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ABSTRACT 

Concrete composites consisting of precast pre-stressed standardized beams and a cast in-situ 

deck slab have been used for the construction of short to medium span bridges for the past 

four decades in South Africa and worldwide. The pre-cast beams and cast in-situ slab are 

commonly connected using shear connectors. Failure of these connectors would compromise 

the composite action of the structure, thus reducing the load carrying capacity and hence its 

efficiency. This study seeks to assess the integrity of such shear connectors using dynamic 

testing and Finite Element (FE) analysis. The main objective of the work is to assess the 

practicality of vibration-based techniques to detect damaged shear connectors using 

experimental and analytical modal data. A scaled bridge model was constructed and 10 mm 

bolts connetcted the beams and slab to simulate shear connectors in the prototype bridge. 

Different damage scenarios were introduced by loosening some of the connectors and 

vibration testing was done to detect the artificial damage. An FE model of the system was also 

developed. The shear connectors were modeled as non-linear spring elements capable of 

simulating the composite action between the slab and beams. Damage of shear connectors 

was simulated by reducing the spring stiffness. The updating of the FE model was done 

manually by adjusting appropriate spring stiffnesses. 

The experimental and analytical results show that the natural frequencies are sensitive to this 

damage. The frequencies dropped from undamaged to severe damaged structure. Very little 

information was deduced from the damping ratios, modal assurance criteria (MAC) and 

coordinate modal assurance criteria (COMAC) values. The experimental and analytical first 

bending, torsion and transverse modes were sensitive to the damaged shear connectors. 65% 

of damaged connectors were located using these modes. Using experimental modal data, the 

mode curvatures and flexibility changes were able to locate the damaged region when more 

than 35% of shear connectors were loosened. However, using numerical data, the mode 

curvatures and flexibility changes were able to localize the damaged region for 6% damage 

introduced. 75% of the loosened connectors were identified. The stiffness change technique 

could only identify less than 10% of damaged shear connectors using experimental modal 
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data. The same technique was applied on analytical data and over 75% of damaged shear 

connectors were located. 

The FE modeling of shear connectors used in this work was applied on an existing bridge. 

Van der Kloof bridge (South Africa) was constructed using precast pre-stressed beams and a 

cast in-situ slab. Extended beam web stirrups were used as shear connectors. The main aim 

\vas to develop a robust FE model for this bridge that could be used in future to investigate the 

condition of shear connectors. Using 6-0 non-linear spring elements to model the shear 

connectors, a maximum difference of 0.98% was observed between the measured and 

theoretical frequencies after manual updating. This is quite a small difference. This model 

could therefore be used as a true representative of the physical structure for future 

investigations. 
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Chapter 1: Introduction 

CHAPTER 1 

INTRODUCTION 

1.1 Background 

Bridges constitute significant and critical components of transportation systems and are 

among the most expensive investment asset of any country's infrastructure. However, there is 

a growing number of deteriorated bridge structures owing to ageing of these structures 

(Parkash et aI, 2006; Jin et aI, 2008). Seracino et aI, 2004 state that bridges are now subjected 

to increased stresses as they convey larger volumes of traffic and heavier loads for which they 

were not designed. This is due to growth of the economy in most countries, hence increase in 

axle loads (Brownjohn et aI, 2003; Parkash et aI, 2006). In South Africa it was estimated, in 

the year 2000, that the annual cost of overload road damage was R650 million and the accrued 

backlog for the upgrading, maintenance and repair of the over 13000 bridges was R37 billion 

(Sowman and Poree, 2000). In addition, a report by the Department of Public Works, the 

Construction Industry Development Board and the Council for Scientific and Industrial 

Research of South Africa (2006) states that most of the country's infrastructures build in the 

1960s-1970s needs major refurbishments, or might even have to be replaced. In order to 

decide on appropriate refurbishment strategies an in-depth understanding of the condition of 

bridges is required. Owing to the above reasons, assessment of civil infrastructure including 

bridges for damage, service performance and load carrying capacity is required. 

One of the most common type of bridges in service for short to medium spans, in South 

A frica and worldwide, is the concrete-concrete composite structure consisting of precast pre­

stressed beams and cast in-situ slab. The use of pre-cast beams results in cost savings due to 

the reduction or total elimination of formwork and the rapid execution of the construction 
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Chapler I. InlrUlh,c/;on 

(Cajanan, 1979: FIa\'ia el aI, 2005: Panandiker. 2006). T)'pi~al heam l'ws>-,eclion, are I, T. 

M, U and ho~ seclion,. The hearn, are connecled 10 the slah lL'ing ,hear nmned,,,., and lhis 

",·ili be dis.cussed in detail in the nCAt chaptcr. rhcsc conncctors resi,t the horizontal and 

verlical Ilexural ,h~ar 'lrr,,~s lhm dewlop in lhc 'truclur~ and arc resp')n,ibl~ lilr th~ 

comp'"ite acti"n and th~ref"re the st ru~lur~1 efficiency (Gajanan. 1979; Xia et ai, 2()()(-, : 

Laros.c and Elwood, 2006: Quciroz 1'1 ai, 2(07). The codc of practice for the design of 

liigh",ay bridges and clLlverl, in Soulh Alrica T\IH7 (1989) also emphasiz~s the imporlanc~ 

of the compo,ile aclion in concrcte-concrel~ cOn,lrllclion li)r a COl1lpet~nl slrlLcture. The I,,,, 

in cOlllposite action aftccts the load t'Cdistribu(ion capabilities of the hridge deck (Ryall fl ai, 

2(03) and thus its etlicicncy. /1 t}pical conct'Cte-concrcte composite bealll bridge undcr 

C'H"trucli"n is ,ho"n in Fig 1.1. 

Prel'a,l beams 

l-'ig 1,1: Concrelf-COIICrf/e composile brid"e under conSlm('/;un 

Sour"t': U'uwJnlt'rf!,,';ons. '~rg .,il () 11I./<:om;...,1 . ",or ,hlml {July 2()()71 

Thi, wnr\... wi II locu, "n a>se" i ng the i megri l) of the shear connectors using vihralion-based 

lechniques. 
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Chapter J: Introduction 

1.2 Brief review of damage detection techniques for bridges 

Visual inspection techniques are widely used for condition assessment of bridge structures 

(Wahab and De Roeck, 1999). These techniques are however not applicable for assessing 

inner damaged parts of the structure such as horizontal shear connectors due to lack of access. 

As a result, some problems relating to structural performance go unnoticed until they become 

expensive to maintain, repair, and sometimes endanger the life of the road users. Apart from 

the difficulty in accessing some parts of the bridge like the shear connectors, this method is 

hampered by the shortage of experienced personnel able to detect early signs of damage in the 

structure. The following is an extract clarifying the situation in South Africa. "A major 

concern in South Africa is the loss of experienced professionals to other countries. Although 

there is a growing number of young engineers, most of them do not have the necessary 

experience in bridge management and condition assessment (Moyo and Alexander, 2006). 

Thus it is important to investigate alternative methods. 

Other alternative methods, which complement visual based techniques, are non-destructive 

techniques (NDT) such as acoustics, impact echo, radar, ultrasonic and the proof load tests 

and the destructive-coring technique. Nevertheless, these techniques are limited to small areas 

and are time consuming. The author did not find evidence of use of these techniques In 

detecting damaged shear connectors in concrete-concrete composite bridges. 

During the past few decades, Vibration-Based Techniques (VBTs) have emerged as 

promising tools for assessing and detecting damage in structures (Y ong et al 2007 and Wahab 

and DeRoeck, 1999). The basis of VBTs is that a change in structural stiffness due to damage 

results in the change in modal parameters i.e. natural frequencies, damping ratios, mode 

shapes and their derivatives. These parameters are used to characterize and monitor the 

perfonnance of the structure (Salawu and Williams, 1995) and can therefore be used to detect 

internal structural damage such as damaged shear connectors. 

The VBTs are divided into 'model based approach' and the 'response based approach'. The 

model based approach integrates both the Finite Element (FE) and experimental modal 

investigations to detect damage in the structure. This involves updating certain parameters of 
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Chapter 1.' Introduction 

the FE model usmg the measured parameters until there is correlation between the 

experimental and analytical results. The FE model improvement is not intended for only 

mimicking test results but also should improve the physical parameters upon which the 

stiffness and finite element masses depends (Wahab and De Roeck, 1999). An updated FE 

model can be used to investigate further aspects in more detail than possible in experimental 

work alone. 

The response based approach, on the other hand, utilizes only the experimental data to detect 

damage in the structure. 

Application of vibration-based techniques for detecting damage in bridges has been reported 

by many reseachers (Wahab and De Roeck, 1999, Brownjohn et al, 2003, Maeck et al (2000), 

Xia et al, 2006). Despite the potential of these techniques, it is surprising that the work of Xia 

et al (2006) and Dilena (2003) were the only ones found especially for this problem. However 

Dilena's work was focusing on a concrete-steel composite beam. Xia et al (2006) used the 

model-based approach based on measurements from a scaled model of a typical beam and 

slab bridge. The measurements were taken from both the deck slab and the beams. Their 

approach has limitations for practical applications owing to difficulties of assessing beams for 

testing in most bridge structures. Nevertheless, the vibration-based techniques will be used in 

this work and a more practical approach will be proposed. 

1.3 Aim of research 

Owing to limitations of visual inspection techniques used to assess bridges and to limitations 

of local based methods proposed by Xia et al (2007), it is proposed to investigate the 

development of a more practical approach to integrity assessment of shear connectors based 

on a robust FE model of the system and also on vibration measurements taken on deck slab 

only. 
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Chapter 1: Introduction 

1.4 Hypothesis statement 

Vibration based techniques can efficiently detect, locate and quantify the extent of damage in 

concrete composite bridges resulting from a reduction in stiffness as a result of loss in 

composite action between pre-stressed beams and cast in-situ deck slab. 

1.5 Objective and scope of investigations 

The following are the key objectives: 

(i) Understand the mechanics of the composite action and the construction of beam and 

slab bridges. 

(ii) Investigate the use of VBTs to detect loss in composite action in these structures. 

(iii) Develop a robust FE model of a composite bridge that can be used for further 

investigations. 

1.6 Limitations 

This research has been limited to detection of loss in composite action in concrete beam and 

slab bridges using the VBTs. This does not include determining remaining service life and the 

effect of loss in composite action on load carrying capacity of the structure. 

1.7 Organisation of the thesis 

Chapter one introduces the research topic. This includes the background information, brief 

revie\v of relevant research work and the aims of the study. The formulated hypothesis and 

objectives of study also form this chapter. 

Chapter two reviews different structural systems of concrete beam and slab bridges and the 

mechanics of composite action. Potential problems on these bridges are described and 

different techniques used to assess and detect damage in bridges are also reviewed. 

Theoretical framework forms Chapter three of this research. This gives in-depth discussion 

on dynamics of structures and experimental modal analysis. This covers the equipment used 

in testing, the processing of data and the checks necessary on experimental data. 

5 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 1: Introduction 

Chapter four contains the methodology and plan of action. This details the work to be done 

and includes the construction of a scaled model of beam and slab bridge, description of 

instrumentation and vibration testing. The FE modeling of the system is also described in this 

chapter. The focus lies mainly on modeling of composite action between the deck slab and the 

beams. 

The observations and findings of this research are reported in chapter five. Both results from 

experimental and the FE analysis of the system are discussed. 

Chapter six describes the practical application of modeling shear connectors in concrete­

concrete composite structures. An FE model of an existing bridge was developed. Spring 

elements were used to model the shear connectors. The resulting modal parameters were 

compared to the measured parameters. A manual updating process described in Chapter four 

was used to correlate the measured and theoretical parameters. 

The last chapter (Chapter seven) concludes and proposes steps that can be followed to assess 

the condition of shear connectors in concrete-concrete composite bridges. Recommendations 

for future work are found in this chapter. 
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Chapter 2: Literature Review 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

The beam and slab arrangement is the most common and simple form of a bridge deck 

(Nigel, 2003). This design utilises pre-cast pre-stressed concrete beams with a cast in-situ 

deck slab. This type of construction is well suited for short to medium span bridges where 

the beam weights are small enough for placing using available machinery, such as cranes. 

(Nigel, 2003). With the slab cast on site and the beams pre-cast, this type of bridge is a 

composite structure because the concrete properties are different. In composite structures, 

the different components are assumed to act together as a single unit under load and the 

composite behaviour significantly increases both the flexural strength and stiffness of the 

structure (Garajan, 1979; Sameh et ai, 2002; Panandiker, 2006). Apart from the increased 

flexural strength and stiffness and reduction in member sizes, the primary appeal of 

composite construction is that of economy. This is due to minimised formwork leading to 

a faster construction process (Gajanan, 1979). 

There are two factors governing the composite action that needs to be considered in order 

to understand concrete-concrete composite bridges and possible potential problems. These 

are: 

(i) Structural form or geometry of the bridge and the detailing process. 

(ii) Mechanics of the composite action. 

The following sections discuss factors governing the composite action. 

2.2 Typical concrete-concrete composite bridge geometry 

Standardised precast pre-stressed beam sections are used for the construction of these 

bridges. Typical beam sections commonly used are shown in Table 2.1. These are I, T, M, 
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Chapter 2: Literature Review 

U, Y and box. The choice of section to be used is detennined by the span of the bridge. Y 

and I beam sections are used for construction of medium (12-36 m) span bridges. They are 

usually spaced at 1.5-2.0 m centre to centre. The M (inverted T) and box sections are used 

for short span (7-12 m) bridges whereas the U and T sections are suitable for long span 

(>36m) bridge decks (Somerville and Tiller, 1975). 

Table 2.1: Standardised beams used in concrete-concrete composite bridges 

Type of beam 
section 

I and Y 

M (or inverted T) 

and Box beams 

U and T 

Application 

Used for medium length 

spans (12- 36m) and these 

are usually spaced at 1.5-

2.5 m (Nigel 2003) 

These are suitable for 

short length spans 

(7-12m). Box beams have 

the added advantage of 

reduced weight 

These beam sections are 

mostly used for long span 

(> 36m) bridge decks 

(Nigel 2003 and Ryall et 

a12003) 

. ,I 

I I 
I • 

Geometry 

+ + 1 ·1 

I 
I I 
I, 

"j r 

I , 

\ i , , 
I 

() : .... ] 
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Chapter 2: Literature Review 

This research will focus on a bridge system constructed using I-section beams. A survey 

carried out in Cape Town that showed that these beams were the most commonly used for 

constructing these bridges. 

The deck slab is connected to the beams usmg shear connectors. Typical connection 

details for an I-section beam and slab are shown in Fig 2.1. The girder web stirrups extend 

into the deck slab thus providing connection between beams and the slab. These 

connectors resist the horizontal and vertical flexural shear stresses that develop in the 

structure. 

II-=----fllih--~ 

Web 
Stirrup 

Fig 2.1: Beam - slab connection details 

Deflection 
Tendons at 
Mid-span 

Ryall et aI, (2003) noted that the beam and slab arrangement has poor load distribution in 

the transverse direction. In-situ transverse diaphragms are therefore cast through the 

beams and in integral with the in-situ concrete deck slab to improve the load distribution 

and transverse sti ffness of the structure. The diaphragms are cast directly on pier positions 

and within the span. Typical reinforcement layout for a diaphragm is shown in Fig 2.2. 

Diaphragm 
stirrups 

Main beam in the 
longitudinal 
direction 

Fig 2.2: Details of diaphragm reinforcement 
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Chapter 2: Literature Review 

The main reinforcement of the diaphragm passes through the web openings provided in 

the precast pre-stressed beams and above the main beams as shown. Kumar (1988) noted 

that sometimes pre-stressing may be used for the diaphragms to ease congestion of 

reinforcement and help shear transfer at this location. However in most cases ordinary 

reinforcement was found to be adequate. The author did not find evidence of how these 

diaphragms are spaced. It is assumed that the spacing of the diaphragms is a function of 

the overall span of the bridge and required load distribution factor. 

The following sections present the behaviour of the whole system. 

2.3 Behaviour of composite action 

The two primary factors that govern the behaviour of a composite structure are (Gajanan, 

1979 and Xia et aI, 2006): 

(i) The difference between material properties. 

(ii) Shear connection between the two components. 

(iii) Transverse stiffness. 

The differences between strength and stiffness of the materials acting compositely affect 

the load distribution in the structure (Gajanan, 1979). The stiffer material resists 

proportionally more load than the less stiff material. The difference in the materials is 

integrated in design by using the modular ratio. The modular ratio transforms the 

properties of one material into the other (Nigel, 2003; Ryall et aI, 2003). When the 

structure is at its elastic limit at service loads, the modular ratio is the ratio of the elastic 

modulus of the materials (Nigel, 2003; Ryall et aI, 2003; Gajanan, 1979). However, at 

ultimate limit, the modular ratio is the ratio of the ultimate strengths. Nigel (2003) and 

Ryall et al (2003) indicate that in concrete-concrete composites, the complication of 

modular ratio should not be neglected since the age difference in the pre-cast beams and 

cast in-situ slab results in a complete change in stress distributions. This is because of 

differential shrinkage and creep of the concrete of the members. 

As mentioned in Section 2.2, the efficiency of a concrete-concrete composite bridge 

depends largely on the composite action. The composite action is a function of the 

integrity of shear connection provided by shear connectors. The failure of these connectors 

therefore results in poor load distribution and loss of stiffness of the structure. The load 
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carrying capacity of the bridge will obviously be reduced (Xia et ai, 2006). This is because 

loss in composite action may result in slip and the assembled structural members behave 

independently under load. On the other hand, when members act as a composite unit, the 

structure has an increased section for resisting loads. This results in lower deflections as 

compared to that of non-connected members or when the structure has lost its composite 

action (Ryall et ai, 2003; Queriroz et ai, 2006; Panandiker, 2006). 

In a concrete-concrete composite bridge, shear connectors through the interface provide 

the composite action. The shear connectors transfer the horizontal shear stresses between 

the interfaces of the members. The connectors also resist both torsional and vertical shear 

stresses (Kumar, 1988). The ability of the shear connectors to transfer the longitudinal 

forces depends on their strength as well as the resistance of concrete to longitudinal 

crushing induced by the high concentration of the shear force (Denis, 2006). Horizontal 

shear transfer in concrete composites is usually of little consequence at service load levels, 

but it is important in the overload range and at ultimate load (Gajanan, 1979; Ryall et ai, 

2007). This is because the bond at the interface is strong enough to take loads. The 

increase in allowable loads over bridges therefore means concrete-concrete bridges that 

have been in service for more decades might be under ultimate service conditions. This 

may compromise the composite action. 

2.4 Longitudinal shear stresses between the beam and slab interface 

The shear strength of the interface between the members is a function of the amount of 

steel crossing the joint, concrete strength and the bond between the precast pre-stressed 

beams and cast in-situ slab. Ryall et ai, (2003) states that an efficient composite action is 

obtained when: 

(i) At working loads slip does not occur. 

(ii) At ultimate conditions the interface has sufficient strength. 

At ultimate conditions, the shear plane must have sufficient capacity to resist shear flow. 

The capacity of the shear plane is estimated as the lesser of (Ryall et ai, 2003): 
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(a) QI' = kJ;II L, or 

(b) QI' =vIL, +0.7AJ; 

Where: QI' - Capacity of the shear plane 

kl - A constant depending on the concrete bond across the shear plane 

fell - Characteristic concrete cube strength for the slab 

L, - Width of the shear plane 

VI - Longitudinal shear strength 

(2.la) 

(2.1 b) 

Ac - Area of fully anchored reinforcement per unit length crossing the shear plane 

but excluding reinforcement required for coexistent bending effects 

f. -Characteristic strength of steel 

The values of the longitudinal shear strength, VI' and constant kl are given in Table 2.2 

(Extract from TMH 7, South Africa, 1989). The shear stress VI depends on the type of 

shear plane and concrete grade. The constant kl is a function of type of shear plane. It is 

evident, from Table 2.2 that the shear stress and constant kl increases from the as built 

shear plane to the monolithic construction. Consequently, the monolithic and prepared 

surface construction have higher capacity of the shear plane than the as cast surface 

construction. 

Table 2.2: Longitudinal shear strength, VI and constant kJor a composite system (TMH 7, 

South Africa, 1989) 

Type of shear Longitudinal shear stress, \\ (MPa) as a function 
plane of concrete grade kl 

20 25 30 40 

Monolithic construction 0.50 0.63 0.75 0.80 0.15 
Prepared surface 0.50 0.63 0.75 0.80 0.15 
As cast surface 0.30 0.38 0.45 0.50 0.15 

A minimum area of reinforcement, Ac, of 0.15% is recommended to pass through the 

shear plane to ensure that there is no separation of the components. (Ryall et ai, 2003; 

TMH 7 1989, South Africa). 
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The interface load (shear flow) and the design of shear connectors is presented in the next 

section. 

2.4.1 Interface stresses and shear connector design 

The force transfer at the interface for composite sections is related to the rate of change of 

the force in the slab (Ryall et ai, 2003). The shear flow at service load conditions is given 

by (Ryall et ai, 2003): 

VAy 
qn =-1-

n 

Where: qn - Shear flow at stage n 

V - Vertical shear force 

A - Transferred area of concrete on the interface 

y - Distance between the centre of area A and the elastic neutral axis 

(2.2) 

In - Moment of inertia of transformed composite section about the neutral axis 

The shear flow is a function of vertical shear force as shown by equation 3.2. The increase 

in vertical shear force resulting from an increase in service loads therefore increases the 

shear flow. 

Based on the shear flow calculated above, the number of shear connectors per unit length 

at serviceability limit state is given by (Ryall et ai, 2003): 

N = qn 
o 0.55~ 

(2.3a) 

Where: q n - Shear flow at stage n 

P" -Nominal static strength of the shear connector 

At the ultimate limit state, the number of shear connectors required is given by; 
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o 0.8P 
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qn and P" are described above and y is a constant 
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(2.3b) 

The load-slip characteristic is an important property of shear connectors. However, 

Gajanan (1979) and Seracino et al (2000) noted that in design, the longitudinal slip 

between the members is neglected as the connection is treated as rigid. The assumption 

that the connection is rigid might be incorrect and may have adverse effects at ultimate 

loadings of the structure. Moreover, Queiroz et al (2006) noted that in practice, slip 

between the members occurs. The shear connectors only come to effect when slip has 

occurred. 

The geometry, construction and design of a concrete-concrete composite system have been 

reviewed. It should however be noted that not much has been done to assess the integrity 

of the shear connection in concrete-concrete bridges. Notably, most of these structures 

were built more than 40 years ago and some are still built. Moreover, any damage on the 

shear connectors is difficult to detect especially using visual techniques. This is due to 

accessibility problems. This therefore means the composite action may be a potential weak 

area in these structures and need to be assessed. 

The following sections review typical bridge problems that may negatively affect the 

integrity of shear connection in these structures. 

2.5 Possible failure mechanisms of the composite action 

In spite of their relatively simple structural systems and well-defined supports, bridges 

suffer heavily from the effects of age, climate and traffic loads that often exceed the 

codified limits (Abdunur, 2003; Darby, 2003 and Parkash el al 2006). Strength and 

durability of a bridge depend on the type and quality of the constituent materials, structural 

design. construction and maintenance. The degradation of concrete structures is attributed 

mainly to material failure or overstressing of structural members. Nowark (1999) state that 

the structural capacity of a bridge depends on resistance to deformation of its components 

and connections. The component resistance is a function of material strength and 
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dimensions, whereas the connection rigidity depends on shear connectors connecting the 

members together. The growth of traffic and increase in allowable axle loads therefore 

means bridges are now heavily loaded (Dutta and Talukdar, 2002). Bridge components 

such as shear connectors might be overstrained. This may be true especially for bridges 

built long ago such as concrete-concrete composite bridges. 

The following sections describe specific problems in bridges that might have adverse 

effects on the composite action. 

2.5.1 Material Failure 

Internal degradation of concrete structural elements reduces the elementary stiffness. This 

may compromise the global stiffness of the structure. This degradation of concrete is a 

function of its constituent's materials and also the location of the structure. Fulton's 

concrete technology (2001) lists the main causes of degradation as: (i) Steel corrosion (ii) 

Alkali Silica Reaction (ASR) (iii) Freeze-Thaw action (iv) Sulphate attack. The cracks that 

result due to steel corrosion, ASR, freeze thaw action and sulphate attack at positions of 

links may reduce the concrete bond between of the shear connectors. The integrity of 

composite action might be reduced. 

2.5.2 Structural damage due to unusual loading 

Structural damage in bridges is mainly due to certain loading types. These are (Hobbs, 

1994): 

(i) Vehicle overloads. 

(ii) Vehicle impact. 

(iii) Unusual stresses from faulty structural members. 

2.5.2.1 Vehicle overload 

The following paragraph gives an extract from a report concerning the effects of vehicle 

overload on the road system in South Africa. 

"The events of the period 1989 to 1993, when the prevIOUS National Department of 

Transport (NDoT) allowed vehicle load capacities to increase by over 30 percent, in an 

environment of severe road under-funding, had a major effect on the road system 

deterioration. What substantially raised the threat of road damage at the time was that 

although overloading had been identified as a serious potential problem, the law-
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enforcement resources of weighbridges and traffic police manpower were not in place to 

implement the necessary controls" (Sowman and Poree, 2000). 

Ackerman (2007) noted that although much has been done to curb vehicle overloading on 

South African roads, not much has been done to determine the effects of these loads on the 

existing bridge structures. This might be important especially for in-accessible parts of the 

structure such as horizontal shear connectors. Furthermore, Wium et al (1994) in his 

research concluded that current design practices are realistic except for bridges in short 

span range and that there should be no increase in axle loads on these bridges. In addition, 

Wium et ai, (1994) indicated the difficulty of assessing loading provisions and the 

adequacy of the existing bridges in areas where overloading of vehicles is poorly 

controlled. In-light of the above, FitzGerald (1998) in his research, concluded that the 

South African code, TMH 7 (1987) Part 2, should be revised as a matter of agency to cater 

for the increase in traffic loading. However, to date, no physical revisions have been made 

to the code. 

Assessment of shear connectors In existing concrete-concrete composite bridges IS 

therefore justified. 

2.5.2.2 Vehicle impact 

Vehicle impact can cause local damage to reinforcement cover and in some serious cases 

the reinforcement or pre-stressed strands are damaged (Ackerman, 2007). This is mainly 

due to illegally loaded vehicles with heights greater than the restriction clearance height or 

accidents. An example of impact damage on B267 bridge over Nl is shown on Fig 2.3. 

Such vehicle impact can affect the internal structural elements which are usually not 

accessible on a naked eye such as the shear connectors, amongst others. 
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2.6 Effect of failure in composite action on torsional Minnes~ of the sys tem 

Torsion stiffness in concr~te-col1crcle bnlige<; elements 1S importanl to achieve pl'Op~r 

dl sirihution of jiv~ loads, The torsional sli fIile,s i~ a funclion of Ihe cr(ls.,-secl ion selected 

am.! the conneCliOll belween Ih~ mcmb~rs of a compesitc structure. A study by Tamherg 

(1968) ln~ esli galed the erfect of lh~ connection bctwc~n il concrete <;lab and a heam 011 the 

lors ional stiffness of the system, In hi s study ,In AASHTO gi rder type HI and a deck slab 

'Was USDll. The results arc as shown in Fig 2.4. 

~O"CQ 

: ~,~ I ,(/ I 

.~ lp7 
::; ~OQnn 
< • 
" 

, , 
'0000 

~Qo(l 

--
I , 
, 

G ,e~, 
< , 

, 

~ 

'" 4() 

<, 

I -- -- ~ ---, 

I 
I 

10 ' ' '' ' ,d 

~. , 

-C""'''''''' ' ' <I t . " 

___ \._~~-- c"",",,,ry 01'00' 

I 

- ~. i 

"""", I 

".dO' ~;,. 

~ . 4~ · 

b· "' ,,0, ",," to 
< • "-2" ". ,~. ' 
.. -r 
,_ '9 " 
g . 7.',' " . 4.,,-

"' T' T""·",,o[ ,"",,,>on' 
K • 'o, ,,,nel S"""",, I 

I 
I I 

I 
~o ~ '0 ,'" '." 

Curve A - Giruer plw; Slab lIltcrconllcct~d «j-slab~ G-girder) 
Curve B -Girder plus Siah interconnected (G-slab= 0.77 G-girder) 
Curv~ A' - Girder plus slah i!Cling: separately but I'Otating through the same angk (G·,lag 
= G-ginkr) 
Cury~ B'- Girder plus slab acting separately bUi rotating through tlw sam~ angle ((i-slag -
0.77 G-girder) 

Fig 2.4: Torsional Stiffness values K jiH AASflTO Girder TIl plus slab. (Tamberg, 1968, 

"p36) 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 2: Literature Review 

The results show that the torsional stiffness is dependant on the connection between the 

members and the shear modulus of elastic of the slab and girder. This is shown in curve A 

and curve B. A steady increase in stiffness with an increase in slab width for a connected 

system was observed and is shown in curve A. The effect of reduction is shown in curve 

B. The torsional stiffuess reduced for the same beam and slab dimensions. The effect of 

loss in connection on torsion stiffness is shown on curve A' and curve B'. From the 

curves, a further reduction in the stiffness was observed. In light of the above 

observations, Taberg (1968) concluded that damage of shear connectors reduces the 

torsional stiffness of the system. The stiffness is also dependant on the shear modulus 

between the connected members. 

2.7 Effect of loss in composite action on flexural and transverse stiffness of the system 

Flexural stiffness of a composite structure is a function of the structure's material 

properties and geometry. In composite structures, failure of shear connection leads to 

separation of members. The effective cross-sectional area reduces and thus its flexural 

stiffness. 

It was shown in Section 2.2 that in concrete-concrete bridges, the transverse stiffness is 

provided by diaphragms. The effectiveness of the deck to distribute the loads in the 

transverse direction is a function of the ratio of the longitudinal to the transverse stiffness 

(Tamberg, 1968). However there was also no research found in literature that investigates 

the effect of loss in composite action on the transverse stiffness on concrete-concrete 

composite bridges. 

The following sections describe damage detection methods that are used for detecting 

damage in bridges. These include both destructive and Non-Destructive Techniques 

(NDT). 

2.8 Damage detection in bridges 

Bridge management is concerned primarily with existing bridge structures. The objectives 

are to ensure that they achieve their design life and remain open to traffic continuously 

throughout their life, and also ensure that the risk of failure is always very low (Vassie, 

2003). Bridge management encompasses activities such as inspection, assessment for load 

carrying capacity and various types of testing. Frangopol and Estes (1997) and Hearn 
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(1998) state that bridge management involves making decisions such as when a bridge 

should be maintained and what type of maintenance should be carried out. However, 

maintenance of bridges is effective only if adequate inspections, monitoring and 

assessment procedures are used, facilitating an appropriate preventive action if need be. A 

number of damage detection techniques exist. These are reviewed in the following 

sections. 

2.9 Assessment and testing 

Assessment of load carrying capacity of a bridge is made when deterioration has reduced 

the strength or when the loading standard has changed (Vassie, 2003). An assessment 

failure implies that essential maintenance is needed. Both destructive and NDTs are used 

for assessment to establish the cause of deterioration, to locate defects and estimate their 

rate of development. There is a wide range ofNDT applicable to bridges but the suitability 

of each method depends on precision required and accessibility of the structure. McCann 

and Forde (2001) emphasize the importance to undertake a feasibility study on the 

structure to assess the suitability of the proposed NDT techniques. Before the application 

of the NDT technique, a desk study is important. The study seeks to provide the historical 

records of the bridge, i.e. the design loads used in design, designer of the structure, FE 

model of the system, the constructor and type of construction amongst others (McCann 

and Forde, 2001). However, in most cases it is difficult to access all this information 

especially on bridges built a long time ago. 

2.10 Principles of damage detection techniques 

There are many types of techniques, each based on different theoretical principles. These 

techniques produce different sets of information regarding the physical properties and state 

of the structure. These properties include: compressional and shear wave velocities and 

electrical resistivity among others. These are interpreted in terms of the fabric of the 

structure and its engineering properties (McCann and Forde, 2001). The factors considered 

in design ofNDT survey are (McCann and Forde, 2001): 

(i) Required depth of penetration in the structure. 

(ii) Vertical and lateral resolution required for the anticipated targets. 

(iii) Contrast in physical properties between the target and its surroundings. 
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(iv) Signal to noise ratio for the physical property measured at the structure under 

investigation. 

(v) Historical information concerning the methods used in the design and construction 

of the structure. 

(vi) Accessibility of structural members to be assessed. 

Some damage detection methods used for damage detection in bridges are shown in Table 

2.3. The signatures used for damage detection, merits and demerits are described in the 

table as described by McCann and Forde, 2001. 

Table 2.3: Summary of NDT used for damage detection and location in bridges 

Inspection Parameter measured Merits Demerits 
method 

Visual Surface condition Quick Damage can only be 
detected when it has 
reached surface of 
the structure. 
Skilled personnel 
required 

Ultrasonic Wave velocity through Relatively quick Localised 
structure 

Radar Electromagnetic wave Quick, good penetration, Special skills 
velocity give image of internal required to interpret 

structure data 
Coring Internal dimensions Simple Scars the structure. 

Localised in nature 
Proof load test Load carrying capacity Definitive Slow and possibly 

dangerous. High 
cost 

Impact testing Mode shapes Give some indirect measure Difficult to quantify 
of current condition data 

Vibration Mode shapes, natural Give an indirect measure of Difficult to quantify 
modal testing frequencies, Damping current condition, simple data. 

ratios and has no accessibility 
limitations 

Visual inspection techniques are widely used for condition assessment of bridge 

structures. These techniques are however not applicable for assessing inner damaged parts 

of the structure such as shear connectors. The other techniques listed in the table are 

localised in nature and are time consuming. Moreover, experienced personnel are required 

to analyse and interpret the measured parameters. 

'11 
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Chapter 2: Literature Review 

To date there is little work in literature related to the use of these techniques in detecting 

damaged shear connectors in beam and slab bridges. 

This research focuses on use of vibration-based techniques (VBT) to detect and locate 

damaged shear connectors in a concrete-concrete composite bridge. These techniques are 

described in the following sections. 

2.11 Vibration-based techniques (VBT) 

During the past few decades, VBTs have emerged as a promising tool in assessing and 

detecting damage in civil structures (Y ong et ai, 2006; Alvandi and Cremona, 2005; 

Wahab and De Roeck, 1999). The basis of VBTs is that a change in structural stiffness due 

to damage results in change of modal parameters i.e. natural frequencies, damping ratios, 

mode shapes and curvatures. These parameters are used to characterize and monitor the 

performance of a structure (Salawu and Williams, 1995). They can therefore be used to 

detect internal structural damage such as damaged shear connectors. 

The VBTs are divided into 'model based approach' and the 'response-based approach'. 

The model based approach integrates both finite element (FE) analysis and experimental 

modal investigations. This involves updating certain parameters of the FE model using the 

measured parameters. The response-based approach, on the other hand, utilizes change in 

experimental modal parameters to assess the performance of the structure. 

Based on the amount of information provided regarding the condition of the structure, 

VBTs can provide four levels of damage detection (Farrar and Jauregui, 1997). These are: 

(i) Levell: Identify that damage has occurred. 

(ii) Level 2: Identify that damage has occurred and determine the location of damage. 

(iii) Level 3: Level 2 plus estimate its severity. 

(iv) Level 4: Level 3 and determine the remaining service life of the structure. 

The VBTs include both global and local techniques. The global parameters of the structure 

provide the overall condition of the structure. These are modal frequencies, damping ratios 

and mode shapes. These can only detect damage in a global sense and therefore form level 

one in damage detection levels. The following sections describe these parameters. 
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2.11.1 Global parameters 

2.11.1.1 Naturalfrequencies and damping ratios 

Resonant frequencies and damping ratios are modal parameters which are used to detect 

damage in structures in a global sense. The change in resonant frequencies and damping 

ratios due to damage are compared and serve as an index for damage detection. The 

natural frequency of a structure shows the interrelation between its stiffness and its mass 

using the following expression: 

(2.4) 

Where: OJn - Natural frequency 

CD: K CD n - Modal stiffness 

CD:MCD n - Modal mass 

In most damaged structures, the mass of the system remains constant before and after 

damage and therefore any change in natural frequency is associated with change in 

stiffness. The natural frequencies of any structure can be monitored and any change in 

stiffness due to damage can be easily detected. 

Damping, on the other hand, represents the ability of a disturbed system to reduce 

vibrations to zero. The damping ratio is a measure of damping of the system. The damping 

ratio of any structure can also be measured and used to detect damage. Previous research 

has however shown that this parameter is difficult to measure and is also not sensitive to 

damage in most structures (Xia et ai, 2007; Alampalli et aI, 1995; Farrar et ai, 1994; 

Mazurek and DeWolf, 1990; Spyrakos et ai, 1990; Turner and Pretlove, 1988; Kato and 

Shimida, 1986; Salane, 1981). 

2.11.1.2. Modal Assurance Criteria (MAC) values 

MAC values serve as reliable indexes to analyse and correlate mode shapes. The method 

makes uses of the orthogonality properties of mode shapes to correlate two modes 

(Frisswell and Mottershead, 1995). The modes extracted from a structure, at different 

times, can be analysed using the MAC values to check for any notable changes and 
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therefore damage. MAC values close to zero show that the mode shapes are orthogonal 

and dissimilar whereas values close to one show that the modes are similar. The MAC 

value that compare mode i and} is calculated from (Frisswell and Mottershead, 1995): 

n 

I (<1»k (<1>Yk 
MAC(i,}) = -,-k_~~ ____ ,- (2.5) 

(I (<1»k (<1>;)* k) 
k~l 

Where: ( <1> ) k denotes an element of mode shape vector and the asterisk denotes complex 

conjugate. 

This technique however has some limitations. Frisswell and Mottershead (1995) noted that 

it is difficult to compare modes that are close in frequency or that are measured at 

insufficient transducer locations using MAC values. 

2.11.1.3. Mode Shapes (MS) 

MS show deformed shapes of the structure at a particular frequency and damping ratio. 

The MS of a system measured at different times can be superimposed to check for change 

in curvatures resulting from damage. 

The global techniques described above, except mode shapes, only satisfy the first level in 

damage detection efficiency i.e. identify that damage has occurred in the structure but 

cannot localise it. Localisation of damage may be possible using one of the vibration­

based algorithms (YBA) described in the next section. 

2.11.2. Vibration-Based Algorithms (VBA) 

YBAs try to localise the damaged regions of the structure. These are usually referred to as 

mode shape derivatives because they use the mode shape data to localise damage within 

the structure Pandey et ai, (1991). The following section describes these algorithms. 

2.11.2.1 Coordinate Modal Assurance Criteria (COMAC) values 

COMAC values, unlike MAC values, compute the correlation between two similar 

locations of the modes. This algorithm can therefore localise damage within a structure. 
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COMAC values are estimated from the following algorithm suggested by Pandey et ai, 

(1991): 

Where: (jJlld,(jJd - Unit mass normalised mode shape vectors for the undamaged and 

damaged structure respectively. 

(2.6) 

I - Represents an individual correlated pair of which a total of L are available 

COMAC values greater than 0.9 show correlation between the two points on the modes 

whereas a value less than 0.9 means that the points are not related. This can be the case 

when a structure has been damaged. This technique thus can be used to localise damage in 

the structure. 

2.11.2.2. Change in curvature method 

The change in curvature method uses mode shape data from both undamaged and 

damaged mode shapes to localise damage. The mode curvature is computed from any 

differentiation schemes such as the forward difference method, central difference and 

backward difference methods. For a beam element subjected to bending moment, M(x) , 

the curvature at location, x, along the length of the beam is estimated from (Pandey, 

Biswas and Samman, 1991): 

" M(x) 
V =_"----C... 

El 
(2.7) 

Where: v - Curvature 

E - Modulus of elasticity 

1 - Moment of inertia of the section 

The curvature values are used to calculate Curvature Damage Indicators (CDI). This index 

computes a damage factor for all points of interest and thus can be used to localise damage 
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in the structure. Wahab and De Roeck (1999) used the following expression to calculate 

CDI values for a damaged beam structure: 

CDl=~~lv" -v" I ".\r~ ()/ dl 
J.V 1I=1 

(2.7a) 

Where: N - Number of modes 

V "()I' V ""I - Curvature values for the undamaged and damaged structure at node i 

In their study, Wahab and De Roeck (1999) observed that damage in some locations of the 

structure could be located whilst damage in other locations could not be located. False 

damage was also detected. 

2.11.2.3. Change inflexibility method 

The flexibility of a structure measures its absolute range of movement at a particular 

location under load. The flexibility of a system is expected to change for intact and 

damaged structure. The undamaged regions are expected to have higher amplitude of 

vibrating than the damaged sections. This phenomenon can be used to locate damage in a 

structure. Pandey and Biswas, (1994) estimated the modal flexibility of a structure from 

the following expressions: 

Where: Wi - i th natural frequency of the structure 

<!> - i lh unit mass normalized mode vector. 

* - Signify the damaged structure. 

The change in flexibility is given by: 

(2.8a) 

(2.8b) 
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[~F] = [F] - [F]* (2.8c) 

For each column of [~F] matrix, the damaged locations are defined as the absolute 

maximum, 8 jmax' at each measurement j. Xia et al (2007) used this method to locate 

damaged shear connectors in a concrete-concrete composite bridge. Some damaged 

connectors were located and false identification was also observed. Farrar and Jauregui 

(1997) also used this technique to localise damage in a bridge structure. This technique 

was only efficient when severe damage was inflicted in the structure. Likewise some false 

damage was observed. This means one should use these methods carefully. 

2.11.2.4. Change in stiffness method 

This algorithm uses the eigen-value problem of a structure to campare eigen-vectors of 

damaged and undamaged structure. The general eigen-value problem for an undamped 

structure is given by: 

Where: 

(A, [M] + [K] {lfi}) = 0 

Ai - The ith eigen-value 

[M], [K] - Mass and the stiffness matrix respectively 

{lfi} - Displacement vector 

(2.9a) 

The eigen-value problem of the damaged structure is formulated from first replacing the 

pre-damaged eigenvectors and eigen-values with a set of post-damaged modal parameters 

(Farrar and Jauregui, 1997). This is shown in equation 2.9b. 

(A* ,[M - ~d]+ [K - ~Kd]{If,} *) = {O} (2.9b) 

Where: ~ d and M" - Change in mass and stiffness respectively. 

The damaged vector, {Di} for the /, mode is given by: 

''1'7 
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(2.9c) 

Damage is assumed to change only the stiffness of the structure i.e. [~d] = 0, therefore 

the damage vector reduces to: 

(2.9d) 

n n 

[K] ~ LW/<D;<D/ and [Kf ~ LWi *2 <D*i <D*/ 2.9(e) 
i~l i~l 

Where: [K] and [K]* are stiffness matrices for undamaged and damaged structure 

respectively. 

[LlK]=[K]-[Kf (2.9j) 

As in the flexibility method, the modal stiffness can be calculated for all measured 

locations on a structure. The resulting damage vectors can be used to localize damaged 

sections in a structure. 

2.11.4.5. Change in strain energy method 

This method uses the principle of change in strain energy to locate damage in a structure. 

The strain energy for a Bernoulli-Euler beam of length L is given as: (Zhang and Aktan, 

1995; Alvandi and Cremona, 2006): 

(2.JOa) 

Where: Elz - Flexural rigidity about the z-axis ad 

<D - Mode shape value 

For a beam with N elements, the strain energy for an element} is expressed as: (Zhang and 

Aktan, 1995; Alvandi and Cremona, 2006): 

"'10 
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Where: a " a+1 - Bounds for element j 
} I 

The fractional strain energy of the element is calculated from: 

U 
F =-" 
" U I 

For N elements: 

N 

IF;j=l 
j=l 

Similar expressions can be derived for a damaged case: 

For an element}: 

Fractional strain energy for an element j: 

For small damage in a structure: F;j* = F;j + higher order terms 

(2. lOb) 

(2.10c) 

(2.10d) 

(2. 11a) 

(2.11 b) 

(2.11c) 
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F' UI~UI II - = -- = 
F;, UIJU: "J El(X)(~2~ )dX JEI' (X)[a2~' )dX 

"I ax 0 ax 

(2. 11 d) 

F' 
F or small damage, _II = 1 : 

FII 

(2.11 e) 

For light damage. EI is assumed to be approximately constant, therefore El* ~ El: 

(2.11j) 

For a mean set of mode shapes: 

(2.11g) 

Where: fJ , - Damage index for elementj 

For any structure, a normalised index is expressed as: 

Z, =(fJ, -fJmCCfI1)/(}H (2. 11 h) 
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Where: f3 mean - Mean of sample value f3j 

(J' B - Standard deviation of sample value f3. 
J 

This normalisation leads to negative values for undamaged elements and positive values 

for potential damaged elements. The authors noted that it is however difficult to classify a 

positive value as damage. 

2.12 Summary 

One of the most common types of bridges in service for short to medium spans in South 

Africa and worldwide is the concrete-concrete composite structure consisting of pre-cast 

pre-stressed beams and a cast in-situ slab. The slab is connected to the girders using shear 

connectors which are responsible for the composite action and therefore the efficiency in 

the structure. The girder webs stirrups extend into the deck slab thus provide the shear 

connection. Increase in allowable axle loads and age effect might affect the horizontal 

shear connection and therefore the composite action in these bridges. Furthermore material 

degradation resulting might affect the integrity of shear connection in these bridges. Other 

structural problems likely to weaken the composite action include failure in bridge 

bearings and effect of vehicle impact during accidents, amongst others. 

Despite the technological advancements, most BMS still rely on visual inspections for 

condition assessment. This means that damage in inaccessible parts of the structure such 

as shear connectors may go undetected until it is expensive to repair or catastrophic failure 

occurs. Other methods used to detect and locate damage in bridges include ultrasonic 

techniques, the radar method, impact testing, magnetic based methods and proof load tests 

amongst others. Nevertheless, these techniques are limited to small areas and are time 

consummg. 

During the past few decades, vibration-based damage detection techniques (VBDDT) 

techniques have emerged as a promising tool in assessing and detecting damage in 

structures. These techniques include both global and localising methods. Global 

parameters detect damage in a global sense while the local algorithms can locate the 

damaged region of a structure. The global parameters include the natural frequencies, 

damping ratios and mode shapes. The local techniques are COMAC values, change in 

11 
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curvatures, flexibility change algorithm and change in strain energy algorithms. Farrar 

and Jauregui (1995) compared these methods using damage inflicted on 1-40 bridge in Rio 

Grande. It was discovered that these methods were able to locate damaged regions for 

severe damage scenario. Varying levels of success were observed. False damage locations 

were also observed. This was also observed by Xia et al (2006) when they used these 

techniques to locate damaged shear connectors in a concrete-concrete composite bridge. 

They took measurements from both the slab and the beams. Xia et at (2007) did not take 

into account that it is difficult, if not impossible, to access girders in these structures. This 

research therefore aims at comparing these techniques based on data measured from the 

top of the slab, which is accessible. 
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CHAPTER 3 

THEORETICAL FRAMEWORK: 

MODAL ANALYSIS 

3.1 Introduction 

Modal analysis is a process of determining the modal parameters (frequencies, modal 

damping, damping mass, mode shapes) using either experimental approach or analytical 

modelling. Experimental modal analysis (EMA) is based upon digital electronic gadgets 

such as Fast Fourier Transform (FFT) analysers, Transfer Function Analysers (TF A) and 

discrete data acquisition instruments. Analytical modal analysis (AMA) using a finite 

element model can also be used to obtain the modal parameter of a structure. Modal 

parameters are needed for a number of purposes: 

(i) To understand the way a structure behaves and the contributions of structural 

elements and boundary conditions to the structural response to loads. For 

example curvature of mode shapes shows how support fixity works. 

(ii) To provide a basis for predicting of the structure for certain types of dynamic 

loading, eg to predict the response of a grandstand to crowd loads or of a 

footbridge to pedestrian traffic. 

(iii) To provide data for seismic qualification, e.g mode shapes and frequencies are 

used for equivalent static seismic response calculations. 

(iv) To investigate the possibility of a structure being excited in resonance due to 

low damping and/or modal mass and coincidence of mode frequency with that 

of an external dynamic input, e.g. testing of as-built grandstands and 

footbridges 

(v) Development of experimentally-based dynamic models. 
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Chapter 3.0: Theoretical Framework 

Modal analysis reqUlres a sound knowledge of structural instrumentation and signal 

processing. The concepts of modal analysis are well presented in most standard modal 

testing and analysis books. The following sections discuss the concepts of this subject. 

3.2 Basic concepts of vibration analysis 

The basic features of any dynamic system are its mass, elastic (stiffness) properties, 

damping and excitation force. The mass possesses inertia and has kinetic energy by virtue 

of its motion. Damping helps to dissipate energy from a vibrating system while stiffness 

enables it to restore potential energy by virtue of its deformation. A structure possessing 

these properties is therefore capable of vibrating when an excitation force is applied. A 

typical representation of a single degree of freedom (SDF) dynamic system is shown in 

Fig 3.l. Real structures however have distributed mass, damping and stiffness properties 

resulting in a multiple degrees of freedom system (MDF). 

Stiffness Damping 

Fig 3.1: Idealised SDF system 

A mathematical model that describes the motion of a MDF system is given by: 

[M] {a(t)} +[q {vCt)} +[K] {x(t)} = {F(t)} (3.1) 

Where: [M] - Mass matrix [K] - Stiffness matrix 

[C] - Damping matrix F(t) - Applied force 

art) - Acceleration of the system x(t) - Displacement 

v(t) - Velocity 
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The solution of the general equation (3.1) of motion results in eigen-equations that result 

in eigen-vectors and values. These are natural frequencies, damping ratios and 

displacement vectors of the structure. These parameters are used to characterise the 

structure and are referred to as modal parameters. Detailed content on this subject is found 

in Ewins (2000) and Maia et al (1997). The modal parameters of a structure are contained 

on the measured frequency response functions (FRFs). This is discussed in the next 

section. 

3.3 Frequency Response Functions (FRF) 

The frequency response function (FRF) is defined as the ratio of the Fourier Transform 

(FT) of the output to the FT of the input. The output or response of the structure can be 

measured in terms of acceleration and the resulting FRF is called Inertance (acceleration 

divided by force). The response may also be velocity or displacement, then the FRF is 

called the Mobility (velocity divided by force) or the Receptance (displacement divided by 

force) respectively. 

The general expression ofFRF is expressed mathematically as: 

H( 'OJ) = X(jOJ) 
} F(jOJ) 

Where: X(jOJ) - FT of the output 

F(jOJ)- FT of the input 

For a SDF system under forced vibration, the FRF is expressed as: 

H( 'OJ) = X(jOJ) = 1 
J FUOJ) (k-OJ 2m)+i(oJC) 

Where: k- stiffness 

OJ - natural frequency 

m - mass 

c - damping 

(3.2) 

(3.3) 
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It should be noted that equation 3.3 is complex and contains both magnitude and phase 

infonnation (Ewins, 2000). For an MDF system, the FRF matrix also contains the 

magnitude and phase infonnation for each degree of freedom and therefore the modal 

parameters of the structure can be estimated. 

In practice, the measurements of FRFs are disturbed by noise as shown in Fig 3.2. 

u(t) 

f(t) 
I 

x(t) l · r ---.. '-__ H_'0_W)_----.J ---•• 0 --.. xlt) 

fit) 

y(t) 

j(t) ~ pure input signal; y(t) ~ input noise signal; fdt) - input signal with noise component 

H '(eu) ~ modified FRF; x(t) - output signal; x ll (t) ~ output signal with noise 

Fig 3.2: Signal flow diagram of test set-up 

Noise effects are introduced into the input and output signal resulting in modified FRF 

expression given by equation 3.2. The modified expression is given as (Qi, 2000): 

H(jOJ) = X,,(jOJ) = X(jOJ) + U(jOJ) 
F,(jOJ) F(jOJ)+Y(jOJ) 

(3.4) 

Where: U(jw) and Y(jOJ) are the noise on the spectra of X(jeu) and F(jw) respectively. 

It is evident that the nOIse effect results in unreliable measurements. However signal 

conditioners and filter equipment minimises this effect during the modal testing. 

Nevertheless, the reliability of the measured FRFs has to be checked. The necessary 

checks are explained later in the chapter. 
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3.4 Modal testing 

Modal testing involves measunng the FRFs of the stmcture that contains its modal 

parameters. There are a number of testing methods and these include phase resonance 

techniques, phase separation testing, single point testing and multi point testing (Maia et 

ai, 1998). 

3.4.1 Phase resonance technique 

Phase resonance, also known as the nonnal mode or the sme dwell testing, applies 

multiple exciters to excite a single mode of vibration. The use of more than one "exciter" 

however has a number of limitations. Firstly, the tuning of the excitation force pattern is 

time consuming. Secondly, the choice of excitation frequency needs to be critically 

selected to avoid missing important modes. 

3.4.2 Phase separation testing 

In contrast to the phase resonance method, this method uses a single point excitation. The 

following are advantages of using this method. It is cheaper, easier and quicker to 

implement. 

3.4.2.1 Single point testing 

This is the most common method and easier to implement. The impact hammer and shaker 

are used to excite the structure. A series of single input tests are done to obtain the overall 

response of the stmcture. Nevertheless, this method has limitations such as the localisation 

of the input energy. This means that some of the modes of vibration of the system cannot 

be excited especially for complex stmctures. 

3.4.2.2 Multi point testing 

This technique is applied to large stmctures where stmctural energising is done using a 

number of shakers. The shakers apply unifonn loads and therefore the effect of non­

linearities in the structure is reduced. However, the process of FRF extraction is a costly 

exercise compared to the single point testing. In addition, it has been found that the motion 

of the stmcture tends to correlate to the actual multiple forcing inputs. This is believed to 

affect the resulting FRF's at resonance. 

'1'7 
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3.5 Experimental measurement and modal testing 

An experimental setup for modal testing consists of three major processes to extract the 

modal data (Fig 3.3). These are: 

(i) An excitation mechanism 

(ii) A transducer mechanism to record the response of the structure 

(iii) An analyser to extract the desired information 

Response 

Transducer ~ 

Signal Conditioning Amplifier.VAnalysers 

--- =-\'---_;-------1\­
A 

o Filter 

~ 

PC 

-\~ --~~I~-----------' 
Shaker Power Amp 

Fig 3.3: Schematic representation a/components/or modal testing 

3.5.1 Excitation mechanism 

Shaker 
~ r-- driving 

signal 

The position of the excitation force is of importance in dynamic testing. The optimum 

location of an exciter should be such that all modes of interest are excited. In practice, 

preliminary testing and FE analysis of the system is used to find the optimum location of 

the exciter using the driving point residue (DPR) (Richardson and Schwarz, 2003). DPR is 

the measure of how much a point participates in the overall response of a mode. Maia et af 

(1998) describe DPR mathematically as follows: 

(3.2) 

Where: l';k - Mode shape coefficient for DOF i and mode k. It is given as the amplitude 

of mass i expressed as a ratio of the amplitude of one of the masses of the 

system for any particular mode k 
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m" - Modal ma~~ tllr lnllde k 

Old' - Dmnped nmurJI frequency ofthc systcm for mode k 

Thc optimum position is one hm'lTIg the large~t DPR aver~ged for a set of modcs. This 

meJns all modes of vibration j"r the ~tructure thm tilll in the rJngc of excitation 

frequencies will '"'" ~x~ll~(l 

Shakcrs lmd impad hammers ar~ wmmonly ll~ed structural t .\citer; in modal testing. Two 

common typcs of shaker; are th~ electrom~gnctic (Fig 3.4) lind In clectro-hydrJulic 

s/Hlkcr. Shak~rs ~an '"'" p",; itlOned on top of a stJucture and allowed to \'ibrmc frcely. In 

some ~ases, a dn \'e md i~ ll,ed to couple the shaker III th~ structure. As mcntion<'C! earh.,.­

in this section, lhc positioning or the ~hllker on the ,tructur~ should be such that all modes 

of imerest ar~ excited, 

N~ 3.4 __ (,pic,,' e/n."lromagllclic shaker 

Impact hJmmers on thc other hand do not ne~d to be couplo:d to th~ structurc. As \\ ith the 

shaker. the position of Impact should bc ,,0 a, to ~.\cite the required modes. The type of 

impulse for~e from thc hammer i~ v~ried by changing hammcritip hcads. The amount of 

tllrce lIpplkd is varj~d by ~hanging drop heights, l..nlike ~hak~rs thllt need a driving signaL 

imp~d hammer~ nee,] no driving signal. 

3.5.1.1 Type" oj ~.n·itati"'t signals" 

Structural excitation forc~s ~an be dasOllied ~s either nJrrow bJnd Of bronc1 oJnd 

(R l chard~on lind Schwarz, 20(3). The bm~d band signals include the chirp signliis. 
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transient (impulsive) and the ambient forces. These are characterised by non-zero 

frequency spectrum over a broad range of frequencies whereas the narrow band signal 

contains a single non-zero frequency. The broad-band signals are preferred in most 

vibration or modal investigations because of the following merits (Richardson and 

Schwarz, 2003): 

(i) They can be designed to minimise a signal processing error caused by leakage 

(ii) Many modes of the structure are excited at a time 

(iii) They are controlled to minimise non-linear response of the structure 

(iv) They are used with spectrum averaging to effectively linearise the non-linear 

response of the structure. 

Driving signals can further be classified into periodic, transient and random. Periodic 

signals include stepped sine, slow sine sweep, pseudo random and periodic random. The 

transient signals include the burst sine, burst random, chirp and impulse. Typical random 

signals include the white noise and narrow-band signals. 

Stepped sine testing uses a discrete sinusoid signal with a fixed amplitude and frequency 

to drive the exciter (Maia et ai, 1997). In order to encompass a frequency range of interest, 

the command signal is stepped from one value to another in such a way as to provide the 

necessary density of points on the frequency response plot (Ewins, 2003). Using this 

technique, measurements are taken when steady-state conditions are attained. One 

advantage of this method is the convenience of taking measurements where and when they 

are required. 

Slow sine sweep testing involves the use of a sweep oscillator to provide a sinusoidal 

signal to the exciter. The frequency of this signal is changed slowly but continuously 

through the range of frequencies. As in stepped sine testing, steady state conditions should 

be attained before measurements can be taken. The suitability of sweep rate is checked by 

comparing the measurements from sweeping up and then sweeping down. The same curve 

should be obtained. 

Random excitation uses a random signal to drive the exciter. This signal IS usually 

produced by a noise generator. 
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Chapter 3.0: Theoretical Framework 

Transient excitation signals are the most widely used fonn of signals for driving the 

exciter in modal testing. These signals are divided into burst, rapid sine sweep (chirp) and 

the impact from a hammer blow. The first two are used to drive the shaker as in periodic 

and random testing. The principle which all these signals share is that the excitation and 

response are completely contained within a single sample measurement made (Ewins, 

2003). 

Ewins (2003) describes burst signals as consisting of short sections of an underlying 

continuous signal which may be a sine wave, sine sweep or a random signal followed by a 

zero output. The resulting response shows a transient build-up followed by decay. The 

duration of the burst is selected so as to provide the ideal signal processing conditions. The 

conditions are that the response signal has died away by the end of measurement period. 

Leakage and poor signal may result if the above conditions are not met. 

In a chirp signal, the frequency content is chosen by the starting and finishing frequencies 

of the sweep. As with the burst signal, the period of excitation is controlled to optimise 

conditions for signal processing. 

Impulsive signals are produced by impact hammers. A similar energy distribution as in a 

chirp excitation is also produced using impulsive signals. The main difference is that the 

amplitude and frequency content of the chirp input signal can be controlled whereas the 

signal from the hammer is difficult to control. The resulting spectrum of the hammer is 

detected by the tip or head materials but difficult to control (Maia et ai, 1997). 

The response of the structure under these excitation forces is recorded usmg response 

transducers. This is described in the following sections. 

3.5.2 Response transducers 

The response of the structure to excitation force and the magnitude of the applied force are 

measured using transducers. Common response transducers include: accelerometers, 

displacement transducers, velocity transducers, piezoelectric accelerometers, capacitive 

accelerometers and force balance accelerometers. A typical example of an accelerometer 

is shown in Fig 3.5. 

111 
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Chapter 3J}: Theoretical Fram('lwrk 

Fi{:Ufl' 3.5: Accciaoll1l'il'r 

[)isplacement transducers inelude Linear Variable DilTerential TrMslormer:s (LVDTs), 

potemiometcr:s, Rotary Variable Differential TTansfonTIers (RVDTs) and laser optical 

mnge sensors, The functioning of these trandueers and accelerometer, is well explained in 

<,tandanl modal analysis books (b'ins. 2000; ~laia et a/ 1997) and will not be discussed 

here. 

TransdlIc~rs nced tn be calihrated before they ~an b~ used, This is be<:ause th~ measuncd 

,allies are tenTIS of m vollag~ and therefore a s~a1ing fador is Il~eded to translate the 

,nltag~ to fOTCe. "do,;i!y and a~~derations, Traru;du~ers are used with kad kngths and 

these tend to atr~ct signal quality due to their resistan~e. capadtance \ariation and their 

tendency to pick up n<Jis~, This tends to affect the quality of the measured data. 

Unfortunately. this cannot be avoided in practice, 

3.S.3 riller", lind IIna(I'.'I'r ,,-

Signal conditioners sll'engthen and tilter the response signals before being sent to the 

analyser. A number of filters arc used and these include low pa.~s. high pass, broadband. 

narrow band and the n<Jteh filter. These filters have a em-nff-frequeney over which they 

function plOpcrly, 

Signal analy,er:s, on the other hand, It\ea.\lLr~ speci fie pararnck'TS of lI\kr~~t i_c. lorcc and 

response le\els, Two ty)X's of analyscrs in common use nowadays include Frequency 

Hespl>ns~ Analyser:> (I'M) and Spectnnll Analysers (SA). These analysers mainly convert 

the anall)gue signal to digital signal to produce strings of discrete values. The main 

ditlerence bet\\e~n the FHA and the SA is that the SA simultan~ously measures al l th~ 
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Chapter 3.0: Theoretical Framework 

frequency components in the time signal whereas the FRA extracts a single frequency at a 

time. 

Analysers estimate the Fourier Transforms (FT) or Spectral Densities (SD) of signals 

which are supplied as inputs for analysis (Ewins, 2000). 

3.6 Signal processing 

Signal processing is the representation of the signals by a senes of numbers and or 

symbols. It is divided into tuned-sinusoidal (TS) and non-sinusoidal methods (NS). TS 

technique uses the multi-point vibration excitation to extract measured FRFs'. This 

method has the advantage of determining modal parameters of a structure with high modal 

density. However, to apply this method, the properties of the desired modes should be 

known. The other limitation with this method is that it is time consuming. Moreover, the 

measurement and analysis is mixed. 

NS methods, on other hand, have a clear distinction between measurement and analysis. 

Further more, the modes of interest are excited using one excitation mechanism. 

The response signals are processed digitally using different transform algorithms called 

signal analysers to yield the FRFs or Impulse Response Functions (lRFs). A simplified 

procedure for signal processing in dynamic equipment is detailed in Fig 3.6. A sampler 

samples the input time signal and keeps it until the Analogue to Digital Convetor (ADC) 

has completed converting the analogue input signal to a digital signal. The digitised signal 

is sent to a Fast Fourier Transform (FFT) to produce a spectrum. 

Inpllt signal 
(rolll a 
transducer 

Salllpler and 

-- ADC 

ADC- Analogue to Digital convetor 

FFT- Fast Fourier Transform 

FFT 
processor 

Fig 3.6: Schematic process for computing a spectrum 

D i.lp lay 
Spectrum 
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Chapter 3.0: Theoretical Framework 

Basic knowledge of functioning of transforms is needed to understand the processing. The 

following sections describe the basics of analysers as explained by Ewins (2000) and Maia 

et al (1997). 

3.6.1 Fourier analysis 

For a pure response sme signal resulting from a sinusoidal excitation, the output 

displacement is represented by a Fourier series as: 

Cf) 27mt . 2;rrnt 
x(t) = ao +2I(al1 cos--+bl1 sm--) 

11~1 T T 
(3.3) 

Where - ao is the mean value of x(t) over period T and, 

1 +/ 2 2;rrnt 
a = - f x(t)cos~t 

II T.. T 
-1 2 

(3.-1) 

1 +/12 2 t 
b =- f x(t)sin~t 

II T T 
-/ 2 

(3.5) 

For complex functions, the displacement is: 

+::1:' 

x(t) = I clle-hllliJdt (3.6) 
11=-:£ 

Where (3. 7) 

For an impulse signal, the Fourier theorem gives: 

+u:; 

XCI) = f X(t)e'hl1l dt ,or (3.8) 

+oc +x 

x(t) = f X(f)e/h l1
l df Where, XU) = f X(t)e'27111 dt (3. 9) 
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Chapter 3.0: Theoretical Framework 

Equations 3.9 allow the measured time domain signal to be converted to frequency domain 

signal. The resulting signal is digitised using Discrete Fourier Transforms (DFT) 

analysers. 

3.6.2 Basis of Discrete Fourier Transform (DFT) 

Input signals are digitised and recorded as a set of N-discrete values evenly spaced in the 

period T during which the measurement is made (Ewins, 2000). The sample (N-discrete 

values) is assumed to be periodic in time T and Finite Fourier Series (FFS) are computed 

using equation 3 . ../ to estimate DFT. A DFT approximates a Fourier Transform (FT)which 

is otherwise difficult to compute. The number of samples, N, the period T and sampling 

rate and range and resolution of frequency spectrum (((}max) are related using the 

expression below (Maia et ai, 1997): 

(3.10) 

N is generally fixed for a particular analyser and is in powers of2 (2: 512: 1024: 2048: 

4096: etc). 

Discretisation approximation and the limit of the length of time history may lead to poor 

results. These may be due to aliasing, leakage and may be avoided using windowing, 

filtering and averaging processes. 

3.6.2.1 Aliasing 

Aliasing is the misinterpretation of a signal by a sinusoid at lower frequencies. To 

eliminate this problem, the sampling rate should be twice the signal frequency. 

Furthermore, an anti-aliasing filter may be necessary. 

3.6.2.2 Leakage 

Ewins (2000) describes leakage problem as a direct consequence of the need to take only a 

finite length of time history coupled with the assumption of periodicity. This problem is 

minimised by one or all of the following options: 
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Chapter 3.0: Theoretical Framework 

(i) Modifying the signal sample through windowing 

(ii) Increasing duration of measurement period and increasing sampling rate 

to refine the frequency resolution 

(iii) Using the duration of measurement sample that match the periodicity in 

the signal 

(iv) Zero padding .i.e. adding zeros to the measured sample 

3.6.3 Windowing 

As mentioned earlier in this section, windowing minimises the leakage of the signal, as 

mentioned earlier. The time signal is multiplied by a window to obtain a smooth decay to 

zero at the limits of the recorded time period. The resulting signal therefore approximates 

an exactly periodic one. The windows incorporated in FFT and other analysers include the 

Hanning, Rectangular, Blackman, Barlett, Kaiser-Bassel windows amongst others. Use of 

these windows requires rescaling to compensate for the attenuation of the signals by the 

application of the window. Nevertheless, no scaling should be done if the response and the 

excitation signals are using the same window for calculating the FRF's (Ewins, 2000). 

3.6.4 Increasing the duration of measurement 

Increasing the transform size reduces leakage and gIves a finer resolution around the 

region of interest. 

3.6.5 Zero padding 

The resolution may also be increased simply by adding a senes of zeros to the short 

sample of the actual signal to create a new sample which is longer. However, the 

limitation of this method is that the resulting spectrum is not finer but is made coarser 

instead. 

3.6.6 Averaging 

Averaging is applied in analysis of random signals since FFT's of these signals do not 

exist. The analysis therefore yields estimates of SD that characterise this signal. The 

number of averages required is mainly determined by the statistical reliability and the 

removal of random noise from the signal. The peak holds, exponential and linear are some 

of the types of averages incorporated into analysers for averaging. 
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Chapter 3.0: Theoretical Framework 

3.7 Modal parameter extraction 

Modal extraction is a process of extracting modal parameters of the structure from the 

response data. These parameters can be extracted from time domain or measured FRF's. 

Before these methods are described, the next section deals with preliminary checks that 

need to be done on FRF so as to check validity of the measured data and therefore the 

accuracy of modal parameters of the structure. 

3.7.1 Preliminary checks 011 FRF data 

The response data is usually affected by nOIse, resistance of lead WIres and their 

capacitance. For this reason, preliminary checks are necessary to avoid analysing poor 

data resulting in incorrect modal parameters. The following checks are done on measured 

FRF (Ewins, 2000): 

(i) Low frequency asymptotes 

(ii) Anti-resonances 

(i ii) High frequency asymptotes 

(iv) Shape ofFRF skeleton 

(v) Nyquist plot 

The characteristic of FRF's at low frequencies i.e. below the first resonance indicates the 

degree of reliability of the data. This is the region that gives the behaviour of the support 

conditions of the test. For grounded systems, stiffness characteristics that appear as an 

asymptotic to the stiffness line at the lowest frequency is expected (Ewins, 2000). The 

magnitude of this stiffness should equal the static stiffness at that point. 

The incidences of anti-resonances also indicate the quality of the measured data. Anti­

resonaces are expected to occur between two adjacent resonances, instead of minima for a 

point FRF. Conversely, for a transfer FRF's between two points separated on the structure, 

a minima is expected (Ewins, 2000). The antiresonance troughs for point FRF should have 

the same sharpness as the resonance peaks. These problems are chiefly due to inadequate 

vibration or limitations of the spectrum analyser resolution. 

A check on the upper end of frequency range that reveals an asymptotic curve to mass or 

stiffness line of mobility measurements indicates a high probability of unreliable data 

(Ewins, 2000). The author suggests that this reflects a situation where the excitation is 
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Chapter 3.0: Theoretical Framework 

applied at a point of very high mass or flexibility. Such a tendency results in considerable 

difficulties for modal analysis process. This problem may be minimised using different 

excitation points. 

The shape of FRF's is also used for checking reliability of measured data. In this case, 

relative positions of resonances, unti-resonances and the ambient levels of FRF curve are 

used to check validity of measured data. A mass and stiffness lines through the FRF curve 

should pass through the middle of the FRF plot for consistence resonance and anti­

resonances frequencies. 

If all the checks on measured FRF's are satisfied, modal parameters of the system can be 

extracted, otherwise re-testing will be necessary. 

3.7.2 Modal extraction methods 

Modal extraction methods are split into time-domain based and frequency-domain based 

methods. The time domain methods are suitable for large frequency range, whereas the 

frequency techniques give the best results for limited frequency range where the number 

of modes is relatively few (Maia et aI, 1998). The time domain based methods are further 

split into direct and indirect techniques. The indirect methods means that the identification 

ofFRF's is based on modal parameters (i.e. natural frequencies, damping ratios and modal 

constants) whereas the direct techniques refer to the identification based on the general 

matrix equation of dynamic equilibrium (Maia et aI, 1997). 

Both time and frequency techniques are further classified into Single-Input Single Output 

based, Single-Input-Multiple-Output methods (SIMO) and Multiple-Input-Multiple­

Output (MIMO) methods. The Single-Input-Single-Output (SISO) methods use a single 

FRF at a time from a single excitation point to compute modal parameters. On the other 

hand, Single-Input-Multiple-Output (SIMO) methods analyse mUltiple FRF's 

simultaneously with responses taken from different positions but using one excitation 

point. The Multiple-Input-Multiple-Output (MIMO) processes all the available FRF's 

from multiple excitation points. 

AO 
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Chapter 3.0: Theoretical Framework 

These methods are well described in Ewins (2000) and Maia et al (1997) and this next 

section only discusses the Rational Fractional Polynomial method (RFP) which is mostly 

used by many commercial packages of modal analysis software. 

3.7.2.1 Rational Fractional Polynomial method (RFP) 

The RFP method is a curve fitting technique and widely used MDOF frequency domain 

method. Curve fitting is a process of matching a parametric model of an FRF to 

experimental data. The unknown parameters of the model are the natural frequencies, 

damping ratios and residues for each mode. Using the RFP method, the formulation of the 

FRF is expressed in rational fractional form and the error function to be minimised is 

established in such a way that the system of equations is linear, without requiring initial 

estimates for the modal parameters (Maia et aI, 1997). 

The FRF, in terms ofreceptance, for a linear system with N-DOF and viscous damping is 

expressed by the following partial fraction (Maia et aI, 1997): 

( ) = ~ A, + iOJSr 
aOJ ~ 7 ) • 

,=1 OJ,~ - OJ- + 21~,OJ,OJ 
(3.11) 

Where: Ar and Br are constants 

OJ, - Eigen frequency for mode r 

~ - Damping ratio 

Equation 3.11 can be written as a ratio of two fractions i.e. rational fraction as below: 

2.\' -1 

I ak (iOJ)k 
a (OJ) = --".k---"=O'----__ 

2X 

Ibk(iOJ)k 
k=O 

(3.12) 

An error function between the analytical FRF (a( OJ)) and the experimental values, a '( OJ), 

at each frequency, OJ" is defined as: 
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Let e'; be a modified error function given by: 

2N 

e'; = e; Lbk (iOJ)k and making b2N = 1 
k=O 

Chapter 3.0: Theoretical Framework 

(3.13) 

(3. 13a) 

(3. 13b) 

This leads to a system of linear system of equations avoiding the necessity of initial 

estimates of the modal parameters (Maia et aI, 1997). 

An error vector for all the measured frequencies is expressed as: 

{E}={e; (3.14) 

Substituting equation (3.14) into (3. 13 b) results in equation (3. J 5) expressed in compact 

form as: 

{E} =[P]{a}-[T]{b}-{W} (3.15) 

The polynomial coefficients {a} and {b} are calculated from a least-squares procedure that 

results in: 

en 
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Chapter 3.0: Theoretical Framework 

[p]= = [.9] (3.16) 

Where qJ . . means a polynomial of order i evaluated at frequency OJ . . Likewise [T] is given '.i , 

as: 

[T] = (3.17) 

This can be expressed as: 

[T]= 
o 

[e .. J i,j 
(3,17a) 

o 

Where: 

[eJ = i.j 
(3. 17b) 
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Chapter 3.0: Theoretical Framework 

Or [T]= a' [0] (3.l7e) 

(3.l7d) 

Solution for the unknown coefficients is achieved by minimising the error function, J, 

defined by: 

[F] = -Re([T*]' [W]) J = {E*} {E} 

(3.18) 

. [[Y] [X]]{{b}} {{G}} 
ThIS leads to: [Xf [Z] {a} = {F} 

Where: [Y]=Re([p*]'[P]); [X]=Re([P*]'[T]); [Z]=Re([T*]'[T]); 

[Gl=Re([P*J[wJ); [F]=-Re([T*J[WJ) 

The polynomials rp and B should be calculated such that Re([p*f[p]) = [I] and 

Re([T*f[TJ) = [I] and this is possible if the polynomials are complex orthogonal 

polynomials (Maia et aI, 1997). 

(3.19) 

Using the calculated rp andB, the modal parameters are calculated from equation (3.12). 

The modal parameters (natural frequencies and damping ratios) are given by solving the 

polynomial denominator for equation (3.12). 

Ewins (2000) noted that this method results in both genuine and computational (non­

existent) modes due to the assumption that the order of the model is N. To separate the 

real and computational nodes, it is essential to run the analysis for a given model order 

using different subsets of the data contained within the frequency range and comparing the 
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Chapter 3.0: Theoretical Framework 

results. The real modes will be consistent while the computational modes are likely to 

change. 

3.8 Summary 

The main aim of this chapter was to understand use of modal testing for damage detection 

in civil structures. This chapter introduced the basics of dynamics in structures and various 

methods of modal testing. The testing equipment used in modal testing was also described. 

The processing of modal data was presented. Under this section, the key factors discussed 

include necessary configurations of the equipment to get quality results. The necessary 

critically checks on measured FRFs to ensure the reliability of measured data fOnTIS this 

chapter. The RFP method widely used by many commercial packages of modal analysis 

software is also described. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 4: Methodology and Plan of Action 

CHAPTER 4 

METHODOLOGY AND PLAN OF ACTION 

4.1 Introduction 

Various vibration-based damage detection techniques used for detecting and locating 

damage in bridges and other civil structures were described in Chapter two. Different 

researchers (Xia et ai, 2006; Farrar and Jauregui, 1995) investigated how these techniques 

can be used to detect and locate damage in bridges. Both positive and negative results 

were observed using these techniques. However, to date, these techniques have not been 

used for detecting and locating damage on beam and slab concrete bridges based on 

vibration data measured on top of the accessible deck slab only. This research therefore 

seeks to assess the integrity of shear connectors on beam and slab bridges using the 

aforementioned dynamic-based techniques described in Chapter two. The work consists of 

experimental and numerical study. The experimental work involved building a scaled 

model of a bridge and introducing artificial damage. The vibration techniques are then 

applied in an attempt to detect and locate the damage. Shear connector damage in beam 

and slab bridges is also investigated using analytical methods. A robust FE model of the 

structure was developed by integrating both FE modelling and experimental results. The 

FE model developed was applied to an existing concrete-concrete composite bridge. The 

following sections discuses this work in detail. 

4.2 Model selection 

Firstly, an appropriate bridge representation was required for this work. Two systems 

described in literature are used to idealise bridge systems i.e. a scaled model and a system 

of a single beam and slab. Literature shows a strong trend by researchers, in the 80's and 

90', to idealise a bridge structure using the latter system (Thambiratnam and Brameld, 

1994). The latter representation assumes an infinite stiffness in the transverse direction. 
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Chapter 4: Methodology and Plan of Action 

This however is not a true representation of prototype structures because the stiffness in 

the transverse direction is finite. The other idealisation of a bridge structure is using a 

scaled model. This is a more practical way of idealisation especially for damage detection 

works. This is because transverse vibrations and transverse modes can be used for damage 

detection within the structure. This research therefore uses a scaled model of a beam and 

slab bridge. 

4.3 Research approach 

The following flow-chart describes in detail the approach and scope of work carried out in 

this investigation. Aforementioned, this work consists of experimental and numerical 

study component. The integration of the two is explained using the flowchart below (Fig 

4.1). 

Experimental work 

Scaled model 
of the system 

Reference 
Structure 

Damaged 
Structure 

Modal Parameters 

Desk-study 

FE Model 

, __ V --~--
I 

Reference 
I c' 

Damaged 

"-------Struc~urel I ,)frllcfllre 

FE 
model 
Tunim! 

No 

Similar 

Yes 

Modal Parameters 

Damage Identification & Location 

Fig 4.1: Flowchart of a typical dynamic investigation 
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Chapter -I: Methodology and Plan of Action 

An FE model is required to design a robust experimental set-up. Firstly, the model is used 

to locate an optimum position of the exciter on the structure so as to excite all the modes 

of vibration. This is done using DPR values described in chapter three. Secondly, results 

of the model give an estimated range of frequencies expected during testing. Nonetheless, 

it is important to note that this FE model may not predict the modal behaviour of the 

structure and will have to be updated using experimental results if it is to be used for 

further investigations. 

The updating or model tuning process IS a two-part process l.e. prevalidating for an 

undamaged structure and post validating for a damaged structure. The model updating 

procedure is as follows (Brownjohn et ai, 2003): 

• Selection of responses as reference data. 

• Selection of physical and geometrical parameters which affect the selected 

response data. 

• Model tuning using the selected parameters. 

However the reliability of a validated model depends on the precision of experimental 

results (Friswell and Motterhead, 1995). Poor results produce a corresponding poor fine­

tuned model. Fine-tuning of the FE model will be described in further sections. 

4.4 Model design and construction 

A 1/6 scaled model of a typical 25 m long prototype concrete beam and slab bridge was 

selected for this research. I -section beam types were selected based on a survey carried out 

in Cape Town that showed that these beams were the most commonly used for 

constructing these bridges. However rectangular beam sections were cast to avoid use of 

complex moulds. The standardised dimensions of a girder for a 25 m span are found in the 

Somervillle and Tiller, 1975. The width is given as 510 mm and the depth is 1040mm. 

These girders have holes through the webs to facilitate the erection of diaphragms. The 

girders are spaced at 1500 - 3000 mm centre to centre. The deck slab depth ranges from 

200 - 300 mm. Using these dimensions, the resulting dimensions for the scaled model are 

shown in Fig 4.2 and Fig 4.3. The deck slab was 4200 mm long, 1650 mm wide and 65 

mm thick. The beams were 4200 mm long and had a cross-section of 170 mm x 120 mm. 
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--- 4200 -----~ 

:.---------------------------------------------------~: ~ -~-
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'~ _____ ------------------------------------------------------ + 
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'--_ ...... .L 

-----------------\ 

Beam 
Supports 

Fig 4.2: Plan view, cross-sections of the model and beam (all dimensions in mm) 

T 65 

t 
J70 

t 

Because the scope of the study was to assess testing methods for reliability and 

practicality, with emphasis on the condition of the shear connectors, some simplifying 

assumptions were made. Firstly, the girders were made of reinforced concrete as opposed 

to pre-stressed girders used for prototype bridges. Secondly, the spacing of shear 

connectors in the model is uniform whereas in reality the spacing of connectors differs and 

finally shear connectors are protected using PVC pipes so as to have control on their 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 4: Methodology and Plan of Action 

integrity. However, the selected anchor bolts that simulate the shear connectors in the real 

structures are modelled such that the composite action in the model is similar to that in 

real bridges. 

In prototype bridges, diaphragms are cast across girders on piers and also in-between 

supports. The reinforcement for diaphragms passes through holes provided in the web of 

the girders for monolithic construction. These diaphragms help to distribute the loads and 

also act as bracers in transverse direction (Nigel, 2003). In this model, the transverse 

stability is provided by 50 mm x 50 mm angle steel sections bolted to the ends of beams as 

shown in Fig 4.2. 

Fig 4.3 shows connection details between girders and the slab. 85 mm of 165 mm long, 10 

mm diameter bolts with two nuts were cast into the girders at 250 mm c/c. The bottom nut, 

A. was used for anchorage while the top nut, B, was used for alignment purposes. 20 mm 

diameter PVC pipes were cast into the deck slab to protect the connectors and facilitate 

easy removal of deck slab and form work from the beams. However, this arrangement 

differs from reality where the connectors have direct bond to the deck slab concrete. A 

torque of 35 Nm was applied to all bolts. 

20 lJ1m PVC 
pipe 

Fig 4.3: Slab-beam connection details 

4.5 Materials used 

10 lI1I1l 0 
Nut 

Nut B 

Nut A 

The design mix used consists of CEM (cement) 142,5N cement, Greywacke stones and 

Klipheuwel sand. Target concrete compressive strengths for the slab and beams were 25 
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MPa respectivdy_ In prototype hridg~s, the heams are made stronger than the d~ck slab 

because they support imposed load and th~ sett~welght of the slah in addition to their sdf­

weight. This explains the different grades of concrete w;~d. The mi" design for the beams 

consists of water to hinder ratio of 0.65, 19 mm Grt.-'Ywacke stones ilnd KhpheLiwel sand. 

For the slab, a water hinder ratio of 0.7 was used. Klipheuw~l sand and 13 mnl GTt.'Ywilcke 

,lOne was used for the slab concrete. 13 Jmn stones were used in this cas~ h.;cilw;e of the 

small slab thickness and also a 20 nUll cover used. Klipheuwd sand was scleded he<:al1'le 

of its good grading and improved Ivorkability. 

The construdinn proce,s of the model i" detailed in Fig 4.4. 

(a) (b I 

(c) (d) 

Fig 4.4: COlis/l1Ie/ion process/or/he modcl 
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Chapter 4: Methodology and Plan of Action 

Firstly, four beams were cast with shear connectors at 250 mm spacing as discussed in 

section 4.4. The slab formwork was positioned on top of the beams as shown in Fig 4.4(a). 

However since bolts (shear connectors) were cast into the girders, holes were drilled in the 

formwork directly on positions of these bolts (Fig 4.4a). A mesh made of 10 mm 

reinforcement bars was used for the slab. The beams were spaced at 450 mm centres. Fig 

4.4(b) shows shear connectors protected by 20 mm PVC pipes and protruding through the 

slab concrete just after casting. The PVC pipes remained within the slab concrete but were 

eventually cut to the same level to the slab concrete. The completed model is shown in Fig 

4.4 (c). The stability of the model in transverse direction was provided by an angle steel 

section connected to beam edges. A typical connection detail of this bracing arrangement 

is shown in Fig 4.4(c). Two bolts were cast on both ends of each beam to facilitate 

fastening the bracer to the beams. This is shown in Fig 4.4(d). Also shown in Fig 4.4(d) 

are rubber bearings between the beams and beam supports. The bearings were similar to 

the ones used on prototype bridges. 

This investigation included both experimental and FE analysis. The FE model 

development is detailed in following sections. 

4.6 Finite Element Modelling (FEM) 

Finite element models have been mostly used in the last four decade due to their 

computational advantages and effectiveness. They allow the user to analyse structural 

behaviour taking into account the connection deformability, non-linear behaviour of 

materials and material properties of concrete (Macorini et aI, 2005). Nevertheless, a robust 

model is important for accurate and reliable results. Recently, the integration of 

experimental and FE models has resulted in reliable analytical models that can be used 

with confidence. Experimental results are used to update or fine-tune the FE model. As 

mentioned earlier in this chapter, the experimental results have to be reliable otherwise an 

FE model simulating unreliable experimental results would be produced. A suitable 

validated model can be utilised to investigate further aspects in more detail than is possible 

in experimental work. 

In this study, the shear connection between the beams and slabs was critical. The shear 

connectors had to be accurately modelled in the FE model. The model has to take into 

LA 
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Chapter 4: Methodology and Plan of Action 

account the shear forces between the members, friction and the contribution of shear 

connectors to the integrity of the composite action. 

4.6.1 Modelling composite behaviour in composite bridges 

As the behaviour of composite structures presents significant non-linear effects, it is 

critical that the interaction of all the components and interfacial behaviour be properly 

modelled (Queiroz et aI, 2007). The modelling of composite structures has received great 

attention in literature. However most of the work was done for steel-concrete composite 

structures. This representation is also believed to apply for concrete-concrete beam and 

slab bridge. 

Various ways of modelling composite members as detailed in literature are described in 

the following sections. 

4.6.1.1 Spring elements 

Queiroz et al (2006) in their study to understand the behaviour of composite steel-concrete 

beams with full and partial connection used non-linear spring elements to model shear 

connectors. These connectors were modelled as shown in Fig 4.5. Two coincident nodes 

from the slab and the beam meshes were created at positions of shear connectors. The two 

nodes were connected using nonlinear spring elements as shown in Fig 4.5. These springs 

had vertical and horizontal stiffness and consequently accounted for the shear forces, 

friction and shear connectors. From their observations, a good correlation between 

experimental and simulated results was found. 

Coincident 
nodes 

Deck slab elements 

Mrnn 
~ ~I~terface 

Girder elements 

Slab 

r f--------tI,l---------lI" 
~/\, I t f: 
'ft;~ er ace 

O ~~~~~near element 

Fig 4.5: Representation of a shear connector llsing a J-D non-linear spring element 

(;1 
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Chapter 4: Methodology and Plan of Action 

Wang and Chung (2008) and Macorini et al (2005) also used nonlinear springs elements to 

simulate shear connectors in a composite steel beam and concrete slab. Both horizontal 

and vertical springs were used to simulate shear, friction and axial deformation 

respectively. Using test data, the FE model was calibrated and the final model was able to 

simulate the structural behaviour well. These observations compare well with those from 

Queiroz et al (2006). 

4.6.1.2 Smeared contact elements and 3-D spar elements 

Another way of modelling the composite action in slab and beams is through use of 

smeared contact elements. These elements are capable of modelling the normal stiffness 

and tangential resistance to shear forces and therefore simulate the interface over an area 

(Clubley et ai, 2003). The contact area has allocated stiffness properties for normal and 

tangential displacements. Clubley et al (2003) stated that these elements have an 

advantage because they remain a continuum which is subject to variation in stiffness so 

that further mesh refinement to produce an optimum surface topology is not required. Fig 

4.6 illustrates a smeared element which is analogous to a spring. However, Clubley et al 

(2003) noted that it was difficult to achieve acceptable accuracy with smeared interfaces. 

Slab Shear 
~ 

~~ Normal 
Stiffness, Kn 

--/V\.-~ 
Tangential 
Stiffness, Ks 

-< Beam 
Shear 

Fig 4.6: Contact element representation: Smeared element analogy (Clubley et ai, 2003) 

Realising the limitations of a smeared element to represent the composite action, Clubley 

et al (2003) used discrete 3-D spar elements (LINK8) found in ANSYS together with 

smeared contact elements. These elements have mathematical properties which are 

representative of true physical interface actions. During simulation, stiffness values could 

be easily changed to required values. Surprisingly, Clubley et al (2003) observed that the 

use of these elements over the whole shear connector surface resulted in a stiffer model. 

Optimum configuration was found to be only three lines of discrete elements contact 
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Chapter 4: Methodology and Plan of Action 

between the shear connector and concrete. The authors conclude that use of combination 

of smeared elements and discrete element interfaces produced an accurate model of the 

interface. 

4.6.1.3 Bar elements 

Beam elements are often used to connect beams and slab together for composite action. 

These elements are idealised as two independent springs with stiffness in longitudinal and 

perpendicular directions. In general, a bar element is viewed as consisting of spring 

elements representing shear stresses between the interface and normal forces from shear 

connectors. Three researches in literature have applied these elements to model shear 

connectors between connecting beams and a slab. Xia et al (2007) used these elements to 

model the connection between concrete beams to a concrete slab in a bridge. It is 

important to note that this was the only work found dealing with concrete to concrete 

composite behaviour. Using this representation, Xia et al (2007) studied the sensitivity 

region for damage detection. Some loosened shear connectors were located while some 

were not. False damage location was also observed. 

The same idealisation of shear connectors using bar elements was used by Kuan-Chen and 

Feng (2003) for modelling the connection of steel beams to concrete slab to analyse the 

behaviour of a bridge under load. As is always standard practice nowadays for engineering 

work, FE models are updated using experimental results to produce precise and reliable 

models that can be used for further investigations. 

From the work of these three researches, positive observations were obtained from models 

using spring elements for the shear connectors. This proves to be the optimum way of 

modelling the composite behaviour in composite construction. Based on these 

observations, this research will use non-linear spring elements to represent the shear 

connectors and the composite behaviour of the structure. 

4.7 Description of Finite Element model 

Automatic Dynamic Incremental Non-linear Analysis (ADINA) was used for numerical 

work in this study. The program offers a wide range of options regarding element types, 
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Chapter 4: Methodology and Plan of Action 

material behaviour and numerical solution controls, as well as User Interfaces (UI), auto­

meshes, and sophisticated postprocessors and graphics to aid in the analysis. 

4.7.1 Element types and shear connector modelling 

The modelling of complex structures is not trivial. Intelligent selection of elements to be 

used is required. Moreover, preparation of an FE model to be a candidate for updating 

requires some specific considerations of additional factors not normally taken into account 

in convectional FE model construction (Xia and Brownjohn, 2004). In this research, the 

resulting FE model was used for damage detection and thus parameters controlling 

damage needed to be modelled accurately. 

The beams were modelled using eight node 3-D elastic isotropic Iso-beam elements. The 

deck slab was modelled using eight node 2-D elastic isotropic shell elements. The bearings 

were represented by non-linear spring elements catering for rotational, translational and 

shear rigidity. The stiffness of the springs (rotational, translational and shear) representing 

the bearings were provided by the manufacturer. The modelling of rubber bearings as 

spring elements was necessary for adequate control of the boundary conditions because 

vibration data is known to be sensitive to boundary conditions. 

Beam Node 

/ 

/ 
Slab Node 

k - Spring stiffness 

Vs - shear force on the slab node; s-displacement associated with the shear force 

Fb - axial force on beam node; x- Axial displacement 

Mb - moment on the beam node; 8 - rotation of the beam node 

Figure 4.7: Multi-degree spring element 
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Chapter 4: Methodology and Plan of Action 

Shear connectors between the slab and beams were modelled using 3-D non-linear spring 

elements having rotational shear and translational stiffnesses. An exaggerated 

representation of a multi-degree spring element is shown in Fig 4.7 (Li, Choo, Nethercot 

(1993)). Three degrees of freedom are considered i.e. axial, shear and rotational 

deformations in the model. In addition, coupling effects between rotation and shear as well 

as rotation and axial deformations are considered. The general equilibrium equation for the 

element is expressed as follows: 

{F} = [K(u)]{U} + T 

Where: {F} = {Fh,vh,Mh,F,,v,,M,}1 

{U} = {Xh,Sh,61b,X"s,,61Y 

T - coupling effect 

I.e. 

F;, KII 0 K fr -KIf 

~) K'T Kl'r 0 

Mh Krr -Krl 

F, Kfl 

V ., symetric 

lvi, 

Where: K" K II - Axial spring stiffness 

K,.,. - Shear spring stiffness 

0 

-Kl'" 
-K 

IT 

0 

K'T 

Krr - Rotational spring stiffness 

V - Shear force 

( 4.1a) 

-K Ir xh 
-K l'r Sh 

Krr 61h (4.1 b) 
-K x, II' 
-K S 

\'}' \ 

Krr 61, 

K /1' - Coupled axial and rotation stiffness 

Kl'r - Coupled shear and rotation stiffness 

F - Axial force 

M - Moment 

Huang et al (1999); Gattesco (1999) and Li, et al (1993) suggests that the spring constants 

( Kif ) can be obtained from test results, numerical models or calculation methods. In this 

work, equation 4.2 given by Chen and Lu (2003) was used to estimate the initial spring 

constants. The procedure for determining the optimum values for these spring constants is 

discussed in Section 4.7.3 under model validation. 
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Chapter -I: Methodology and Plan of Action 

EA k=_s _.1 

hI 
(4.2) 

Where: k - Axial spring stiffness: transverse and rotational stiffness were assumed based 

on axial stiffness 

Es - Elastic modulus 

As - Cross-sectional area of the connectors 

hs - Height of the stud 

4.7.2 Materials modelling 

Table 4.1 lists concrete properties used in the model. The static modulus and density 

properties were determined experimentally. 

Table 4.1: Material properties used to develop the FE model 

Property Value 

Static modulus of concrete: Beams 28E9 N/m 2 

: Slab 26E9 N/m2 

Density of concrete: Beams 2317 kg/m3 
Slab 2298 kg/m3 

Poisson's ratio of concrete 0.25 

Figure 4.7 displays the resulting FE model. The fine tuning of the model using measured 

parameters is described in Section 4.7.3. 

A TIME 1.000 

o 
I 
N 
A 

Fig 4.8: FE model of the bridge 
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Chapter 4: Methodology and Plan of Action 

4.7.3 Validation of the FE model 

Model updating techniques can produce a systematically validated FE model by correcting 

uncertainties from modelling, geometry, physical parameters and analysis to improve the 

analytical results based on vibration testing (Xia and Brownjohn, 2004). Model tuning is 

an iterative process that modifies selected parameters until an agreement between 

measured and simulated results is reached. The parameters selected for updating should 

describe the part of the system which is thought to be inadequately modelled such as 

boundary conditions and joints (Friswell and Mottershead, 1995). Using the selected 

parameters, the model is fine tuned and the accuracy of the resulting model is entirely 

dependant on accuracy of experimental measured data. The accuracy of the FE model, 

after fine tuning, can be checked using correlation indicators such as natural frequencies, 

MAC values amongst others (Xi a and Brownjohn, 2004). Nevertheless, the process of fine 

tuning FE models may be difficult to apply for civil engineering structures because of 

constraints on prototype testing and experimental data analysis resulting from the nature, 

size, location and usage of these structures (Xia and Brownjohn, 2004). In most cases 

engineering intuition is applied to come up with a practical fine-tuning process. 

The model updating procedure is as follows: firstly, the responses to be used as reference 

data are selected, secondly, physical and geometrical parameters that affect the selected 

response data are identified and finally the model is fine tuned using the selected 

parameters. This process is repeated for the damaged and undamaged structure resulting in 

two validating processes i.e. pre-validation and post-validation. In damage detection work, 

pre-validation is done for the undamaged structure which is used as a reference for post 

validation of the damaged structure. 

The FE model updating process adopted in this work is detailed in Fig 4.8. The aim is to 

find optimum spring constants that will result in good correlation between the 

experimental and analytical results. Experimental natural frequencies were used as 

reference data. The initial FE model produced relatively higher natural frequencies. This 

means the model was relatively stiffer. However, the material properties used in the model 

were determined experimentally and thus were not altered so as to adjust the frequencies. 

The other parameter known to affect vibration data of civil structures are the boundary 

conditions. Spring elements were used to model all the boundary conditions. The spring 

r:..7 
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Chapter 4: Methodology and Plan of Action 

stiffnesses were therefore adjusted manually until a good correlation of frequencies was 

achieved. The updating process is shown in Fig 4.9. This was a manual updating process. 

However a more practical method based on appropriate algorithm(s) is required. This is 

recommended for future work. 

4.7.4 Damage simulation in the model 

Shear connectors were simulated using non-linear spring elements. The stiffness of these 

elements could easily be changed. Consequently, damage of shear connectors was 

simulated by reducing spring stiffness for the corresponding damaged connectors. 

Adjusting of spring stiffnesses was done manually since they were used as inputs 

Start 

Set all Kij to 
Kij=AsEslhs 

Identify natural 
frequency and 
mode related to 
each Kij 

Analyse 
Model 

'Analytical & 
Experimental 
frequencies 
identical 

Yes 
------- ..... " 

Stop 
~--_/ 

Fig 4.9: Flowchartfor manual fine-tuning the FE model 

No 

Adjust 
Appropriate 
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Chapter -I: Methodology and Plan of Action 

4.8 Experimental vibration testing 

The aim of the study is to investigate the practicality of vibration based damage detection 

techniques (VB DDT) to detect and locate failure in composite action resulting from 

damage on shear connectors. Given two states of a structure, a reference state and a 

damaged state, the vibration data from the damage state is directly comparable to 

vibration data from the reference state, if data from both states were collected under 

similar environmental and boundary conditions. In such a case, effects of the 

environmental and operational conditions are eliminated. It can therefore be assumed that 

any changes in the vibration data are as a result of a change in structural condition. 

4.8.1 Test Equipment 

4.8.1.1 Excitation 

Model 400 Electro-Seis Shaker (Fig 3.3) was used to excite the structure. The shaker was 

driven using a chirp signal. Two chirps were used, the first chirp had a frequency range of 

5-64 Hz while the second chirp ranged from 55-128 Hz. Three natural frequencies were 

identified exited using the first chirp (5-64 Hz) and three more natural frequencies of 

vibrations were excited using the second chirp. Two chirps were used so as to provide 

adequate excitation of the structure thereby exciting all modes of vibration of the structure 

within the frequency band. This eliminates problems associated with processing data from 

an inadequate excited structure. 

The shaker position is shown in Fig 4.10. This optimum location was determined based 

on mode shapes extracted analytically. The eccentric location of the shaker provides full 

harmonic excitation in the transverse direction perpendicular to the centreline of the 

bridge, as well as in the longitudinal direction (Womack and Halling, 1999). The force 

exerted on the structure was recorded using a piezoelectric accelerometer attached and was 

used as an input in processing the data. 

4.8.1.2 Data Acquisition 

Data acquisition requires careful selection of sampling points on a structure so as to 

capture the required response. The transducer type, sampling rate and frequency and cut­

off frequency are also important. QA 700 (force balance) accelerometers (Fig 3.5) were 

used to measure the response of the structure. 4096 samples were recorded at a sample rate 
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Chapter 4: Methodology and Plan of Action 

of 500 Hz. The cut-off frequency was set at 300Hz. 112 structural responses were 

recorded on positions shown in Fig 4.10 for different damage scenarios to be described in 

Section 4.9. The accelerometers were placed directly on shear connector positions and also 

between the beams as shown. A more dense measurement setup could have been used but 

this was not necessary for this work because responses directly on shear connectors and 

between connectors were adequate to detect any irregularities resulting from loosening of 

shear connectors (damage). 

o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Beam 1 

0000000000000000 

c-O--O--O--O--O--O---o--o--tr-o--o---o--EJ--o--o--EJ Beam 2 

0000000000000000 

-g-_-Ir:g_-_Yj_-_-g-_-_-r:~r:J:l-_-_Yj_-_-_Yj_-:j:l-_-_tJlt~fjj_-_-g-_-_tJ_-_-_tt Beam 3 

0000000000000000 
---------------------------------------------------------------------------------------------

o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Beam4 

~ Shaker o Accelerometers 

Fig 4.10: Position of the sensors and the shaker on deck slab 

ME'scopeVES software was used to process the modal data. This software contains an 

FFT and Inverse FFT that make it easy to analyse signals. It also has capabilities to 

remove noise from the signals and sharpen resonance peaks due to windowing integrated 

into the software. A number of modal extraction methods including RFP, described in 

chapter three, are also included into this software. 

4.9. Damage configurations 

Four damage scenarios, in addition to the undamaged state, were investigated. 35 Nm 

torque was applied to all bolts for the undamaged structure (XO). The following damage 

cases investigated: 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 4: Methodology and Plan of Action 

Case 1 (Xl): This damage case simulated a light damage on the structure. Four shear 

connectors were loosened in the middle of the slab on two beams i.e. two on beam B2 and 

another two on B3 as shown in Fig 4.11(a). This result to 6.25% damage expressed as the 

ratio of the loosened shear connectors to the total number of shear connectors in the 

model. 

-----------------------------------------------------------
D D D D D D D D D D D D D D D D Beam I 

DDDDDD •• DDDDDDDD Beam 2 

D D D D D D • • D D D D D D D D Beam 3 

D D D D D D D D D D D D D D D D Beam 4 

(a) 

D D D D D D • • D D D D D D D D Beam 1 

DDDDDD •• DDDDDDDD Beam 2 

D D D D D D • • D D D D D D D D Beam 3 

D D D D D D •• D D D D D D D D Beam4 

(b) 

D Tight shear connectors • Loose shear connectors 

Fig 4.11: Damage scenarios: (a) Case one (b) Case two 
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o 0 0 0 0 II II II II 0 0 0 0 0 0 0 Beam 2 

o 0 0 0 0 II II II II 0 0 0 0 0 0 0 Beam 3 
-----------------------------------------------------------

o 0 0 0 0 II II II II 0 0 0 0 0 0 0 Beam4 

(a) 

o 0 0 0 II II II II II II 0 0 0 0 0 0 Beam 1 

rtf -D --0--0 --.--.---.---. ---. ---.--0--TI --0 --0--0 --0 Beam 2 

o DOD II II II II II II 0 0 0 0 0 0 Beam 3 

o 0 0 0 II II II II II II 0 0 0 0 0 0 Beam 4 

(b) 

r~---------------------------------------------------------o II II II II II II II II II II II II II 0 0 Beam 1 

o II II II II II II II II II II II II II 0 0 Beam 2 

o II II II II II II II II II II II II II 0 0 Beam 3 

o II II II II II II II II II II II II II 0 0 Beam4 

(c) 

o Tight shear connectors II Loose shear connectors 

Fig 4.12: Damage scenarios: (a) Case three (b) Casefour (c) Casefive 
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Chapter -I: Methodology and Plan of Action 

Case 2 (X2): For this case, four more shear connectors were loosened in addition to those 

for damage case Xl. The connectors were loosened in the middle of two outside beams 

(Beam 1 and Beam 4) as shown in Fig 4.1 O(b). The loosened shear connectors accounts for 

12.5% damage on the structure. 

Case 3 (X3): In this case 25% of shear connectors were loosened. Eight connectors, two in 

each beam, from the centre extending outwards were loosened. The loosened shear 

connectors are shown in Fig 4.12(a). This simulates a case of gradual increase in damage 

from the centre outwards. 

Case -I (X-I): An additional eight connectors to ones in case three were loosened. The 

loosening was introduced in the same way as in damage scenario three. Fig 4.12(b) shows 

the loosened shear connectors for this damage. 

Case 5 (X5): Case five is taken as the severe damage scenario. 75% of shear connectors 

are loosened. This damage scenario may be rare to find in any bridge. On the other hand, 

this might be possible especially when a natural disaster such as an earth quakes occurs. 

The loosened shear connectors for this damage are shown in Fig 4.12( c). 

4.10 Summary 

This chapter dealt with experimental and FE study done to investigate how damage in 

shear connectors can be detected. An important step in this research was to produce a 

scaled physical model of a typical concrete beam and slab bridge. The model had to 

simulate the bridge as accurately as possible. Using this model, vibration based tests were 

conducted to detect and locate the inflicted damage on shear connectors. Also described in 

this chapter was the integration of laboratory work with FE analysis. A robust FE model 

for the beam and slab was produced. The key parameter in this model was the simulation 

of the composite action between the beams and the slab. Spring elements were used. The 

resulting model, after updating using vibration modal data obtained experimentally, was 

able to produce the modal parameters of the structure. The FE modelling developed was 

applied on an existing concrete-concrete composite bridge that was closed to traffic due to 

serviceability problems. The shear connectors of this bridge were suspected to have failed. 
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This is discussed in detail in chapter six. The next chapter discusses the results of 

experimental and numerical investigations. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 5: Discussion of Results 

CHAPTER 5 

DISCUSSION OF RESULTS 

5.1 Introduction 
This chapter presents and discusses findings of the investigation. This includes the global 

modal parameters for the undamaged and damaged systems extracted, as well as results on 

various localised vibration-based damage detection algorithms for both the experimental 

and analytical investigations. The following global modal parameters of the systems were 

identified: 

(i) Natural frequencies 

(ii) Damping ratios 

(iii) Mode shapes, and 

(iv) Modal Assurance Criterion (MAC) 

The localised damage detection techniques investigated include the co-ordinate modal 

assurance criterion (COMAC), two dimensional mode shape curvature (MC) changes, 

change in flexibility and stiffness method. As stated in the introductory chapter, the 

objective of the research is to identify a practical vibration based technique(s) which can 

be used to detect loss of composite action in concrete-concrete composite bridges. The 

first stage of the work was the extraction of global modal parameters (modal signature) of 

the systems from response measurements. Secondly, different damage localising 

algorithms were then applied on modal data extracted. Detailed description of these 

processes now follows. 

5.2 Signal processing and extraction of frequency response functions (FRFs) 

The response of the structure was measured at shear connector positions along the 

structure and in between the connectors across the structure. A total of one hundred and 

twelve response readings were recorded for each damage scenario. A typical response 
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signal from one of the xederomcters is shown in Fig 5. 1. lhis figure displays the 

accelerations or response' of the system to the excitation force applied. 

, 

• " 
Fi~ 5.1 ' Respollse time lrareform si:,;nal 

K.:sponse measurements displayed in I' ig 5.1 were used to compute I'requene), Kesponsc 

I'unetions (I'RI"s) oflhe system. The l'RIo's for one of the systems is shown inl'ig 5.2 for 

112 response' data re~orded. The peaks of this graph indicate mode of vibrations 

~harad~riscd by the modal freqllen~) and llamping ralio whi~h are the modal signatures of 

!lite slrll~lure. TIlte~~ signatur~s were llscd to a~""S~ the ~~r~il'e performanl'e or condition 

of shear ~onn~clors. 

, 

Fi~ 5.1: FRI· 's ol'<'riaid traces calculated from the measured response data 
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Chapter 5: Discussion of Results 

5.3. Extraction of modal parameters 

The Rational Fractional Polynomial (RFP) method, described in chapter three, was used to 

curve-fit the calculated FRF's to extract the modal parameters. RFP technique solves a set 

of linear equations for the unknown numerator and denominator polynomial coefficients 

(Richardson and Schwarz, 2003). The curve fitting technique requires three steps: 

(i) Determine the number of modes represented by the data. 

(ii) Estimate a pole for each mode. 

(iii) Estimate residues for each mode 

A pole is defined as the root of the transfer response function. The residues are directly 

related to the amplitude of of the impulse response function (Ewins, 2003). They represent 

the mode shape component for each mode. 

The Complex Mode Indicator Function (CMIF) was used to determine the number of 

modes present in the calculated FRFs. The CMIF is defined by the single value 

decomposition of the FRF matrix (Ewins, 2003). The CMIF is defined as (Ewins, 2003): 

(5.1) 

Where l:( OJ) describe the amplitude information and the number of non-zero singular 

values (independent modes of vibration that contribute to the measured FRFs). 

The CMIF matrix results in singular values and vectors, all of which are frequency 

dependant (Ewins, 2003). The mode indicator values are provided by the squares of the 

singular values and are plotted as a function of frequency as shown in Fig 5.3 as a stability 

diagram for a set of calculated FRF's. A stability diagram is a plot of pole estimates for 

different curve fitting model sizes (numbers of modes). This diagram is useful for 

obtaining more accurate modal frequencies and damping estimates from a set of 

measurements. A stable pole confirms the availability of the mode. 
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Fig 5.3: SI(1h;lily d;agmm 

The shorl \erlical lines m th ", slah lii ty graph givcthc estimat~ of natural frequ~ncies 

while the horizontal b lue lines represenl the damping rat ios. From Fig 5.3, four 

lHI1I.lral Ireq u",n~i es where identi tied for one of thc damagcd st atc, 

5 .... EXPJ::RDIENT AL RESULTS 

5.4.1 Global damage paramet<,rs 

rhes~ include natu ral fr"'qllencies and damping rat ios. mode shap~s and th ~ ",lAC 

va lues. 

5.4.1.1 ,va/Ilral frcqllclIdc,,' ""d dampi"!; ratio,l' 

l\alllra l frcquencies reprcsent tilc interrela tionship betwl"lln th", stiftiwss of the 

system and it's mass, For til is invcstigation. tile Inass of th", system is assumed to 

remain eonstam and thcrefore an) change in natural fr~quency is associated witil 

changc in stiffncss resulti ng from Joss ofcomposit~ action. Tabl", 5, 1 shows n<ltural 

fr~qlL~neic, and damping ral ios extractcd for thc undamagcd strllctur~ d~llOted (XO) 

ami damagcd strlLctural systcms dcnotcd h) XI, Xl, Xl, X4 and XJ. As mentioned in 

scction 4,9, 6.5~,';' of shcar conncctors I,crc looscned for damage scenario Xl. 12.5%, 

25%, 35 % and 75% of shear ~onnedors were loosencd for damagc _'i-Ccnarios X2, XJ, 

X--I and X5 respe~ti\ely_ The system had relatively highcr natural frequencics in 

comparison 10 t hosc of pro tot ype hridgc stru Clllrcs_ In real h ridges. the first natural 

freqlLency can bc as low as 7 Hz_ Thc highcr frcquencies signify a stiffer model which 

is llOt a true r~plica of the actual st ructur~, This. hlme\er. should nOl have a 

signifkant etle-: t in th is study since all measurements are ba_..ed on the same model 
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Chapter 5: Discussion of Results 

A general drop in natural frequencies was observed from the intact state (XO) to the most 

severe damage state where 75% of shear connectors were loosened. However, this was not 

the case for the damage state X2. Natural frequencies recorded for first bending, torsional 

and transverse modes of this damage scenario where higher than those of damage scenario 

Xl. 

Apart from this scenario, the trend in frequencies reveals a gradual decrease in the global 

stiffness of the structure resulting from loosening the shear connectors. As expected, a 

severe loss in stiffness was recorded on damage scenario. For prototype bridge structures, 

the change in frequencies below 0.1 % might be attributed to environmental effects when 

measurements are taken on differing environmental conditions (Farrar and Jauregui, 

1995). In most practical cases, however, a change of natural frequency by more than 0.1 % 

may indicate the presence of a problem in a structure. In light of the above, a drop of 

natural frequencies by 25% recorded may not be encountered except in cases of natural 

disasters where an overhaul of the complete structure may be needed. 

Table 5.1 also shows the damping ratios for different damaged systems. Damping 

represents the ability of a disturbed system to dissipate energy. The damping ratio 

therefore is the measure of damping of the system. The damping ratio values had no clear 

trend as seen in Table 5.1. Consequently, very little information was deduced from these 

values. This correlates with findings from the work by other researchers (Wahab and De 

Roech ,1999; Y ong et aI, 2007) who noted difficulties in measuring this property of a 

structural system. In conclusion, damping ratios are not suitable in the present work 

Mode shapes associated with natural frequencies were also extracted. These are presented 

described in Table 5.2. 
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Chapter 5: Discussion of Results 

Table 5.1: Experimental natural frequencies and damping ratios 

Mode Case Frequency, Hz % Change Damping 
based onXO 
Frequency 

XO 19.71 - l.88 
Xl 19.59 0.61 l.73 
X2 19.67 0.20 l.63 

15t Bending Mode X3 19.30 2.08 l.94 
X4 18.90 4.11 l.93 
X5 18.01 8.63 3.94 

XO 28.86 - 2.76 

Torsional mode 
Xl 27.93 3.22 3.47 
X2 28.38 l.66 2.27 
X3 27.91 3.29 l.60 
X4 27.38 5.13 l.60 
X5 25.65 1l.l2 2.29 
XO 67.69 - l.39 

2nd Bending mode 
Xl 66.47 l.80 l.93 
X2 66.47 l.80 2.26 
X3 60.13 1l.l7 l.86 
X4 52.71 22.13 l.34 
X5 50.54 25.34 0.03 
XO 77.85 - 0.41 

Combined 
Xl 75.36 3.20 2.72 
X2 74.35 4.50 2.04 

Bending and X3 7l.77 7.81 1.84 

Torsion 
X4 69.19 1l.l2 l.35 
X5 59.57 23.48 2.04 
XO 86.51 - 0.89 
Xl 83.93 2.98 0.59 
X2 88.41 2.20 0.21 

Transverse mode X3 86.71 0.23 l.25 
X4 79.68 7.90 0.58 
X5 67.62 2l.84 0.98 

5.4.1.2 Mode shapes 

A mode shape indicates the defonned shape of the system at a particular frequency and 

damping ratio i.e. resonant property of the structure. Five mode shapes were extracted 

from the system and these are displayed in Fig 5.4. 

Failure in composite action resulting from loosening of shear connectors was expected to 

be detected as irregularities in amplitudes of mode shapes. However, a general observation 

on all modes reveals that there was no difference for mode shapes between the undamaged 

and damaged structure, as can be seen. Further analysis of the shapes was therefore 

needed and this was done by plotting the mode data at each measurement point. 
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{If",k lJwrr#t:r 0 .. ., 

XII X, Xl Xj 

I ~ H~ndin!! 

~ '"' ~ ~ 
Tnt,innal -....... --- ... ~ 
2"'" ik..J 'llg ~ ~ ~ ~ 
Lornbill~.J 
1k",1,"~ and 

"[""",ion .... - ---~ 
Tnm,,·crsc 

~ --- ... ~ 
·1 h~ mode shapes from the u:po:nmo:nllol d;1Ia were not romped)" >ca1ed 10 P/o:.,<r...,. the 

m:lSS and the elastic propenie) of Ih..,. .'-ItIlCl",..,. (Sdl\'arl and Kidmrd)l")ll.. 2003). S ~alillg 

thcrd, ,re was necessary for elkcl i I"e com[l;"i SImS "j" the \1\, ,des. In eJch casco m(){lc dilli1 

tr, ,,n the undamaged Slnlchirc \\1\~ u~J t<',r ~allll g lIl,,{k~ [(,r damu(:cd systems. figu re 

5.4 Soo\\ s the scaled modc ~ha~') rllll Id u~lIlg ., hap<: vcctors for diffcrCIll (1;'111 <11)<' ~ lale". 

(<I) /J • .'mling '\/"d,. 

A pl"l "f this Illude wa.~ dollC 0 11 shear HII\flCO,.10 r po)it;"ns 31,,111; ""C ilhldo:: beam :lnd 31,;0 

on one otllsidc beam. ·1 h.: sh.:ar ':~"\IlIXu., p<",it"'JI~ (dcgr("t: of li\.~om) arc la""lIed a) 

shoown in Fig 5.-1. ·1 h..,. und:»lla"cd ~lructurc had the lowe~t ampJiHl(k:-i of \-I hr"lions and a 

~mO<..th ~u .. ature "" hllih the ilhidc 3nd the oU!~i(k r,."lJlls. Th,~ is .t,h"wn in hp, 5.~. The 

n,.,Jc ellnalure I,)r thc filS! dam~gc Slate X { fullo" ~ that of the Ilndmlngect C~5C except at 

lh~ CO:II1re oj" the ocam wherc !ilcre "<IS ,h<lllg~ in eunatur<'. T hi,.; irrcli-ular ity was 
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Chapter 5: Discussion of Results 

observed over a region covering three shear connectors. This is the region where artificial 

damage was inflicted. 

On the other hand, a different scenario on damage state X2 mode could be seen from Fig 

5.5. The highest amplitudes of vibrations were recorded on this damage mode. This was 

not expected, however. Moreover, a smooth mode curvature was observed over the entire 

region. These deviations on this damage mode were observed on natural frequencies. 

The plot of the first bending mode for damage case X3 reveals the same scenario as for 

damage case Xl. A distinct change in curvature of the mode shape could be seen at the 

centre of the beam. The curvature of the mode followed that of the intact structure except 

at the middle span where increased amplitudes over five loosened shear connectors is 

observed. This localised the damage region on the system. Similarly, a clear indication of 

damaged indicators was evident on damage case X4, where 35% of shear connectors were 

loosened. The gradient of mode shape increased on positions of loosened shear connectors 

on both the inside and outside beam. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
-----------------------------------------------------------
_~ __ ~ __ ~ __ ~ __ ~ ___ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ ___ ~ __ ~ __ ~ ___ ~_ Beam 1 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
----------------------------------------------------------~ 

@ ~ ~ ~ ~ ~ ~ @ ~ ~ ~ 0 ~ ~ ~ 0 Beam 2 

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 4f? 

49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 fi4 
----------------------------------------------- ----------- ------------------

0~~~~~~ 0 ~ @ ~ ~@~~~ Beam 4 

Fig 5.4: Degrees of freedom assigned to shear connectors 

As expected, damage scenario X5 mode had the highest amplitudes of vibrations on most 

positions of the loosened shear connectors. This excludes observations on the mode shape 

for damage case X2. The change in curvature on the damaged region was more 

pronounced on the outside beam as can be seen in Fig 5.5. This is as a result of minimum 

restraint on free edge of the deck slab. 
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Chapler 5: Disclission o(Resu/ls 

111 summary. the failure in composi te action in concrete beam and slab can be efficiently 

assessed using the first bending mode of the system. Interestingly, this mode was not 

expected to di~tinctly l ocali~ thc damagcd rcgion considering that the whole mass of 

system moves in one direction on this mode. Howcvcr, for effcetive detection of this 

damage in real bridge stnlctures. long lenn monitoring and measurements (lO lhe slnldurC 

should be done so as to compare the mode curvatures. 
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________________________ _ ~'h!!F!!! 5 - Discus.lion of Result.l 

(b) Torsional fIIodeshape 

The plotted torsional mot1cs for different syslem~ arc displayell in Fig 5.6 On hoth the 

insille and out>ide beam 
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Fig 5.6: Torsional mode: (a) Ol/lside belltll (h) inside beam 

Mu,imUll1 amplitudes ofvibmtioll were recorded on the undamaged mode shapt' while the 

minimum wa~ r~conled on the se\'ere dwnage ~ase X5. Cur\'ature chan"c tilT the first 

damage ca~c was Tttonlcd on midspan as ~xpc:ctcd_ Thi~ wa~ Ob,Cfvc-d over the three 

loosened shear connectors. The mode plot for damage X2 and X3 were the same and no 

dear curvature change on damag<' r~g ions could k observed. This wa~ not the ca~e on 

llamagc scenurio X4, however. A notic<'able cu[yatl.lre chunge i, <,vident on 1110(1<; plo t of 
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________________________ ~Ch"p!er 5 __ Discussion ofResu/rs 

this damage scenario parliClilarly On (he damage;:! region. Surprisingly, the loos<!neu shear 

cUlmectlln; cuuld not be located on mode plot for sever" damage X5 as seen ill Fig 5,6(a). 

This was not expected considering thut 75%, uf the COlmecturs \\'~re loosened (1]] this 

dJmage ense. 

In general. this mode was not as effective as the first mude in detecting loss in composite 

action. This nullifies the assumption made earlier cllnceming the sensitivity of ditTercnt 

mooe, to damage, 

(c) Second bending mode 

Ono;; of the fir,t five modes extracted on the system, is the .'i.ec<)Ild hwding mod,,_ This 

mode i~ shown in Fig 5.7 for different ,tutes of the sy,ttml investigated The plot was 

pm1iclLlarly not hdpful us there was no clear trend on the mode shapes_ However, thcrc 

was a shill in th" modes at the centre. Th" mod" shap" for the undamaged ease is lagging 

beillmi rrom the mud"s of damaged scenario,. This may he linked to the dfcet of damage 

in the structure. 
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_____________________ ,C"h"",,""'r 5: Dj.\,G'~\'si()" o(Resu.lts 

id) Tmnsvcrse alld combined bendinfi and /onion mude shape 

The !rUllsverse and combined bending and 10rsioTi mode ~har"~ un" plotted in Fig 5.S 

und fig 5.9. As in second h~ndiTig mode plot, 11 wa~ difti~ult to follow the trends 

di~ pl uyed, This made it difficult to dra\>, any rncanlOgful ~onciLlsioll' thut can b<! 

linked to the damage in composite action. 
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Fig 5.8: /'lu/ of expcrimenlal combined bendillg and torsion mode 
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Chapter 5: Discussion of Results 

5.4.1.3 Modal Assurance Criteria (MAC) 

MAC values between modes of undamaged and damaged state are shown in Table 5.3. 

These values quantify the correlation between mode shapes for different damage tests. A 

MAC value greater than 0.9 indicates a good correlation between the modes whereas 

dissimilar modes have MAC values below 0.9 (Friswell and Mottershead,1995). Farrar 

and Jauregui (1997) noted that MAC values are not sensitive to damage and hence are not 

widely used to detect damage in structures. Nevertheless, these were used in detecting loss 

in composite action of the systems. 

Table 5.3: MAC values between undamaged and damaged mode shapes 

Damage Scenario Mode MAC Value 

Xl 1 0.99 
2 0.99 
3 0.76 
4 0.81 
5 0.56 

X2 1 0.99 
2 0.99 
3 0.89 
4 0.83 
5 0.53 

X3 I 0.99 

2 0.98 

3 0.86 

4 0.77 

5 0.47 

X4 1 0.99 
2 0.97 
3 0.72 
4 0.58 
5 0.44 

X5 1 0.96 
2 0.98 
3 0.79 
4 0.60 
5 0.68 

Good correlation exists between the first bending and torsional modes as shown by MAC 

values above 0.95. The second bending and all the other higher modes show no 

correlation. MAC values for these modes were less than 0.90. This finding agrees with the 

previous results on the plot of mode shapes where the first two modes could be compared 
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Chapter 5: Discussion of Results 

to identify the loosened shear connectors whereas there was little correlation from the third 

modes upwards. 

In summary, global techniques may be used for detecting loss in composite action in this 

type of bridge, however a robust damage detection technique which could be used with 

higher confidence should include local damage indicators. These are described in 

following sections. 

5.4.2 Vibration-based algorithms 

Vibration-based algorithms try to localise damaged regions of the structure as opposed to 

the global indicators that assess the global damage of the system. Local damage detection 

algorithms use mode shape data to locate the damaged regions. The following algorithms 

(methods) were explored: 

(i) Coordinate Modal Assurance Criterion (COMAC) 

(ii) Mode shape curvature method 

(iii) Change in flexibility method and 

(iv) Change in stiffness method 

5.4.2.1 COMAC Values 

COMAC for an individual DOF, i, was calculated from the mode shape data using the 

following equation 2.6 described in Chapter 2. 

Five modes were used to calculate the COMAC values for each degree of freedom and the 

results are shown in Fig 5.10. All the COMAC values were below 0.9. This shows the 

insensitivity of COMAC values to this damage. These findings correlate with work by Xia 

et aI, 2007. 

Another set of COMAC values was computed using only first two modes that showed 

good correlation earlier. The COMAC values were also below 0.9 as shown in Fig 5.11. 
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Chapter 5: Discussioll of Rcsulrs 

5.4.2.2 M ode sh"p~ Cllrl"otu re.' 

The curvalUrcs for undamaged and damaged mode shapcs wcrc calculated from thc scaled 

displacement mode shape values using a Central Difference Differentiation Scheme 

(COOS), ThIs ~ l gOTl thm w~s ~pphed bOlh longlludmally alld transv~rsdy on Ihe syslem 

and the rcsulting 2-D curvature value at each degre~ of fr~edom (OaF) was lahll as th~ 

a\'crage of the two. The algorithm below was used 10 compute Ihese Cur\'aturcs: 

\""= (t';+, - 2v, 11.) ,) ,,' 
Where v" v .. ,, V,_I represent the displacement mode vectors at nodes i, i->-/ and i-I 

respectivcly 

his lhe distance betwecn points ofintcrcst 

(5.2) 

The (urvalllre Damage Indicator (CDT) was eompul~d for each OaF to lo~al ise damage 

The (D1 was estimated from equation 2.7a ill Chapter 2. 

Th~ comput~d c\l!-"'~lure plOls ror firs! bending mode are 8hoW11 in Fig 5.12. A smoolh 

cu[',-~Iure could he 8een on Ihe undamaged sY8lem. This w~s also evident on d~mage one 

but wllh reduced amplitudes, The curvatures for the second and third damages were 

similar to each othcr. These showed equal amplitudcs in all DOF "!lIe cunature 

amplilude8 w~r~ e\'ell lower than Iho8e computed for the fin;! damage, A difrer~l1! lr~l1d 

was observed on founh damagc as shown in Fig 5.12.l\·oticcablc change on curvatures is 

observed from the fourth to the fourtecnth shcar ~onnector. These ~onncdors were 

looscned for this damage, tllaximum curvature valucs were reconlcd [or sever~ damage 

fivc. A distinct change in curvatlLre is cvidcnt [rom the sccond to th~ fi fteenth connedor 

pnsitions and this detects thc loosened sh~ar Lm1ll~dors erIicl~ntly 

Based on the cxperimenlal resu lts it can he conciwbl that th~ firSI bending cur\'alur~ 

values could OClcd the Toss of ~omposite action in th~s~ bridges. Howe\'er, Ihis appears to 

be ~[jici~l1t ol1ly Wh~l1 over 35% of the ,hear connectors have f~iled, Below !hl'. the 

curvature value, only r~duce llllllagni!ude and no curvalure change is evident. This 
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Chapter 5: Discussion of Results 

decrease in curvature values may be a good sign of loss in stiffness, which might trigger 

further investigations and possibly the localisation of the damaged region. 

Also displayed on the same figure are the curvatures for the torsional and the second 

bending mode. The torsional mode displayed a different pattern from the first curvatures 

for the first mode. Firstly, maximum curvature values were recorded for the intact system 

and curvature changes from second to the tenth shear connector positions. 

Minimum curvature values were recorded for damage one. A kink could be seen at the 

centre of the beam on three shear connectors. This gives false damage location. Curvature 

change was also seen on second damage cases on three connectors at the centre. Besides, 

this observation, a smooth curvature was obtained for the second damage. 

The third and fourth damage curvatures were similar except for irregularities observed on 

six central connector positions for the fourth damage. A smooth curvature was recorded 

for the third damage, however. This perfect curvature was also observed on curvature 

values for severe damage five. Surprisingly, there were no visible curvature changes on 

loosened shear connectors. 

Plotted also in Fig 5.12 are the curvature values for the second bending mode. These 

curvatures were difficult to interpret. This was also the case with the combined bending 

and torsion mode curvatures and the transverse mode curvatures. These curvatures were 

not plotted on this figure, however. This means that more measurements were required if 

the higher and more complex modes were to be used for this work. This will be 

recommended for future investigations. 

As mentioned earlier in this section, curvature values were used to compute COl values to 

detect and localise damage. These COl are displayed in Fig 5.13 (a) and Fig 5.13(b) for 

damage scenario Xl. Two sets of CDI values were computed for the inside and the outside 

beams. This was done to investigate how the COl values vary from one beam to another 

under the same damage. Higher damage indicator values for damage one were observed at 

point 7, 8 and 9 on the outside beam in Fig 5.13(b). The indicators reduced gradually from 

the centre to the ends of the beam. This might be attributed to loosened shear connectors. 
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N~vcrtheles~, the indicators 011 th~ inside C>cum show an llppo~i!e :;.c~narin wher~ the 

lowe~l damage indicators where recorded at the mi<.klle points and increu-~ing low"rds the 

c<lge~ a~ ~hown in Fig 5.13(b), Higher indicators were recorded at positions 33 and 48 on 

lhe oubide beam. Thi~ might he du~ to the effect of the support conditiOlls. 
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hg 5.13: CUYmlllre dama~e indicators jor damuge Ca~e om' 

The cor value~ for ~e~olld <.bmub>e <Ire ~hoWI1 in Fig 5.14. These were also computed Ill[ 

shear conn~clors nil one internal and external beam. A similar pattern a~ the one on em 
,all.lCs for the first damage i~ shown on oLibide beam I. )l.laximum \alues were obsernxl 

at the cctllre and gradually decreased towards the supports. Peak value~ were recorde<.i on 

)Xlsitions 19.20,21,25.26.27,28 and 29 fi'r the inside beam_ Ihe damage on position 25 
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is therefore located. The peak CDI values at 19. 20. 21 and 29 are falsc damage imj i~alors, 

however. 
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Fig 5.14: ('urm/urf /)amogf indicalOrs for damag~ scenario two 

Loosened shear eonne~lOrs on position 25 are located in rig 5.15 on the inside beam for 

the third damage casc (Xl) investigaled. This i~ sh(mll by a higher CD! , -alue at this 

position. Thc other lo(Osened shear connectors on the beam could not be locakd. A 

minimum CD! valuc was obserwd at the centre of (he beam. Thrce peak valuc~ could he 

S<'en at positions 6 to 9 on the outside beam one lor the same damage_ TheS<' \alues could 

he associated wi th damage intlic tcd on this region. In general. the CD! values on (he 

outside heam dccrea->ed from the centre outward~. This was also observed on CUI values 

for the first and second damage sccnario~_ 
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In sllmmary, 40·,'. of the lb rnage<l shear mnn~~tor" Were identified I'or this damage 

s~enano_ 

Fig 5.16 shows CD! val ues takulateu j<lr damage s~enari() fOUL As in previous \'alues 

calculated for otht.'T damage cases, a similar [rend was ob~er\'cd on COl values for the 

outside heAm on this damAge case. /I.!aximum values wen; ohserved At the cenlre on 

positions 6 (0 10 On the oul,,", heam. This identities sm-" ofthc loosencd shcar wnncdoTS_ 

Highcr COl \'alucs t0111!l he seen On posi ti ons 17, W 23 and ~5 on the insidc hearn. These 

values localise the loosencd ,hear OOl\ne~10rs . 
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The maximum values at [l<lsiti<ln 17 amI IS gi\ e, ral s~ dmnag~ detedioll as the C01111edors 

at these positions were intact 
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Calculaled COl val lJCs for sel'ere damage five arc shown ill Fig 5. 17. The COl I'alu,", for 

the mLl~r beam shows a similar pattern to the ones ~akulmed I" r other damage cases 

presented earlier in sedioll 5.4.2.2. Ma~iml.lm value, w~re observed at the centre over six 

shear ~Ol1ne~lOr [IOSlt;ons and <.le~rea'ed gradually lO the edges. This aCCoullts for 40"/1, of 

lhe loosenoo ,h~"r connectors. 1l is di fficult however to tel l the ~ritical CD! value, lhal 

mighl be due to damage. As ean he seen in the graph (beam one), th~>fe is gradually 

decrease in COl values and one wonders what optimum value should be used 10 screen 

these values. 
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Chapter 5: Discussion of Results 

Shown also in Fig 5.17 are CDI values calculated for an inside beam on this damage. 

Maximum values were recorded at support positions of the beam. The middle values were 

relatively small and this indicates that no damage was present in these positions. This was 

however incorrect. This observation shows the non-sensitivity of CDI values as damage 

becomes severe. 

Based on the above observations, the CDI technique was able to identify some of the 

loosened shear connectors on the structure. Some false identification was also observed 

and some loosened shear connectors could not be located. In summary, one has to use this 

technique with great engineering intuition. 

The other technique investigated IS the flexibility change method. The next section 

describes this technique. 

5.4.2.3 Flexibility Change Method 

The modal flexibility matrix ofthe system was calculated for both the undamaged and the 

damaged structures. This was estimated from equation 2.8a-2.8c. 

The calculated flexibility change values for various structural systems are shown in Fig 

5.18 and Fig 5.19. Flexibility values increased from the supports towards the centre for the 

first to the third damage cases as shown in Fig 5.18. It was difficult to distinguish if the 

displayed trend was as a result of loosened shear connectors or the expected system 

flexibility characteristic. Any system that is simply supported shows maximum flexibility 

at the centre and minimum displacements at the supports. Maximum flexibility values 

were increasing from the intact system to the damage case three. The maximum flexibility 

value of eleven was calculated for the intact structure whereas a maximum value of twelve 

was calculated for the second and third damage scenarios. This might be due to the effect 

of loss in composite action caused by loosening shear connectors. Surprisingly, this seems 

to be a global characteristic and there is no localisation of the loosened connectors. 
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positions 36 to 44 for scvcrc damagc fivc. Similarly this is thc region wherc toc shear 

connectors were hK,sened. Minimum valuc, w~r~ r~enrded on six sh~ar connector 

position, no;,ar the support" Th~,~ ,Jot;,ur ~ollm'dors wer~ notlo()sen~,l 
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Chapter 5: Discussion of Results 

Fig 5.20 shows the calculated damage vectors for damage scenarios one (Xl), three (X3) 

and five (X5). The damage vectors for cases two (X2) and four (X4) resemble those for 

damage cases one and three respectively. The calculated damaged vectors for damage case 

one (Xl) show the same trend for all the five mode shapes extracted. The vectors were 

calculated for only the outside beam. Minimum amplitudes of vibrations were recorded at 

the midspan of the beam. The same trend was displayed for damage scenario five. This 

however does not show any relation to the inflicted damage. 

The damage vectors for damage scenario three are also shown in the same figure. 

Maximum amplitudes of vibrations are recorded at the central positions of the beams. 

These values locate the damage region effectively. However these maximum values may 

also be due to high flexibility of the system at this position. 

As explained earlier, this research integrates both the experimental and FE analysis to 

investigate how the loss in composite action in concrete beam and slab bridges could be 

detected. Results from the FE investigations are discussed in the next section. 

5.5 NUMERICAL RESULTS 

An FE model of the system was developed usmg Automatic Dynamic Incremental 

Nonlinear Analysis (ADINA) software. This model was fine tuned manually so that its 

natural frequencies could match the experimental ones. The results are outlined below. 

5.5.1 Global modal parameters 

Modal frequencies and mode shapes where obtained from modal analysis of the fine tuned 

system. The MAC values were then computed using the mode shape vectors. The 

following sections give an outline of the results. 

5.5.1.1 Numerical modalfrequencies and MAC values 

Natural frequencies and MAC values are shown in Table 5.4 and Table 5.5. As mentioned 

in chapter 4, the initial model used rigid connectors to simulate shear connectors. The ends 

of the beams were fixed. The frequencies obtained from this system were relatively high 

and it was impossible to match them to the frequencies obtained experimentally. These 

frequencies are shown in Table 5.4. The rigid connectors were then replaced with non­

linear spring elements. Spring elements were also used to simulate the rubber bearings 

supporting the model. To correlate the experimental and theoretical results, the spring 
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Chapter 5: Discussion of Results 

stiffnesses representing the rubber bearing and the shear connectors were adjusted 

manually. The resulting spring stiffnesses are as shown on Table 5.6. These sprIngs 

stiffness's also take into account the effect of friction between the beams and slab. 

Table 5.4: Natural frequencies obtained from a model using rigid connectors to simulate 

shear connectors 

Type of Mode Frequency, Hz 
1: First Bending 47.18 
2: Torsional 49.42 
3: Second Bending 137.60 
4: Combined bending and torsion 146.30 
5: Transverse 113.60 

Natural frequencies for a model using spring elements to simulate shear connectors are 

shown in Table 5.5. The frequencies showed a decreasing trend from the intact state to the 

severe damage case except for the transverse mode on the extreme damage case. This 

indicates a global reduction of system stiffness with loosening of shear connectors. This 

was however expected as early observations from experimental work showed the same 

trend. 

Surprisingly, mode shapes between the intact and all the damage states correlate well as 

shown by MAC values of unit in the table. This cannot be the case especially for severe 

damage. This shows the non-sensitivity of these values to this damage. 

Table 5.6 give the resulting final spring properties used. 

1 ()1 
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Chapter 5: Discussion of Results 

Table 5.5: FE frequencies and MAC values 

Mode Case Frequency, Hz % Change MAC Values 
based on XO 
Frequency 

XO 19.76 - -
Xl 19.75 0.05 1.0 
X2 19.72 0.20 1.0 

1 st Bending Mode X3 19.57 0.96 1.0 
X4 19.22 2.73 1.0 
X5 15.88 19.64 1.0 
XO 31.61 - -

Torsional mode 
Xl 31.01 1.90 1.0 
X2 30.45 3.67 1.0 
X3 29.67 6.14 1.0 
X4 29.00 8.26 1.0 
X5 27.62 12.62 1.0 
XO 63.90 -

2nd Bending mode 
Xl 63.73 0.23 1.0 
X2 63.56 0.53 1.0 
X3 63.02 1.38 1.0 
X4 63.80 0.16 1.0 
X5 48.41 24.24 1.0 
XO 79.91 -

Combined 
Xl 79.84 0.09 1.0 
X2 79.56 0.44 1.0 

Bending and X3 79.32 0.74 1.0 

Torsion 
X4 78.20 2.14 1.0 
X5 75.41 5.63 1.0 
XO 92.94 -

Xl 92.00 1.01 1.0 
X2 89.00 4.23 1.0 

Transverse mode X3 78.78 15.24 1.0 
X4 73.32 21.11 1.0 
X5 148.90 +60.21 1.0 

Table 5.6: Spring stiffness: Bearings and Shear connectors 

Bearings Shear Connectors 

Spring Property Stiffness Spring Property Stiffness 

X-Translation 3 x 101\8 N/m X-Translation 3 x 101\8 N/m 

Y -Translation 3 x 101\8 N/m Y -Translation 3 x 101\8 N/m 

Z-Translation 3 x 101\8 N/m Z-Translation 3 x 101\8 N/m 

X-Rotation 1.8 x 101\6 Nm/rad X-Rotation 1 x 101\5 Nm/rad 

Y-Rotation 8 x 101\5 N m/rad Y-Rotation 7 x 101\8 Nm/rad 

Z-Rotation 3 x 101\8 Nm/rad Z-Rotation 3 x 101\8 Nm/rad 
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Chapter 5: Discussion of Results 

Table 5.7: Comparisons a/numerical and experimental naluralFequencies 

Mode Case Numerical Experimental Percentage 
Frequency, Hz Frequency, Hz Difference 

XO 19.76 19.71 -0.3 
Xl 19.75 19.59 -0.8 
X2 19.72 19.67 -0.3 

151 Bending Mode X3 19.57 19.30 -1.4 
X4 19.22 18.90 -1.7 
X5 15.88 18.01 + 13.4 
XO 31.61 28.86 -8.7 

Torsional mode 
Xl 31.0 I 27.93 -9.9 
X2 30.45 28.38 -6.8 
X3 29.67 27.91 -7.7 
X4 29.00 27.38 -5.5 
X5 27.62 25.65 -7. I 
XO 63.90 67.69 +5.8 

2nd Bending mode 
Xl 63.73 66.47 +4.3 
X2 63.56 66.47 +4.5 
X3 63.02 60.13 -4.5 
X4 63.80 52.71 -17.4 
X5 48.41 50.54 +4.4 
XO 79.91 77.85 -2.6 

Combined 
Xl 79.84 75.36 -5.6 
X2 79.56 74.35 -6.4 

Bending and X3 79.32 71.77 -9.5 

Torsion 
X4 78.20 69.19 -11.5 
X5 75.4 I 59.57 -15.8 
XO 92.94 86.51 -6.9 
Xl 92.00 83.93 -8.7 
X2 89.00 88.41 -5.9 

Transverse mode X3 78.78 86.71 +10.1 
X4 73.32 79.68 +8.7 
X5 148.90 67.62 -

The comparison of experimental and numerical frequencies are shown in Table 5.7. On 

average, a 10% difference was observed. This is a significant difference. It is assumed that 

the large difference was due to handling cracks observed on the physical model. These 

were not simulated in the analytical model 

5.5.1.2 Mode shapes 

The mode shapes extracted are shown in Figure 5.21. Interestingly, the analytical mode 

shapes clearly show the positions of the loosened shear connectors from the second 

damage scenario upwards without further analysis. The curvature of the shapes change 

instantly at positions where the spring elements were reduced to zero to simulate damaged 

shear connectors. Nevertheless, this representation deviates from the actual setup on the 
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Chapter 5: Discussion of Results 

ground where the damaged shear connectors might still impact some stiffness on the 

composite action. 

1 

I. I' 

First Bending modes 

Second Bending modes 

I 

Combined Bending and Torsion modes 

" . 

Transverse modes 

Fig 5.21: Mode shapes extractedfrom the FE model 

The plots of these modes after scaling are shown in the following figures, In the same way 

as calculations are done using experimental data, the data from the undamaged mode 

structure was used for scaling other modes, 
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The plots of the first bending and torsional modes along one of the beums are shown in 

Figure 5,22. 1 he mode ~UT>atures for damuge one to ftlUr started to deviute from the 

Lllldamaged mode ~urvat ure on live wnnector pos itlOns. Th,s d",viutlon was more 

pronounced at mid-spun of the beam. Th", modes from the se~oml and third damage cases 

are sllpcri mposed togethcr i.e. there wa, very little difference in damage, In-fact. only two 

shear connectors were loosened for damage two to three. A different scenario was 

observed on the fifth mode where 75% of shear wonectors were loosentXl. Ther'" w,~~ Tl() 

~oTTel ati nn het"eeo th is damage mode and all the other damaged modes shapes. 
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Chapter 5: Discussion of Results 

It should be noted that different numbering for experimental and numerical modes where 

used. This however does not result in conflicting explanations. 

Phase changes between modes of different damage cases for the second bending were 

observed. The undamaged (XO) , damage one (Xl), damage three (X3) and damage four 

(XI) mode shapes were all in phase whereas damage two (X2) and damage five (X5) mode 

shapes where out of phase from the other mode shapes. Besides this information, there 

was no indication relating the modes to the inflicted damage. 

The same trend observed in the second bending modes was displayed in combined 

bending and torsion mode plots. The undamaged and damage four mode shape plots were 

in phase whereas all the other plots were out of phase with these two plots. 

Interesting results were observed on the transverse mode plots. A smooth transverse mode 

was observed for an undamaged structure. Some deviation between this curve and the one 

for damage case one (Xl) on positions where shear connectors were removed was clear. A 

different scenario was observed on the mode plot for damage case two (X2) .The 

curvatures was smooth along the entire beam. There was indication of the loosened 

connectors as seen on the mode for damage case one (Xl). The mode shapes for damage 

cases three (X3) and four (X4) clearly locate positions of loosened shear connectors as 

shown by an abrupt change in the mode gradients at these positions. Surprisingly, the 

mode from severe damage five (X5) shows very little indication of the damaged region. 

Only reduced amplitudes of the mode could be noticed for this damage. 

Based on scaled mode data used in above comparisons, local damage indicator algorithms 

used on section 5.4.2.2 were used in the localisation of this damage. 

5.5.2 Vibration-based algorithms 

Similar local damage techniques as those applied on experimental data were also applied 

on the analytical data. These are: 

(i) Coordinate Modal Assurance Criterion (COMAC) 

(ii) Mode shape curvature method 

(ii) Change in flexibility method and 

(iii) Change in stiffness method 
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Chapter 5: Discussion of Results 

Phase changes between modes of different damage cases for the second bending were 

observed. The undamaged (XO) , damage one (Xl), damage three (X3) and damage four 

(X4) mode shapes were all in phase whereas damage two (X2) and damage five (X5) mode 

shapes where out of phase from the other mode shapes. Besides this information, there 

was no indication relating the modes to the inflicted damage. 

The same trend observed in the second bending modes was displayed in combined 

bending and torsion mode plots. The undamaged and damage four mode shape plots were 

in phase whereas all the other plots were out of phase with these two plots. 

Interesting results were observed on the transverse mode plots. A smooth transverse mode 

was observed for an undamaged structure. Some deviation between this curve and the one 

for damage case one (Xl) on positions where shear connectors were removed was clear. A 

different scenario was observed on the mode plot for damage case two (X2) .The 

curvatures was smooth along the entire beam. There was indication of the loosened 

connectors as seen on the mode for damage case one (Xl). The mode shapes for damage 

cases three (X3) and four (X4) clearly locate positions of loosened shear connectors as 

shown by an abrupt change in the mode gradients at these positions. Surprisingly, the 

mode from severe damage five (X5) shows very little indication of the damaged region. 

Only reduced amplitudes of the mode could be noticed for this damage. 

Based on scaled mode data used in above comparisons, local damage indicator algorithms 

used on section 5.4.2.2 were used in the localisation of this damage. 

5.5.2 Vibration-based algorithms 

Similar local damage techniques as those applied on experimental data were also applied 

on the analytical data. These are: 

(i) Coordinate Modal Assurance Criterion (COMAC) 

(ii) Mode shape curvature method 

(ii) Change in flexibility method and 

(iii) Change in stiffness method 

11l1l 
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5.J.l, J COMAC Vu/"e.' 

Equntio!l 2.6 was '.Is<:0.1 to cal ~ulale the COMAC val l"'" at each degrc.: offrccd(lm and 

pl(l\s 'If\h~ arC soown 11' Fig ~.2~ and Ftg ~.2 ~. 
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COMAC VALUES: XO vs X4 1 
0.' 

• M 
0 
0 
0 0.0 > 

0 

1 
< ,., , 
0 
0 "' 

0 , " , < , 
~ N , @ g ~ - , , 

~ , , , , , , , 
Degree of Freedom 

r========_=_~=-==--.-.--
COMAC VALUES: XO vs X5 1 

" • • M 
0 .. 

CO > 
U 
< "' , 
0 

"' U 

0 

~ '" '\ ~ h """ '" A" R> ~ " ~ <Q h .'" '\C:! ,\'::i 1." -\_- ,\"i ,\1" ,\'J ,\'" '\' '\<'; 1."" ,\C'i ",,'::i ",," ",,'" <!,'f 

DegreeofFreedom 

Fig .'i.l.5: COMAC rallies f()r IIndamaged structure modes . '5 differenr/our and}il'(' 

The ~akulilted (0:>.1.>\(' values w~re below 0.9. This indicates that there was 110 

~oTTel iltiol1 bd\\'~en the undamaged ilnd dilmag~d modes. /l.h,imum CO"lAC' vallLes wer~ 

rc<:omcu on th~ middle of the span. Surprisingly, this was the region were sh~ar 

cOlmedors were loosened for all damage scenarios and one would ha\'c eXp<..'Ctcd this 

region to have the lowest COMAC values. As observed in section 5.4.2.2. this indicates 

t he n()n-s~nsiti,ity of thi s tcchniq uc to dctcct damage of this nalUf'-' . 

5.5.2.2 Mode .,}wpe cllrvature.,' and CII"·atllre damage indicator.'!. 

Equation 5.2 was LlScd to computc the curvatures. l3ascd on thc curvatlln' valu~s. a 

curvature damag~ index (COl) was also computcd using equation 5.3. The comput~d 

mrvatures are plotlcd in Fig 5,26 and Fig 5.27, 
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Chapler 5: Discussion 0/ Raulls 

2-D MODE SHAPE CURVATURES 
Combi r>ed Bending and TorsIOn 
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Fig .5.17: Mod" ,I'hal'e ,'Hn'a/ure: ('Umhined hending am! torsion amltranll'er,\'e 

Th~ !irsl bending mode ~ur\'utures <:()mpuled lil[ diJl'eren( d"muge SImes sh,meu 

inteT~~ting rcwlh. Firstly. a rcdllCtion or Ihc cunalure valucs lrom Ihe uooam:Jged to lhe 

~~\'erc d~mage scenario wu.s obscn'ed. In this c"o;.e, a ~mooth cun'atuTe ll'r und'llllagcd 

~tTlICture. us expected. wm; obo;.e[ved, Secondly. curv"ture ch"nges al k1oo;.encd shear 

COIlll~ClOrs wcr~ llbscn'ed, in addition th~ cun'mUTe changes "ere more pronounc~d on the 

second. (hird, lilurlh "nd liflh dUm:Jgc ~cenario~_ 

Surprisingly v~r)' lillie could be obs~r\'Cd on the torsional mod~ plots. It was difficult to 

cap1Ur~ the effect of damage on this mode. ['his was also the case for combined bending 

~nd torsiolllil mode cun-atmes, Similurly. it w~s difficult 10 dbtinguish bct"cen the 

<:urvutures lilr the se<:<lIld bending mode. 
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. __ Chaprer 5. iJiscllssion oi/1c_,_,,_" _, 

Iht curvature plots for the tranS\use modes arc shown also in Fig 5,26. '[here were 

noti<:~abk curvatures changes on th~ uamagtll regions of the systems, tSp"eially for 

damage sc~narios on~. four and five. 

The calculated curvature damage indexes bctw~en the undamag~d and different damage 

sc~narios ar~ shown in Fig 5.2~ and Fig 5.29. 

CURVATURE DAMAGE INDICATOR 
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n~ 5.28. Cflrmmfe LJamage indexes. Damage o/le and 111'0 

Higher lI'-1mug~ inu~x~~ were ohserved on the <:entrul positions of the beam on damage 

cast one (Xl). This udtets th~ two damaged shL'ar eonntetOT:> at this location. The third 

luo()sened shear connector could oot be detected. The damage indexes on the other 

positi()ns were much lower with the least ,"alues recorded at the supports. 
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Fig 5. 29: TJ(lmagc indc.\'cs. D<IIn"xe three. limr (Iud j iw 

Damage indexes for damage ~ase two abo show thc same trend as those for the lirst 

damage case. Althol1gh t\\'o loosened 8heur connectors were identified on this damaged 

~cenJrio. four connectors were loosened 
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________________________ ~(,·h,,,,p,',',r 5. fJi.,eus.I'ion "IRe,mlt,l' 

Maximum damage indexes could be observed 1Il the mid-span for the third damage 

scenario. Similarly, only two central loosened shear connectors were identified. The other 

five could lIO! be identified. 

Two peak damage mdexes were rocor<idl On the eighth amI ninth positions of the socar 

connectors for the fourth damage mVe5tigal'->u_ Between these (WO positions. the indcx(!S 

reduced amI the minimum was recorded at mid span. The indexes for damage case five 

follnw those on the second damage case where two maximwn values were recorded at the 

centre. 
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ClWplt'f 5: Di~,!us,~io" o( Resllll.~ 

5.5.1.3 Hexihility Challgl! Tl!dmiqul! 

I'>k>dal flexibility orlhe syslems Was eompuled from mode data based on equali"ns 5.-1 10 

5. 7, ['he results are displa}ed i~ Fi/\ 5.10. Fig 5..1 1 a~d Fig 5..1~. The Ilex i bi lil~' val u~s I<'r 

lhe f.rst damage ease idelllilied rour posilions as tll.: wmaged region. The t~chn ilj~ 

managed to deted all 1oosen.:d eonnedors. Th~ l~chn i qu~ ~ l so located 75 ])<,rcent of 11K­

loos..::ned conoccto", on sccond damage ,c~n"rio as shown in Fig 5.30. 

,= 
s ,= - , -, 
0 • • , · " 00 0 0 , , 
~ -200,) 
0 , ·0= 
~ ,= ,= 

.= ,= s ,= -, 
0 , --C ·2000 , • 
~ 

0 
C C 

~ 
·4000 

-6000 • • ,= 
-10000 

• c -, 

• , 
, 

I 
• N , 

FLEXlBlLffY CHANGE 
Damage 3(X3) 

I 
I I I • 0 , , 

I 
• • , 

D&groo of Froodom 

FLEXIBlLffY CHANGE 
Own"u<' 4(X4J 

II 

III I • • • • • N 0 • • , c , , 

Degree 01 Freedom 

Fig 5.3 f : Flexibiliry chon"e: D<ll1!ax<' Ih~<'f <lml (our · . 
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The results I<.,r the lhird ~nd [oul1h dam~gc sccnanos displayed in Fig 5..11 reveal 

imeresting results. 'egati"" Ikxibility \"~ll!cs wcre obsclTcd on 75% "I' the damaged 

region. The Ilcxibilit), phase shift und ['<'ak vahles shown on this damage dearly show the 
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Chapter 5: Discllssion o/Rcsiliis 

sensitivity of the techniqne to the damage inflicted. Similar observations arc shown in Fig 

5.32 for sC\'Cfe damagc. In this scenario, all thc looscned shcar connector, werc identified. 
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Figure 5.31: Flexi!>ilily change/",. damage "crnario/ire 

, 0 " , 
2 , 

~ c c 

In conc1nsion, thi> tcchniqllc was able to locate thc damaged region lor all the cw;e, 

in I'estigated. This clcarly >;hom; thc importance of L1sing a rob"';t FE mtldel in damage 

detedion worh. Th,>; model <:an only be obtained throngh integration of both dynamk 

testing and nllmeri<:al mtldek 

The mode >;hare data obtained from the fined tnned model atter analy,is was used also to 

<:ompute the modal stillness of the systems. Details of this work are described in the next 

>;",,(ion. 

5.5.2..1 TfJe Slil/fln" Chullg,. meth,,11 

Stiffness algol'ithms used in section 5.4.2.4 still hold and arc used latter on mode shapes 

data. The modal stiffness is a good indicator of the damaged shear connectors as this 

t~>chniqu e computes stiffness at each point of interest. The damaged displaccment vectors 

for uilTcrcnt mode!< arc thcn eompnted (rom lhe ,tirtile~<; valne>;. lhe higher the 

displaccmcnt I'ector. thc less still is tlie point Thcsc villne~ are computed for each mtlde 

for different damage cases. The computation or damaged valucs is ad\'antagcous as this 

investigates the effe<:! of this damage on different modes. This research seeks to identify 

the clfcttive way to deted thi~ damage. A~ su~h, identitication of lhe mtldes lha! are 

>;cn~iti \'e to thi~ damage i~ eri ti <.:(II. 
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Chaprer J: Discussion ojResulrs 

Damaged vcctors for first bending modc arc shmvn in Fig 5.33 for light dllmage. Th~ 

results mdkat~ that all thc damaged c<)nneclors wcre all jdcnti fied, 
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n~ J.n. DOli/age I'CC/ors (Xl): First bending mooe 

The damaged vectors computed for the torsional mode also give similar obs~rvati<)ns. The 

maximum values could be easily identified for the I()()sen~d sh~llr ~onned<.>rs. This IS 

shown in Fig 5.34, 
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CI"'l'/CI" 5: DisClissio fi olRest/lrs 
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Chapter 5:IJis('ussion 'lResuils 
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Chaprcr 5: Discussion oiRest/lls 

Thc second h~nding. combined b~nding and lransv~rse m(>des damage vectors are shown 

in Fig 5.3 5. Oll<' damaged shear connedor was locllted on the second bending and 

comhin~d bendi ng and torsion mode vectors, All the tluee shear ronnectors 100scn~d are 

shown on (il!mage vector plots lor the transverse modes, 
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Fig 5.37: namage ""clors (X2) : Combined brnding and /orsioll alld IIWISI',ne moJes 

Based On (h~se ObS~r;,.lltions. one may identifY the modes of intcrest for this work, It is 

clear that loss in comp(>sik ac(ion could be i d~ntifi~d on first bending, torsional and 

lransv~rs~ mode interrogmions, The vectors c0mputcd for (he sCG(>nd damage ar~ shown in 

Fig 5,36 and Fig 5.37. 

A phase changc was (>bscr;,.~d on k>()s~ned sh~llr connectors lor all vectors for diffcrenl 

modes on damagc tW(l. The p~ak damage vectors WeTe ne<:~ssarily not at the loosened 
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Chapter 5: Discussion of Results 

shear connectors as shown. Also observed are relatively lower vectors on second bending 

and on combined bending and torsional modes. The same observations could be seen in 

Fig 5.37 for the combined bending and transverse mode vectors. 

Damaged vectors calculated for third and fourth damage scenarios are shown in Fig 5.38 

to Fig 5.40 respectively. The first two modes show the same trends in the damaged vectors 

of the structure for both damage scenarios. Nevertheless, the transverse mode of damage 

scenario four shows some trends that can be linked to the damage. This trend follows that 

obtained from the earlier scenarios. 

5.6 Summary 

The application of vibration-based damage detection techniques using experimental and 

numerical data has been presented. Both global and local techniques were investigated. 

Table 5.8 and Table 5.9 give summaries of damage detection results using experimental 

and numerical modal data respectively. The adequacy of each method in detecting damage 

was based on variation of quantities for damaged and undamaged structure. However 

threshold values are used in most engineering problems to draw conclusions. 

Table 5.8: Summary of damage detection results based on experimental modal data 

Damage Scenarios 

Method Xl X2 X3 X4 X5 

Frequency Change -J -J -J -J -J 

Mode Shapes -J-Jt3 -J-J I +Jt3 ~~t3 ~~t3 

~~T ~~T ~~T ~~T 

MAC Values X X X X X 

COMAC Values X X X X X 

Mode curvatures X X X ~t3 ~t3 

Flexibility Change X X X ~~ -J-J 

Stiffness Change X X ~~t3 X X 

~ - Damage detected; ~~B _ Damage detected and localised using first bending mode 

~~T _ Damage detected and localised using torsional mode; X- Damage not detected (Or 

localised; ~~- Damage detected and localised 
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Chapter 5: Discussion of Results 

Frequency changes were consistent III detecting damage due to loosening of shear 

connectors. The first bending and torsion modes were also sensitive to this damage. 

However, this was not the case with higher modes. Examination of MAC and COMAC 

values showed that these modal properties are poor indicators of damage. This observation 

verifies other investigators findings. The other damage localising algorithms showed 

mixed sensitive to this damage. The flexibility change technique was able to localise 

damage when more than 35% of shear connectors were loosened. The change in stiffness 

method was only sensitive for the third damage scenario (24% damage). Higher damage 

scenarios could not be located. 

Table 5.9: Summary of damage detection results based on numerical modal data 

Damage Scenarios 

Method Xl X2 X3 X4 X5 

Frequency Change -J -J -J -J -J 

Mode Shapes -J-J13 -J-JI -J-JB -J-JH -J-JB 

-J,jT -J,jT ,j-JT ,j,jT 

,j,jTR ,j,jTR ,j,jTR ,j,jTR 

MAC Values X X X X X 

COMAC Values XX XX XX XX XX 

Mode curvatures ,j,j -J-J XX XX XX 

Flexibility Change XX -J-J -J-J -J-J -J-J 

Stiffness Change -J-J13 -J -J13 XX -J-J I K -J-J I 

,j,jT ,j,jT ,j,jTR 

,j,jSB ,j,jTR 

,j,jTR 

-J - Damage detected; ,j,jB _ Damage detected and localised using first bending mode 

-J,jT - Damage detected and localised using torsional mode; X- Damage not detected (Or 

localised; ,j,jTR - Damage detected and localised using transverse mode 

,j,j- Damage detected and localised; XX- Damage not localised 

The numerical results also show that frequency changes were consistent in detecting this 

damage. The MAC and COMAC values based on numerical data revealed also their non-
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Chapter 5: Discussion of Results 

and X2. Using the flexibility change algorithm, 90% of loosened shear connectors were 

located as shown on Table 5.9. Based on stiffness change algorithm, damage was located 

using the first bending, torsion, second bending and transverse modes. However the 

sensitivity of this algorithm reduced as more damage was introduced on the structure. 

From these findings, it is clear that integrating experimental and FE analysis yields better 

results. An improved ability to detect and locate the damage using numerical modal data is 

shown in Table 5.9. Nevertheless an engineering judgement is important for an accurate 

and interpretation of these results. 
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Chapter 6: Practical Applications 

CHAPTER 6 

PRACTICAL APPLICATION OF VIBRATION TESTING AND FE 
MODELLING 

6.1 Introduction 

This section presents the application of vibration-based techniques on Van der Kloof Bridge, 

South Africa. The bridge was closed to traffic after structural cracks were observed on the 

deck slab during visual inspections. The road users were also experiencing excessive vibration 

under traffic loading (Ronne, 2008). The condition of shear connectors between the beams 

and slab was also of interest. A thorough investigation of the bridge was therefore necessary. 

The investigations were based on vibration testing. An FE model for the system was also 

required. This model could be used as reference for future investigations of the structure. This 

chapter therefore focuses on the development of an accurate FE model for the bridge. This 

assesses the accuracy of modelling shear connectors in a physical bridge using spring 

elements. The effectiveness of the refurbishment scheme could also be assessed using the 

updated FE model. Thorough investigation of condition of the structure was also provided 

during vibration testing. Vibration testing was done before and after rehabilitation of the 

bridge. 

The following sections give a description of the bridge and results of the investigation. 

6.2 Description of Van der Kloof Bridge 

Van der Kloof bridge is a concrete-concrete composite structure that consists of precast pre­

stressed beams and a cast in-situ deck slab. The bridge is curved in plan and has a total length 

of 204 m comprising of 15 simply supported spans. Each span has a length of 13 m. The 
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Fig 6.2: Plan, section and beam details for one of the spans (All units in mm) 
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As mentioned in the introductory section, a thorough investigation on the condition of 

structural elements of the system not accessible during visual inspections was required. A 

robust FE model of the bridge was also required. Vibration testing was done on the bridge to 

extract the modal parameters. These were the modal frequencies and mode shapes. The mode 

shapes were used to assess the stiffness distribution of the structure and also the condition of 

bearings of the structure. The bearings could not be assessed using visual techniques due to 

accessibility problems. The frequencies were used later to assess the effectiveness of the 
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Chapter 6: Practical Applications 

The extracted frequencies and mode shapes are displayed in the next section. 

6.4 Test results before rehabilitation 

6.4.1 Frequencies 

The following tables show the natural frequencies of the system before rehabilitation. The 

measured and theoretical frequencies are presented. Table 6.1 shows the comparisons of 

measured and theoretical frequencies for a system using rigid connectors to model shear 

connectors. The comparisons of the measured and theoretical frequencies for a model using 

spring elements to model shear connectors are shown in Table 6.2. The resulting spring 

stiffness after fine tuning are shown in Table 6.3. 

Table 6.1: Identified frequencies for a system using rigid connectors to model shear 

connectors: Pre-retrofitting 

Mode Measured frequency Theoretical frequellcy % Differellce in 
(Hz) (Hz) frequency 

1 Bending 8.8 14.0 59.0 
2 Torsion 10.9 15.0 37.6 
3 Transverse 1 13.1 17.2 31.1 
4 Transverse 2 17.2 21.0 22.1 
5 Transverse 3 22.9 26.5 15.7 

Table 6.2: Identified frequencies for a system using spring elements to model shear 

connectors: Pre-retrofitting 

Mode Measuredfrequency Theoretical frequency % Differellce in 
(Hz) (Hz) frequency 

1 bending 8.8 9.0 +0.02 
2 torsion 10.9 10.1 -0.93 
3 Transverse 1 13.1 12.8 -0.98 
4 Transverse 2 17.2 17.4 +0.01 
5 Transverse 3 22.9 23.9 +0.04 
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Chapter 6: Practical Applications 

Table 6.3: Spring stiffness: Bearings and Shear connectors 

Bearings Shear Connectors 

Spring Property Stiffness Spring Property Stiffness 

X -Translation 3 x 10~ N/m X-Translation 3 x 1O~ N/m 
Y -Translation 3 x 108N/m Y -Translation 3 x 108 N/m 
Z-Translation 3 x 108 N/m Z-Translation 3 x 108 N/m 
X-Rotation 1.8 x 109 Nm/rad X-Rotation 9 x 1019 Nm/rad 
V-Rotation 1.8 x 108 Nm/rad V-Rotation 1.7 x 109 Nm/rad 
Z-Rotation 3 x 108 Nm/rad Z-Rotation 3 x 108 Nm/rad 

6.4.2 Mode shapes 

Table 6.4 shows the experimental and theoretical modes. Five mode shapes were extracted 

from the bridge. This includes the bending, torsion and three successive transverse modes. 

The transverse modes displayed double curvature changes. This was observed also on 

theoretical modes. This could be explained in terms of stiffness distribution within the 

structure. 

6.5 Discussion of results and conclusions 

The comparisons of measured and theoretical frequencies show that the FE system usmg 

spring elements produce an accurate model after updating. A maximum difference of 0.98% 

was recorded between experimental and theoretical frequencies. This model therefore depicts 

the physical system as accurate as possible. For an FE model using rigid connectors, 

frequency difference as high as 59% were recorded. This shows that the use of rigid 

connectors to model shear connectors results in a relatively stiffer system. This does not 

represent the actual structure. 

The use of spring elements in an FEM simulation for shear connectors is therefore the correct 

way of representing the shear connectors. This allows control of stiffness of the boundary 

conditions. The resulting FE model simulates the physical structure, after fine tuning, and can 

therefore be used in future to assess the condition of shear connectors. This can be done 

following the steps proposed in Fig 7.1 (Chapter 7). 
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Chapter 6: Practical Applications 

The mode shapes of the bridge, particularly the transverse shapes indicate a very low 

transverse stiffness of the bridge. Double curvatures were observed on transverse modes of 

the structure. The low transverse stiffness may result in poor load distribution of the bridge. 

Additional transverse beams were therefore required. The mode shapes also reveal 

malfunctioning of the bearings of the bridge. This was shown by a flat slope of the mode 

shapes near the boundaries. 

The above findings clearly show that vibration testing is an important tool that can be used to 

assess the condition of a structure. The results of vibration testing are also important to 

produce an accurate FE model of a structure. An updated FE model can help minimize testing 

costs if properly developed and integrated with measurement tests from the structure. 
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Chapter 7: Conclusions and Recommendations 

CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

Highway bridges constitute significant and critical components of transportation systems 

and are among the most expensive investment asset of any country's infrastructure. 

However, there is a growing number of damaged bridge structures owing to ageing of 

these structures and increase in allowable axle loads. One of the most common types of 

bridges, which have been in service for over two decades for short to medium spans in 

South Africa and worldwide is the concrete-concrete composite structure consisting of 

pre-cast pre-stressed beams and cast in-situ slab. The slab is connected to the beams using 

shear connectors. These connectors are responsible for the composite action and therefore 

the efficiency of the structure. 

Despite the technological advancement, most Bridge Management Systems still rely on 

visual inspections for condition assessment of these structures. This means damage in 

inaccessible parts of the structure may go undetected until it is expensive to repair or 

catastrophic failure occurs. However, during the past few decades vibration-based damage 

detection techniques have emerged as promising tools in assessing and detecting damage 

in structures. Nevertheless, these techniques have not been used to detect damaged shear 

connectors on bridges based on modal data measured from the surface of the deck slab. 

This research therefore investigated the use of vibration techniques based on experimental 

and FE analysis. 

11'7 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 7: Conclusions and Recommendations 

Most of the vibration-based localising algorithms investigated were able to localise 

loosened shear connectors using the analytical first bending, torsion and transverse modes 

data. The application of local indices of vibration-based methods on experimental data did 

not give convincing local ising results. Some false damage was detected. On average less 

than 30% of loosened shear connectors were localised using experimental modal data. 

However, the localising techniques were able to localise most of the loosened shear 

connectors using the analytical modal data. Over 70% of loosened shear connectors were 

located. 

The use of spring elements to model shear connectors was also applied on an existing 

bridge. The bridge was closed to traffic due to excessive vibrations under loading. Cracks 

were also observed on the deck slab. The condition of shear connectors of the bridge also 

needed to be assessed. However, the assessment of the connectors is a long term process. 

Only the FE model and baseline modal data were developed for this bridge. The FE model 

produced was able to produce frequencies that were close to the measured ones. A 

maximum difference of 0.98% was recorded between frequencies. The model developed 

could be used to assess the condition of shear connectors using the steps proposed in Fig 

7.1. 

These observations show the importance of integrating experimental modal analysis and 

robust FE models to detect and localise damage in such bridges. Some engineering 

judgement is however needed to distinguish between actual and false damage. 

Nevertheless, these techniques can be used to detect and locate damaged shear connectors 

in concrete-concrete bridges if correct engineering judgement is applied. 

Most practising engineers in the field of structural assessment and rehabilitation are not 

familiar with modal analysis and vibration testing of structures. This is because the modal 

analysis and testing courses are specialised courses and not taught at undergraduate level. 

It is therefore of great importance to give simple steps that may be followed if vibration­

based techniques are to be used to assess and detect the condition of shear connectors in 

concrete-concrete composite bridges. This is presented in the following paragraphs. 
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Fig 7.1: Proposal for a typical procedure for detecting damaged shear connectors in 

concrete bridges 
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The flow chart in Fig 7.1 proposes a sequence of steps that can be followed for a dynamic 

investigation to assess, detect and locate damaged shear connectors in composite concrete­

concrete bridges. The process is based on long term dynamic monitoring of the structure to 

create a modal database. Using the database, the indices of vibration-based methods can 

then be used to localise the damaged region of the structure. 

The proposed steps take into account the fact that in most cases, FE models of these 

bridges do not exist and therefore need to be developed. This is because most of these 

structures were built a long time ago when powerful modelling softwares were not 

available. In addition, vibration assessment or modal testing of civil infrastructure such as 

bridges is relatively new and is not widely understood by practising forensic engineers that 

are responsible for the repair of bridges. Nevertheless, modal data of a structure is needed 

if an accurate FE model that can be used for further investigation need to be developed. 

The first step is to characterise the material properties of the structure. This may be done 

by taking core samples from the structure that could be tested for compressive strength, 

tensile strength and elastic modulus. The geometry of the structure can easily be measured. 

The geometry and material properties are needed to develop an FE model of the system. 

The modal parameters of the system can be measured and these are needed to fine tune the 

FE model of the structure. These parameters are also needed for comparing with future 

measured modal data. 

It was shown in chapter five that damage of shear connectors in concrete-concrete 

composite bridges affects mainly the first bending, torsion and transverse modes. 

Conversely, application of damage location algorithms on modal data from these modes 

are used in the flow-chart (Fig 7.1). However not all the modes of the structure can be 

used to detect the presence of damaged shear connectors in the structure. 

The process detailed in Fig 7.1 needs to be repeated at time intervals that may coincide 

with inspection periods of these structures. In short, these structures have to be 

continuously monitored or tested if vibration-based techniques are to be used to assess the 

condition of shear connectors that govern the efficiency of these bridges. 
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7.2 Recommendations 

This research was limited to assessIng reliability and practicality of vibration-based 

methods to detect damaged shear connectors in concrete-composite bridges. An 

appropriate way of modelling this system was also developed. However, it is worthy 

noting that this work did not produce solutions for some of the problems. The remaining 

sections not critically dealt with are recommended for future investigations. 

There is great need to develop statistical analysis procedures that can establish confidence 

limits on different damage techniques investigated. This helps to clarify if the changes in 

parameters such as flexibility, stiffness and curvatures are due to actual damage and not 

other factors such as experimental errors and weather changes. 

The effects of loss in composite action on the load carrying capacity of the structure need 

also to be investigated. This is vital to determine the stage when repairs are needed as a 

result of loss in composite action. 

A manual FE updating process was used in this research to correlate the analytical and 

experimental modal parameters. However it would be interesting to develop a scientific 

updating process or an updating algorithm based on spring parameters. This will give a 

complete and robust FE model that can be used to assess and locate damaged shear 

connectors in these bridges. 

Finally, the vibration techniques need to be integrated with strain measurements to 

investigate the effect of loss in composite action. The integration of the two promises to 

give a more robust assessment technique to prolong the service life of these bridges. 

1111 

Univ
ers

ity
 of

 C
ap

e T
ow

n



REFERENCES 

Ackerman, c.A. (2007), "A vibration based model that rates bridge structural deterioration 

in a bridge management system." Ph.d Thesis. Tshwane University of Technology, 

Pretoria, South Africa. Available 

online:http//:'A;\\!w.libserv5.tut.ac.za:7780/pls/eres/wpj docload.download file (17 

January 2008). 

Addis, B. (2001), "Strength of hardened concrete, in Fulton's concrete technology." 8th 

Ed, 2001, Midrand, South Africa. 

ADINA R&D Inc. (2008), "User Interface Primer: Report ARD 08-06," Watertown, USA. 

Agilent Technologies (2000), "The fundamentals of modal testing." USA. Available on 

line: httpll:cp.literature.agilent.com/litweb/pdf/5954-7957 (21 January 2008). 

Agilent Technologies (2000), "The fundamentals of signal analysis." USA. Available on 

line: httpll:cp.literature.agilent.com/litweb/pdf/5954-7957 (21 January 2008). 

Alvandi, A., Cremona, C. (2005). "Assessment of vibration-based damage identification 

techniques." Journal of Sound and Vibration, 292, 179-202. 

Brownjohn, J.M.W., Moyo, P., Omenzetter, P., Lu, Y. (2003, "Assessment of 

highway bridge upgrading by dynamic testing and finite-element model updating." 

Journal of Bridge Engineering, 8(3), 162-172. 

Brownjohn, J.M.W. (2008), "Structural effects of vibration problems." Informal 

Discussion, 10108,2008. Cape Town. 

BVM-Epelem. Ltd. (2006), "Building better bridges." Science Grid This Week Magazine, 

Available online: www.inleractions.org/../1018koncrel .mor .hlml (5 June 2007). 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chen, S. (2008), "Discussion of long-term analysis of steel-concrete composite beams: FE 

modelling for effective width evaluation." Journal of Engineering Structures, 28, 1110-

1121. 

Clubley, S.K., Moy, S.SJ., Xiao, R.Y. (2002), "Shear strength of steel-concrete-steel 

composite panels. Part I - testing and numerical modelling." Journal ~fConstruction Steel 

Research, 59, 781-794. 

Committee of State Road Authorities. (1989), "Code ~fpractice for the design ~fhighway 

bridges and culverts in south Africa." THM 7, Part 3. 

Dennis, L. (2007), "Capacities of headed stud shear connectors in composite steel 

beams with precast hollow slabs." Journal ~f construction steel research, Available 

online: http://\V'ww.sciencedirect.com/]ocate/jcsr (5 August 2007). 

Dutta, A., Talukdar, S. (2002), "Damage detection in bridges usmg accurate modal 

parameters." Finite Element Analysis and Design, 40, 287-304. 

Liang. Q.Q., Uy, B., Bradford, M.A., Ronagh, H.R. (2005), "Strength analysis of steel­

concrete beams in combined bending and shear." Journal of Structural Engineering, 

131 (1 0), 1593-600. 

Estes, A.C., Frangopol, D.M. (2003), "Updating bridge reliability on bridge management 

system using visual inspection results." Journal of Bridge Engineering, 8(6),374-382. 

Ewins, DJ. (2003), "Modal Testing: theory, practice and application." 2nd Edn, London, 

England. 

Farrar, C.R., Jauregui, D.A. (1997), "Comparative study of damage identification 

algorithms applied to a bridge: 1. Experiment." Smart Material Structures, 7, 704-719. 

Flavia, M.SJ., Ibrahim, A.E.M.S., Lidia, C.D.S. (2006, "Shear strength of pre-cast pre­

stressed composite beams with discontinuous connections made of cast-in-place shear 

keys." Materials and Structures, 39, 353-364. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



FriswelL M.L, Mottershead, lE. (1995). "Finite element model updating in structural 

dynamics." Netherlands: Kluwer Academic Publishers. Gaj anan, M.S. (1979). "Handbook 

of composite Construction engineering." 151 Ed, Melborne, London. 

Galambos, T.D. (2007), "Mississippi bridge collapse." Informal Discussion, 14 October 

2007. University of Cape Town. 

Gattesco, N. (1999), "Analytical modelling of nonlinear behaviour of composite beams 

with deformable connection." Journal of Constructional Steel Research, 52,195-218. 

Ghosn, M. (1999). "Modelling of bridge dead and live loads, in bridge safety and 

reliability." Edited by Frangopol, D.M, 15t Ed, American Society of Civil Engineers, USA. 

Hobbs, D.W., (1994), "Worldwide durability problems with concrete and trends in 

prevention." Concrete Society of Southern Africa Silver Jubilee Commemoration National 

Convention, Sun City. 18-21 September. Cited by: Ackerman, c.A. (2007), "A vibration 

based model that rates bridge structural deterioration in a bridge management system." 

PhD Thesis. Tshwane University of Technology, Pretoria, South Africa. 

Huang, Z., Burgess, LW., Plank, R.J. (1999), "The influence of shear connectors on the 

behaviour of composite steel -framed buildings in fire." Journal of Construction Steel 

Research, 51,219-237. 

Jin-Hee, A., Chungwook, S., Young-Ju, l, Sang-Hyo, K. (2008), "Fatigue behaviour and 

statistical evaluation of the stress category for a steel-concrete composite bridge deck." 

Journal o/Construction Steel Research, 411-712. 

John.P., Cook, P.E. (1977), "Composite construction methods." 15t Ed, Canada. 

Kuan-Chen, F., Feng, L. (2003), "Nonlinear finite element analysis for highway bridge 

superstructures." Journal of Bridge Engineering, 8(3), 173-179. 

Kumar. A. (1988), "Composite concrete bridge superstructures." 1 st Ed, British Cement 

Association. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Larose, K., Elwood, KJ. (2006), "Performance of headed shear studs clusters for precast 

concrete bridge decks." Paper preparedfor presentation at the Bridgesfor the 2Ft century 

(B) session of the 2006 annual conference of the Transportation Association of Canada. 

Charlottetown, Prince Edward Island. 

Law, S.S., Chan, T.H.T., Wu, D. (2000), "Efficient numerical model for the damage 

detection oflarge scale." Journal of Engineering Structures, 23, 436-451. 

Li, T.Q., Choo, B.S., Nethercot, D.A, "Connection element method for the analysis of 

semi-rigid frames." Journal of Constructional Steel Research, 32, 143-171. 

Macorini, L., Fragiacomo, M., Amadio, C., Izzuddin, B.A, "Long-term analysis of steel­

concrete composite beams: FE modelling for effective width evaluation." Journal of 

Engineering Structures, 28, 1110-1121. 

Maeck, J., Wahab, M.A., Peeters, B., De Roeck, G., De Visscher, 1., De Wilde, W.P., 

Ndambi, J.M., Vantomme, 1. (2000), "Damage identification in reinforced concrete 

structures by dynamic stiffness determination." Engineering Structures, 22, 1339-1349. 

Maeck, J. (2003), "Damage assessment of civil engmeenng structures by vibration 

monitoring." PhD Thesis, Katholieke Universiteit Leuve. 

Available: http//:vvw\v.kuleuven.ac.be/bwm/paper/maec03a.pdf (22 April 2008). 

Maia, N.M.M., Silva, J.M.M, He, J., Lieven, N.AJ., Lin, R.M., Skingle, G.W., To, W.M., 

Urgueira. A.P.V. (1997), "Theoretical and experimental modal analysis." Edited by: 

Nuno, M.M. Maia, 1.M and Silva, M. 151 Edn. Research Studies Press Ltd, Baldock, 

England. 

McCann, D.M., Forde, M.C. (2001). "Review of NOT methods in the assessment of 

concrete and masonry structures." NDT & International. 34. 71-84. 

Moyo, P. (2008): UCT Civil Engineering senior lecturer, "Problems in Vander-Kloof and 

Gariep bridges." Informal Discussion, 9/2, 2008. Vander-Kloof 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Moyo, P., Alexander, M.G. (2006), "Condition assessment of bridges in South Africa: 

Challenges and opportunities." In Concrete repair, rehabilitation and retrofitting, Edited 

by: Alexander, M.G., Beushausen, H.D., Dehn, F., Moyo, P.l SI Edn, London. 

Ndambi, J.M., Vantomme, 1., Harri, K. (2002), "Damage assessment in reinforced 

concrete beams using eigen-frequencies and mode shapes derivatives." Engineering 

Structures, 24, 502-515. 

Nigel, R.H. (2003), "Pre-stressed concrete bridges, ' design and construction." 1 st Ed, 

Thomas Telford, London. 

Parkash, S., Goel, R., Kumar, R. (2006), "Fatigue performance of pre-stressed concrete 

bridges: State-of-the art." Advances in Bridge Engineering, 24(25), 479-486. 

Queiroz, F.D., Vellasco, P.C.G.S., Nethercot, D.A. (2007), "Finite element modelling of 

composite beams with full and partial shear connection." Journal of Construction Steel 

Research, 63(4), 505-521. 

Richardson, M., Schwarz, B. (2003), "Modal parameter estimation from operating data." 

Sound and Vibration. 

Ronne', D.P, (2008), "Problems in Vander-Kloof and Gariep bridges." Informal 

Discussion, February 2008. Vander-Kloof, 

Ryall, M.J., Parke, G.A.R Harding, J.E. (2003), "Manual of Bridge Engineering." Thomas 

Telford Publishing, London. 

Sameh, S., Badie, P.E., Tadros, P.E., Maher, K., Hussam, F.K., Darlin, L.S. (2002), 

"Large Shear Studs for Composite Action in Steel Bridge Girders." Journal of Bridge 

Engineering, Vo1.7, No.3, 2002, 195-203. 

Seracino, R., Lee, c.T., Lim, T.C., Lim, 1.Y. (2004), "Partial interaction stresses in 

continuous composite beams under serviceability loads." Journal of Construction Steel 

Research, 60,1525-1523. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Somerville, G., Tiller, R.M. (1975), "Cement and Concrete Association: Standardised 

bridge beamsfor spans from 7 m to 36 m." 1 5t Edtn, London. 

Sowman. R .. Poree, N., (2000), "Situation report on heavy freight vehicle overloading 

control in South Africa." Automobile Association ~fSouth Ajhca, Kyalami. Cited by: 

Ackerman. c.A. (2007), "A vibration based model that rates bridge structural deterioration 

in a bridge management system." PhD thesis. Tshwane University of Technology, 

Pretoria, South Africa. 

Available:}1tlpll:www.libserv5.tut.ac.za:7780/pls/eres/wpj docload.download file (17 

January 2008). 

Tailor, R. (1979), "Composite reinforced concrete." 1 5t Edn, Thomas Telford Limited, 

London. 

Thambiratnam, D.P., Brameld, G.H. (1995). "Free vibration analysis of bridges." 

Engineering Structures, 17(10),705-713. 

Tamberg, K.G. (1968), "Aspects of torsion in concrete structure design, In Torsion of 

concrete structures." 1 st Edtn, ACI Publications, Michigan, USA. 

Wahab, M.M.A., De Roeck, G. (1999), "Damage detection in bridges usmg modal 

curvatures: Application to a real damage scenario." Journal of Sound and Vibration, 

2(227),217-235. 

Vibrant Technology, Inc (2007), "Visual Modal Educational, ME'scopeVES software." 

Version 4.0.0.96. 

Wang, AJ., Chung, K.F. (2008), "Advanced finite element modelling of perforated 

composite beams with flexible shear connectors." Journal of Engineering Structures, 

1000-1016. 

West, R. (1971), "Cement and Concrete Association: Recommendations on the use of 

grillage analysis for slab and pseudo-slab bridge decks." 1 5t Edn" London. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Wium, D.1.0., Aucamp, G.H.P., Ullmann, M., Duncan, K.K.A.B., Nordengen, P.A. 

(1994), "The effect of an increase in the permissible heavy vehicle loads on road bridges." 

Research Report RR 9 JI004, Department of Transport, Pretoria. Cited by: Ackerman, C.A. 

(2007), "A vibration based model that rates bridge structural deterioration in a bridge 

management system." PhD thesis. Tshwane University of Technology, Pretoria, South 

Africa. 

Womack, K.C., Halling, M.W. (1999). "Forced vibration testing of 1-15 South Temple 

Bridge." A research report submitted to the Utah Department of Transportation, Available 

on line: http://www.udot.utah.gov/main!uconowner.gf (08 February 2008). 

Xia, Y., Hong, H., Deeks, A.1. (2007), "Dynamic assessment of shear connectors in slab­

girder bridges." Engineering Structures, 29, 1475-1486. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



APPENDICES 

149 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Appendix A-Material Properties 

Determining E-Modulus for the Beams 

Sample No. J 

12 

10 

~ 8 ra 
a. 
::::!! 6 -(J) 
(J) 4 Q) ... -CI) 2 

0 

-2 

Stress-Strai n 
8- No.1 

y = 29881x 

0.0000840.0001080.000144 0.00018 0.0002640.0002880.000324 0.og0348 

Strain (mm/mm) 
~~~~~--~~~~~--~~~~~~~ -~~~~~~- -------

Sample No.2 

12 

10 

Ii 8 
a. 
::::!! 6 -(J) 
(J) 4 Q) ... -CI) 2 

0 

-2 

Stress-Strai n 
8- No.2 

y = 28333x 

0.00002 0,.OQOQ4 0.0001 0.00012 0.0002 0.00024 0.00028 0.00036 

Strain (mm/mm) 
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Appendix A cont ... 

Sample No.3 

12 

10 

8 
III a.. 

::!!: 6 
~ 

1/1 
1/1 4 Q) ... .... en 2 

0 

-2 

Stress-Strai n 
B- No.3 

3.82E-05 7.64E-05 0.000115 0.000153 0.000191 0.000229 0.000267 0.000306 

Strain (mm/mm) 
_ .. __ . __ .... _-----------------_ .. __ . __ . --

Determining E-Modulus for the slab 

Sample No. I 

12 

10 

Ia 
8 

a.. 
::!!: 6 
1/1 
1/1 4 Q) ... .... 
en 

2 

0 

-2 

Sress-Strai n 
5: No.1 

y = 28732x 

0.00005 8.18E-05 0.0001270.0001550.0002270.000273 0.0003 0.000355 
-_.. -

Strain (mm/mm) 
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Appendix A cont ... 

Sample No.2 

12 

10 

m 8 
D. 

~ 6 
II) 
II) 4 Q) ... ... 

(J) 
2 

0 

-2 

Stress-Strai n 
S-No.2 

y = 28333x 

0.000011 0.000044 0.000077 0.0001265 0.000231 0.000286 0.00033 0.0003575 

Strain (mm/mm) 
--~.~.~~~-

Sample No.3 

12 

10 

- 8 
(II 
D. 
:!: 6 
~ 

II) 
II) 4 Q) ... ... 

(J) 2 

0 

-2 

Stress-Strai n 
S-No.3 

y = 26842x 

0.0000220.0001430.0001490.0001930.000193 0.00033 0.000347 0.0 038 

Strain (mm/mm) 
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