is not considered in shear 
force resistance models included in, for example, the European standard. 

To date, too few reinforced concrete bridges have been tested to failure to parameterise 
assessment models robustly with low uncertainty levels. Thus, a programme aimed for 
verification and calibration of models for assessing existing bridges was designed. The 
comprehensive programme is described in the thesis, which also provides suggestions 
and a discussion for future research based on the tests and associated monitoring. 

During the full-scale tests of the Kiruna Bridge, data were acquired that are relevant to 
investigations in several fields related to bridge assessment.  For instance the obtained 
data provide foundations for future research concerning: (a) the robustness, ductility 
and bridge behaviour, (b) the shear force and punching resistance of bridge girders and 
slabs, (c) assessment of post-tensioned steel cables’ condition, (d) strengthening methods 
using CFRP, (e) updating finite element  models, and (f) reliability-based analysis. 

Keywords: Assessment, bridges, flexure, full-scale test, post-tensioning, reinforced 
concrete, shear, structural behaviour, upgrading. 
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Sammanfattning 

På grund av ett åldrande brobestånd och kontinuerligt ökade lastkrav, i kombination 
med begränsade budgetar, blir det allt mer viktigt med en optimerad strategi för repa-
ration, uppgradering och utbyte av broar. Förfinade modeller, jämfört med de som 
traditionellt används, för bedömning av broar, är avgörande för att uppnå en sådan 
optimering. Till följd av generaliserade metoder, som vanligtvis används för att bedöma 
broar och som inkluderar relaterade osäkerheter, kan det existera en potential till upp-
gradering genom tillämpning av förbättrade metoder. 

I det forskningsprojekt, som delvis rapporterats i denna licentiatavhandling, är syftet att 
verifiera och kalibrera metoder för förfinad bedömning av existerande broar baserade på 
experimentella studier. Avhandlingen är även tänkt att tillhandahålla underlag för 
förslag och diskussion om framtida forskning. 

Två experimentella studier presenteras som ger exempel på verifikation och kalibrering 
av metoder för tillståndsbedömning: 

1. En laboratoriebaserad experimentell studie, som omfattade tolv kontinuerliga 
tvåspannsbalkar av armerad betong, och som utfördes i Dublin 2012. Försöken 
var huvudsakligen inriktade mot det icke-linjära beteendet och relaterad om-
fördelning av inre krafter.  

2. Ett fullskaletest av en 55-årig efterspänd balkbro som ägde rum i Kiruna 2014. I 
programmet studerades till exempel huvudbalkarna och plattan under brottbe-
lastning, tillståndet för spännkablarna samt två olika förstärkningssystem med 
kolfiberarmering. 

De provade kontinuerliga balkarna av armerad betong uppförde sig icke-linjärt redan 
från ett tidigt skede under belastningen. Hänsyn till detta beteende tas vanligtvis inte 
vid dimensionering eller bedömning av befintliga broar, vilket bör göras för en korrekt 
verifikation i både bruks- och brottgränstillståndet. Experimenten indikerar även en 
betydligt mer omfattande omfördelning av inre krafter än de som föreskrivs i normer. 
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Därmed kan det vara fördelaktigt att använda förfinade metoder för bedömning av 
broar, eller andra armerade betongkonstruktioner, för att undvika onödig reparation, 
förstärkning eller utbyte. Dessutom påvisade testerna vikten av att ta hänsyn till inter-
aktionen mellan böjande moment och tvärkraft, vilket inte är fallet för flertalet mo-
deller för beräkning av tvärkraftsbärförmåga, som till exempel modellen enligt den 
europeiska normen. 

I ett historiskt perspektiv har endast ett fåtal armerade betongbroar testats till brott. 
Därför har ett program utformats för verifiering och kalibrering av modeller för be-
dömning av befintliga broar. Ett omfattande program presenteras tillsammans med 
några preliminära experimentella resultat.  Förslag till och diskussion om framtida 
forskning beträffande analys och bearbetning av det omfattande fullskaleförsöket utgör 
en väsentlig del av licentiatavhandlingen. 

Vid provningen av Kirunabron insamlades data för undersökningar inom flera områden 
relaterade till tillståndbedömning av broar. Insamlade data möjliggör studier av: (a) 
robusthet, seghet och brottbeteende, (b) bärförmåga i skjuvning och för genomstans-
ning för brobalkar och broplattor, (c) tillståndsbedömning av efterspända stålkablar, (d) 
förstärkningsmetoder med kolfiberarmering, (e) uppdatering av finita elementmodeller 
och (f) tillförlitlighetsanalyser. 

Nyckelord: Tillståndsbedömning, broar, böjning, fullskaleförsök, efterspänning, arme-
rad betong, skjuvning, bärverksbeteende, uppgradering. 
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Notations 

BBT  Branschprogram för forskning och innovation avseende byggnadsverk för 
transportsektorn (Program for Research and Innovation for Civil Structu-
res in the Transport Sector) 

CFRP Carbon Fibre Reinforced Polymers 

FEM  Finite Element Method 

HLRC Hjalmar Lundbom Research Centre 

LKAB  Luossavaara-Kiirunavaara Aktiebolag (Luossavaara-Kiirunavaara Ltd.) 

LTU  Luleå tekniska universitet (Luleå University of Technology) 

SBUF Svenska byggbranschens utvecklingsfond (The Swedish Construction 
Industry's Organisation for Research and Development) 

SLS  Serviceability Limit State 

TCD  Trinity College Dublin 

TEAM Training in European Asset Management 

ULS  Ultimate Limit State 

MCFT Modified Compression Field Theory 
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1 Introduction 

1.1 Background 

In order to meet current and future demands for sustainability and structural resistance 
numerous bridges are probably in need of repair, upgrading or replacement. For in-
stance, findings reported by the MAINLINE consortium indicate needs for strengthen-
ing and replacing 1500 and 4500 railway bridges, respectively, and replacing 3000 
railway bridge decks in Europe during the coming decade (MAINLINE, 2013). Simi-
larly, the Swedish Government Proposal 2012/13:25 states that investments amounting 
to SEK 522 billion (EUR 60.4 billion) will be needed from 2014 to 2025 to meet 
anticipated transport infrastructure requirements in Sweden (Reinfeldt et al., 2012). 
Clearly, due to budgetary limitations, rigorously optimised methods are needed in 
order to assess bridges as accurately as possible (SB, 2007c), and identify the optimal 
operations to maintain, strengthen or replace them cost-effectively from a life-cycle 
perspective (Jalayer et al., 2011). 

To contribute to these efforts, and specifically to verify and calibrate methods and 
models for assessing reinforced concrete bridges, a set of beams has been tested in the 
laboratory, and a post-tensioned concrete bridge has been subjected to extensive field 
tests. This licentiate thesis presents the programme of laboratory tests on 12 continuous 
reinforced concrete beams, the monitored variables, results and conclusions. The design 
of the test programme includes studies (inter alia) of failure loading of the bridge’s girder 
and slab, post-tension cables’ condition and two strengthening systems based on carbon 
fibre reinforced polymers (CFRP). 

1.2 Aim 

The aim of the research project partly presented in this licentiate thesis is to improve 
understanding of the structural behaviour of reinforced concrete structures, particularly 
existing bridges, in order to contribute to efforts to: optimise methods for assessing 
bridges; identify the most cost-effective operations to repair, strengthen or replace 
them; and modify design and assessment standards accordingly. Specific goals are to 
verify and calibrate the methods in both small- and full-scale experimental studies. 
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A key objective of this thesis is to provide foundations for suggestions and discussion of 
future research related to the assessment of reinforced concrete bridges, as it can be 
considered a midterm report for the ongoing research project.  

1.3 Hypothesis and research questions 

The hypothesis formulated to guide the work underlying the thesis was that: 

Enhanced assessment methods should be utilised more extensively to acquire reliable predictions 
of the behaviour and load-carrying capacity of existing reinforced concrete, as this would enable 
more cost-effective management of the bridge stock. 

In addition, to further guide the investigations, the following three research questions 
were formulated: 

1.  Do existing standards accurately reflect the behaviour of reinforced concrete structures and 
their load-carrying capacity? 

2. Is it feasible to use refined assessment methods for upgrading existing reinforced concrete 
bridges? 

3. What procedures should be applied in full-scale bridge tests to refine models/methods for 
assessing existing reinforced concrete bridges?  

1.4 Limitations 

Since the focal research field bridge assessment is very wide both the research project 
and this licentiate thesis are inevitably subject to limitations. Some of the main ones are 
listed in this section. 

The primary limitation is the focus of the research on the structural behaviour of 
existing reinforced concrete bridges, neglecting degradation processes such as corrosion 
and fatigue. The main parameters addressed are structural ductility, which is a critical 
parameter for the behaviour and hence load-carrying capacity of a bridge, shear and 
flexure. However, torsion is not considered. 

Another major limitation is that load models and methods for determining actual loads 
on the focal structures are not considered, except for a general description about the 
possibilities for using them bridge assessment. Instead, in evaluations of possible meth-
ods for upgrading reinforced concrete bridges predefined loads are used. 

1.5 Scientific approach 

The research presented in this licentiate thesis has consistently followed the traditional 
approach for scientific studies adopted at Luleå University of Technology, comprising 
the following four phases. First a hypothesis for the research is formulated, then a broad 
literature review is undertaken to identify current knowledge of the research topic. 



 
Introduction 

 
17 

 

Third, the acquired knowledge related to the hypothesis is used to formulate specific 
research questions. Finally the research questions are addressed using an appropriate 
theoretical and experimental framework. 

The literature review revealed that relevant phenomena are frequently investigated at 
several analytical levels in different phases during the assessment of reinforced concrete 
bridges. The review also provided indications that statically indeterminate members 
may often have considerable design-dependent reserve linear elasticity. This prompted 
an intensive experimental study of continuous reinforced concrete beams, and both 
their nonlinear behaviour and upgrading potential (Papers I-II). Both the literature 
review and the complementary laboratory tests strongly indicate that refined assessment 
methods could provide more accurate estimates of bridges’ true behaviour and thus be 
highly beneficial. 

To verify and calibrate methods that are or could be used in the assessment of existing 
reinforced concrete bridges, the research project also includes a programme of full-scale 
field tests. This licentiate thesis only describes this experimental programme and associ-
ated instrumentation in detail, and some preliminary results (Paper III). However, 
possibilities for applying the experimental results in future research are discussed in a 
broader perspective. 

1.6 Outline of the thesis 

The structure of the thesis is summarised in this section to give the reader an overview 
of its contents. The thesis is mainly composed of four chapters (Chapters 1-4) and three 
papers published or in press in scientific journals (designated Papers I-III). The contents 
of the chapters are briefly described below. 

Chapter 1 introduces the background and the research objectives. The contents and 
scientific approach are also summarised. 

Chapter 2 describes the methodology for assessing structures, particularly reinforced 
concrete structures, during different assessment phases and on various levels. 

Chapter 3 presents the laboratory-based experimental programme and its results, then 
discusses certain aspects of field tests of a post-tensioned concrete bridge.  

Chapter 4 concludes by presenting the findings related to the formulated objectives, 
hypothesis and research questions, then providing suggestions for future research. 

1.7 Appended publications 

The contents of the three appended papers, and the author’s contributions, are briefly 
summarised in this section. 
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1.7.1 Paper I 
Bagge, N., O’Connor A., Elfgren, L. & Pedersen, C. 2014. Moment redistribution in 
RC beams – A study of the influence of longitudinal and transverse reinforcement 
ratios and concrete strength. Engineering Structures, 80, pp. 11-23. 

Paper I presents a programme of tests on 12 continuous two-span reinforced concrete 
beams with diverging reinforcement configurations and concrete strengths. The beams’ 
structural behaviour was monitored during loading until structural collapse, paying 
particular attention to changes in flexural moment redistribution in them. The ob-
served responses were compared with responses simulated by a theoretical model for 
predicting beams’ moment redistribution capacity at the ultimate limit state. 

I contributed to the paper through the experimental work at Trinity College Dublin, 
including planning, execution and evaluation of the tests, as well as the theoretical 
analysis. In addition, I planned and wrote the paper 

1.7.2 Paper II 
Bagge, N., Christensen, H.H., O’Connor, A. & Elfgren, L., 2014. A comparative 
assessment of simplified methods for assessing shear forces in continuous RC beams. 
Engineering Structures [in press]. 

Paper II compares some recent design standards for assessing shear force resistance in 
reinforced concrete structures, and their consistency with empirical data. Results from 
monitoring several continuous two-span reinforced concrete beams, which collapsed 
because their shear force resistance was exceeded during the experimental tests men-
tioned above, were used for verification of the assessment approaches. 

The experimental work was carried out at Trinity College Dublin under my direction. 
I also planned and wrote the paper. 

1.7.3 Paper III 
Bagge, N., Nilimaa, J., Blanksvärd, T. & Elfgren, L., 2014. Instrumentation and full-
scale test of a post-tensioned concrete bridge. Nordic Concrete Research [in press]. 

Paper III presents a full-scale test of a 55-year-old post-tensioned concrete bridge, 
including details of the instrumentation, monitoring and test programme. The pro-
gramme included strengthening, with two systems based on CFRP, failure loading of 
the bridge’s girders and slab, non-destructive and destructive determination of post-
tension cables’ condition, and material tests of concrete and reinforcing steel.  

I designed the test programme and instrumentation in cooperation with the co-authors. 
I was also the site manager for the test preparation and execution, then subsequently 
planned and wrote the paper. 
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1.8 Additional publications 

The author has also contributed to the following four publications that are related to 
the topic of the thesis, but not appended to it. 

Bagge, N., Pedersen, C. & O’Connor, A., 2012. Prediction of moment redistribution and 
influence of rotation capacity in reinforced concrete beams. Stresa, Proceedings of the Sixth 
International IABMAS Conference on Bridge Maintenance, Safety and Management. 

Bagge N., O’Connor N., & Pedersen, C., 2012. Rotation capacity and plastic redistribution 
of forces in reinforced concrete beams. Dublin, Proceedings of Bridge and Concrete Re-
search in Ireland (BCRI) Conference. 

Nilimaa, J., Häggström, J., Bagge, N., Blanksvärd., Sas, G., Ohlsson, U., Bernspång, L., 
Täljsten, B., Elfgren, L. & Carolin, A., 2014. Maintenance and renewal of concrete rail 
bridges: Results from EC project MAINLINE. Nordic Concrete Research, 50, pp. 25-28. 

Bagge, N., Blanksvärd, T., Sas, G., Bernspång, L., Täljsten, B., Carolin, A. & Elfgren, 
L., 2014. Full-scale test to failure of a prestressed concrete bridge in Kiruna. Nordic 
Concrete Research, 50, pp. 83-86. 
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2 Advanced Bridge Assessment 

2.1 General description 

Existing bridges may require assessment for several reasons. The most important is to 
check that there are still desirable safety margins with respect to ultimate, serviceability, 
fatigue and durability limit states. Other reasons may be to determine: whether or not 
they will meet new load or changes in use requirements; the extent of deterioration or 
mechanical damage; required repairs; or a combination thereof. Depending on the 
reason for the assessment, the evaluation may focus on an element (part of a bridge), a 
single bridge, or a line (series) of bridges (SB, 2007b). 

A strategy to implement systematic and cost-effective assessment procedures has been 
established by the European integrated research project Sustainable Bridges (SB, 
2007b). It is based on available information about the bridges concerned and specified 
complexity of the applicable methods (see flow diagram in Figure 2-1). It has been 
applied by, for example, the International Union of Railways (UIC, 2009). The meth-
odology includes three (initial, intermediate and enhanced) phases. Information ac-
quired in the initial (Phase 1) assessment is used to guide decisions regarding the subse-
quent steps, in combination with economic consequences of potential operations. 
Thus, life-cycle cost analysis is a key element of the decision-making process (Stewart, 
2001). 

In Phase 1 the assessment is based on known information, (obtained from drawings, 
earlier calculations, inspections etc.) using similar methods to those applied in design. If 
the results suggest that the focal structures do not meet limit state criteria, further 
evaluations are required using refined methods to obtain more accurate and robust 
estimates of key parameters (Wisniewski et al. 2012). In the SB strategy, illustrated in 
Figure 2-1, the refined methods are subdivided into those applied at intermediate and 
enhanced levels (Phases 2 and 3, respectively). The intermediate phase may include, for 
instance, more realistic structural analysis (e.g., analysis of the structures’ linear elastici-
ty, taking account of the redistribution of internal forces and plasticity) and evaluations 
of material properties, loads and the bridge’s behaviour and state to acquire a more 
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accurate assessment (SB, 2007b). If necessary, and apparently cost-effective, enhanced 
assessment is recommended to obtain even more accurate estimates.  In this phase, use 
of one or a combination of the following methods should be considered (Casas et al., 
2010; Wisniewski et al. 2012): 

- Reliability-based methods; 
- Analyses of system safety, redundancy and robustness; 
- Evaluation of site-specific loads; 
- Inspection, monitoring and model updating; 
- Proof loading. 

The remaining part of this chapter introduces the tools and techniques available for 
enhanced assessment of bridges. 

 

Figure 2-1: Flow diagram of the assessment strategy for existing structures redrawn from 
UIC (2009) and SB (2007b). 
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2.2 Reliability-based methods 

For design and initial assessment of new and existing bridges, respectively, a determinis-
tic safety format based on partial safety factors are often used, meaning that codes and 
regulations are more favourable for some structures than for others (Melchers, 1999). 
Such safety factors can be derived from the general probabilistic procedure summarised 
by Melchers (1999), Novak (1995) and Novak et al. (2012), based on pioneering work 
by Lind (1976), Baker (1976) and Ellingwood et al. (1980). In advanced bridge assess-
ment reliability-based analysis is a powerful tool that is used to take into account the 
characteristics of the focal bridge(s). For instance, the characteristics are related to the 
actual material, geometry, load and applied models rather than generalised and possibly 
conservative parameters (Enevoldsen, 2011). A reliability index and corresponding 
failure probability are calculated for the current limit state intended to meet a prede-
fined target safety index. This index depends on the environmental circumstances of 
the bridge(s), as summarised by SB (2007b) for several countries (e.g., Canada, the USA 
and Denmark) and several international bodies (e.g., the EU, Joint Committee on 
Structural Safety and the International Organisation for Standardisation, ISO). 

Reliability-based approaches have varying levels of complexity: they may involve use 
of either full (Schneider, 1997; Enevoldsen, 2001) or simplified probabilistic models 
(Ghosn et al., 1998; Sobrino et al., 1994; SB, 2007d), and may be combined with 
either linear or nonlinear structural analysis. Full probabilistic nonlinear analysis can be 
considered the most reliable technique for assessing whether a bridge’s current load-
carrying capacity provides required safety margins. 

2.3 System safety, redundancy and robustness 

In order to minimise the probability of structural collapse caused by an initial local 
failure, the robustness and redundancy of focal structures should be rigorously consid-
ered in assessments (Starossek, 2006). Robustness here is defined as the structure’s 
ability to carry load after damage, regardless of the cause of the damage, while redun-
dancy is defined as the structure’s ability to carry current or anticipated loads if one or 
more elements fail (Kanno et al., 2011; Frangopol et al., 1987). However, practical 
procedures for evaluating robustness and redundancy aspects of system safety are cur-
rently only clearly stipulated in two (American and Canadian) bridge standards (Anitori 
et al., 2013). 

Robustness and redundancy can be evaluated at three analytical levels. The simplest 
approach uses factors specified by relevant information about the system, for example 
bridge type, structural ductility and importance of the bridge in the transportation 
system. This approach, incorporated in the American bridge standard (AASHTO, 
2014), can only provide class-based indications of bridges’ robustness (Ghosn et al., 
1998). Thus, it can only be applied to common types of bridges showing expected 
behaviour. Where predefined system factors are not available or a refined assessment of 
a bridge’s robustness and redundancy is required, a deterministic or reliability-based 
method should be applied in combination with numerical analysis (Anitori et al., 2013). 
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Provided the nonlinearity of the materials’ behaviour is rigorously considered, this 
approach can provide robust indications of the bridge’s overall responses in both intact 
and damaged states, and thus the robustness and/or redundancy of the bridge. Due to 
the complexities addressed, including uncertainties in the structural parameters, the 
combination of a reliability-based approach and numerical analysis is considered to 
provide the highest currently possible accuracy and resolution. The Canadian bridge 
standard (CSA, 2006) provides a specific target safety index with values between 2 and 
4, depending on the behaviour of the system and elements, and their inspectability The 
substantial robustness that existing bridges may have is illustrated in Figure 2-2, show-
ing the Kiruna Bridge’s superstructure during demolition.  Two of three girders and 
the intermediate slab could be removed adjacent to a support before the structures 
collapsed due to its self-weight. 

 

Figure 2-2: Photograph of the Kiruna Bridge during demolition illustrating the robust-
ness of the superstructure (2014-09-06). 

2.4 Site-specific loads 

Essential parameters to consider in an assessment are the load and its effects. Standards 
intended for both design and assessment are based on predefined load models. Howev-
er, use of site-specific loads based on empirical data for the focal bridge can provide 
closer to optimal and accurate evaluations of load effects, because of the conservatism 
and simplifications in the load models, which are intended to be valid for a broad range 
of bridge types (O’Connor et al., 2007). For instance, the traffic load models for road 
bridges included in the European standard (CEN, 2003) are based on observed loads of 
bridges supporting heavily trafficked European motorways, which may strongly differ 
from site-specific loads (Zhou et al., 2014). 
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Live loads associated with traffic can be evaluated by a system recording data over a 
certain time period, which may include information about the static and dynamic loads, 
axle positions, speed and direction of the vehicles (Nowak et al., 2013). Weight-in-
motion data can be valuable for assessments of bridges’ serviceability and limit states 
(ultimate and fatigue). Another important aspect related to the live load is the dynamic 
response of the bridge, which is usually incorporated in models using dynamic amplifi-
cation factors presented in design and assessment standards. However, here too simplifi-
cations in the models regarding the complex vehicle-bridge interactions generally result 
in conservative values. Consequently there is considerable potential to refine existing 
code estimates (Paeglite et al., 2013). The dynamic amplification factors can be ex-
pressed as ratios of the dynamic and static load effects. Diagnostic load testing is one 
approach that can be applied to determine the dynamic effects, which can be  based on 
comparisons of the bridge’s responses to dynamic and static or pseudo-static (typically 
measured when traffic is moving at less than 10 m/s) loading (Olaszek et al., 2014). 

2.5 Inspection, monitoring and model updating 

Similarly to some load categories mentioned in the previous section, models for esti-
mating bridges’ resistance and structural behaviour can be updated with information 
acquired from inspection and monitoring. 

Essential requirements for accurate assessment are sound knowledge and understanding 
of the structure, including (inter alia) the material properties, boundary conditions and 
interactions between components. The interactions should be considered with regard 
to effects of degradation processes on, for example, strength, ductility and geometrical 
deviations (Rücker, 2006). For this purpose numerous methods are available, ranging 
from simple visual inspection to advanced non-destructive techniques, for example the 
bridge inspection methods summarised in Ryan et al. (2012). Moreover, measurement 
of the bridge’s performance, so-called structural health monitoring, can be implement-
ed at certain time intervals or throughout the bridge’s service life to provide infor-
mation for assessment (Okasha, 2012). 

If there are substantial uncertainties related to member properties, boundary conditions, 
composite action and/or effects of secondary members, diagnostic load testing may be a 
useful approach for updating models. It is also applicable for evaluating dynamic load 
effects, to obtain reliable indications of structural behaviour (Chajes et al., 2006). Nu-
merous studies have found appreciable differences between predicted and tested behav-
iour, for example Olaszek et al. (2014) and Nilimaa et al. (2014), indicating that there is 
significant potential for utilising diagnostic load testing to update assessment models. 

The finite element method (FEM) is widely used for 2D or 3D linear analysis of the 
structural behaviour of bridges and determining load effects. The results can be com-
pared to resistance parameters predicted by analytical models of cross-sectional forces 
and moments. For enhanced bridge assessment, nonlinear FE analysis, which reflects 
structural behaviour more realistically than linear analysis as it considers material and 
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geometric nonlinearities, can be applied. This may often reveal that the bridge’s load-
carrying capacity is higher than previously thought, and thus allow the loading to be 
safely increased (Plos, 2002; Broo et al., 2009). Since the materials’ responses and 
interactions are realistically considered, the ultimate load-carrying capacity is given by 
the maximal load reached in the analysis of the structural behaviour. However, it may 
be necessary to verify possible failure modes with analytical resistance models, if they 
are not fully taken into account in the finite element analysis (MAINLINE, 2014). In 
order to apply finite element analysis, preferably nonlinear, describing the actual struc-
tural behaviour of a bridge, the model used should ideally be updated with information 
about actual loads, evaluated material properties and observed behaviour of the bridge 
(Schlune et al., 2008). 

2.6 Proof loading 

Proof loading is one of the best methods for assessing bridges’ load-carrying capacity, 
due to the conclusive outcome (MAINLINE, 2014). It may be appropriate if analytical 
methods indicate that a bridge’s load rating is unsatisfactory, or there are difficulties in 
using analytical methods due to deterioration or lack of documentation. The method 
can then be used to assess the bridge’s actual load-carrying capacity, rather than the 
estimates provided by diagnostic tests intended to assist the verification or refinement of 
assessment models (Faber et al., 2000). Thus, proof loading increases the reliability of 
resistance parameters by reducing or even eliminating some uncertainties related to 
bridges’ properties and boundary conditions (Fujino, 1977). 

In proof loading, the bridge is subjected to dead weights and certain overloads in order 
to verify the safety margin. The loads are related to an actual load configuration and 
may be greater than the expected service load. The risks of damage and failure when 
proof loading should be carefully evaluated before the tests as the load rates may be 
substantial and a failure may be costly (Moses et al., 1994). However, the risks can be 
reduced by incremental loading in conjunction with appropriate monitoring. 

Proof loading has been incorporated in several standards, for instance, the Canadian 
(CSA, 2006) and American (ACI, 2014) standards, as a permitted approach for assessing 
structures. 
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3 Experimental Studies 

3.1 General description 

The review in the previous chapter clearly shows that there is a range of opportunities 
for upgrading existing reinforced concrete bridges, even if an initial assessment indicates 
a need of action (repair, strengthening or replacement). In order to verify the oppor-
tunity using refined methods, and if necessary calibrate them, several experimental 
studies have been carried out. A further aim was to identify possible limitations in 
bridge design and assessment standards, for example the European standard. 

Statically indeterminate systems, for example continuous beams, are frequently used in 
bridge construction. In order to accurately assess such reinforced concrete structures 
nonlinear analysis is required, due to material nonlinearities and associated redistribu-
tions of internal forces that cannot be determined by linear elastic analysis (CEB-FIP, 
1976; CEB-FIP, 1997). Hence, the experimental studies have focused on continuous 
structures with load-carrying capacities (based on initial linear elastic assessments) that 
could be potentially upgraded. To explore these possibilities, a pilot study was conduct-
ed in the laboratory with several reinforced concrete beams. The investigation primari-
ly focused on the beams’ highly nonlinear structural behaviour, particularly ductility 
(i.e. deformation capacity). An experimental programme for full-scale bridge testing 
was then designed, based on the findings from the small-scale laboratory tests. Like the 
beams in the pilot study the bridge was statically indeterminate. Thus, the nonlinear 
behaviour, including the load and deformation capacities, were of particular interest, 
especially as limited numbers of reinforced concrete bridges have been tested to failure 
in order to verify and calibrate assessment methods (Bagge et al., 2014b). In addition to 
the overall structural behaviour a range of other parameters related to upgrading are 
being addressed in the unique, bridge testing programme. 

3.2 Laboratory tests 

Papers I and II (Bagge et al., 2014a, 2014c) appended to this thesis describe the labora-
tory-based experimental programme. 12 two-span continuous reinforced concrete 
beams were tested to failure to investigate their nonlinear behaviour and capacity to 
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redistribute internal forces. The beams tested were 5.5 m long, with 200x240 mm2 

cross-sections (Figure 3-1). The set of 12 beams included three groups differing in: (a) 
the concrete quality (normal or high strength), and (b) the stirrups content (75 mm 
spacing in beams with both the normal and high strength concrete, and 150 mm in 
beams with normal strength concrete). Within each group the configuration of longi-
tudinal reinforcing steel was varied to obtain differing degrees of redistribution of 
internal forces from the intermediate support to areas with less capacity utilisation. See 
Paper I for detailed descriptions of the specimens and related geometrical and material 
properties. 

 

Figure 3-1: Geometrical configuration, reinforcing steel arrangement and load applica-
tion of the reinforced concrete beam specimens. 

From an early stage in the loading process the tested beams exhibited highly nonlinear 
behaviour, including 13-56% redistribution of flexural moments in relation to the load 
effects from linear elastic analysis when the reinforcing steel reached the yield limit. 
The redistribution extended from the beams’ intermediate support to their midspans. 
Hence, most of the total redistribution at structural failure occurred prior to yielding. 
Due to variation in flexural stiffness associated with variations in the longitudinal rein-
forcing steel arrangement, concrete cracking and (in later stages) steel yielding, the 
structural responses cannot be accurately described by linear elastic models at either the 
serviceability or ultimate limit states (SLS and ULS, respectively). This corroborates 
previous reports (e.g. Scott et al., 2005), but is not taken into account at the SLS in 
assessment regulations included in standards such as the American (ACI, 2011), Canadi-
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an (CSA, 2004) and European standards (CEN, 2005) However, the redistribution of 
internal forces observed (compared to predictions from linear elastic analysis) at the 
ULS can be considered to obtain a more realistic and favourable prediction of the 
beams’ load-carrying capacity. Various simplified models are included in the standards, 
with maximum redistributions of 20 % in the American and Canadian standards, and 
30% in the European standard. These simplified models are formulated as a function of 
parameters influencing the deformation capacity. For the beams tested in the experi-
mental programme the redistribution of internal forces was generally considerably 
higher than permitted for modelling in the standards (Figure 3-2). Thus, observations 
of the tested beams indicated a possibility to upgrade the load-carrying capacity of such 
members, using refined methods for assessment. 

 

Figure 3-2: Photographs of specimens taken during the experimental study: (a) a contin-
uous two-span reinforced concrete beam at failure; (b) crack formation at intermediate 
support; (c) concrete crushing failure in mid-span. 

Originally the specimens used in the experimental programme were designed in ac-
cordance with the European standard (CEN, 2005) to have sufficient shear force capac-
ity to enable full redistribution of internal forces. At or before the flexural moment 
capacity was reached at both the intermediate support and midspans shear-related 
failure occurred in six of the beams (Figure 3-3). For these beams the degree of shear 
force utilisation ranged from 0.52 to 0.87 (0.67 on average) of the utilisation predicted 
by the European standard. Thus, the standard overestimated this parameter. These shear 
failures occurred in the highly stressed area adjacent to the applied load and resulted 
from the interaction between flexural moment and shear force, which is not directly 
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considered in the variable-angle truss model. This model is based on the theory of 
plasticity (Nielsen et al., 2010) stated in the European standard. In regions where the 
shear force is high relative to the flexural moment, the effects of the latter are relatively 
small. However, the flexural moment can have an appreciable influence on the shear 
force resistance if a high flexural moment and strong shear force interact, as commonly 
occurs in continuous beams (Hawkins et al., 2005). Thus, for instance, the moment-
shear interaction has been incorporated in the Canadian standard (CSA, 2004) and 
Model Code 2010 (fib, 2013), based on simplified modified compression field theory 
(MCFT) (Bentz et al., 2006a, 2006b) derived from the fuller version of MCFT pre-
sented by Vecchio et al. (1986). Application of the Canadian standard resulted therefore 
in more accurate predictions of the shear force resistance of the tested beams, with 
degrees of shear force utilisation ranging from 0.82 and 1.33 (1.02 on average) of the 
empirically determined values. The shear-related aspects are further described in Paper 
II. 

 

Figure 3-3: Photograph showing combined shear and moment failure of a concrete beam 
adjacent to the applied load. 

3.3 Field tests 

As already mentioned, limited numbers of reinforced concrete bridges have been tested 
to failure in order to calibrate and verify models for assessment of full-scale structures. 
However, a few examples from the literature are: 

- A continuous three-span reinforced concrete slab bridge tested to flexural fail-
ure (Jorgensen et al., 1976); 

- A simply supported two-span prestressed reinforced concrete girder bridge (4 
years old) constructed and tested to failure (McClure et al., 1984); 
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- A continuous three-span reinforced concrete girder bridge (34 years old) tested 
to failure of the girder. At failure concrete crushing occurred in the compres-
sive flange (Scanlon et al., 1987); 

- A single-span reinforced concrete portal frame bridge (9 years old) tested to 
failure in flexure and shear. A brittle failure occurred when a shear crack 
emerged in the slab (Plos, 1990, 1995; Täljsten, 1994); 

- A single-span post-tensioned reinforced concrete portal frame bridge (9 years 
old) tested to failure in flexure and shear. Failure occurred when one of the 
girders punched through the end support wall (Plos, 1990, 1995); 

- A continuous three-span skew reinforced concrete slab bridge (38 years old) 
that had deteriorated due to alkali silica reactions and concrete spalling, tested 
to punching failure of the slab. The deterioration of the slab was concluded to 
have had a considerable impact on the failure (Miller et al., 1994); 

- A simply supported two-span prestressed reinforced concrete girder bridge (30 
years old) tested to failure of the girder (Oh et al., 2002); 

- A simply supported three-span reinforced concrete girder bridge (43 years old), 
deteriorated due to severe concrete cracking, reinforcing steel corrosion and 
concrete spalling, tested to failure of the girder (Zhang et al., 2011a); 

- A simply supported six-span reinforced concrete girder bridge built in 1992 
with severe vertical and inclined concrete cracks, tested to failure of the girder 
(Zhang et al., 2011b); 

- A continuous two-span reinforced concrete trough bridge (50 years old), 
strengthened with CFRP, tested to failure in flexure, shear, torsion and bond. 
At the time of failure high bond stresses between the concrete and resin in the 
outermost groove initiated a bond failure after yielding of the bottom longitu-
dinal steel reinforcement (Puurula, 2012, 2013, 2014); 

- A continuous three-span post-tensioned reinforced concrete girder bridge built 
in 1976, deteriorated due to aggressive alkali silica reactions, tested to punching 
failure of the slab (Schmidt et al., 2014). 

Moreover, numerous laboratory-based large-scale tests have been conducted, for in-
stance, by Scordelis et al. (1977), Fernandez Ruiz et al. (2007), Rodrigues (2007), 
Nilimaa (2013), Amir (2014). There have also been several studies of bridges at demoli-
tion, for instance by Zwicky et al. (2000) and Vogel et al. (2006). 

In addition, as part of the project this thesis is based upon, full-scale tests were conduct-
ed in 2014 on a 55-year-old continuous post-tensioned reinforced concrete girder 
bridge located in Kiruna, Sweden (Bagge et al., 2014b). The bridge was a 121.5 m long 
viaduct across the European route E10 and several railway tracks, which was perma-
nently closed in October 2013 due to subsidence of the ground caused by mining 
activities. The geometry of the bridge is illustrated in Figure 3-4. 
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Figure 3-4: Geometry of the Kiruna Bridge and location of the load application in the 
test programme. 

An experimental programme was designed to assess the behaviour and load-carrying 
capacity of the bridge using both non-destructive and destructive test procedures. It can 
be summarised by the following, chronological steps: 

1. Non-destructive determination of residual post-tensioned forces in cables in 
span 2-3 (May 27-28, 2014); 

2. Preloading 1, of unstrengthened bridge girders, including destructive determi-
nation of residual post-tensioned forces in cables in span 2-3 (June 15-16, 
2014); 

3. Preloading 2, of strengthened bridge girders (June 25, 2014); 
4. Failure test of the bridge girders (June 26, 2014); 
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5. Failure test of the bridge slab (June 27, 2014); 
6. Complementary non-destructive determination of residual post-tensioned forc-

es in cables in midspans 1-4 (June 27 and August 25, 2014); 
7. Material tests of concrete, reinforcing steel and post-tensioned steel; 
8. Condition assessment of post-tensioned cables. 

Steps 1-6 were carried out at the Kiruna Bridge, with the test dates in parenthesis. 
However, steps 7-8 are planned to take place in the Complab laboratory at LTU after 
demolition of the bridge. The bridge has been previously studied and vibration meas-
urements have been acquired (Enochsson et al., 2011). 

The strengthening was based on two different systems for reinforced concrete structures 
using CFRP. More specifically, near surface mounted (NSM) CFRP rods (SB, 2007a, 
2007c) and prestressed CFRP laminates (Al-Emrani et al., 2013; Kliger et al., 2014) 
were attached to the central and southern girders, respectively. The strengthening in 
span 2-3 (see Figure 3-4) and the arrangement for load application in midspan 2-3 for 
tests of the bridge girder are shown in Figure 3-5. The load was applied using four 
hydraulic jacks with rods anchored in the bedrock and two transverse steel beams 
distributing the load to the longitudinal girders of the bridge. 

 

3 prestressed 
CFRP laminates 
(1.4x80 mm2) 

3 NSM CFRP 
rods (10x10 mm2) 

  

 

 Beam 1 
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Figure 3-5: Arrangement for loading the bridge girders in midspan 2-3. 

The bridge slab in midspan 2-3 was tested to failure according to a load arrangement 
similar to the load model 2 (LM 2) described in the European standard (CEN, 2003), 
see Figure 3-6. The loading was applied adjacent to the northern bridge girder, which 
was the only girder not loaded to failure in the bridge girder test.  
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Figure 3-6: Arrangement for loading the bridge slab in span 2-3. 

The experimental and monitoring programme and additional information related to the 
bridge, together with some preliminary results, are described in detail in Paper III 
(Bagge et al., 2014b) appended to this thesis. 

 



 
Concluding Remarks 

 

 
35 

 

4 Concluding Remarks 

4.1 Aim and research questions 

Three research questions were formulated to steer efforts to meet the aim of the re-
search project partially presented in this licentiate thesis. In this section the conclusions 
in relation to the research questions are stated. 

1.  Do existing standards accurately reflect the behaviour of reinforced concrete structures and 
their load-carrying capacity? 

A laboratory-based experimental study of statically indeterminate reinforced concrete 
beams clearly illustrated that they display nonlinear structural behaviour. In contrast, 
the expected behaviour is traditionally based on linear elastic analysis according to 
standards, which thus may lead to inaccurate assessment. The nonlinearities can be 
taken into account using linear elastic analysis with redistribution of internal forces at 
the ULS. However, no redistribution is specified at the SLS in standards, although it is 
well-known that appreciable redistribution may occur even before steel yielding. In the 
tested beams the nonlinear behaviour had a beneficial impact on the load-carrying 
capacity, implying that they had higher capacity than predicted according to linear 
elastic analysis. 

Moreover, the experimental study indicated predictions according to the European 
standard overestimated shear force resistance, leading to unexpected shear related failure 
modes. Interaction between flexural moments and shear forces occurred in highly 
stressed parts of the beams. Thus, the shear force resistance was reduced, which is not 
taken into account in the European standard. 

Notably, application of standards does not necessarily lead to an inaccurate assessment 
of reinforced concrete structures’ behaviour and load-carrying capacity, but may do so, 
depending on the design of the structures. 
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2. Is it feasible to use refined assessment methods for upgrading existing reinforced concrete 
bridges? 

In accordance with the literature review presented above, refinement of current stand-
ard assessment methods can potentially lead to upgrading of reinforced concrete bridg-
es. Bridge assessment can be subdivided into initial, intermediate and enhanced phases. 
‘These are listed in order of increasing complexity and hence increasing potential to 
upgrade assessed bridges, in term of (for instance) the load-carrying capacity while 
maintaining required safety margins. At the highest level of assessment, the enhanced 
phase, at least one of the following methods should be utilised: (a) reliability-based 
methods, (b) Analyses of system safety, redundancy and robustness; (c) evaluation of 
site-specific loads, (d) inspection, monitoring and model updating or (e) proof loading. 

The experimental study undertaken to address research question 1 indicated that the 
tested beams had greater load-carrying capacity than predicted by linear elastic analysis. 
In order to take into account the nonlinearities, a refined method to accurately assess 
the actual distribution of internal forces is recommended. This would permit greater 
utilisation of such beams’ structural capacity. 

3. What procedures should be applied in full-scale bridge tests to refine models/methods for 
assessing existing reinforced concrete bridges?  

Only a few full-scale tests to failure of reinforced concrete bridges have been reported. 
In these few studies various failure modes have been observed, which in some cases 
were not anticipated. Thus, there is a clear need for further full-scale experiments to 
ensure that applied models and assessment methods are reliable, and to highlight aspects 
requiring improvement. Understanding of bridges’ complex structural behaviour is 
essential for accurately assessing them, and due to uncertainties, for instance related to 
member properties, boundary conditions, composite action and effects of secondary 
members, loading and monitoring bridges can be highly beneficial. 

A post-tensioned girder bridges has been monitored and tested using both destructive 
and non-destructive methods. The test programme included evaluations of the super-
structure’s behaviour, two CFRP strengthening systems and conditions of the post-
tensioned cables. Thus, the results provide abundant information for refining existing 
methods and models, which is a key aim for this ongoing research project. In the next 
section possibilities for the future work are stated and discussed. 

4.2 Future research 

A key objective of this thesis is to provide foundations for suggestions and discussion of 
future research related to the assessment of reinforced concrete bridges. Thus, this 
section focuses on the possibilities indicated by the intensive programmes of laboratory 
and full-scale field tests described in this thesis. 
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Closure of the Kiruna Bridge provided a rare opportunity to monitor a post-tensioned 
concrete bridge during tests to failure using a wide array of instruments. The results 
acquired during the investigations reported in the appended Paper III suggest that the 
following aspects warrant further attention: 

- Robustness, ductility and bridge behaviour; 
- Shear force resistance of bridge girders; 
- Shear force and punching resistance of bridge slabs; 
- Condition assessment of post-tensioned steel cables; 
- Temperature effects on deformations and strains; 
- Strengthening methods using CFRP; 
- Finite element model updating; 
- Reliability-based analysis. 

Controlled loading of the bridge girder and associated instrumentation have yielded 
detailed information on the bridge’s behaviour up to the load level corresponding to 
structural failure. This provides a strong basis for verifying and calibrating models 
designed to assess bridges’ behaviour and the redistribution of internal forces related to 
deformation capacity in critical sections For instance, the information may be valuable 
for re-parameterisation and/or extension of finite element models. Moreover, the test 
procedure and results could be valuable in future research on system safety, redundancy 
and robustness of reinforced concrete bridges. 

Strengthening using CFRP is often a possible action to upgrade existing bridges. How-
ever, there is limited knowledge of the behaviour of such strengthening systems when 
interacting with full-scale bridges and their impact on the bridges’ overall behaviour, 
especially at the ULS. Thus, the utility of the upgrading methods should be evaluated 
at both the SLS and ULS. The strengthening procedures should also be considered to 
ensure that they are feasible in practice. Based on the test programme systems with both 
NSM CFRP rods and prestressed CFRP laminates are available for evaluation. 

Predictions generated by shear force and punching resistance models should be com-
pared to the bridge girder and slab test data, then re-parameterised if necessary. The 
ongoing project was intended to induce several shear-related failure modes, and thus 
provide additional data from full-scale structures to improve such models. Hence, 
particular attention was paid to shear-related aspects in the design of the monitoring 
programme. 

An important bridge component to assess (if present) is the prestressed and post-
tensioned system. Thus, the post-tensioned cables of the Kiruna Bridge were evaluated 
using several techniques, both non-destructive and destructive. However, further 
research is warranted, for instance related to determination of residual forces in the 
cables which is essential information for accurate modelling of bridge behaviour. 
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These opportunities to extend research based on the test protocols and findings from 
analyses of the tested bridge could also be combined with reliability-based analytical or 
numerical studies. 
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a b s t r a c t

In this paper, the results from an experimental programme, aimed at investigating moment redistribution
in statically indeterminate reinforced concrete structures, are presented and compared with theoretical
analysis of the structural behaviour. Due to the nonlinear structural behaviour of reinforced concrete
structures, linear elastic analysis can lead to an inaccurate assessment of the behaviour and, therefore,
it can become necessary to use more advanced methodologies to achieve sufficiently accurate analysis.
Furthermore, more advanced methods can enable a higher degree of performance optimisation of
structures than those resulting from the simplified approaches adopted by existing design codes based
on linear elastic analysis with redistribution of internal forces. In order to assess the load-carrying
capacity at the ultimate limit state (ULS), a model combining plastic and nonlinear analysis is presented.
The evolution of moment redistribution to structural collapse was studied experimentally for continuous
two-span beams. The focus of the experiments was on the influence of the longitudinal tensile reinforce-
ment ratio at the intermediate support, the transverse reinforcement ratio and the concrete strength. The
experimental response at the ULS was further compared with the predicted distribution of internal forces
according to the theoretical model. Evaluation of the experimental study indicated a highly nonlinear
structural behaviour of the tested beams with the distribution of moment differing from linear elastic
analysis, even for low load levels. The evolution of moment redistribution and the moment redistribution
at the ULS were appreciably dependent on the arrangement of longitudinal reinforcement, whilst the
transverse reinforcement ratio had a marginal impact up to yielding of the longitudinal reinforcing steel,
with the concrete strength slightly reducing the degree of moment redistribution. For those beams which
failed in flexure, predictions from the theoretical model presented were in good agreement with the
experimental results. However, several beams collapsed in shear-related failure modes.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In Europe, there is an ageing stock of road and railway bridges
[1–4], whose load-carrying requirements have drastically
increased over the last few decades. A steady deterioration, cou-
pled with the ever-increasing load-carrying requirements have
been costly for the bridge owner and managers, who have had to
deal with limited budgets. In order to optimise maintenance work,
and thereby reduce the costs, extensive research has been carried
out on the management of existing bridges. One way to achieve
cost savings is through the avoidance of unnecessary repairs and/
or the optimisation of repairs that have been shown to be

necessary through the use of more advanced techniques of assess-
ing existing bridges than those traditionally used [5–9].

Analysis of existing reinforced concrete bridges requires several
idealisations of geometry, material behaviour and structural
behaviour. Thus, structural analysis of the ultimate limit state
(ULS) load-carrying capacity generally can be classified by:

� linear elastic analysis,
� linear elastic analysis with limited redistribution,
� plastic analysis,
� nonlinear analysis

based on the level of idealisation, where an increased level of
accuracy leads to a more accurate assessment [10]. Thus, nonlinear
numerical analysis, commonly performed by using the finite
element method, can be considered to have the greatest potential
for assessing reinforced concrete structures [4].

http://dx.doi.org/10.1016/j.engstruct.2014.08.029
0141-0296/� 2014 Elsevier Ltd. All rights reserved.
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In statically indeterminate reinforced concrete structures with
non-uniform stiffness distribution, the equilibrium of internal
forces and compatibility conditions result in a divergence of the
actual distribution of internal forces from the response defined
by linear elastic analysis [11]. Due to nonlinear cross-sectional
behaviour, the stiffness distribution and thus the distribution of
internal forces also become dependent on the load level. The use
of linear elastic analysis, in which the load-carrying capacity at
the ULS is limited to the load when the capacity in a particular
cross-section is reached, implies neglecting the highly nonlinear
behaviour which occurs at the ULS. Thus, the simplification can
cause an appreciable difference between the predicted load-carry-
ing capacity and available load-carrying capacity [11,12]. When
yielding of tensile reinforcing steel starts, the stiffness in the actual
section appreciably reduces. Consequently, transmission of inter-
nal forces to stiffer regions will occur for increased load, whilst
the deformation in the critical region drastically increases. The
redistribution of forces proceeds until the deformable capacity is
reached or the neighbouring sections are fully loaded.

For practical applications, linear elastic analysis with limited
redistribution is a useful approach as it takes into account the
advantages of redistribution of internal forces for verification of
the load-carrying capacity at the ULS [13,14]. The principle of the
approach is to consider the moment redistribution in the structure,
due to nonlinearity, through modification of the moment diagram
derived from structural analysis according to the theory of elastic-
ity. In addition to more favourable predictions, the modification of
the moment diagram gives a more realistic distribution of internal
forces compared to pure linear elastic analysis [4]. As a conse-
quence of the approach that adjusts the linear elastic moment dia-
gram, the redistribution coefficient d quantifying the moment
redistribution capacity has a practical use. The redistribution coef-
ficient defined in the Eurocode [10] is given by Eq. (1):

d ¼ Mred

Mel
ð1Þ

where Mred is the redistributed moment and Mel is the elastic
moment in the section of the structure under consideration. Based

Nomenclature

As1 longitudinal reinforcing steel cross-section area in top
of support sections

As2 longitudinal reinforcing steel cross-section area in bot-
tom of support sections

As3 longitudinal reinforcing steel cross-section area in top
of span sections

As4 longitudinal reinforcing steel cross-section area in bot-
tom of span sections

Asw transverse reinforcing steel cross-section area
Ecm concrete modulus of elasticity
FE load pad force
H cross-section depth
L span length
Mel elastic moment
ME,sp moment at intermediate support section at the ULS

according to experimental study
ME,sp moment at mid-span section at the ULS according to

experimental study
MR,sp moment capacity at mid-span section according to the-

oretical analysis
MR,sup moment capacity at intermediate support section

according to theoretical analysis
Mred redistributed moment
P applied load
PE applied load at the ULS according to experimental study
PR applied load at the ULS according to theoretical analysis
d cross-section effective depth
fck characteristic value of concrete compressive strength
fcm mean value of concrete compressive strength
fcm,c mean value of confined concrete compressive strength
fctm mean value of concrete tensile strength
fy steel yield strength
ft steel tensile strength
k coefficient
s transverse reinforcement spacing
t load pad width
x neutral axis depth
z cross-section inner lever arm of internal forces
DME moment reduction due to load pad effect
U reinforcement bar diameter
bt integration factor
d moment redistribution coefficient

d coefficient to take account of the ratio ft/fy and the yield
stress fy

dtension deformation of tension ties
dcompr deformation of compressive struts
ec concrete strain
ec1 concrete compressive strain at the peak stress
ec1,c concrete compressive strain at the peak stress due to

confinement
ecu1 concrete ultimate compressive strain
ecu2 concrete ultimate compressive strain
ecu1,c concrete ultimate compressive strain due to confine-

ment
es steel strain
es1 steel strain in uncracked concrete
es2 steel strain at the crack
es,m mean steel strain due to tension stiffening effect
esmu steel ultimate strain due to tension stiffening effect
esr1 steel strain at the point of zero slip under cracking

forces reaching fctm
esr2 steel strain at the crack under cracking forces reaching

fctm
esy steel yield strain
esu steel ultimate strain
g degree of moment redistribution
g coefficient to take account of the ratio ec1/ec1
gR,tot design degree of moment redistribution at the ULS
gE,tot measured degree of moment redistribution at the ULS
gE,el measured degree of moment redistribution at steel

yield
h rotation
hel elastic rotation
hneg rotation in negative moment region
hneg,el elastic rotation in negative moment region
hneg,pl plastic rotation in negative moment region
hpl plastic rotation
hpos rotation in positive moment region
htot total rotation
r2 effective lateral compression stress due to confinement
rc concrete stress
rs steel stress
rsr1 steel stress at the crack
rsrn steel stress at the crack when stabilised crack has

formed
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on the moment redistribution coefficient d, the degree of moment
redistribution is given by Eq. (2):

g ¼ 1� d ð2Þ
According to the standards for concrete structures, such as the

Eurocode [10], American standard [15] and Canadian standard
[16], it is permissible to make use of linear elastic analysis with
limited moment redistribution for continuous reinforced concrete
beams at the ULS, without an explicit check of the structural
ductility. However, the allowable moment redistribution varies
slightly between standards. In the Eurocode and Canadian
standards, the allowable moment redistribution is a function of
the ratio of the depth of compression and the effective depth,
x/d, whilst according to the American standard, the moment
redistribution is a function of the strain in the tensile reinforce-
ment. Additionally, the Eurocode accounts for the concrete class
through two separate equations for normal-strength concrete
(fck 6 50 MPa) and high-strength concrete (fck > 50 MPa). In order
to ensure a sufficiently safe moment redistribution, the degree of
moment redistribution is limited to 30% in the Eurocode and 20%
in the American and Canadian standards. The upper limit according
to the Eurocode is valid for structures with longitudinal reinforcing
steel in ductility class B (1.08 6 ft/fy and 5.0% 6 esu) or class C
(1.10 6 ft/fy < 1.35 and 7.5% 6 esu), whilst the degree of moment
redistribution is limited to 20% in steel ductility class A
(1.05 6 ft/fy and 2.5% 6 esu). The percentage degree of moment
redistribution can be calculated using Eqs. (3) and (4) for the
Eurocode, Eq. (5) for the American standard and Eq. (6) for the
Canadian standard:

g ¼ 56� 125 0:6þ 0:0014
ecu2

� �
x
d

f ck � 50 MPa ð3Þ

g ¼ 46� 125 0:6þ 0:0014
ecu2

� �
x
d

f ck > 50 MPa ð4Þ

g ¼ 1000es ð5Þ

g ¼ 30� 50
x
d

ð6Þ

where ecu2 is the concrete compressive ultimate strain, fck is the
concrete compressive characteristic strength, x is the neutral axis
depth, d is the effective cross-section depth and es is the longitudi-
nal tensile reinforcement strain. According to the American stan-
dard, the reinforcement tensile strain is required to be P0.75% to
allow moment redistribution to take place. In Fig. 1, the allowable
degree of moment redistribution is illustrated for the three stan-
dards for normal-strength concrete and steel ductility class B or C.

Further improvement of the method for determination of the
available moment redistribution can be achieved using plastic
analysis and/or nonlinear analysis [4]. The first theories of
nonlinear analysis were developed in the middle of the 20th

century [17–20] and, since then, a range of methods has been
developed [21]. In these types of approaches, it is possible to take
into consideration factors of importance and thus achieve an opti-
mised assessment. Available moment redistribution in reinforced
concrete structures is influenced by several factors, with the
available plastic rotation capacity of critical regions identified as
the most important factor [21]. Further, the plastic rotation capac-
ity depends on factors related to material, structure and loading.
The main factors for linear elements subjected to such moment
redistribution are the concrete strength, the reinforcing steel
strength and ductility, the interaction between reinforcing steel
and concrete, the size and shape of the cross-section, the tensile
and compression reinforcement ratio, the shear reinforcement
ratio, detailing of the reinforcement, the slenderness ratio and,
moreover, the static system and associated load characteristics.

To ensure sufficient plastic rotation capacity, and thus to deter-
mine the capacity for moment redistribution, a numbers of models
with various levels of complexity can be used [21]. Generally, the
more complex models are based on the definition of the
moment–curvature relationship or the moment–rotation relation-
ship, whilst simpler models are based on graphs of the plastic rota-
tion capacity. For instance, the Eurocode [10] proposes a graphical
model for estimating available plastic rotation capacity as a func-
tion of the ratio between concrete compressive depth and sectional
effective depth, ductility of reinforcing steel, concrete characteris-
tics and shear slenderness. Advanced analysis of the structural duc-
tility can also be carried out using nonlinear finite element
analysis, as described in work such as [22,23].

In this paper, the results of an experimental study are
presented, aimed at investigating the structural behaviour in con-
tinuous reinforced concrete beams designed for different degrees
of moment redistribution. As more moment redistribution than is
allowed by standards can be available in reinforced concrete struc-
tures [24,25], a theoretical model describing the behaviour is pre-
sented and compared with test results at the ULS. In order to
ensure reliability of the theoretical model and to determine its
potential use and limitations, the experimental programme is
designed to investigate the influence of several parameters that
can be critical for the available moment redistribution. In addition
to the configuration of the longitudinal reinforcement, which
affects the potential degree of moment redistribution, aspects such
as the concrete strength and amount of transverse reinforcement
are studied. Investigation of the structural behaviour is carried
out examining the combination of potentially high moment
redistribution, the configuration of longitudinal reinforcement,
and maximum transverse reinforcement spacing allowable
according to the Eurocode [10]. Under these conditions, the influ-
ence of the concrete strength is investigated for normal-strength
concrete and high-strength concrete, due to its impact on
ductility. Furthermore, the structural behaviour is studied for
normal-strength concrete beams with an appreciably higher
amount of transverse reinforcement than required by the Eurocode
[10].

2. Method for assessment of moment redistribution

2.1. General description

Nonlinear stress–strain relationships for concrete and reinforc-
ing steel, steel bonding conditions and crack formation contribute
to highly nonlinear load–deformation responses for reinforced
concrete structures [11]. As a result of the nonlinear sectional
behaviour, implying a load-dependent flexural stiffness distribu-
tion, a difference arises between behaviour according to linear
elastic analysis and the actual response of reinforced concrete
structures.
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Fig. 1. Allowable moment redistribution for continuous reinforced concrete beams
according to Eurocode (EC2), American standard (ACI) and Canadian standard (CSA).
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Fig. 2 illustrates the difference between linear elastic analysis
and the actual structural response for a continuous two-span
reinforced concrete beam. To account for this in statically
indeterminate structures, moment redistribution has been
introduced to adjust the internal forces for linear elastic analysis.
Thus, application of moment redistribution leads to higher
exploitation of the structures in the case of reserve capacity in
neighbouring regions. Sufficient structural ductility, usually
quantified by plastic rotation capacity, is essential for moment
redistribution. A fundamental condition is therefore higher or
equal plastic rotation capacity in the critical region in comparison
to the required plastic rotation corresponding to a given level of
redistribution.

The available moment redistribution at the ULS can be
determined by plastic analysis with an explicit check of the plastic
rotation capacity to ensure sufficient ductility [4]. In plastic
analysis of structures, the plastic rotation required for certain
degrees of moment redistribution was determined and compared
with the plastic rotation capacity for the critical regions of the
structure. In order to determine the plastic rotation capacity for a
specific region, the deformable strut-and-tie (DST) model was
proposed, utilising the material’s nonlinearities. Thus, it was
possible to take into account the main factors affecting the
structural behaviour of reinforced concrete beams.

2.2. Plastic analysis

The proposed method presented in this paper for the assess-
ment of the structural load–deformation response follows the
same procedure as utilised and presented by several researchers
over recent decades, for instance Macchi, Bigaj and do Carmo
[18,24,26]. In general, plastic analysis, according to lower bound
theory (static), is split into three levels: material, cross-sectional
and structural. Based on moment–curvature relationships, describ-
ing the cross-sectional response, the structural load–deformation
is determined by the specified distribution of internal forces
according to the plastic analysis. The relationships between
moment and curvature for sections along the structure are derived
taking into account the equilibrium of internal forces and assump-
tions regarding compatibility and constitutive laws. In this regard,
the assumptions in the method for cross-section analysis can be
summarised as:

� Bernoulli–Euler’s hypothesis whereby plane sections remain
plane and perpendicular to the neutral axis in flexure.

� Tension stiffening effects are considered, taking into account
the concrete in the tensile zone and the bond between
reinforcing steel and surrounding concrete.

� Constitutive laws, outlined in Section 2.4.

� Concrete crushing failure occurs when the strain in the concrete
compression zone exceeds its ultimate strain, ecu1.

� Reinforcing steel rupture occurs when the strain in the steel
exceeds its ultimate strain, esu.

With the aforementioned assumptions and equilibrium of inter-
nal forces, stepping of the curvature to either concrete failure or
reinforcing steel rupture, resulted in nonlinear moment–curvature
relationships for the structure, similar to the moment–rotation
curve in Fig. 4c. Depending on the cross-section and material
properties adopted, the graph in Fig. 4c has a downward branch
for deformation exceeding the peak moment.

The plastic analysis carried out focused on the calculation of the
required plastic rotation for a certain degree of moment redistribu-
tion, and was limited to a moment redistribution corresponding to
there being either no reserve capacity in neighbouring sections or
required plastic rotation equal to the plastic rotation capacity in
the critical region. The procedure for calculation of the required
plastic rotation for a certain moment distribution was based on
the difference in flexural stiffness for regions of positive and nega-
tive moment, in combination with the condition for deformation
compatibility. The compatibility condition used for this purpose
depends on the type of load and structure. According to linear
elastic analysis and uniform stiffness distribution, derivation using
the compatibility conditions for continuous two-span beams with
a concentrated load in each mid-span, illustrated in Fig. 3, leads
to the relationship given in Eq. (7):

hneg ¼ 0:9hpos ð7Þ
where hneg is the sum of the change of inclination between the
inflection points in the part of the beam with negative moment
(i.e. rotation in the negative moment region) and hpos is the sum
of the change of inclination between the end-support and the
inflection point in the part of the beam with positive moment (i.e.
rotation in the positive moment region). Considering the total
rotation in the negative moment region, hneg, as being the sum of
the rotation before the reinforcing steel yields in the negative
moment region, hneg,el, and the plastic rotation in the support,
hneg,pl, the plastic rotation can be expressed by Eq. (8):

hneg;pl ¼ 0:9hpos � hneg;el ð8Þ
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Fig. 2. Moment–load relationships between linear elastic analysis and experimen-
tal response for continuous two-span reinforced concrete beams. Mid-span
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The curvature distribution was determined for the moment dis-
tribution, associated to a specific degree of redistribution according
to linear elastic analysis, using nonlinear moment–curvature
relationships for every particular section. The analysis was based
on discrete elements because of the varying relationships between
moment and curvature in the sections along the structure.
Separate integration of the curvature distribution in the positive
moment region and negative moment region was carried out in
order to determine the rotations. According to Eq. (8), the required
plastic rotation was determined for the collapse mechanism,
implying a load situation corresponding to the moment in the
critical sections (mid-span and mid-support section) being equal
to the flexural capacity.

2.3. Verification of structural ductility

The developed structural model was combined with a deform-
able strut-and-tie (DST) model for analysis of critical discontinu-
ities in the structure, to ensure sufficient ductility quantified by
the allowable rotation capacity. The model originated from the
general strut-and-tie model developed by Schlaich and Schäfer
[27]. The general strut-and-tie model was further developed by
Michalka [28] and refined by do Carmo [26] in order to determine
nonlinear rotation behaviour in plastic regions. In the general
strut-and-tie model, the reinforced concrete structure is consid-
ered as a truss system that describes the flow of internal forces,
see Fig. 4b. The model according to the truss analogy is composed
of struts with parallel stress fields of uniaxial compression, ties
with parallel stresses of uniaxial tension and nodes in highly
biaxially or triaxially stressed zones [29]. Based on the equilibrium
of forces in the struts and ties, the flow of internal forces can be
determined; furthermore, a verification of the capacity in relation
to the actual force can be made for components of the idealised
model. Depending on the outcome from the verification, refine-
ment of the model could be required. To the general strut-and-
tie model, Michalka [28] introduced analysis of deformations at
discontinuities in reinforced concrete structures. Through constitu-
tive relationships for the struts and ties, and stresses from the flow
of internal forces and adopted geometry, the method was extended
with an additional step for determination of the deformable behav-
iour [30]. The so-called DST model, primarily aimed at analysis of
plastic regions and determination of the rotation capacity, has
been idealised using a truss model consisting of compressive,

tension and shear zones. The structure shown in Fig. 4 illustrates
a typical form of plastic hinge region at the intermediate support
of a continuous beam. The idealised truss model in Fig. 4 illustrates
a compressive zone of concrete and reinforcement bars in the
bottom (struts), a tension zone of reinforcement in the top (ties)
and a shear zone of concrete between the inclined cracks (inclined
struts). do Carmo [26] improved the model in order to take account
of parameters essential for the deformable behaviour, such as
concrete confinement and the tension stiffening effect.

The choice of angle between the horizontal axis and the inclined
struts, representing the shear region, was of importance for an
accurate estimation of the shear force impact on the plastic
rotation capacity [30]. In the original model, using the classical
truss analogy by Mörsch, compression struts with an angle of 45�
were proposed [31]. Due to the influence of longitudinal reinforce-
ment and interlocking in shear cracks on the inclination of the
compression struts, a balanced truss model was proposed in the
Eurocode [10], limiting the shear strut inclination to between
21.8� and 45�. Analysis presented in this paper was based on the
recommendations of do Carmo, considering average inclination of
cracks equal to 35�, 50�, 60�, 70� and 90� in relation to the horizon-
tal axis, see Fig. 4a, determined on the basis of observations in
experiments and the direction of principal strains from finite
element analysis [30]. Using fixed angles of inclination is an
approximation to help develop a simple method with physical
significance, even though it is clear that the current state of strains
and, therefore, the sectional shear force and moment, influence the
actual angle of inclination [32,33].

In addition to the inclination of the compression struts, the
length of the discontinuous region, that is the plastic length, is of
importance [30,34]. Several approaches for determination of the
plastic length have been developed where the most simplified
approaches assume a constant length [21]. For analysis of the plas-
tic rotation capacity, in this paper, a length of plastic hinge equal to
the effective depth is adopted [31]. This is an approximation aimed
at practicality. In contrast, the Eurocode [10] adopts 1.2 times the
sectional depth for determination of the plastic rotation capacity.
As for the simplification of the constant configuration of the angle
of inclined struts in the DST model, the consideration of constant
plastic length implies the ability for improvement, but, in order
to keep the method practical, the simplified approach is proposed.

Based on the adopted configuration of strut and ties and the
flow of internal forces calculated by equilibrium, the deformations
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Fig. 4. Graphical description of the DST model: (a) plastic region and adopted inclination of struts; (b) idealised truss model; (c) moment–rotation relationship.
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of elements were determined from constitutive laws for reinforc-
ing steel and concrete, Fig. 4c. Neglecting the deformations for
inclined struts, the rotation for a certain load (represented by
moment and shear force in the truss model) according to the DST
model is given by Eq. (9):

h ¼ dtensionj j þ dcompr

�� ��
z

ð9Þ

where dtension is the elongation of tension ties, dcompr is the contrac-
tion of the concrete struts and z is the inner lever arm. The plastic
rotation capacity for the plastic zone, illustrated in Fig. 4, is given
by Eq. (10):

hpl ¼ htot � hel ð10Þ
where hpl is the plastic rotation capacity, htot is the total rotation at
ultimate load and hel is the rotation at the yield stress of the
reinforcing steel. In order to determine the maximum moment
redistribution, an iterative process was utilised, comparing the
required plastic rotation given by plastic analysis and the available
plastic rotation capacity given by the DST model. The available
degree of moment redistribution was determined based on equiva-
lence between the required and available plastic rotation in the
plastic hinge.

2.4. Material behaviour

The cross-sectional load–deformation relationship was derived
in accordance with nonlinear constitutive laws for concrete and
reinforcing steel, taking into account parameters of importance
for the deformable behaviour [35]. A consequence of utilisation
of nonlinear material response, representing a more realistic mod-
elling of sectional and structural behaviour compared with linear
elastic analysis, is the need for an iterative method for calculation
of the moment–curvature relationship. The moment–curvature
relationship can be calculated by repetition of the following steps
until rupture:

1. Choose the curvature.
2. Assume the neutral axis depth.
3. Calculate the strain distribution in the cross-section according

to Bernoulli–Euler’s hypothesis.
4. Calculate the stress distribution in the cross-section according

to adopted material models.
5. Calculate the resultant tensile and compressive force in the

cross-section: move to Step 6 if equilibrium is reached,
otherwise return to Step 2.

6. Calculate the moment in the cross-section.

In order to model the concrete compression behaviour in a
realistic manner, a nonlinear constitutive law was applied as
defined by the Eurocode [10]. The model takes into consideration
the dependence of concrete compressive strength on the modulus
of elasticity, the strain at maximum stress and the ultimate strain
through empirical relationships [36]. The adopted stress–strain
relationship is defined by Eq. (11):

rc

f cm
¼ kg� g2

1þ ðk� 2Þg ð11Þ

where fcm = fck + 8 MPa, k = 1.1Ecmec1/fcm, g = ec/ec1, Ecm = 22(fcm/10)0.3,
ec1 = 0.71fcm0.31, ecu1 = 3.5‰ for fck < 50 MPa, ecu1 = 2.8 +
27[(98 � fcm)/100]4 for fck P 50 MPa and fcm is the cylinder
compressive strength. Eq. (11) is valid for 0 < |ec| < |ecu1|.

In situations with closed transverse reinforcement, such as
shear links, where the rotation capacity was analysed, the com-
pressive concrete was considered as confined. The confinement,

and consequently the additional lateral stresses, leads to increased
compressive strength and ductility for the concrete, whilst the
other mechanical characteristics are practically unaffected [31]. A
practical way to take into account the advantages of confinement
on concrete strength and ultimate strain was through modification
of the constitutive law. For this purpose, in the model developed,
recommendations as described in the Eurocode [10] and fib [36]
were applied. Concrete confinement, affecting the stress–strain
relationship, as illustrated in Fig. 5, was based on the model
according to the Eurocode, taking into account the impact on
concrete strength and configuration of transverse reinforcement.
For strains lower than the strain corresponding to the compressive
strength, the stress–strain relationship was considered as parabolic
in accordance to Eq. (11), whilst a linear stress–strain relationship
was considered for higher strains. In the absence of more precise
data, the Eurocode [10] proposes, through Eqs. (12) and (13), a
linear approximation of the increase in concrete strength due to
confinement. The concrete strength increase was combined with
Eq. (14) for the strain corresponding to the maximum concrete
stress and Eq. (15) for the ultimate concrete strain:

f cm;c

f cm
¼ 1:000þ 5:0

r2

f cm

� �
if

r2

f cm
� 0:05 ð12Þ

f cm;c

f cm
¼ 1:125þ 2:5

r2

f cm

� �
if

r2

f cm
> 0:05 ð13Þ

ec1;c ¼ ec1
f cm;c

f cm

� �2

ð14Þ

ecu1;c ¼ ecu1 þ 0:2
r2

f cm
ð15Þ

where fcm is the unconfined concrete strength, fcm,c is the confined
concrete strength, r2 is the effective lateral confining stress, ec1 is
the concrete strain corresponding to fcm, ec1,c is the concrete strain
corresponding to fcm,c, ecu1 is the ultimate strain for unconfined
concrete and ecu1,c is the ultimate strain for confined concrete.

For application of the model for confinement in high-strength
concrete (compressive strength higher than 50 MPa), equations
determined by extensions to the Model Code 1990 were utilised
[37]. Eq. (12) and Eq. (13) were replaced by Eq. (16), and Eq. (15)
was replaced by Eq. (17) thus:

f cm;c

f cm
¼ 1:000þ 3:0

r2

f cm

� �
ð16Þ

ecu1;c ¼ ecu1 þ 0:1
r2

f cm
ð17Þ
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Fig. 5. Stress–strain relationship for confined and unconfined concrete in
compression.
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The proposed model for concrete confinement was defined for
elements under axial loads with uniform stress distribution.
However, the model is also applicable for beams with varying
stress distribution and less effective confinement. In such situa-
tions, Model Code 1990 advocates a ‘‘solid’’ border in the neutral
axis, thereby limiting lateral expansion [31].

The constitutive law for reinforcing steel in compression and
tension was idealised using a bilinear stress–strain relationship,
based on steel yield strength and tensile strength with correspond-
ing strains, see Fig. 6. This consideration, together with the
aforementioned constitutive law for concrete in compression,
represented the behaviour of completely cracked sections.
Between cracks, transmission of tensile forces occurs from the
reinforcing steel to the surrounding concrete through the bonding,
leading to increased stiffness. Thus, neglecting the so-called ten-
sion stiffening effect results in underestimation of the structural
stiffness and, consequently, an inaccurate assessment of the
load–deformation behaviour [31]. For this purpose, the approach
given by Model Code 1990 [31] was chosen, implying a modifica-
tion of the constitutive law for tensile reinforcing steel, depending
on the design of the reinforced concrete section and its material
properties. The fundamental basis of the model was the transition
from the stress–strain curve for unembedded reinforcing steel into
that for embedded reinforcing steel, treating the average strain in
regions of discontinuity to be composed of those in the uncracked
and totally cracked sections.

Determination of the average strain, in accordance to the vary-
ing steel strain along the structural member related to a given steel
stress, involves a number of stages describing the structural
behaviour. For stresses lower than the concrete tensile strength,
the concrete was still considered as uncracked, followed by the
crack formation stage. Formation of cracks proceeded under a
slight increase of tensile forces, until the stabilised cracking stage
was reached with an appreciable increase in stiffness. The
stabilised cracking stage, meaning widening of existing cracks,
was followed by the yielding stage in which the reinforcing steel
yields in the totally cracked section. These stages, describing the
deformable behaviour of embedded steel, are illustrated in relation
to unembedded reinforcing steel in Fig. 6. The average strain due to
the tension stiffening effect according to the Model Code 1990 was
calculated using Eqs. (18)–(21):

Uncracked stage, 0 < rs 6 rsr1:

es;m ¼ es1 ð18Þ
Crack formation stage, rsr1 < rs 6 rsrn:

es;m ¼ es2 � bt rs � rsr1ð Þ þ rsrn � rsð Þ
rsrn � rsr1

es2 � esr1ð Þ ð19Þ

Stabilised cracking stage, rsrn < rs 6 fy:

es;m ¼ es1 � bt esr2 � esr1ð Þ ð20Þ
Yielding stage, fy < rs 6 ft:

es;m ¼ esy � bt esr2 � esr1ð Þ þ d 1� rsr1

f y

 !
es2 � esy
� � ð21Þ

where es,m is the mean steel strain, es1 is the strain of reinforcing
steel for uncracked concrete, es2 is the strain of reinforcing steel
in the crack, esr1 is the steel strain at the point zero slip under crack-
ing forces reaching fctm, esr2 is the strain of the reinforcing steel at
the crack under cracking forces reaching fctm, fctm is the mean value
of concrete tensile strength, bt is the integration factor for the steel
along the transmission length (bt = 0.40 for short term loading and
bt = 0.25 for long term loading in pure tension), esy is the steel strain
at fy, esu is the steel strain for unembedded reinforcement reaching
ft, esmu is the mean strain reaching ft, rs is the steel stress, rsr1 is the
steel stress in the crack, rsrn is the steel stress in the crack when a
stabilised crack has formed (last crack), fy is the yield strength of
reinforcing steel, ftk is the tensile strength of reinforcing steel and
d is the coefficient to take into account the ratio ft/fy and the yield
stress fy.

In the method developed to take account of the tension stiffening
effect as defined by Model Code 1990, a number of simplifications
were made. For instance, the behaviour of the reinforcing steel was
simplified by using a bilinear stress–strain curve, neglecting the
yield plateau followed by strain hardening. More information
concerning the idealisations and simplifications of the model can
be found in [36].

3. Experimental programme

3.1. General description

In order to test the method developed, a series of experiments
was carried out to investigate the structural behaviour of continu-
ous reinforced concrete beams with different degrees of moment
redistribution. To achieve moment redistribution in the experi-
ments, the beams were designed to have a reserve capacity in posi-
tive moment regions when the moment capacity was reached in
the negative moment region as given by linear elastic analysis.
Thus, the design enables redistribution of internal forces from
the negative moment region to positive moment regions. To
investigate the structural behaviour and verify the theoretical
model at the ULS, different amounts of longitudinal and transverse
reinforcement and different concrete classes were used in the
experiment.

According to theoretical studies by Lopes and do Carmo [30],
the transverse reinforcement demonstrates considerable influence
on the plastic rotation capacity based on the DST model. However,
in the experimental validation of the model by do Carmo and Lopes
[38], the test results showed only a marginal impact of the trans-
verse reinforcement for a limited degree of moment redistribution.
In this paper, the influence of the amount of transverse reinforce-
ment was further investigated for more extreme conditions, imply-
ing maximum transverse reinforcement spacing according to the
Eurocode [10] and a higher degree of moment redistribution. These
conditions were studied for two types of concrete, normal-strength
concrete (fck 6 50 MPa) and high-strength concrete (fck > 50 MPa).

3.2. Beam setup and materials

In total, twelve two-span beams were tested to failure. The
beams were 5.5 m long with a constant rectangular concrete
cross-section of 240 � 200 mm2 (depth �width), see Fig. 7. Each
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Fig. 6. Stress–strain relationship for embedded and unembedded reinforcing steel.
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span length was equal to 2.5 m, based on the centreline of the sup-
ports, with loading applied as a concentrated load at the
mid-spans. The beams were designed to the Eurocode [10] specifi-
cations, to be dominated by moment whilst simultaneously
minimising the influence of arch action.

The beams were subdivided into three groups (A–C), according
to the transverse reinforcement ratio and concrete class. For each
group, the impact of the amount of longitudinal tensile reinforcing
steel in sections at the intermediate support was examined. The
area of tensile reinforcement (As1) at the intermediate support
was increased from 151 mm2 (3U8 mm) to 942 mm2 (3U20 mm)
in several steps, compared with a constant tensile reinforcement
area of 942 mm2 in span sections (As4), see Table 1.

As a result, a varying degree of structural ductility was expected
with different types of failure. The longitudinal tension and com-
pression reinforcement was arranged as shown in Fig. 7 in order
to arrive at an arrangement commonly used in existing structures.
In the first group of beams, group A (A1–A5), the transverse
reinforcement consisted of 8 mm stirrups with 150 mm spacing,
which was approximately equal to the maximum spacing as rec-
ommended in the Eurocode [10]. For group B (B1–B4), the stirrup
spacing was reduced to 75 mm. In group C (C1–C3), the structural

behaviour was investigated for maximum stirrup spacing for
beams with high-strength concrete instead of the normal-strength
concrete utilised in groups A and B. A complete description of the
arrangement of longitudinal and transverse reinforcing steel is pre-
sented in Table 1 and Fig. 7.

The mean values of the concrete compression strength were
36.4 MPa and 73.8 MPa, with coefficients of variation (CoV) of
0.043 and 0.067, for the normal and high-strength concretes,
respectively. Determination of the concrete strengths was based
on compression tests of concrete cylinders carried out on the same
days as the testing of the reinforced concrete beams i.e. 28 days
after pouring of the beams and material test specimens. In Table 2,
some important characteristics associated with the reinforcing
steel are shown for all dimensions used for reinforcing the beams.
The yield strength (fy), tensile strength (ft) and ultimate strain (esu)
are presented as mean values from standardised material tests.

3.3. Test programme and techniques

The reinforced concrete beams in the experimental programme
were loaded symmetrically using hydraulic jacks located in the
mid-span, as shown in Fig. 9. The loads were applied on 75 mm
wide steel plates, placed on the upper-side of the beams. Using a
force-controlled load process until failure, a continuous increase
with a constant load rate (5 kN/min or 10 kN/min) was applied.
Whilst the beam was loaded, the reaction forces were measured
with load cells under the supports. For the end-supports, 300 kN
load cells and 75 mm wide steel plates were used and, for the
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Fig. 7. Geometrical configuration, reinforcing steel arrangement and load application for reinforced concrete beam specimen.

Table 1
Description of reinforced concrete beams.

Beam As1 As2 As3 As4 Asw/s fcm
(mm2) (mm2) (mm2) (mm2) (mm2/mm) (MPa)

A1 151 101 101 942 0.67 36.4
A2 236 101 101 942 0.67 36.4
A3 339 101 101 942 0.67 36.4
A4 603 101 101 942 0.67 36.4
A5 942 101 101 942 0.67 36.4
B1 151 101 101 942 1.34 36.4
B2 339 101 101 942 1.34 36.4
B3 603 101 101 942 1.34 36.4
B4 942 101 101 942 1.34 36.4
C1 151 101 101 942 0.67 73.8
C2 339 101 101 942 0.67 73.8
C3 603 101 101 942 0.67 73.8

Table 2
Reinforcing steel characteristics.

U fy ft esu
(mm) (MPa) (MPa) (%)

8 536 657 9.5
10 545 663 11.0
12 565 656 11.6
16 560 656 11.1
20 557 662 12.6
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mid-support, a 1000 kN load cell and a 153 mm load plate were
used. Based on observed loads, it was therefore possible to deter-
mine the distribution of forces and consequently the moment
redistribution in the beam.

In order to investigate the plastic rotation at the intermediate
support, and thus the ductility conditions important for moment
distribution from the negative moment region to positive moment
regions, additional equipment was installed on the beam’s surface.
Displacements were measured between two points, centred on the
intermediate support on the levels of the longitudinal reinforce-
ment, using rotary potentiometers, see Fig. 8. The rotary potenti-
ometer was placed at the point marked ‘‘1’’, connected to a wire
fixed at the point marked ‘‘2’’. Displacements, used for curvature
and rotation calculation, were measured over a distance equal to
d, 1.2H and 2d/tan(35), where d is the sectional effective depth
and H is the sectional depth. The widths d and 1.2H were used
for determination of the average curvature and plastic rotation as
recommended by Lopes and do Carmo [30] and the Eurocode
[10], respectively. The width 2d/tan(35) was used for investigating
the average curvature in the entire discontinuous region and was
determined in accordance with the DST model described in the
previous section, using the level width of longitudinal reinforce-
ment based on a spread of 35� from the centre of the intermediate
support, see Fig. 4a.

For determination of the longitudinal reinforcing steel behav-
iour, strain gauges were installed on the tensile reinforcing steel
at the mid-span sections and on the compressive and tensile rein-
forcing steel at the mid-support section. Additional strain gauges
were installed on the longitudinal tensile reinforcing steel in six
locations distributed around the intermediate support. The strain
gauges were used as a tool to determine when the reinforcing steel
reached its yield strength and to estimate the plastic hinge width.

4. Results and discussion

4.1. Structural performance of RC beams

By continuously monitoring the reaction forces under the sup-
ports of the beam, the evolution of the moment distribution was
determined during the load process. The so-called load pad effect,
caused by the steel plates transferring forces between the beam
and the instrumentation at loading points and supports, was taken
into account [10]. Instead of considering the forces at singular
points, the moment distribution curve was determined based on
a certain width of the force transmission. A critical aspect in the
analysis of the load pad effect was the width representing the
dispersion of the pressure which was assumed to be uniformly
distributed. In the literature, several widths have been utilised:

load pad width plus a dispersion of 45� to the longitudinal tensile
reinforcing steel according to Gravina and Smith [39], load pad
width plus a dispersion of 45� to the centreline according to
Rebentrost [35] and load pad width without any further dispersion
according to the Eurocode [10]. Experimental results presented in
this paper were based on the conservative recommendations
according to the Eurocode, whereby the moment reduction at
discontinuities due to the load pad effect is given by Eq. (22):

DME ¼ FEt
8

ð22Þ

where DME is the moment reduction, FE is the force acting on the
beam and t is the load pad width. Taking into account the load
pad effect, the theoretical moment capacity based on plastic
analysis (MR,i) and the experimental moment at the ULS (ME,i) are
presented in Table 3 for both the intermediate support section
and the mid-span sections. The theoretical and experimental loads
are also given in Table 3, where no consideration is made of the
shear force capacity.

For the beams studied in the described experimental
programme, several unexpected failure modes occurred. Therefore,
the theoretical load at the ULS given in Table 3 was not reached for
all the beams tested. It was concluded that the failure of beams
B1–B4 and C3 was related to flexure, see Fig. 9. In beam B1, steel
rupture occurred for the longitudinal tensile steel 130 mm from
the centreline of the intermediate support. Evaluation of the data
from strain gauges installed on the tensile reinforcement indicated
that the steel yielded in both the mid-support section and the
mid-span sections at structural failure. In beams B2–B4 and C3,
concrete crushing occurred next to the load plate at the mid-span.
Even in these cases, steel yielding was observed in both the
mid-support section and the mid-span sections. The concrete
crushing in beams B3–B4 and C3 was followed by formation of
shear cracks, and the final failure was due to shear capacity being
reached. For beam B3, the occurrence of the cracks before concrete
crushing was limited, whilst the formation of shear cracks was
concluded to have occurred simultaneously with the concrete
crushing for beams B4 and C3.

For beams A1–A2 and C1–C2, the combined moment and shear
capacity in the area of curtailment of longitudinal tensile reinforce-
ment for span sections were critical, see Fig. 9d. This category of
failure, which occurred in beams with high degrees of moment
redistribution and maximum transverse reinforcement spacing,
was caused by insufficient longitudinal tensile reinforcement
enabling further redistribution of internal forces. It means that
the bottom longitudinal reinforcing steel near the intermediate
support (As2) is subjected to tensile forces, due to the positive
moment, and additional tensile forces as a consequence of inclined

Fig. 8. Equipment for measurement of rotation at the intermediate support.

Table 3
Theoretical moment capacity, experimental moment at the ULS and the correspond-
ing load-carrying capacity.

Beam MR,sup ME,sup MR,sp ME,sp PR PE
(kN m) (kN m) (kN m) (kN m) (kN) (kN)

A1 20.1 6.7 89.0 81.5 164 140
A2 27.9 30.1 89.0 76.3 170 151
A3 38.6 37.9 89.0 79.9 179 164
A4 62.9 58.2 89.0 72.2 193 166
A5 89.0 69.2 89.0 79.8 202 190
B1 20.1 25.1 89.0 94.3 164 177
B2 38.6 42.6 89.0 96.8 179 195
B3 62.9 72.2 89.0 94.7 200 217
B4 89.0 93.7 89.0 94.7 222 235
C1 20.3 28.8 100.7 75.6 127 149
C2 41.5 54.1 100.7 92.7 201 198
C3 68.5 70.2 100.7 99.6 224 223
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concrete compression struts, and finally, after extensive moment
redistribution, yielding of the steel occurs. Thus, the failure was
caused by formation of shear cracks from the end of the longitudi-
nal reinforcement in span (As4) and yielding of the longitudinal
reinforcing steel (As2). The theoretical load-carrying capacity,
taking the abovementioned interaction of moment and shear force
into account, was equal to 140, 172, 132 and 219 kN for beams
A1–A2 and C1–C2, respectively.

For beams A3–A5, shear failure occurred in sections adjacent to
the applied load in the mid-span. The region where the failure took
place can be considered as critical in terms of capacity assessment,
due to the combination of high moment and shear force. A study of
the concrete strut inclination observed in the experiments showed
that there was an inclination greater than the 21.8� recommended
by the Eurocode [10]. Thus, the simplified assessment approach for
assessing the shear force capacity according to the Eurocode gave
an unconservative prediction for the load case of combined
moment and shear force. This is a consequence of neglecting the
influence of moment, and the corresponding distribution of strains,
on the shear force capacity. In Bagge et al. [40], the shear-related
issues for beams A3–A5, B3–B4 and C3 are discussed in further
detail, with particular focus on the interaction between moment
and shear force in combination with moment redistribution.

In Figs. 10–12, the evolution of the moment at the intermediate
support is presented in relation to the percentage degree of

moment redistribution according to Eqs. (1) and (2), observed from
the initiation of the load process until structural collapse. The
figures consistently reveal a large difference between the
experimental response and linear elastic analysis (g = 0), assuming
uniformly distributed flexural stiffness. Further, the principal
relationship between the evolution of moment and the applied
load can be seen in Fig. 2. As the redistribution of internal forces
occurred at a low load level and was developed over the entire load
history, the reinforced concrete beams in the experimental
programme behaved highly nonlinearly. Therefore, plastic analysis

Fig. 9. Photographs from the experimental study: (a) Arrangement of continuous two-span reinforced concrete beams including position of failure modes observed (beam B2
in the photograph); (b) longitudinal tensile reinforcement rupture at intermediate support (B1); (c) concrete crushing failure in mid-span (B2); (d) combined shear and
moment failure at curtailment of longitudinal reinforcement (C1); (e) combined shear and moment failure at adjacent area to applied load (C3).
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and/or nonlinear analysis were necessary to provide a reliable pre-
diction of the structural behaviour. In addition to helping develop
the theoretical approach for assessing the load-carrying capacity at
the ULS as presented in this paper, the results also indicated the
importance of taking into account nonlinear behaviour for analyses
of lower load levels in order to achieve a realistic assessment of a
structure’s performance. This observation is consistent with exper-
imental studies by other researchers e.g. Scott and Whittle [13].

The nonlinear behaviour of the structure was due to nonlinear
cross-sectional load–deformation relationships. The development
of moment redistribution for an increasing load can be explained
theoretically as evolving through several stages, stages that are
clearly defined for beam B1 for instance. From the start of the load
process until crack formation at the mid-support, the redistribu-
tion remained small as a consequence of the distribution of longi-
tudinal reinforcing steel and thus as a result of the variation in
flexural stiffness of uncracked cross-sections. The crack formation
decreased the flexural stiffness at the mid-support and caused
increased moment redistribution from the negative moment
region to positive moment regions. The redistribution increased
until crack formation occurred in the span sections, resulting in a
flexural stiffness reduction. Accordingly, a reduction in the degree
of redistribution took place. Further increases in the degree of
redistribution can be observed when the longitudinal tensile rein-
forcement at the intermediate support started to yield, followed by
a slowdown when the longitudinal tensile reinforcement in the
span started to yield. This behaviour is consistent with the litera-
ture [11,13]. Based on the experimental results, an appreciable
moment redistribution was observed even before the longitudinal
tensile reinforcing steel at the intermediate support started to
yield, which is in accordance with the abovementioned theoretical
clarification of the general behaviour of reinforced concrete beams,
see indication of steel yield point on the graphs in Figs. 10–12
(excluding beams A1 and A5). When the longitudinal reinforcing
steel started to yield, an appreciable reduction in the stiffness
was indicated by a large increase in the degree of moment redistri-
bution (see the right side of the yield point in the graphs), but it

was clear that not all of the redistribution at the ULS was related
to yielding of the reinforcing steel.

In general, the moment redistribution occurred from the
negative moment region to positive moment regions, implying a
positive value of the moment redistribution. However, there were
a few beams with negative moment redistribution at the beginning
of the load process, namely beams A5, B5 and C2–C3, where the
flexural stiffness variation over the length of the beam was
relatively small in the uncracked phase. The cause of negative
moment redistribution can also be explained by error in the
measurement of reaction forces at the beginning of the load history,
as the forces are out of the measurement range of the load cells.

The graphs detailing the development of moment redistribution
revealed the influence of the longitudinal reinforcement arrange-
ment. An increased longitudinal tensile reinforcement ratio at the
intermediate support section, whilst the longitudinal tensile rein-
forcement at the mid-support sections was kept constant,
increased the maximum available moment redistribution, see, for
instance, A5, A4, A3, A2 and A1 with an increased degree of
moment redistribution at the ULS, Fig. 10. This behaviour can be
found within each group (groups A, B and C). Moreover, the
longitudinal reinforcement ratio has an appreciable impact on
the distribution of internal forces over the load history. The
reduction of the longitudinal tensile reinforcement ratio at the
intermediate support decreases the flexural stiffness in the actual
area and therefore, in general, increases the redistribution of
moment from the intermediate support into adjacent regions.
Comparing beams with the same arrangement of longitudinal rein-
forcement (A1/B1/C1, A3/B2/C2, A4/B3/C3 and A5/B4) revealed a
very similar behaviour up to when the steel yielded for beams
made with normal-strength concrete with different transverse
reinforcement ratios (groups A and B). Also, the beams made from
high-strength concrete (group C) behaved similarly with a slightly
lower degree of moment redistribution in general. Notable in the
experiments was the behaviour of beam A1 in which the stiffness
at the mid-support section seemed to be very low and thus
behaved in a similar way to a hinge. The moment redistribution
rapidly reached approximately 85%, followed by a slight increase
until structural collapse. Thus, beam A1 can be approximated to
two simply supported beams. Based on this very extreme behav-
iour, it is suspected that there were inaccuracies in the measure-
ments of the forces during the load process for beam A1.

In Table 4, the theoretical degree of moment redistribution
(gR,tot) assuming flexural failure is compared with the experimental
outcome. In the column showing the experimental redistribution
degree, the percentage corresponding to yielding of longitudinal
tensile reinforcing steel at the intermediate support (gE,el) is given
in addition to the total redistribution degree at structural failure
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Table 4
Theoretical degree of moment redistribution and evolution of experimental degree of
moment redistribution.

Beam gR,tot gE,el gE,tot
(%) (%) (%)

A1 73 – 90
A2 64 45 56
A3 52 45 48
A4 28 26 21
A5 2 – 18
B1 73 56 68
B2 52 42 51
B3 30 18 25
B4 11 13 10
C1 65 54 57
C2 54 33 39
C3 32 23 29
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(gE,tot). The starting point for steel yield was estimated based on the
evolution of strains measured over the load history. Steel yield was
observed in every beam in the experimental programme except for
beams A1 and A5.

Examining the moment redistribution in beam B1, the redistri-
bution was approximately 56% when the steel started to yield for a
moment equal to 14 kN m, whilst the redistribution was approxi-
mately 68% at structural collapse. Thus, the redistribution under
elastic and plastic steel phases was approximately 56% and 12%,
respectively. The degree of moment redistribution at the ULS is
68% according to the experiments and 73% according to the
theoretical analysis. Moreover, for beams B2–B4 and C3, where
the flexural capacity was reached at the intermediate support
and the mid-span, the theoretical model predicted a slightly higher
degree of moment redistribution at the ULS. The reason for that is
considered to be due to the conservatism associated with model-
ling the load pad effect for the calculation of the moment at the
intermediate support, implying that there was a lower degree of
moment redistribution in the experiments than available accord-
ing to the theory. However, as shown in Table 3 the experimental
load-carrying capacity of the reinforced concrete beams was con-
servative in relation to the analysis, as a consequence of a slight
exceedance of the moment capacity at the intermediate support.
Despite a slight difference in the degree of moment redistribution
(1–5 percentage points), the theoretical assessment of the load-
carrying capacity at the ULS was in good agreement with the
experimental results for beams B2–B4 and C3. As stated previously,
the theoretical approach developed was aimed at predicting the
available redistribution of internal forces and thus the load-carrying
capacity at the ULS of reinforced concrete structures, based on the
structural ductility in combination with the upper limit of
the moment capacity. Therefore, it is not appropriate to compare
the experimental degree of moment redistribution with theoretical
analysis for the beams where shear-related failure occurred. Thus,
a mismatch of the results for beams A1–A5 and C1–C2 was
expected, whilst beams B4 and C3 were in good agreement due
to simultaneous shear and flexural failure caused by concrete
crushing.

4.2. Moment–curvature relationship

Fundamental to the theoretical assessment of the available
degree of moment redistribution, based on the plastic rotation
capacity, is the moment–curvature relationship describing the
cross-sectional behaviour. For evaluation of the experimental
plastic rotation capacity at the intermediate support, only a few
of the beams in the experimental programme were of interest.
Shear-related failure of several beams implies that their results
are not relevant when considering the plastic ductility between the-
oretical analysis and experiments. Therefore, the focus was on beams
B1–B2 which collapsed in flexural failure and also beams B3–B4
with combined shear and flexural failure. The moment–curvature
relationships are presented graphically for beams B1–B4 in
Figs. 13–16, as given by the theoretical and experimental
investigation.

A significant difference in the presented theoretical analysis and
experimental results relates to the consideration of a particular
section at the intermediate support in the theoretical analysis
and an average curvature over a specified distance (see Section
3.3) in the experiments. Therefore, there are difficulties associated
with comparing the theoretical and experimental results. Due to
unreliable measurements in determining the curvature over the
length equal to the effective depth, d, only the average curvatures
for the length of 1.2H and 2d/tan(35) are presented. However, the
curvature measurements over the distances 1.2H and 2d/tan(35)
are considered as adequately reliable, implying similar behaviour

with higher average curvatures at structural collapse in the case
of a shorter distance between reference points. This result was
consistent with the assumption that the main part of the plastic
deformation takes place in a very limited area. According to the
investigation of the deformation behaviour at the intermediate
support, the ultimate curvatures observed in the experiments were
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lower in comparison to theoretically analysis in all cases except for
beam B3. The reason for this departure in the moment–curvature
behaviour for beam B3 was due to the combination of the
formation of cracks within the area of measurement and decreased
ultimate curvature in comparison to beams B1–B2. Furthermore,
the associated support moment from the experiments was, in
several cases, higher than the corresponding theoretical moment.
One explanation of this observation could be the conservatism in
the applied model for moment reduction due to the load pad effect,
where the reaction force was uniformly distributed over the load
pad width.

5. Conclusions

This paper presented an experimental programme that exam-
ined twelve two-span reinforced concrete beams with an associ-
ated theoretical assessment of their load-carrying capacity. An
extensive study was carried out of the redistribution of internal
forces over the full load history of the tested beams. Due to flexural
stiffness variation, caused by the actual reinforcing steel arrange-
ment and concrete crack formations, moment redistribution was
observed in the early stage of the load process. Consequently, an
appreciable degree of moment redistribution was exhibited even
before the longitudinal tensile reinforcing steel reached its yield
strength. This behaviour was concluded to be dependent on the
cracking of the structure and not to the final failure. According to
standards, such as the Eurocode, American standard and Canadian
standard, no consideration of the moment redistribution at the ser-
viceability limit state (SLS) is taken into account. Furthermore, the
experimental programme indicated that the available degree of
moment redistribution at the ULS is appreciably higher than
allowed by the abovementioned standards. As a result of the highly
nonlinear behaviour and the potential for moment redistribution
greater than stated in the standards, a method taking into account
parameters of importance was recommended for the assessment of
the load-carrying capacity of statically indeterminate reinforced
concrete members.

In the experimental programme, several beams collapsed in
shear-related failure modes. This observation highlights the impor-
tance of considering the combined moment and shear force in
analysis of reinforced concrete structures e.g. additional tensile
forces in longitudinal reinforcing steel due to inclined concrete
compression struts. Some of the beams within the experimental
programme unexpectedly failed in shear, with a considerable
reserve shear force capacity according to the Eurocode; therefore,
further investigation of the influence of moment on the shear force
capacity is necessary to clarify the experimental outcome.

References

[1] BRIME. Bridge management in Europe – final report. Bridge management in
Europe – 4th framework programme, Brussels; 2001.

[2] COST345. Procedures required for the assessment of highway structures – final
report. Cooperation in the field of scientific and technical research, Brussels;
2004.

[3] SAMARIS. State of the art report on assessment of structures in selected EEA
and CE countries. Sustainable and advanced material for road infrastructure –
5th framework program, Brussels; 2006.

[4] Sustainable Bridges. Assessment for future traffic demands and longer lives.
Sustainable bridges – 6th framework program, Brussels; 2007.

[5] Breysse D, Elachachi S, Sheils E, Schoefs F, O’Connor A. Life cycle cost analysis
of ageing structural components based on non destructive condition
assessment. Aust J Struct Eng 2009;9(1):5–66 [special issue devoted to
international forum on engineering decision].

[6] O’Connor A, Enevoldsen I. Probability based assessment of bridges according to
the new Danish guideline. Struct Infrastruct Eng 2009;5(2):157–68.

[7] O’Connor A, Enevoldsen I. Probability based bridge assessment. ICE J Bridge
Eng 2007;160(3):129–37.

[8] O’Connor A, Eichinger E. Site-specific traffic load modelling for bridge
assessment. ICE J Bridge Eng 2007;160(4):185–94.

[9] O’Brien E, Znidaric A, Brady K, Gonzalez A, O’Connor A. Procedures for the
assessment of highway structures. ICE Transp J 2005;158(1):17–25.

[10] European Committee for Standardization. Eurocode 2: design of concrete
structures – Part 1-1: general rules and rules for buildings. DS/EN 1992-1-1 +
AC:2008. Brussels: European Committee for Standardization; 2009. 480 pages.

[11] CEB-FIP. Non-linear analysis. Bulletin d’Information 239. Lausanne: Comité
Euro-International du Béton; 1997. 190 pages.

[12] CEB-FIP. Structures hyperstatics. Bulletin d’Information 105. Lausanne: Comité
Euro-International du Béton; 1976. 260 pages.

[13] Scott RH, Whittle RT. Moment redistribution effect in beams. Mag Concr Res
2005;57(1):9–20.

[14] Bondy KB. Moment redistribution: principles and practice using ACI 318-02.
PTI J 2003;1(1):3–21.

[15] American Concrete Institute. Building code requirements for structural
concrete (ACI 318-11) and commentary. ACI 318-11. Farmington Hills:
American Concrete Institute; 2011. 503 pages.

[16] Canadian Standards Association. Design of concrete structures. A23.3.
Mississauga: Canadian Standards Association; 2004. 240 pages.

[17] Baker ALL. Ultimate load theory applied to the design of reinforced and
prestressed concrete frames. London: Concrete Publications; 1956. 91 pages.

[18] Macchi G. A proposal of analysis based on the theory of imposed rotations.
Bulletin d’Information 21. Paris: Comité Euro-International du Béton; 1960.

[19] Sawyer HA. Design of concrete frames for two failure stages. Proc Int Symp
Flexural Mech Reinf Concr 1964;12:405–38.

[20] Cohn MZ. Rotation compatibility in the limit design of reinforced concrete
continuous beams. Proc Int Symp Flexural Mech Reinf Concr 1964;12:359–81.

[21] CEB-FIP. Ductility of reinforced concrete structures. Bulletin d’Information
242. Lausanne: Comité Euro-International du Béton; 1998. 332 pages.

[22] Rodrigues EA, Osvaldo LM, Bittencourt TN, Bitencourt Jr LAG, Prazeres PGC. A
finite element approach for predicting the ultimate rotation capacity of RC
beams. Proc Int Conf Fracture Mech Concr Concr Struct 2013;8:1575–83.

[23] Gamino AL, Bittencourt TN. Numerical evaluation of plastic rotation
capacity in RC beams. Proc Int Conf Fracture Mech Concr Concr Struct
2007:665–70.

[24] Bigaj AJ. Structural dependence of rotation capacity of plastic hinge in RC
beams and slabs. PhD Thesis. Delft: Delft University; 1999. 230 pages.

[25] Shakir A. Moment redistribution in reinforced concrete structures. PhD Thesis.
Edmonton: University of Alberta; 2005. 566 pages.

[26] do Carmo RNF. Rotação Plástica e Redistribuição de Esforços em Vigas de Betão
de Alta Resistência (Plastic rotation and moment redistribution in high-
strength concrete beams). PhD Thesis. Coimbra: University of Coimbra; 2004.
321 pages.

[27] Schlaich J, Schäfer K. Konstruieren im Stahlbetonbau (Design and detailing of
structural concrete). Betonkalender 1984;1984(2):787–1005.

[28] Michalka C. Zur Rotationfähigkeit von Plastischen Gelenken in
Stahlbetonträgern (Rotation capacity of plastic hinges in reinforced concrete
beams). PhD Thesis. Stuttgart: University of Stuttgart; 1986. 164 pages.

[29] fib. Model Code 2010 – Volume 2. Bulletin 66, final draft. Lausanne:
International Federation for Structural Concrete; 2012. 370 pages.

[30] Lopes SM, do Carmo RNF. Deformable strut and tie model for the calculation of
plastic rotation capacity. Comput Struct 2006;84:2174–83.

[31] CEB-FIP. Model code 1990. London: Thomas Telford Services Ltd; 1993. 437
pages.

[32] Vecchio FJ, Collins MP. The modified compression-field theory for reinforced
concrete elements subjected to shear. ACI J 1986;83:219–31.

[33] Vecchio FJ, Collins MP. Predicting the response of reinforced concrete beams
subjected to shear using modified compression field theory. ACI J
1988;85(3):258–68.

[34] Bagge N, O’Connor A, Pedersen C. Rotation capacity and plastic redistribution
of forces in reinforced concrete beams. Bridge Concr Res Ireland 2012:517–23.

[35] Rebentrost M. Deformation capacity and moment redistribution of partially
prestressed concrete beams. PhD Thesis. Adelaide: Adelaide University; 2003.
322 pages.

[36] fib. Structural Concrete – Volume 1. Bulletin 51, 2nd ed. Lausanne:
International Federation for Structural Concrete; 2009. 306 pages.

[37] CEB-FIP. High performance concrete. Bulletin d’Information 228. Lausanne:
Comité Euro-International du Béton; 1995. 60 pages.

[38] do Carmo RNF, Lopes SM. Influence of shear force and transverse
reinforcement ration on plastic rotation capacity. Struct Concr 2005;6:107–17.

[39] Gravina RJ, Smith ST. Flexural behaviour of indeterminate concrete beams
reinforced with FRP bars. Eng Struct 2008;30:2370–80.

[40] Bagge N, Christensen HH, O’Connor A, Elfgren L. Shear forces in continuous RC
beams – simplified assessment approaches. ACI Struct J February 2014
[submitted for publication].

N. Bagge et al. / Engineering Structures 80 (2014) 11–23 23



 



 

 

Appendix B – Paper II 

A comparative assessment of simplified methods for assessing shear forces in 
continuous RC beams 

 
Niklas Bagge, Hans Henrik Christensen, Alan O’Connor & Lennart Elfgren 

 

 

 
Submitted in October 2014 to: 

Engineering Structures 

 





*Corresponding author. Tel.: +35318961822 E-mail address: oconnoaj@tcd.ie (A. 
O’Connor) 

A comparative assessment of simplified methods for assessing shear forces in 

continuous RC beams  

 

Niklas Baggea, b, c, Hans Henrik Christensenb, Alan O’Connorc,*, Lennart Elfgrena 

 

a Department of Civil, Environmental and Natural Resources Engineering, Luleå University 

of Technology, 971 87 Luleå, Sweden. 

b Department of Bridges, Rambøll Danmark A/S, Hannemanns Allé 53, 2300 Copenhagen S, 

Denmark. 

c Department of Civil, Structural and Environmental Engineering, Trinity College Dublin, 

Museum Building, Dublin 2, Ireland. 

 

Abstract 

An experimental study of the structural behaviour of two-span reinforced concrete beams 

loaded to structural collapse was carried out with a focus on moment redistribution. A shear-

related failure mode occurred in several beams that was unexpected based on predictions 

made using the European standard, necessitating an investigation into shear force resistance 

within such beams. Several current design codes were used to predict the shear resistance of 

diverse beams and their predictions were compared to experimental results. The Canadian 

standard CSA A23.3-04 yielded the best agreement with the experimental data. The results 

obtained emphasize the importance of considering the flexural moment when assessing shear 

force resistance. Unfortunately, the European standard does not account for the interaction 

between flexural moment and shear forces other than to describe the behaviour of inclined 

cracks via the so-called shift rule. To address this deficiency, an additional limitation is 



proposed to facilitate more accurate assessment of shear force resistance in combination with 

moment redistribution using the European standard. 

 

Keywords: Experimental study, reinforced concrete, continuous beams, moment 

redistribution, shear failure, shear force resistance, design codes, Eurocode. 

 

1. Introduction 

It is important to understand the structural behaviour of concrete members in structures such 

as bridges in order to reliably assess their load-carrying capacity. This is particularly 

important when dealing the ageing bridge stocks in many countries and the steady increase in 

required load ratings [1-6]. Numerous investigations into shear force resistance in concrete 

structures have been conducted over the last century, and a range of simplified methods for 

predicting shear force resistance have been developed [7]. However, many of these methods 

yield widely divergent predictions for the shear force resistance of specific concrete members 

[8]. The authors recently conducted a detailed theoretical and analytical study on shear force 

resistance in a range of continuous two-span reinforced concrete beams that was 

accompanied by an experimental study on the influence of concrete strength and the 

configuration of the reinforcing steel on the beams’ structural behaviour [9].  

 

The development of methods for predicting shear resistance in reinforced concrete members 

began in the early 20th century, when the pioneers Ritter [10] and Mörsch [11, 12] introduced 

the truss analogy to model the behaviour of concrete structures with transversal 

reinforcement. The original truss model, in which inclined concrete compression struts are 

applied at 45° to the member’s longitudinal axis and the concrete’s tensile strength is 

neglected, yields conservative results when compared to experimental data [7]. A range of 



simplified approaches have since been developed to account for the most important shear 

transfer mechanisms in reinforced concrete, namely: 1) shear carried by transversal 

reinforcement, 2) shear in the uncracked concrete compression zone, 3) interface shear 

transfer due to local roughness and aggregate interlock in inclined cracks, 4) dowel action of 

longitudinal reinforcement and 5) residual concrete tensile stresses transmitted across cracks, 

according to the principles of fracture mechanics [8].  

 

The shear transfer mechanisms that operate in reinforced concrete beams are illustrated in 

Figure 1. These mechanisms and thus the beam’s resistance to shear forces are influenced by 

several parameters including the concrete’s strength, the size of the member, the moment to 

shear ratio, axial forces, the transversal reinforcement ratio and the longitudinal tensile 

reinforcement ratio [8]. All of these parameters are considered in different ways and to 

varying degrees in current methods for assessing shear force resistance. To assess the impact 

of these differences, this manuscript compares design codes based on the European 

Eurocode 2 standard (ref: EC2) [13], the Japanese JSCE concrete code (ref: JSCE) [14], the 

American standard ACI 318-11 (ref: ACI) [15] and the Canadian standard CSA A23.3-04 

(ref: CSA) [16]. While several publications based on theoretical and experimental 

investigations [17-19] have described the combined influence of flexural moment and shear 

force on shear force resistance, such descriptions have yet to be fully implemented in current 

design codes. In regions where the shear force is high relative to the flexural moment, the 

effects of the latter are relatively small. However, the flexural moment can have an 

appreciable influence on the shear force resistance if a high flexural moment and a strong 

shear force interact, as is common in continuous beams [8]. 

 



 

Figure 1: Schematic illustration of the shear transfer mechanism in reinforced concrete 

beams. This figure is based on an illustration provided by the NCHRP [8]. 

 
The objective of this paper is to investigate the shear force resistance in sections of 

continuous reinforced concrete beams where the effects of combined flexural moment and 

shear force are critical at the ultimate limit state (ULS). In a previous study on non-linear 

behaviour and moment redistribution in beams conducted by some of the authors [9], several 

beams underwent shear-related failures at the ULS in areas adjacent to the mid-span that were 

unexpected according to the EC2 code. These beams had been designed using the EC2 code 

to have appreciable shear force safety margins. It was therefore considered desirable to 

compare the description of shear force resistance in the EC2 code (which neglects the impact 

of flexural moment) to that used in other design codes such as the JSCE, ACI and CSA. It is 

important to highlight the various advantages and disadvantages of current design 

approaches, and to identify the causes of differences between experimental observations and 
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theory-based predictions. The purpose of this paper is to propose modifications to the EC2 

design code that enable more reliable assessments of load-carrying capacity. 

 

2. Experimental programme 

2.1. General description 

An experimental programme was carried out in the autumn of 2012 that investigated the 

structural behaviour of continuous two-span reinforced concrete beams. The reinforcement 

configuration of these beams was designed to enable the plastic redistribution of internal 

forces from regions of negative moment into adjacent regions with positive moment, in 

diverging degrees at the ULS. In addition to the influence of the longitudinal reinforcement 

ratio, the impact of varying the amount of transversal reinforcement was studied as the 

structure was loaded to failure, for both normal and high strength concrete. The beams were 

originally designed according to the EC2, with the purpose of providing varying degrees of 

shear force reserve capacity after the redistribution of internal forces that correspond to the 

maximal moment in both the mid-span sections and the intermediate support section. These 

conditions are obtained with different transversal reinforcement ratios. In the first group of 

beams this ratio is in accordance with the maximum allowable stirrup spacing given by the 

applied design code. For the second group of beams twice this ratio was applied. Shear 

related failures were identified for several of the beams in this test programme [9], however, 

and accordingly the aim of this paper is to highlight shear related effects. 

 

2.2. Geometry, material and loads 

Twelve two-span continuous beams were tested to collapse. Six of these beams exhibited a 

shear-related failure mode at the mid-span. The beams were 5.5 m long with a constant 

rectangular concrete cross-section of 240 x 200 mm2 (depth x width). Each span length was 



equal to 2.5 m based the centreline of the supports. Concentrated loads were applied to the 

top of each beam at its mid-point, as shown in Figure 2. The beams were designed to be 

dominated by flexural moment, with the influence of arch action in the structure minimized. 

The dimensions of the beams were limited by the available reinforcement bar dimensions (8, 

12, 16 and 20 mm) and the space and loading arrangements available in the laboratory. 

 

The beams were subdivided into three groups (A-C) on the basis of their transversal 

reinforcement ratios and concrete class. Within each group, the impact of varying the amount 

of longitudinal tensile steel reinforcement (As1) in sections close to the intermediate support 

was examined (see Figure 2). The area of the top tensile reinforcement region at the 

intermediate support was increased from 151 mm2 to 942 mm2 in several steps, with a 

constant tensile reinforcement area of 942 mm2 in the bottom span sections (As4). In this way 

varying degrees of structural ductility were established, some of which were expected to yield 

different types of failure. The longitudinal tension and compression reinforcement was 

configured in similar arrangements to those commonly used in existing structures, as shown 

in Figure 2.  

 

The transversal reinforcement in the first group of beams (Group A) consisted of 8 mm 

stirrups with a 150 mm spacing, which was approximately equal to the maximal spacing 

recommended by the EC2 code. For group B the stirrup spacing was reduced to 75 mm. 

Group C consisted of beams reinforced using the maximal EC2 stirrup spacing for high 

strength concrete beams rather than those for normal strength concrete. The longitudinal and 

transversal steel reinforcement arrangements for the six beams that are analysed and 

discussed in this paper are described in Table 1 and Figure 2.  

 



The mean value of the concrete compression strength was found to be 36.4 MPa for normal 

strength concrete and 73.8 MPa for high strength concrete. These strengths were obtained 

from compression tests of concrete cylinders that were carried out on the same day as the 

testing of the reinforced concrete beams, i.e. 28 days after pouring the beams and material 

test specimens. As there was negligible variation in the concrete’s strength over the testing 

period of 11 days, the above concrete strengths can be assumed to represent the mean 

strength values over the entire period. Table 2 presents some important characteristics of the 

reinforcing steel in the beams. The yield strength (fy), tensile strength (ft) and ultimate strain 

(εsu) are reported as mean values from standardized material tests for each bar size. This 

paper focuses primarily on shear-related factors and therefore only describes some of the 

beams tested in the experimental programme. 

 

 

Figure 2: The geometrical configuration, reinforcement steel arrangement and load 

application for a representative reinforced concrete beam. 
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Table 1: Description of reinforced concrete beams. 

Beam 
As1 As2 As3 As4 Asw/s 

mm2 mm2 mm2 mm2 mm2/mm 
A3 339 101 101 942 0.67 
A4 603 101 101 942 0.67 
A5 942 101 101 942 0.67 
B3 603 101 101 942 1.34 
B4 942 101 101 942 1.34 
C3 603 101 101 942 0.67 

 

Table 2: Steel reinforcement characteristics. 

Ф fy ft εsu 
mm MPa MPa % 

8 536 657 9.5 
12 565 656 11.6 
16 560 656 11.1 
20 557 662 12.6 

 

The reinforced concrete beams used in the experimental programme were loaded 

symmetrically at the mid-span using hydraulic jacks, as shown in Figure 3. As the beams 

were loaded, the reaction forces at each support were measured using load cells.  In order to 

evaluate the beams’ structural behaviour, the distribution of forces within them was 

monitored throughout the loading process. Detailed information about the complete 

experimental programme and corresponding measurements and techniques is presented in 

[9]. 

 



 

Figure 3: The arrangement of continuous two-span reinforced concrete beams. 

 

3. Shear force assessment approaches 

3.1. General description 

This section summarizes and compares four of the most widely used approaches for 

predicting shear force resistance in reinforced concrete members with transversal 

reinforcement configurations: the European (EC2) [13], Japanese (JSCE concrete code) [14], 

American (ACI 318-11) [15] and Canadian (CSA A23.3-04) [16] standards. The description 

of shear force resistance in the EC2 code is largely based on the variable-angle truss model 

while the JSCE and ACI 318-11 codes rely on the 45-degree truss model. In contrast, the 

description of shear force resistance in the Canadian standard is rooted in modified 

compression field theory (MCFT). In the 45-degree truss model, the inclined concrete 

compression struts are oriented at 45° to the longitudinal axis of the beam. In contrast, the 

strut angle is not fixed in the variable-angle truss model or in MCFT. The sectional shear 

force resistance can, in general, be expressed as the sum of the contributions from the 

transversal reinforcement and the concrete, as shown in Equation (1).  
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Predictions of the shear force resistance based on the ACI or CSA account for the interactions 

between the flexural moments and shear forces in the sections of interest. In this paper, 

calculations are performed using flexural moments determined by experimental measurement 

at the point of collapse. These measurements were acquired by monitoring the external forces 

applied to the beam and accounting for the influence of the load pad. 

 

In order to compare the shear force resistance predicted by the specified codes with the 

experimental response, the mean values of material characteristics are used, as presented in 

the previous section, excluding safety factors. Because the experimental loads were applied 

perpendicular to the longitudinal beam axis and no pre-stressing was applied, the beams are 

not subject to axial forces. Furthermore, the transversal reinforcements were oriented 

perpendicularly to the members’ longitudinal axes. Consequently, the terms influenced by 

axial forces and pre-stressing were neglected when performing shear force resistance 

calculations. 

 

3.2. The European standard 

The EC2 code uses two different models to predict shear force resistance depending on 

whether or not the member of interest contains transversal reinforcement. For sections 

without transversal reinforcement, shear resistance calculations are based on an empirical 

formula [20]. Conversely, shear resistance in reinforced sections is calculated using the 

variable-angle truss model with limitations imposed by the theory of plasticity [21]. In the 

variable-angle truss model adopted in the EC2, the concrete’s contribution to the shear 



resistance is excluded (Vc = 0), and the angle between the inclined concrete compression strut 

and the longitudinal axis, θ, is allowed to be less than 45° due to aggregate interlock and 

dowel forces in the crack [7]. This approach implies that the transversal reinforcement carries 

all of the shear forces. The theory of plasticity as applied to description of shear forces in the 

EC2 code assumes that the transverse reinforcement yields at the same time as the inclined 

concrete strut is crushed, with θ being restricted to values between 21.8° and 45°. The static 

lower-bound expression for the yielding of the transversal reinforcement is given in 

Equation (2), and the upper-bound expression for concrete crushing is given in Equation (3). 

Tensile stresses cause the formation of shear cracks, which reduce the compressive strength 

of the concrete by the empirical factor ν1, as shown in Equation (4). The shear force 

resistance is determined by the most favourable angle of the inclined compression strut, 

corresponding to the value at which Equation (2) and Equation (3) are equal. The limitation 

of 21.8° is due to the problem of transmitting forces across shear cracks at flatter angles [20]. 
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3.3. The Japanese standard 

In the JSCE the shear force resistance is determined using the 45-degree truss model, which 

assumes that the transversal reinforcement yields. Owing to this, the contribution of the 

transversal reinforcement to the shear force resistance, see Equation (5), becomes 

independent of the angle of the inclined concrete compression strut. When calculating the 



shear force resistance carried by the transversal reinforcement, for characteristic concrete 

compressive strengths less than or equal to 60 MPa the yield strength cannot be greater than 

400 MPa, otherwise it is taken to be no greater than 800 MPa. This restriction is imposed to 

reflect the reduced effects of aggregate interlock and dowel action on longitudinal tensile 

reinforcement in extensive and wide inclined shear cracks at the point of shear failure [14]. 
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JSCE uses Equation (6) to account for the concrete contribution to the shear force resistance, 

regardless of the transversal reinforcement content. The shear strength of concrete is 

determined empirically by Equation (7), which accounts for the size effect, βd, the ratio of 

longitudinal tensile reinforcement, βρ, and concrete tensile strength, 3√fc. The influence of 

axial force is excluded in the concrete shear strength formula. 
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The shear force resistance that corresponds to the compressive failure of the inclined concrete 

strut is calculated using Equation (10), which relies on an estimate of the concrete’s 

compressive strength that is obtained using Equation (11). 
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3.4. The American standard 

Like the JSCE, the ACI standard uses a semi-empirical sectional approach to assess shear 

force resistance in reinforced concrete members. This approach accounts for the contribution 

of the transversal steel using the 45° truss model but employs empirical formulas to describe 

the contribution of the concrete [7]. The shear force resistance carried by the concrete is 

determined through regression analysis of results obtained from experimental tests, 

considering only the parameters that have been shown to be of appreciable importance [17]. 

The shear resistance of transversal reinforcement is determined according to Equation (12). 

This approach differs from those described above as it is based upon the effective depth, d, 

rather than the internal lever arm, z. 
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The ACI standard includes two expressions for calculating the concrete shear force 

resistance: Equation (13), which is used for simplified practical assessments, and 

Equation (14) for more detailed assessments. The simplified approach considers only the 

concrete tensile strength whereas the detailed procedure also accounts for the influence of the 

longitudinal tensile reinforcement ratio and the relationships between cross-sectional 

effective depth, shear force and flexural moment in the section [7]. As a consequence of this 

refinement, the calculation of the shear force resistance implies an interaction between the 

flexural moment and shear force. The impact of low-density concrete is accounted for using 

the factor λ, which is equal to 1.0 for normal-density concrete. The model proposed in the 



ACI does not permit a concrete compressive strength higher than 69 MPa due to the absence 

of experimental data for such concrete when the standard was introduced [15]. 
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The upper limit of the shear force resistance, which corresponds to the crushing of the 

concrete in the inclined compression strut, is given by Equation (15). 
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3.5. The Canadian standard 

The approach for assessing the sectional shear force resistance in the CSA is based on a 

simplified version [22, 23] of the full MCFT [24]. The MCFT uses constitutive, compatibility 

and equilibrium relationships to describe the load-deformation behaviour of reinforced 

concrete elements that are subjected to simultaneous shear forces, axial forces and flexural 

moments. The influences of tension stiffening, interface shear transfer (aggregate interlock) 

and concrete tensile stresses across cracks are all considered in order to determine the current 

state of the stresses and strains within the beam. The strains between cracks and the local 

strains at cracks are considered together, with the effects of bond-slip and crack-slip being 

converted into average strains. A new constitutive relationship that depends on the magnitude 

of the average tensile strains in the cracked concrete is formulated, using the average stresses 

and strains, in accordance with experimental data. Since the procedure required for MCFT is 



complex and requires a number of iterations, the simplified MCFT has been developed for 

the calculation of sectional shear force resistance using the axial force and flexural moment. 

The shear force resistance, formulated as the sum of the concrete contribution and the 

transversal reinforcement contribution, is calculated according to Equation (16) using the 

same equilibrium relationship as was applied in the variable-angle truss model given in 

Equation (2). Therefore, the angle of the inclined compression strut, θ, and the factor for 

tensile stresses in cracked concrete, β, are essential to describe the current state of the cracked 

concrete in the simplified MCFT. A number of assumptions are made so that the shear force 

resistance can be expressed in terms of the parameters θ and β, with the fundamental 

assumption being that shear stresses are uniform over the effective shear area bwz [25]. This 

makes it possible to capture a lot of geometric and loading effect information (e.g. the 

amount of longitudinal reinforcement, the level of pre-stressing, the applied shear force, the 

axial force and the flexural moment) in a single parameter: the mid-section longitudinal 

average strain εx. 

 

For non-prestressed sections subjected to a shear force and a flexural moment, the mid-

section longitudinal strain is approximated according to Equation (19), with the parameters θ 

and β being calculated using Equations (17) and (18), respectively. Equation (18) is used for 

beams with at least the minimum level of transversal reinforcement as defined by the CSA, 

neglecting the size effect. The derivations of Equation (16) to Equation (19) are explained by 

Bentz [22, 23] and Vecchio [24]. The Model Code 2010 [26] uses the simplified MCFT 

adopted in the CSA for refined assessments of concrete structures. 
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The upper-limit of shear force resistance, corresponding to the crushing of the concrete of the 

inclined compression strut, is calculated using Equation (20). 
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In contrast to the variable-angle truss model, the above method for shear force resistance 

assessment requires an iterative procedure based on the current sectional state to account for 

the concrete contribution and transversal reinforcement contribution. The current sectional 

state, given by mid-section average strain εx, is used when calculating the parameters θ and β 

and, accordingly, the shear force resistance must be updated until convergence is achieved. 

 

The CSA also provides a simplified non-iterative method for assessing the shear force 

resistance using simplified expressions for the parameters θ and β. This method is not 

presented herein. 

 

4. Results and discussion 

4.1. Experimental results and prediction with current design codes 

In the experiments the two-span continuous beams behaved nonlinearly, with an extensive 

redistribution of internal forces occurring during the loading process. Internal forces were 

transmitted from the intermediate support region into adjacent stiffer regions, implying a 

redistribution of flexural moment relative to linear elastic assumptions. In [9] the importance 



of shear related aspects to the evolution of the flexural moment in highly loaded sections is 

highlighted, with an interaction existing between the high flexural moment and the shear 

force.   

 

Table 3 lists the flexural moment resistance in the mid-span section and the corresponding 

flexural moment measured at the point of structural collapse for beams that exhibited shear-

related failure at the mid-span (see Figure 4). This table also reports the ratio of the 

experimental and theoretical flexural moment resistances, ηM, for these beams. These data 

indicate that beams A3-A5 had a degree of flexural moment reserve capacity whereas the 

flexural moment resistance was exceeded for beams B3-B4. The predicted flexural moment 

resistance of beam C3 was approximately equal to its observed flexural moment. The fact 

that the flexural moment resistance was exceeded is explained by the experimental flexural 

moment determination being conservative. This conservatism could be caused by the load 

pad effect, based on the load distribution equal to the actual load pad width [9]. The 

theoretical ratios of the concrete compression depth and the effective depth of the cross-

section at the ULS, xu/d, in the mid-span sections were 0.47 for beams A3-A5 and B3-B4, 

and 0.28 for beam C3. 

 

In the final sequence of the loading process, there was a tendency for the concrete at the top 

of the mid-span beam section to be crushed; this was observed for beams B3-B4 and C3. This 

is consistent with the observed degree of utilization for these sections and was especially 

pronounced for beam B3 (see Figure 5), where the failure mechanism proceeded through 

concrete crushing in the top of the beam (Figure 5a) and buckling of the longitudinal 

compressive reinforcement (Figure 5b), leading to a reduction of the internal lever arm, z, and 

a consequent decline in shear force resistance. Further formation of shear cracks then 



occurred (Figure 5c) prior to the beam’s final collapse. The beam thus failed in a combined 

flexure and shear mode with concrete crushing in the top of the beam and wide shear cracks 

(Figure 5d). 

 

Table 3: Predicted flexural moment resistance (Mr), experimental flexural moment (Me) and 

corresponding utilization degree (ηM) for the mid-span section of reinforced concrete beams. 

Beam Mr Me ηM 
 kNm kNm - 

A3 89.0 79.9 0.90 
A4 89.0 72.2 0.81 
A5 89.0 79.8 0.90 
B3 89.0 94.7 1.06 
B4 89.0 94.7 1.06 
C3 100.7 99.6 0.99 

 

 

Figure 4: The reinforced concrete beam C3 at the ULS. 

 



 

Figure 5: Collapse mechanism for the reinforced concrete beam B3: a) concrete crushing in 

top of the beam; b) buckling of the top longitudinal compressive reinforcement; c) formation 

of shear cracks; d) final combined flexural and shear failure. 

 

The actual shear force between the intermediate support and the applied load in the mid-span 

that was obtained at the point of structural collapse is presented in Table 4, assuming 

negligible beam self-weight. In addition to the critical shear force, the experimental angle, θ, 

between the longitudinal beam axis and the inclined compression strut was determined from 

geometric measurements performed after the testing procedure, see Table 5. Tables 4 and 5 

summarize the theoretical shear force resistance, Vr, and adopted angle of inclined concrete 

compression strut, θ, from assessments following the simplified approaches in the EC2, 

JSCE, ACI and CSA codes. Table 6 presents the ratio of experimental shear force to 

theoretical shear force resistance, ηV. 

 



Table 4: Experimental shear force and predicted shear force resistance according to the EC2, 

JSCE, ACI and CSA codes for the mid-span sections of the tested reinforced concrete beams. 

Beam 
Shear force resistance, kN 

Test EC2 JSCE ACI CSA 
A3 98.5 163 102 116 108 
A4 109 163 102 116 111 
A5 124 163 102 116 108  
B3 139 268 150 190 169  
B4 157 268 150 190 169 
C3 142 163 123 132 107 

 

Table 5: Experimental and theoretical angles of the inclined concrete compression struts in 

the tested beams according to the EC2, JSCE, ACI and CSA codes. 

Beam 
Angle of inclined concrete compression strut, deg. 
Test EC2 JSCE ACI CSA 

A3 41 21.8 45 45 39.2 
A4 38 21.8 45 45 38.4 
A5 33 21.8 45 45 39.2 
B3 44 26.0 45 45 41.8 
B4 43 26.0 45 45 41.8 
C3 37 21.8 45 45 41.2 

 

Table 6: Experimental degree of shear force utilization according to the EC2, JSCE, ACI and 

CSA codes for the mid-span sections of the tested reinforced concrete beams. 

Beam 
Shear force utilization degree 

EC2 JSCE ACI CSA 
A3 0.60 0.97 0.85 0.91 
A4 0.67 1.07 0.94 0.98 
A5 0.76 1.22 1.08 1.15 
B3 0.52 0.93 0.73 0.82 
B4 0.59 1.05 0.83 0.93 
C3 0.87 1.15 1.08 1.33 

Average: 0.67 1.07 0.92 1.02 
Cov: 0.19 0.10 0.15 0.18 

 



For the beams that exhibited shear related failure in the region around the mid-span, the shear 

force resistance predictions made by the EC2 code are consistently non-conservative. The 

largest differences between the theoretical and experimental results are found for beams B3 

and B4, which contained transverse reinforcements at half of the maximal allowable stirrup 

spacing. The cause of this discrepancy in shear force resistance between theory and 

experiment can be explained in terms of the flexural moment resistance reached at both the 

mid-span and at the intermediate support sections.  The condition for concrete crushing of the 

inclined concrete compression strut is critical for the shear force resistance in beams B3 and 

B4.  The inclination angle θ was 26.0°, higher than the lower limit of 21.8°. The predicted 

shear force resistance is 163 kN for beams A3, A4, A5 and C3, in comparison to the actual 

shear forces at the ULS that were equal to 98.5 kN, 109 kN, 124 kN and 142 kN, 

respectively. For beams B3 and B4 the predicted shear force resistance is 268 kN, with 

experimental outcomes of 139 kN and 157 kN, respectively. A comparison of the inclined 

strut angle adopted in the EC2 with that measured experimentally reveals appreciable 

disagreement. Generally a lower angle is predicted by the EC2 code, consequently resulting 

in an overestimation of the shear force resistance. This difference can be explained by the 

EC2 code’s neglect of parameters that reflect the current state of strains caused by sectional 

forces that are not described in the plastic approach. The ductility of the reinforced concrete 

is therefore inaccurately assessed, leading to an overestimation of the shear force resistance. 

Based on these observations, the angle of the inclined compression strut should be limited 

when assessing the shear force resistance of concrete structures. In addition, the effects of 

moment redistribution should be accounted for. 

 

The assessments of shear force resistance using the semi-empirical approach in the JSCE 

were found to be conservative relative to the experimentally observed shear forces in all cases 



bar those of beams A3 and B3. For beam A3, the calculated shear force resistance was 

marginally higher than the experimental result (3.2 %) while for beam B3, concrete crushing 

was initiated in the top of the mid-span section before the formation of shear cracks. The 

concrete contribution to the shear resistance was only slightly overestimated for these beams 

because the observed angle of the inclined concrete compression strut was in good agreement 

with the conservative assumption of the 45-degree truss model. However, the assumption of a 

fixed angle at 45° was unrealistic for beams A4-A5 and C3, where the difference between the 

theoretical angle and those measured experimentally (33°, 33° and 37°, respectively), yielded 

conservative shear force resistance estimates, with ηV values of 1.07, 1.22 and 1.15, 

respectively. 

 

Like the JSCE, the ACI code uses a semi-empirical approach based on the 45-degree truss 

model. The major difference between the two methods is in how they consider the interaction 

between the shear force and the flexural moment. The experimental data showed that the 

shear force resistance predicted by the ACI was on the safe side for beams A5 and C3, which 

had the lowest angles between the inclined concrete compression struts and the beams’ 

longitudinal axes. However, the shear force resistance was overestimated for the other beams. 

These observations also indicate an overestimation of the concrete contribution to the shear 

force resistance arising from the assumption of an inclined compression strut angle that 

exceeded the experimental value. Using the ACI code, the degree of utilization (i.e. the ratio 

of theoretical to experimental shear force resistance, ηV) for beams A5 and C3 was 1.08, 

indicating a conservative prediction. Conversely, the degrees of utilization for beams A3, A4, 

B3 and B4 were 0.85, 0.94, 0.73 and 0.83, respectively, indicating non-conservative 

predictions. 

 



The shear force resistance assessment approach of the CSA is based on the MCFT. The state 

of the cross-section when subject to shear force and flexural moment is determined through 

the longitudinal strain at mid-depth. The current longitudinal strain in the cross-section is 

used to determine the angle of the inclined concrete compression strut, and to calculate the 

transverse steel reinforcement and concrete contributions to the shear force resistance. By 

comparing the experimental results for beam B3 at the ULS with theoretical predictions the 

CSA is found to be significantly non-conservative, with the actual shear force of 139kN 

smaller than the predicted 169kN. This discrepancy is expected, however, due to the extreme 

conditions of this case with concrete crushing of the top of the beam before the formation of 

extensive diagonal shear cracks. The section flexure is fully utilized at the ULS, whilst the 

theoretical analysis indicated 18 % shear force reserve capacity. For beams A3, A4 and B4 

the predicted shear force resistance is also slightly non-conservative, with overestimations in 

the range of 2-9 %. 

 

As was the case for the JSCE code, the shear force assessments using the ACI and CSA 

methods both yielded conservative predictions for beams A5 and C3, which had experimental 

shear forces of 124 kN and 142 kN, respectively. The CSA code predicted shear force 

resistances of 108 kN and 107 kN for these beams. The experimental and theoretical 

evaluations of the angle of the inclined concrete compression struts show the same tendencies 

as were observed for the shear force resistances. The difference between the measured and 

theoretical angle of inclined concrete compression strut was below 2° for beams A3, A4 and 

B4, and the overestimation of the shear force resistance is limited to 9 %. Beams A5 and C3 

have a conservative shear force resistance assessment, where the theoretical angle θ (39.2° 

and 41.2°, respectively) is appreciably higher than the experimental angle θ (33° and 37°, 

respectively). For beam B3 the measured angle of the inclined concrete compression strut is 



44°, higher than the CSA prediction of 41.8°, and therefore the theoretical shear force 

resistance is non-conservative. 

 

4.2. Moment redistribution and shear force assessment in the European standard code 

In the previous section, the shear force resistance assessment according to the EC2 is found to 

be highly non-conservative for all the beams tested in the experimental programme. At the 

ULS the region adjacent to the intermediate support and the concentrated loads at mid-spans 

are subject to a combination of high flexural moments and shear forces. Despite the fact that 

the combination of flexural moment and shear force are established as significant parameters 

for the shear force resistance, the EC2 does not fully account for this interaction [13, 15]. In 

addition, at sections highly loaded in flexure and shear, extensive moment redistribution takes 

place in the beams at the ULS, between 10 % for beam B4 and 48 % for beam A3, which 

places significant demands on the structural ductility. Owing to this the ability to apply the 

concrete compression struts at favourable angles to the longitudinal axis of the member, as 

adopted in the EC2, is limited. In order to accomplish a reliable assessment of the shear force 

resistance, therefore, the EC2 is in need of an additional design requirement. Similar to the 

design considerations for reinforced concrete structures that are resistant to seismic action, 

the requirement aims to lead to ductile failure modes (e.g. flexure) rather than brittle ones 

(e.g. shear). This can be achieved by limiting the angle of the inclined concrete compression 

struts to 35°, corresponding to a cot(θ) equal to 1.43. This limitation should be applied in 

cases of linear elastic analysis that utilize moment redistribution in the determination of the 

load-carrying capacity at the ULS.  This can be compared to the restriction of 45° for 

members in a high ductility class according to the European standard for seismic design, EC8 

[27]. The application of this proposal results in a shear force resistance of 93.3 kN for beams 

A3-A5 and C3, and 186.5 kN for beams B3-B4. A comparison of the updated shear force 



resistance with the observed shear force at failure, given in Table 4, shows results on the safe 

side for beams A3-A5 and C3. Non-conservative results are obtained for beams B3-B4, 

however, which failed through the initiating of concrete crushing due to flexure. Regarding 

beam B3-B4, the complete utilization of the flexural moment resistance in both the mid-span 

and intermediate support sections implies that the shear force resistance will not be reached. 

 

Owing to the limited number of beams that failed through a shear related mode, it is only 

possible to present simplified guidelines based on the experiments. The above proposal may, 

therefore, yield very conservative results relative to experimental outcomes in certain cases. 

The relative concrete compression depths at the ULS (xu/d) for beams A4 and C3, which had 

identical reinforcing steel configurations, were calculated to be 0.47 and 0.28, respectively, 

due to their differing concrete compressive strengths. Beam C3 had a lower value of xu/d and 

thus a greater level of structural ductility, indicating a greater capacity for shear force 

resistance. Based on the descriptions of moment redistribution in various design codes (e.g. 

the EC2 and CSA), it appears that the angle of the inclined concrete compression strut should 

be limited based on the relative concrete compression depth in order to account for the 

influence of the reinforced concrete’s ductility. 

 

5. Conclusions 

This paper presents a study of the shear force resistance in six continuous two-span 

reinforced concrete beams. These beams were subject to concentrated loads applied at each 

mid-span, and collapsed due to inferior shear force resistance in the area adjacent to the load 

application point. Failure occurred after extensive moment redistribution from the 

intermediate support to the mid-spans, with the critical sections being loaded with both 

flexural moment and shear force. Shear force resistance predictions obtained using the EC2 



code proved to significantly overestimate the capacity compared to the experimental results, 

leading to an unexpected failure mode. The results in this paper illustrate the limitations of 

the shear force resistance approach based on the theory of plasticity, as in the EC2. This 

limitation is mainly derived from the fact that the current state of strains, caused by the 

interactions between the shear force and flexural moment, is not considered. Another 

potential factor in the non-conservative prediction is the influence of the stirrup spacing, 

which was set at the upper limit defined in the EC2 code. 

 

In addition to the investigation of the EC2 shear force resistance assessment, which was the 

original motivation for the experimental programme, the predicted responses from the JSCE, 

ACI and CSA were also analysed. While the methodologies of these codes have differing 

origins, they result in shear force resistances that are significantly closer to the experimental 

shear force than that achieved by the EC2. The semi-empirical models proposed in the JCSE 

and ACI are unrealistic, however, because the angle of the inclined concrete compression 

strut is assumed to be 45°. The JSCE results in the most conservative shear force resistance 

predictions despite the fact that it does not take into account interactions between the shear 

force and flexural moment, unlike the ACI and CSA. The CSA tends to yield more 

conservative assessments than are obtained with the ACI and its results are in better 

agreement with the shear forces observed at the ULS for the beams examined in this work. It 

is therefore recommended that the shear force resistance approach according to the CSA be 

adopted for analyses of sections experiencing combined flexural moment and shear force due 

to its consideration of the current state of the cross-section. 

 

In order to achieve more reliable assessment of shear force resistance using the EC2 code and 

correctly describe ductile failure mechanisms, it is recommended that the angle of the 



inclined concrete compression strut should initially be restricted to 35° in structural analyses 

that consider moment redistribution. However, because this restriction of 35° is quite 

conservative, future research is required to improve the assessment of shear force resistance 

in the EC2 code. Further refinements of the code should be based on equations that feature 

parameters relating to structural ductility. For example, the angle of the concrete compression 

struts could be limited using a function of the relative concrete compressive depth at the ULS, 

xu/d, which is widely used in international concrete standards as a parameter for evaluating 

ductility.  
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Nomenclature 

As = cross-section area of longitudinal tensile steel reinforcement 

Asw = cross-section area of transversal steel reinforcement 

Es = Young modulus of longitudinal tensile steel reinforcement 

Me = applied flexural moment 

Mr = flexural moment resistance 

Vc = shear force resistance of concrete 

Ve = applied shear force 

Vr,max = maximum shear force resistance to account for concrete crushing 

Vr = shear force resistance 

Vs = shear force resistance of transversal steel reinforcement  

bw = web width of the cross-section 

d = effective depth of the cross-section 

fc = mean value of the concrete compressive strength 

fcv = shear strength of concrete 

fcw = compressive strength of concrete cracked in shear 

fy = yield strength of reinforcement steel 



ft = tensile strength of reinforcement steel 

k = correction factor 

s = transversal reinforcement spacing 

z = internal lever arm of the cross-section  

xu = concrete compression depth at the ULS  

β = factor to account for shear resistance of concrete 

βd = coefficient to account for the effect of effective depth on the shear resistance  

βρ = coefficient to account for the effect of longitudinal reinforcement on the shear 

resistance 

εsu = ultimate strain of reinforcement steel 

εx = longitudinal strain at mid-depth of the cross-section 

ηV = shear force utilization degree 

θ = angle of concrete compression strut to the longitudinal axis of the member  

λ = factor to account for low-density concrete 

ν1 = factor to account for strength reduction of concrete cracked in shear 

ν1,mod = factor to account for strength reduction of concrete cracked in shear modified with 

consideration to actual flexural moment utilization degree 

ρ = ratio of longitudinal tensile steel reinforcement 

Ф = diameter of reinforcement bar 
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ABSTRACT 

To meet new demands, existing bridges might be in need for repair, 
upgrading or replacement. To assist such efforts a 55-year-old post-
tensioned concrete bridge has been comprehensively tested to 
calibrate methods for assessing bridges more robustly. The 
programme included strengthening, with two systems based on 
carbon fibre reinforced polymers (CFRPs), failure loading of the 
bridge’s girders and slab, and determination of post-tension cables’ 
condition and the material behaviour. The complete test programme 
and related instrumentation are summarised, and some general results 
are presented. The measurements address several current 
uncertainties, thereby providing foundations for both assessing 
existing bridges’ condition more accurately and future research. 

Key words: Assessment, bridges, carbon fibre reinforced polymer, 
concrete, destructive test, ductility, flexure, full-scale test, 
monitoring, near-surface mounted reinforcement, non-destructive 
test, prestressed laminates, post-tension, punching, robustness, shear, 
strengthening, structural behaviour. 
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1 INTRODUCTION 

In order to meet current and future demands for sustainability and structural resistance, existing 
bridges might be in need for repair, upgrading or replacement. For instance, responses to a 
questionnaire by infrastructure managers in 12 European countries, acquired and analysed in the 
MAINLINE project, indicated a need for strengthening 1500 bridges, replacing 4500 bridges and 
replacing 3000 bridge decks in Europe during the coming decade  [1]. The Swedish Government 
Proposal 2012/13:25 recommended an investment of SEK 522 billion (EUR 60.4 billion) from 
2014 to 2025, to meet transport infrastructure requirements in Sweden [2]. With adjustment for 
inflation this represents a 20 % increase relative to the previous investment level, as detailed in 
Prop. 2008/09:35 [3], indicating a need for substantial actions to maintain robust and sustainable 
infrastructure. Due to budgetary constraints and the major social, economic and environmental 
benefits of avoiding demolition and reconstructing existing bridges [4], they should be repaired 
and strengthened rather than replaced in cases where this is cost-effectively feasible [5]. Thus, 
advanced methods should be used for accurately assessing bridges’ condition [6], and 
identifying the optimal operations to maintain, strengthen or replace them, from a perspective 
based on life-cycle cost minimisation [7]. 

To obtain reliable assessments of existing bridges, which are crucial for rigorous life-cycle cost 
analysis, it is essential to address current uncertainties regarding key variables, such as structural 
and loading parameters and possible deterioration mechanisms [8]. In the past decade 
monitoring concepts have been developed to update models for bridge assessment, reducing the 
uncertainties, based on empirical data [9]. Moreover, proof loading has been suggested [10], and 
subsequently implemented for reinforced concrete structures in ACI Standard 437.2-13 [11], as 
an approach to verify the reliability of relevant models and reduce uncertainties regarding the 
true condition of existing bridges. Thus, testing and monitoring of bridges at service-load levels 
is an accepted and well-known approach for assessment.  

Detailed, large-scale laboratory tests of bridges and their materials have been reported, e.g. [12] 
and [13]. Destructive investigations of prestressed concrete [14], post-tensioned concrete [15-
16] and non-prestressed reinforced concrete bridges [17-22] have also been described. However, 
such studies have generally focused on specific components or elements, for instance, the bridge 
slab [15]. Few complete full-scale bridges have been tested to failure in order to improve 
understanding of their true structural behaviour, and rigorously calibrate methods and models. 
Hence, more comprehensive empirical information on the behaviour of concrete bridges, 
especially of prestressed and post-tensioned concrete, as they approach failure, and cost-
effective methods to avoid risks of failure, is required. 

Thus, in the study presented here a 55-year-old post-tensioned concrete bridge was thoroughly 
instrumented (with up to 141 sensors) and tested to failure. The aims were to calibrate and refine 
methods and models for assessing existing reinforced concrete bridges, and to assess the utility 
of methods using carbon fibre reinforced polymers (CFRPs) for upgrading reinforced concrete 
structures. Since there have been few full-scale tests on post-tensioned bridges, a particular 
focus was on assessment of the post-tensioned system. The complete test and measuring 
programme is described here, and selected general results to provide insights about the tests. 
More detailed results will be presented later. 
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2 THE KIRUNA BRIDGE 

2.1 General description 

The Kiruna Bridge, located in Kiruna, Sweden, was a viaduct across the European route E10 
and the railway yard close to the town’s central station (Figure 1). It was constructed in 1959 as 
part of the road connecting the city centre and the mining area owned by LKAB. The sub-level 
caving method for extracting the ore causes subsidence Thus to ensure the continuing utility of 
the railway crossing the Kiruna Bridge, in 2006 LKAB initiated geodetic position measurements 
of the bridge supports and Luleå University of Technology (LTU) started to monitor the bridge 
continuously in 2008 [23]. Due to ongoing subsidence, LKAB decided to permanently close the 
bridge in October 2013 for demolition in September 2014, providing an opportunity for LTU to 
test it to failure in May-August 2014. 

 

Figure 1 – Photograph of the Kiruna Bridge from the north-east, showing the slag heap from 
the LKAB iron ore mine in the background (2014-06-25). 

2.2 Geometry 

The bridge was a 121.5 m continuous post-tensioned concrete girder bridge with five spans: 
18.00, 20.50, 29.35, 27.15 and 26.50 m long (Figure 2). According to construction drawings 
both the longitudinal girders and bridge slab in the western part (84.2 m) were supposed to be 
curved with a radius of 500 m. However, inspection of the actual geometry showed that the 
slab’s girders consisted of straight segments with discontinuities at the supports. Moreover, 
there were 5.0 % and 2.5 % inclinations in the longitudinal and transverse directions, 
respectively. 

Longitudinal movements of the bridge were allowed at the eastern abutment by three rolling 
bearings (support 6 in Figure 2), but not the western abutment (support 1). Devices were 
installed at the bases of the intermediate supports 2-5, each consisting of three columns, in 2010 
to enable vertical adjustment of the supports to counter uneven settlement of the basements. 

The superstructure consisted of three parallel, 1923 mm in height, longitudinal girders 
connected with a slab on top (Figure 3). Including the edge beams the cross-section was 15.60 m 
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wide, and the free distance between the girders was 5.00 m. In the spans the girders were 410 
mm wide, gradually increasing to 650 mm 4.00 m from the intermediate supports and widened 
to 550 mm at anchorage locations of the post-tensioned cables, two fifths of the span lengths 
west of support 3 and three tenths of the span length east of support 4. The bridge slab was 300 
mm thick at the girder-slab intersection and 220 mm 1.00 m beside to the girders. 

The Kiruna Bridge was post-tensioned in two stages with the BBRV system. In the first stage, 
six cables per girder were post-tensioned in each end of the central segment. In the second stage, 
four and six cables per girder were post-tensioned from the free end of the western and eastern 
segments, respectively. Each cable was composed of 32 wires with a 6 mm diameter. 
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Figure 2 – Geometry of the Kiruna Bridge and location of the load application in the test 
programme. 
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Figure 3 – Cross-section of the Kiruna Bridge. 
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The girders were each reinforced with three 16 mm diameter bars at the bottom, and 10 mm 
diameter bars at the sides with either 150 mm spacing for the central girder or 200 mm for the 
others. The vertical reinforcement also consisted of 10 mm diameter steel bars with 150 mm 
spacing. The concrete cover was 30 mm thick, except for the 16 mm diameter reinforcement 
bars, for which the horizontal concrete cover was 32 mm thick. 

Before the tests the pavement on the slab was removed from the road crossing the bridge. The 
bridge was originally designed according to Provisional Regulations of the Royal Civil 
Engineering Board issued in 1955 [24]. 

2.3 Material 

According to construction drawings the concrete quality in the substructure and the 
superstructure was K 300 and K 400, respectively, while the reinforcing steel quality was 
generally Ks 40, except in the bridge slab (Ks 60). The steel quality for the post-tensioned 
reinforcing BBRV reinforcing system was denoted St 145/170. The bridge was constructed in 
accordance with the National Steel Regulation [25] and National Concrete Regulation [25], 
issued in 1938 and 1949, respectively. 

3 TEST PROCEDURE 

3.1 General description 

An experimental programme was designed to assess the behaviour and load-carrying capacity of 
the bridge using both non-destructive and destructive test procedures. For safety reasons, related 
to continuing use of the European route E10 during the tests, the experimental programme was 
developed for loading in span 2-3, with associated monitoring in spans 1-4 (Figure 2). The 
experimental programme can be summarised by the following, chronological steps: 

1. Non-destructive determination of residual post-tensioned forces in cables in span 2-3 
(May 27-28, 2014). 

2. Preloading Test Schedule 1, of unstrengthened bridge girders, including destructive 
determination of residual post-tensioned forces in cables in span 2-3 (June 15-16, 2014). 

3. Preloading Test Schedule 2, of strengthened bridge girders (June 25, 2014). 
4. Failure test of the bridge girders (June 26, 2014). 
5. Failure test of the bridge slab (June 27, 2014). 
6. Complementary non-destructive determination of residual post-tensioned forces in 

cables in midspans 1-4 (June 27 and August 25, 2014). 
7. Material tests of concrete, reinforcing steel and post-tensioned steel. 
8. Condition assessment of post-tensioned cables. 

Steps 1-6 were carried out at the Kiruna Bridge, with the test dates in parenthesis. However, 
steps 7-8 are planned to take place in the Complab laboratory at LTU after demolition of the 
bridge. 
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3.2 Strengthening 

The experimental programme included tests of two separate systems for strengthening concrete 
structures using carbon fibre reinforcing polymers, which were attached to the lower sides of the 
central and southern girders in span 2-3 (see Figure 4 and Figure 10). However, the northern 
girder remained unstrengthened.  

A system of three near-surface mounted (NSM) 10x10 mm2 CFRP rods was installed in the 
concrete cover of the central girder [6, 27]. The bar lengths were limited to 10.00 m, due to 
transportation constraints, thus several overlaps (1.00 m) were required to apply the 
strengthening over the entire span length. A set of full-length CFRP rods was installed 
centrically in span 2-3, with sets of 5.80 and 5.74 m CFRP rods on the western and eastern 
sides, respectively 

To strengthen the southern girder, a system of three 1.4x80 mm2 prestressed CFRP laminates 
was applied to the blasted concrete surface [28-29]. The lengths of the middle and outer 
laminates were 14.17 and 18.91 m, respectively, in order to provide space for the anchorage 
device at each end. Each laminate was tensioned to 100 kN at the eastern end, controlled with a 
load cell, as the force was applied using a manually operated hydraulic jack. The force was 
gradually transferred to the concrete by the anchorage device. In this manner no force is 
expected to be transferred at the end, while it is fully transferred after 1.20 m. The anchorage 
devices were attached to the bridge until disassembly after Preloading Test Schedule 2. This 
experimental programme was the first reported full-scale installation and test of the 
strengthening method using prestressed laminates with these innovative anchor devices. 

For the CFRP rods and laminates, denoted StoFRP Bar IM 10 C and, StoFRP Plate IM 80 C 
respectively, the mean modulus of elasticity and tensile strength were 210 GPa (200 GPa) and 
3300 MPa (2900 MPa), respectively, with mean values specified in parenthesis. Epoxi StoPox 
SK41, a commercially available and CE-approved thixotropic epoxy adhesive, was used to bond 
both strengthening systems. 
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Figure 4 – Arrangement for loading the bridge girders in midspan 2-3. 
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3.3 Preloading 

In span 2-3 two welded steel beams (outer dimensions 700x1180x5660 and 700x1180x6940 
mm3) were arranged horizontally to apply loads in the midspans of each girder, see Figure 2 and 
Figure 4. They consisted of a double web (thickness 15 mm) with flanges (thickness 30 mm) 
and were of the steel grade S355J0. The beams were supported by steel load distribution plates 
(steel grade S275JR), with areas of 700x700 mm2 and total thicknesses ranging from 20 to 265 
mm, due to the inclination of the bridge slab. A horizontal concrete surface was also cast locally 
under the plates. The bridge was loaded using four hydraulic jacks with cables, threaded through 
drilled holes in the bridge slab, anchored over a length of 14.60 m in the bedrock, as illustrated 
in Figure 4. The distances from the centre of the jacks and cables to the centre of the support of 
the transverse steel beam were 885 mm. The capacity of the jacks was approximately 7.0 MN, 
with a 150 mm stroke length. The piston cross-section area was 1282 cm2 for jacks 1, 3 and 4, 
and 1284 cm2 for jack 2. Each cable consisted of 31 wires with 15.7 mm diameter. 

The bridge was preloaded by applying two schedules of incrementally increasing loads using the 
four jacks to both strengthened and unstrengthened girders in midspan 2-3, as listed in Table 1 
and illustrated in Figure 4. The schedules were designed to reach the cracking load of the 
girders, as predicted by preliminary nonlinear finite element analysis. Before the force-
controlled loading to a specified level, given by the actual load case, the bridge was unloaded. 
To ensure no drift in the measurements and stable loading, peak pressure was maintained for 
load cases 7, 9, 13 and 29. Load cases 15-18 in Schedule 1 were designed to determine the 
remaining forces in the post-tensioned cables (see Section 0). 

3.4 Bridge girder failure test 

Preloading was followed by a test to failure of the strengthened girders, according to the setup 
described in the previous section. Each girder was equally loaded to 12.0 MN in total (the 
approximate load-carrying capacity predicted by preliminary nonlinear finite element analysis): 
4.0 MN delivered by the outer jacks and 2.0 MN by the inner jacks. The pressure in jack 4 was 
subsequently increased to failure of the southern girder and then the pressure in jacks 2 and 3 
was increased to failure of the central girder, while the settings of the other jacks remained 
unchanged so they provided approximately constant loads. The jacks’ grip positions were 
changed as necessary to accommodate deflections exceeding the stroke length. 

3.5 Bridge slab failure test 

The bridge slab in midspan 2-3 was tested to failure using an arrangement similar to load model 
2 (LM 2) described in Eurocode 1 [30], with its centre located 880 mm from the outer side of 
the northern girder (Figure 5). By rotating steel beam 1 (Figure 4 and Figure 5), hydraulic jack 1 
was reused to apply load on the slab, through two 350x600x100 mm3 steel plates spaced 2.00 m 
apart. A horizontal concrete surface was also cast locally under the plates. Due to the widening 
of the bridge girders at the anchorages of the post-tensioned cables, the distances from the 
centres of the western and eastern load distribution plates to the inner sides of the girders were 
470 and 330 mm, respectively. As in the previous tests, the loading was force-controlled. 
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3.6 Assessment of post-tensioned cables 

The residual force in the post-tensioned cables was non-destructively determined by monitoring 
strains at the lower surface of each girder resulting from gradually cutting the concrete with a 
saw on both sides of a strain sensor [31] placed one-tenth of the span length west of midspan 2-
3, before the bridge and slab failure tests. After the failure tests, the procedure was also applied 
to each girder in midspan 1-2, the northern girder in midspan 2-3 and the central and southern 
girders in midspan 3-4. In order to keep the reinforcing steel intact, the arrangements of sensors 

Table 1 – Load cases for preloading the unstrengthened and strengthened bridge girders in 
midspan 2-3. 

Load case 
Jack 1 Jack 2 Jack 3 Jack 4 

kN kN kN kN 
11,2 500 250 250 500 
21,2 500 500 - - 
31,2 - - 500 500 
41,2 1000 1000 - - 
51,2 - - 1000 1000 
61,2 1500 1500 - - 
71,2 1500 1500 - - 
81,2 - - 1500 1500 
91,2 - - 1500 1500 

101,2 500 250 250 500 
111,2 1000 500 500 1000 
121,2 1500 750 750 1500 
131,2 1500 750 750 1500 
141,2 2000 1000 1000 2000 
151,2 2000 1000 1000 2000 
161,2 2000 1000 1000 2000 
171 2000 1000 1000 2000 
181 2000 1000 1000 2000 
191 500 500 - - 
201 - - 500 500 
211 1000 1000 - - 
221 - - 1000 1000 
231 1500 1500 - - 
241 - - 1500 1500 
251 500 250 250 500 
261,2 1000 500 500 1000 
271,2 1500 750 750 1500 
282 2000 1000 1000 2000 
292 2000 1000 1000 2000 

1 Load case for preloading the unstrengthened girder  
2 Load case for preloading the strengthened girder 
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and saw cutting lines were designed to avoid cutting either the stirrups or longitudinal 
reinforcing steel. The cutting proceeded to an approximate depth of 35 mm, or the actual depth 
of the longitudinal reinforcing steel. All the non-destructive tests were carried out without 
applying external loads. 

As part of Preloading Test Schedule 1, the cracking moment test [32] was applied to calibrate 
the non-destructive test method. During load cases 1-14 cracks formed, and instruments 
described in the next section were used to monitor the behaviour of selected cracks and adjacent 
areas between load cases 14 and 15. Thus, the remaining force in the post-tensioned cables can 
be determined from data acquired from load cases 15-18, based on the sequence of reopening of 
the cracks. 

Further laboratory assessments of the condition of both the cables and their grouting are 
planned. 

3.7 Material tests 

To determine characteristics of the bridge’s materials, tests of the concrete, reinforcing steel and 
post-tensioned steel are also planned. Thus, before the tests described here at least six concrete 
cylinders were drilled out from the superstructure in both midspans 1-2 and 3-4, and each of the 
columns at support 4. In addition, during demolition of the bridge several 10, 16 and 25 mm 
diameter steel bars, and a specimen of the post-tensioned cables, were obtained for uniaxial 
tensile tests. 
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Figure 5 – Arrangement for loading the bridge slab in span 2-3. 
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4 INSTRUMENTATION 

4.1 General description 

To evaluate the bridge’s behaviour a comprehensive measuring programme was designed. This 
section summarises the instrumentation used to measure changes in monitored variables during 
the bridge girder and slab tests and the non-destructive tests with no external load. In addition, 
measurements during strengthening were carried out according to the description in previous 
section. 

Before initiating any experimental investigation existing cracks in the entire span 2-3 and the 
half-spans 1-2 and 3-4 adjacent to the loaded span were mapped. The focus was on cracks in the 
girders, the crossing beams and the slab at the loading point. In order to follow the formation of 
cracks, the mapping was repeated after each test sequence. The cracks were mapped manually 
and their widths were not measured, apart from several cracks specified in the measuring 
programme. 

In addition to the monitoring during bridge loading, long-term measurements were carried out 
during the nights before Preloading Test Schedules 1-2 and the failure test of the girders. The 
durations of the monitoring on these occasions were 22398, 21613 and 45558 s, respectively, 
and the same instrumentation was used as in the followed bridge loading, excluding manual 
measurements. Moreover, the bridge was examined when the anchorage device for the 
prestressed CFRP laminates was disassembled. 

Most measurements of the bridge were generally acquired at a sampling frequency 5 Hz, except 
for the long-term measurements (1 Hz). 

4.2 Girder test 

A battery of instruments was installed before the tests of the longitudinal bridge girders to obtain 
as comprehensive measurements as possible, within budgetary constraints, of the resulting 
forces, displacements, curvatures, strains and temperatures. These measurements were 
complemented by monitoring using several video and still cameras. Data were acquired from all 
the instrumentation described in this section during the full programme of tests of the bridge 
girders unless otherwise stated. 

Force 
The applied load on the structure was measured by monitoring the oil pressure in each hydraulic 
jack (1-4), illustrated in Figure 4, using UNIK 5000 sensors (GE Measuring and Control; 
A5075-TB-A1-CA-H1-PA), which have a measuring range between 0 and 600 bar. 

Displacement 
Displacements of the bridge were measured using the following instruments. Draw-wire 
displacement sensors (MICRO-EPSILON; WDS-500(1000)-P60-CR-P) were installed to 
measure deflections at positions 1-10 and 13-15 (Figure 6): in midspan 2-3 on the lower sides of 
the girders, and lower sides of the crossing beams 500 mm from the outer columns (positions 4-
5 and 9-10). All these sensors had a measuring length of 500 mm except those used at positions 
6-8 (1000 mm). Twisted lines connected each sensor to a reference point on the ground or the 
basement.  
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At positions 11 and 12 both the longitudinal and transverse displacement were monitored using 
Noptel PSM-200 sensor. The reference point for the horizontal displacement of the bridge slab 
at the centre line of support 3 was 150 mm perpendicularly away from the southern side of the 
basement. A transmitter was installed on the basement and a receiver on the lower side of the 
bridge slab, oriented vertically to the transmitter. The Noptel PSM-200 sensors were only active 
during the failure test of the bridge girders. 

In addition, the displacement of the basements’ upper side at support 2-3 was manually 
measured during the girder failure test, 500 mm against the centre of the bridge in transverse 
direction, in relation to positions 4-5 and 9-10, and the reference point was an unaffected point 
beside the bridge. For safety reasons, the incremental monitoring proceeded until a certain load 
was reached, 9.0 MN in total. 

At positions 16-17 (Figure 6) longitudinal displacements of the upper part of the rolling 
bearings, i.e. the lower side of the girders, was measured using linear displacement sensors 
(Micro-Measurements; HS 100) with a 102 mm measurement range, and positions in the 
abutment as reference points. 

In Preloading Test Schedule 1, load cases 15-27, the width of one crack in the centre of the 
lower side of each girder (110, 910 and 1380 mm east of midspan for the northern, central and 
southern girders, respectively) was measured, using crack opening displacement sensors 
(EPSILON; 3541-010-150-ST) with the measuring range of 10 mm. Data were also acquired 
from the sensor on the girder strengthened with laminates during Preloading Test Schedule 2 
and the bridge girder failure test. 

Curvature 
The curvature at support 2, support 3 and midspan 2-3 was measured over distances of 4.82, 
5.08 and 5.00 m, respectively, using rigs composed of steel beams, supported at the ends, and 
five linear displacement sensors with 800 mm spacing based. At the supports the rigs were 
located on the bridge slab, while the midspan rig was located under the girder. Due to the 
discontinuities at the supports, i.e. changes in directions of the girder, and straightness of the 
curvature rigs, the instrumentation was installed along the line of the central girder in span 2-3. 
The sensors were HS 100, HS 50 and HS 25 instruments (Micro-Measurements) with 
measurement ranges of 102, 51.5 and 26 mm, respectively, set at the positions increasingly 
distant from the centre of the rigs. 
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Figure 6 – Positions of bridge displacement sensors. 
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Strain 
Strain gauges supplied by Kyowa were installed on the longitudinal and vertical reinforcing 
steel bars, CFRP rods and laminates, and the concrete surfaces of both the columns at supports 
2-3 and next to some major cracks during Preloading Test Schedule 1, load cases 15-27. All of 
these gauges had 120 ohm resistance, and those installed on the longitudinal reinforcing steel, 
stirrups or CFRPs and concrete had measuring lengths of 10, 5 and 60 mm, respectively (KFG-
10-120-C1-11L1M3R, KFG-5-120-C1-11L1M3R, KC-60-120-A1-11L1M3R). In total, 35 
strain gauges were systematically arranged on the longitudinal reinforcing steel bars: at sections 
A-K in Figure 7 and cross-section positions 1-12 in Figure 8, 1879 mm from the centre lines of 
the supports on each side (B and J), and 1433 and 2226 mm from each side of midspan 2-3. The 
locations of the sections were at angles of 45° to the centre line of the supports and 60° and 45°, 
respectively, to the load distribution plates. On the reinforcement bars they were installed in the 
corners of the closed stirrups (Figure 8) except at positions 2, 5, 8 and 11, where they were 
located 1248 mm from the lower side of the girders. All the strain gauges, apart from those in 
the bridge slab, were placed on the side of the girders. 

The locations of the sensors for each section and cross-section position, are specified in Table 2. 
Due to the greater width of the girder in sections G-H and the corresponding increase in 
concrete cover strain gauges 25-28 were not used in the final measuring programme. Care was 
taken to avoid damaging the girder in any way that could potentially affect the quality of the 
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Figure 7 – Positions of strain gauges on longitudinal reinforcing steel. 

 N 

3 

2 

1 

6 

5 

4 7 

8 

9 

11 

10 

12 

 

Figure 8 – Cross-section positions of strain gauges on longitudinal reinforcing steel. 
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strengthening. 

As illustrated in Figure 9, strain gauges were also installed in three lines on the vertical 
reinforcing steel on the northern side of the southern girder in span 2-3, at 900 mm spacing 
starting from the edge of the loading plate. Thus strain gauges 6-9 were located 1250 mm from 
the central point of the load application. Vertical distances from the bottom side of the girders to 
the sensors were 148, 548, 948 and 1348 mm, respectively. 

In addition, an ARAMIS system in 5M configuration was used to optically record deformations 
of the surface on the southern girder on the opposite side to the instrumentation of the vertical 
reinforcing steel, and accompanying software was utilised to analyse the strains. The optical 
monitoring was based on a grid, centred 2.0 m west of midspan 2-3, from the bottom of the 
girder. Thus, strain gauges 3-4 according to Figure 9, on the opposite side of the girder, were 

Table 2 – Positions of strain measurements on longitudinal reinforcing steel. 

No. Position1  No. Position1  No. Position1 
1 A6  14 E4  27 H4 
2 A12  15 E7  28 H7 
3 B1  16 F1  29 I6 
4 B2  17 F2  30 I12 
5 B3  18 F3  31 J1 
6 B6  19 F4  32 J2 
7 B10  20 F5  33 J3 
8 B11  21 F6  34 J6 
9 B12  22 F7  35 J10 

10 C6  23 F8  36 J11 
11 C12  24 F9  37 J12 
12 D4  25 G4  38 K6 
13 D7  26 G7  39 K12 

1 Section A-K in Figure 7 and cross-section position 1-12 in Figure 8 

 
 

6 

9 

7 

8 

3 

4 

5

2 

1 

Midspan 2-3 Vertical 
reinforcement 

Longitudinal 
reinforcement 

Girder-slab 
intersection 

LKAB 

 

Figure 9 – Positions of strain gauges on vertical reinforcing steel. 
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located within the monitored area, which theoretically covered 1050x880 mm. 

In total 14 strain gauges were installed on the NSM CFRP rods and 10 on the prestressed CFRP 
laminates (Figure 10): gauges 1-8 recorded the strain at the western edge of the NSM 
strengthening; 9, 10 and 15 were located in the sections equipped with strain gauges on 
longitudinal reinforcing steel; 11 and 16-18 at midspan 2-3; 14-16 at major concrete cracks and 
19-24 next to the anchorage of the laminates. 

To obtain the reaction forces in the columns adjacent to the load application in midspan 2-3, i.e. 
supports 2 and 3, the concrete strains were measured by installing a sensor 800 mm above the 
bottom in the centre of each side of each column. Before the bridge tests, the methodology of 
using strain gauges to determine the reaction forces was validated using load cells, while 
preloading the column with hydraulic jacks and utilising the column’s vertical adjustment 
device. 
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Figure 10 – Geometry of bridge strengthening systems in span 2-3 and positions of the strain 
gauges on the NSM CFRP rods and prestressed CFRP laminates. 
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On each side of the cracks instrumented by crack opening displacement (COD) sensors as 
described above, the concrete strains were measured. Like the COD sensors, the strain gauges 
were located in the centre of the lower side of the girders. These sensors were only active in 
Preloading Test Schedule 1, load cases 15-27. 

Temperature 
During the experiments temperatures were measured at several locations in midspan 2-3 (Figure 
11), using type T (04 N/N-24-TT) temperature wires inserted into holes to specified depths in 
relation to the concrete surface: 30 mm for positions 1, 3 and 6; 60 mm for positions 2 and 7; 50 
mm for positions 4 and 8; and 80 mm for position 5. 

4.3 Slab test 

Relevant instrumentation that was still intact after the girder failure tests, and complementary 
instrumentation, was used to monitor the behaviour of the bridge during the following bridge 
slab failure test. The sensors still active during this test were: 

- the oil pressure sensor for hydraulic jack 1, as shown in Figure 4 and Figure 5, 
- draw-wire sensors 4-7 and 14-15, as shown in Figure 6; 
- strain gauges 1-39 as specified in Table 2, excluding gauges 12, 17 and 24-28, which 

were not used for various reasons; 
- strain gauges 1-9 as shown in Figure 9, except gauge 8, which was out of order; 
- strain gauges 1-24 installed on the columns at supports 2 and 3;  
- temperature wires 1-8, as shown in Figure 11. 

Displacement 
The above instrumentation was complemented with four draw-wire sensors, with similar 
specifications to the sensors utilised in previous tests. Two were located on the lower surface of 
the slab, at the centre of the load applications, to measure deflections, and two on the lower side 
of the northern longitudinal girder, in both cases 2.00 m on either side from midspan 2-3. 

Curvature 
To monitor curvature in the slab test the rigs used in the girder tests at supports 2 and 3 were 
installed on the top surface of the slab, parallel to the steel beam used for load application, 500 
and 1000 mm southern to the centre of the loading plates. The midpoint of this instrumentation 
coincided with midspan 2-3. 
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Figure 11 – Positions of temperature wires in the concrete at midspan 2-3. 
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4.4 Non-destructive test 

Three strain gauges of the same type as previously specified for monitoring the concrete were 
used in the non-destructive tests to determine the residual forces in the post-tension cables, 
located in a line in the centre of the lower sides of each girder in span 2-3. In order to provide 
enough space to avoid damaging the sensors while cutting the concrete, the centre-centre 
distance was 120 mm, since the total length of the strain gauges was 74 mm with a 60 mm 
measuring length. 

5 PRELIMINARY RESULTS 

5.1 General description 

In the experimental programme for the girder tests the bridge was instrumented with sensors at 
up to 141 positions in total, excluding the surface measurement using ARAMIS, and 93 sensors 
were used in the bridge slab failure test. General observations regarding the test procedures and 
the observed load-carrying capacity of the bridge are presented in this section. 

5.2 Girder test 

The loads applied in the preloading schedules and loading the bridge to failure, according to the 
recorded pressures in the hydraulic jacks, are illustrated in Figure 12 to Figure 14, which show 
that the preloading followed the schedules listed in Table 1, with minor deviations due to 
difficulties in manually controlling the oil pressure. In Preloading Test Schedule 1 (Figure 12) 
the complementary instrumentation used to determine the remaining forces in post-tensioned 
cables was installed after approximately 7400 s. The time spent installing it (about 5.5 hours 
including associated operations) is not shown in the graph, but no corrections have been applied 
to the force-time courses shown in Figure 13. 

 

 

Figure 12 – Observed loadings during Preloading Test Schedule 1, unstrengthened girder. 
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In order to manually follow the basement settlements of the bridge safely, the loading was 
carried out stepwise up to a certain level, see Figure 14. Another reason for the irregularity in 
the loading procedure was the limited stroke length of the hydraulic jacks, which required the 
grip position to be changed several times to accommodate longer deflections of the bridge. 

After applying a total load of 12.0 MN (4.0 MN for each girder), the pressure in jack 4 was 
increased to reach failure of the southern girder, while the pressure in the other jacks remained 
nearly constant. However, the pressure in jacks 1 and 4 slightly decreased as the central girder 
was loaded to failure using jacks 2-3, in responses related to the deformations of the bridge. 

Deflections of the bridge are illustrated by the load-displacement curve in Figure 15, showing 
the relationship between the total load and midspan deflection of the central girder. 

 

Figure 13 – Observed loadings during Preloading Test Schedule 2, strengthened girders. 

 

Figure 14 – Observed loadings during the bridge girders failure test. 
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Unfortunately, draw-wire sensor 8 (Figure 6), was damaged during the test, so the midspan 
deflection of the southern girder is not available for the entire test. The highest loads the 
longitudinal southern and central girders were subjected to induced deflections of 136 and 159 
mm, respectively (Figure 15). However, the bridge loading was further continued. The shapes of 
the girders after the test are shown in the photograph in Figure 16. The peak load at loading the 
southern girder to failure was 13.4 MN (5.5 MN in jack 1) and 12.7 MN for the central girder 
(6.1 MN in total in jacks 2-3). 

5.3 Slab test 

The data acquired from the specified test setup indicate that the load-carrying capacity of the 
bridge slab was 3.32 MN. Thus, the load transferred in each loading plate was 1.66 MN. The 
slab failed only at the western load distribution plate, displaying very brittle behaviour with no 

 

Figure 15 – Load-displacement relationship during the bridge girder failure test. 

 

Figure 16 – Photograph of the bridge girders after failure, view from the south (2014-08-26). 
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appreciable indication of the failure. In Figure 17 the final shape of the bridge slab is presented 
from underneath the bridge. Due to the arrangement of the test setup and type of failure it was 
not possible to further load the slab to achieve failure at the eastern load distribution plate. 

6 CONCLUSIONS 

Closure of the Kiruna Bridge provided a rare opportunity for LTU to monitor a post-tensioned 
concrete bridge during tests to failure using a wide array of instruments, from May to August 
2014. The primary aim was to acquire relevant data for calibration and development of methods 
for assessing prestressed and post-tensioned concrete structures. The results acquired during the 
investigations reported in this paper suggest that the following parameters warrant further 
attention: 

- Robustness, ductility and bridge behaviour; 
- Shear resistance at ultimate limit state; 
- The utility, behaviour and contributions to increases in capacity of strengthening 

methods using CFRPs; 
- Punching resistance of bridge slabs; 
- Condition of post-tensioned steel cables and non-destructive determination of residual 

forces; 
- Reliability-based analysis of reinforced concrete structures; 
- Finite element model updating. 

Detailed analyses of these parameters would greatly facilitate improvements in models for 
assessing existing concrete structures and thus savings of costs, for bridge owners and managers. 
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Figure 17 – Photograph of the bridge slab failure, view from south (2014-06-27). 
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