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ABSTRACT

The abnormal load management guideline which is currently being used in South Africa is TRH
11. This guideline is based on provisions developed in the 1970s. Design guidelines and traffic
loading have changed since then thereby highlighting the need to develop a new abnormal load

management system.

TRH 11 considers all the abnormal vehicles as one category. However, literature has shown that
even though mobile cranes are regarded as abnormal vehicles, they have different suspension
system, axle spacing and use different wheels compared to heavy good vehicles. These

characteristics help minimise their impact on road structures.

This thesis presents a study of the impact of mobile crane on short span bridges. Short span
bridges span between 5 and 40m are very common in South Africa. A finite element model
representing the interaction of a mobile crane with a bridge has been developed using Adina
finite element software. Bridges have been modeled based on the criteria specified by the MOT
design code of practice. This is because 70% of bridges in South Africa have been designed
using this code.

An experimental study to measure the actual dynamic impacts was performed on the Berg River
Bridge. The bridge was instrumented with displacement transducers and strain gauges at mid and
quarter span respectively. A 36 tonnes mobile crane was used for the field experiment. The
impact was measured for different speed scenarios. The acceleration of the bridge under normal
traffic loading was also measured. A wooden plank was placed across the lane for one scenario

to trigger extensive dynamic vibration and to simulate poor road surface condition.

Data collected from the tests were extracted using ME‘Scope Ves and used for comprehensive
assessment of the bridge under dynamic loading. Dynamic and static analyses were performed
and the impact factor for strain and displacement were calculated. The highest impact factor was
1.16 for a speed of 60 Km/hr. When plotted on the National codes graph, the highest impact falls
below the curve representing the South African codes showing that Berg River Bridge is safe

under the motion of the mobile crane.



Analysis revealed that high vehicle speed and deterioration in road surface contributes to high
impact factors. Experimental findings have also shown that the most important impact forces
occur at the bridge approach as the mobile crane crosses the joint irregularities that occur
between bridge and the abutments.

Experimental data were used to validate the finite element model of the Berg River Bridge. The
model gave almost similar results to the field experiment. Moment and shear impact factor were

obtained from the Finite element model.

The model was used to simulate the effects of heavier vehicle weight on the bridge. It was found
that as weight increases the impact factor decreases. This decrease is not caused by a decrease in
dynamic deflection but an increase of the static deflection.



TABLE OF CONTENTS

DECLARATION ...ttt bttt bbbt skt e s ab e st e e bt e ke e sb e e ebb e eb b e e nbeenbeenbeesbeesaneenneenee i
ACKNOWLEDGEMENTS ...ttt b e bbbt bbbt sb ettt e b sbe e e b eees ii
A B ST R A T -ttt b e bt bt h e oAbt be bt e Re e R e e Ra e oAbt be e bt e be e nbe et b e enbeebeenreen iii
TABLE OF CONTENTS ...ttt bbbt bbbt bt e bbb et be et st e e e b enes v
LIST OF FIGURES ...ttt ettt bttt et b e bt s bt e s bt e s ab e et e e sb e e sbeesbeesbbesbbeesbeenbeenbe e iX
LIST OF TABLES. ...ttt bbbt bt bbb bt e st e st e bt et st e e e b enes Xii
1. INTRODUGCTION ...ttt bbbt ettt b e bt ebe e sbe e sbe e sab e st e e beenbeesbeesbeeseneas 1
IO R = T U0t (01U [ o RSP S 1
1.2 RESEAICH MOTIVALION. .....c.viitiiiiiiitci bbbt 2
1.3 AIM OF FESBAICI ......etiiieeee ettt bbbttt b b e 3
14 1S Tod 0] oL SRR TSRS 3
15 LIMITAIIONS ..ttt b bbbttt b et b 3
1.6 TRESIS SEIUCTUIE ...ttt bbbt b e 3

2. ABNORMAL LOAD MANAGEMENT SYSTEMS ..ottt 6
21 TRH Lttt h e h e h e h et s a bt b e bt e bt e b et e R bt R Rt e b e e be e nbe e ehe e nnn e nneens 6
211 Limitations imposed by bridges and CUIVEITS...........cccoviiiiiiiiireeee e 6
212 REMAIKS ...t bbb bbb 8

2.2 Summary report for the assessment of abnormal load vehicles on road bridges ...........c.ccccveneee. 8
221 Permissible load reduction factor (R) ........c.ccoererieieiiiisisise e 10
2.2.2 Permissible axle group 10ad (IMQ) ......cooviiiiiiiee et 10
2.2.3 Vehicle Width FACTOr (FW) ....ovoviiiieiee e 11
2.2.4 Mixed traffic 10A0ING .......cooviie i e e e 11
2.25 Computer program, ASSESS ... ... e 11
2.2.6 CONCIUSIONS ...t n e 12

2.3 Abnormal load management SOTIWAIE ..........ccuiiririiriirieieieie e 12
2.4 Hong Kong legal TIMItAtIoNS ..........ccoiiiiiiiriii e 13
24.1 E AN L= 3] 7= Tox | T OSSR 13
24.2 AXIE WEIGNT ... bbb 13
2.4.3 Hong Kong 10ading MOGEN ............ooiiiee e 14

2.5  Truck weight limit formula for US highWays ..........cccooiiiiiiiiiiiieee e 16
2.6 Live load models in SOUth ATIICE ........ccvoiiiiiii e 17
2.7 Code of practice for the design of highway bridges and culverts in South Africa..................... 20



2.7.1 Ultimate lMit StAte (ULS).....cooiiieiiiciie e 20

2.7.2 Serviceability limit State (SLS) .....cciiiiiiiiiieeie e e 21
2.8 BS 153: Normal 10ading MOl ........cc.ooviiiiiiii e 21

HIGHWAY LOADS ...ttt bbbt bbb bt bbbt e b e st e et e sbeebeenbenbe s 23
3L TrAFFIC JOAUS ... 23
3.2 Load combinations 0N BIIOGES .......ccveiiieiiieise e 25
K TG B B LT To I 0T o N () USROS 26
34 LIV 0O (L) sttt 26
KR I B Y/ -V 1T ol (o o USSP 26
3.6 Assessment of SNOrt SPan BridgeS .........cvviriiiiiiiiiieieieee e 27
3.7 Static 1080 MOGEIS .......oiiiiiii et 27

3.7.1 VENICIE GALA ... 27

3.7.2 Traffic MOUEIIING ..o e te e sreeres 28
3.8 Dynamic 10ad MOGEN ..........ooiiiiiiieee e 28

3.8.1 Data COHMBCTION ...ttt 28

3.8.2 Dynamic effeCt MOUEL..........cviieiiec e s ee e 29
3.9  Probabilistic 1080 MOEL...........cccoiiiiiiiee e 29
310 Reliability @nalySiS.......cviiiiiiiiii et re et b are s 30

IMPACT FACTORS ON BRIDGES.......ccooi ittt sttt st sttt st nnee s 31
4.1  Effects of the natural frequency on the dynamic impact factor ...........c.ccoccvvveviviii e, 31
4.2 Influence of surface roughness on the dynamic impact factor............ccccoerviniiiiniinienineneee 32
4.3  Effect of the wheel distribution factor on the dynamic impact factor..............ccccocevveviiviiennene. 33
4.4  American Association of State Highway and Transportation (AASHTO) method..................... 34
45  The SWISS IMELINOM. .......oiiiiiiiiei ettt bbb 35
4.6  The New Zealand MEthOd...........ccooiiiiiiiii e 36
4.7 The Italian METNOU. .......coiiiiiie et 36
4.8  AASHTO Impact factors for horizontally curved steel box bridges.........cccooveveriviieniniinnnne 36
4.9  OHBDC Impact factors for horizontally curved steel boxX bridges..........ccocevvvviiineninenenenns 37
4.10 Impact factors for composite concrete-steel cellular straight bridges...........ccoocevovviieiiiiiinnees 37
4.11 Impact factors for horizontally curved composite box girder Bridges ..........cccovvveereninenenenns 40
4.12 Methods of measuring the dynamic effects of bridges .........ccooviiriiiinene e 41

4.12.1  Field MEASUIEIMENTS. .....eiviiirieieei ettt 41

4.12.2  Finite element MOdelling ........cooiiiiii s 42

Vi



413 CRAPLET SUIMIMEIY ....eiviiiiiiiitiitete sttt etttk b e bt b e et e b et b e e bt bennennen s 44

SUSPENSION SYSTEMS ...ttt bbbt seeeees 46
5.1 LA SPIING oottt 46
5.2 IMIBCPINEISON. ...ttt 47
5.3 AT SUSPENSTON. ...ttt sttt b bbbttt b bt bbbttt b e n b nen e 48
5.4 HYUIO-PNEUMALIC ....ovviiiiieiiieieiteete ettt 48
5.5  Effects of the different SUSPENSION SYSIEM........coiviiiiiiicie e 52
5.6  ChaPLEr SUMIMAIY ...c.oiiiiiiiiiitiiiie ittt b bbbt b bbb 53

METHODOLOGY ...ttt ettt bt bt e s st s bt et e e b e e s b e e ab e e e nb e e bt e sbeesneesnneenneanns 55
6.1 INEFOTUCTION ...ttt bbbt e bbb bbb n s 55
6.2  Vehicle-bridge interaction MOEl..........cccoviieiiii e 55
6.3 Bridge MOUEL...... .o 56
6.4 VENICIE MOUEI ...t 57

6.4.1 MODIIE CraNe TaLA.........eiviriiieiee s 57

6.4.2 Finite element MOGEL...........ooiiiii e 63

6.4.3 AXIE WEIGNT ... e e et be e et 63

6.4.4 Stiffness and damping of the hydro-pneumatic SUSPENSION ..........c.cooerreienrinereneseeeeene 64
6.5  SUIMACE FOUGNNESS ...ttt e et e b sbeeae e besae et e sbeebesbeetaenbesre s 65
6.6 TMPACT FACTOIS. ...ttt bttt ettt nben e 65
6.7  Field MEASUIBMENTS ...ttt ettt 65

6.7.1 BErg RIVEN BIIOQE ...ttt 67

6.7.2 IMODTIE CIaNE ...t b bbbt 68

6.7.3 Field teSt QUIPMENT ..ot 69

6.7.4 EXPerimental PrOCRAUIE .........cviiiiei ittt 73
TR I B T - W ] £ or= 1Y [ o SRS U OSSO 75
6.9 Data Validation ........cooviiiiiiiiie bbb 75
6.10  ChapLer SUMIMAIY ....ocuiiiiiieieee ettt sttt ettt tesee e e e te e st e s teete e eesaeeneebesneeneeaseeneeseeeseeneenneas 76

DISCUSSION OF RESULTS ...cctiiitiiitiisit ettt ettt sttt st e taesnaeenteeste e sbeesneesnaeanseanes 77
7.1 INEFOTUCTION ...ttt r e nnen e 77
7.2 Bridge natural TrEQUENCY .........cooiiiiiriiieieiee sttt 77
S T B T - W o (010013 | o T USRS 82

7.3.1 DYNAMIC @NAIYSIS ...ttt ettt et et e seeer et ene et e nee e 82

7.3.2 SEALIC ANAIYSIS. ...t bbb 85

Vii



7.4 TMPACT FACTOIS. ...ttt b b nnen e 88

A T 2 (o To l o1V o o] Tt TOSRPSN 95
7.6 Finite EIEMENt MO ..o 97
7.6.1 Berg RIVEr Bridge MOUEL..........oouiiie ettt st sre e 97
7.6.2 Effect of vehicle weight and span length on the impact factor .............ccccoeviiiiniiiiciene, 101

7.7 CRAPLEN SUMIMAIY ...uiiiiiiiiiitiiteet ettt bbb et b et b b n e n e enes 105

8. CONCLUSION AND RECOMMENDATIONS......cooiiiieienitnie ittt 106
8.1 CONCIUSIONS ...ttt bt bbbttt b et n e 106
8.2 RECOMMENUALION ...ttt bbb bbbt n et 108
BIBLIOGRAPHY .ttt sttt bttt b e bt bt e s hb e s st e s Rt e ekt e s be e s b b e sbb e e s beenbeebeenbe e e 110

viii



LIST OF FIGURES

Figure 2.1: Variation of dynamic loading allowance with span for different countries (CSIR,

1000 et 11
Figure 2.2: Average extreme daily shears in simply supported spans due to short, medium and long
combined vehicles (Chan, 2002) ....... ..ot e e 13
Figure 2.3: Average extreme daily moments in simply supported spans due to short, medium and long
combined vehicles(Chan, 2002) .........oiiiiii 14
Figure 2.4: W/Bm plot using Hong Kong WIM data (Chan, 2002)...........cooviiiiiiiiiiiiiiee, 14
Figure 2.5: Standard HS20 trUCK. .......oovi e 16
Figure 2.6: Standard Load for Highway Bridges (MOT, 1922) .........cciviiiiiiiiiiieieeeeeeeea 17
Figure 2.7: Loading curve for normal (HA) highway loading (BS 153, 1954) .........ccoiviiiiiiiinininns 21
Figure 3.1: Loading curve for HA loading (TMH 7, 1981) ..ottt 22
Figure 3.2: Generic axle and load configuration of amobilecrane...................coooiiiiiiiiinn.. 24
Figure 3.3: Generic axle and load configuration of a typical abnormal load vehicle......................... 24
Figure 4.1: Dynamic load allowance (DLA) versus fundamental frequency for different national codes
(Paultre, Chaallal, & ProulX, 1992). ... e e e, 31
Figure 4.2: Wheel distribution factor for a six bridge girder at four different truck locations
(KwasnieWski €t al, 2006) .......oouiiirii it e 33
Figure 4.3: Moment impact factor versus fundamental frequency (X.Zhang, 2003)......................... 37
Figure 4.4: Deflection impact factor versus frequency (X.Zhang, 2003).......cc.ccoeviriiiiiiiiinieininennnn. 38
Figure  4.5: Reaction  impact  factor  versus  fundamental  frequency  (X.Zhang,
00 PP 39
Figure 4.6: Time history of displacement for two trucks crossing a bridge at 80 km/h (Kwasniewski et al,
200B) .., 40
Figure 4.7: Example of strain readings at the bottom of the girders (Kwasniewski et al, 2006)............ 41
Figure 4.8: Acceleration history and power spectra density (Kwasniewski et al, 2006)..................... 41
Figure 4.9: Finite-element models of tested truck and bridge system (Kwasniewski et al, 2006).......... 42

Figure 4.10: Interaction models of truck wheels and bridge deck surface: (a) pure dynamic motion of
concentrated force over perfectly straight bridge beam; (b) model includes mass, spring, and damper
(KwasniewskKi et al, 2006) ........ouinininiiie et 43

Figure 5.1: Leaf spring suspension system (http://en.wikipedia.org/wiki/Leaf _spring)...........cccccceeuenene 42


http://en.wikipedia.org/wiki/Leaf_spring

Figure 5.2: MacPherson suspension system (http://auto.howstuffworks.com/car-suspension4.htm)........ 42
Figure 5.3: Air suspension system (www.autobasicslibrary.blogsome.com).................ocooviiiin 43
Figure 5.4: Hydro-pneumatic SUSPENSION SYSTEIM. ... ....uuu ittt et et 49
Figure 5.5: Independent hydro-pneumatic springs (Wolfgang, 2010).............ccooiiiiiiiiiiie e, 50
Figure 5.6: Axle spring rate and vertical natural frequency of a TLS I (Wolfgang, 2010)................... 51
Figure 5.7: Force-displacement-curves for mechanical and gas-sprung systems (Wolfgang, 2010)....... 51
Figure 6.1: 10m single span bridge modelled in Adina.............cooiiiiiiiii e, 56
Figure 6.2: Axle spacing for the LTM1090-4.1 mobile crane............cccooiiiiiiiiiiiiiiiiieeeee, 57
Figure 6.3: Axle spacing for LTM 1130-5.1 mobile Crane............o.ouiuiniiiiiiiii i 58
Figure 6.4: Axle spacing for LTM1150-6.1 mobile crane..............coooiiiiiiiiiieeeeeae 59
Figure 6.5: Axle spacing for LTM 1400-5.1 mobile Crane...........ccooveiiiiiiiiii e 60
Figure 6.6: Axle spacing forLTM 1500-8.1 mobile crane .............coooiiiiiiiii e 61
Figure 6.7: Axle spacing for LTM 11200-9.1 mobilecrane...............ccooiiiiiiiiiiiiii e, 61
Figure 6.8: Single degree of freedom system representing the axle of a mobile crane....................... 62
Figure 6.9: Triangular load moving along the beam............coooiiiiiii e 63
Figure 6.10: Bridge (B5031) across Sand RIVET ... ..o, 65
Figure 6.11: Bridge (B5032) aCross BOt RIVET..........ouiiiiiii e e 65
Figure 6.12: Berg RIVEr Britge. ......ouiuieiiiie e et seeseeneenen DO
Figure 6.13: Beam CrOSS SECHION. ... ..v ettt e e e O T
Figure 6.14: 3-axles MODile Crane. ... ... e O 1
Figure 6.15: 36 tons mobile crane dimenSioNS. ...........ouiuieini e 68
Figure 6.16: Strain QaUGE. .....oovirit ittt e 09
Figure 6.17: LVDT manufactured by RDP..........c.coiiiiiiiiiiii e seeseee e siesieneenes 1O
Figure 6.18: Piezotronic accelerometer. ..o e 10
Figure 6.19: Data acquUiSItioN SYSTEM. ... ....uitiii it [ L
Figure 6.20: National Instrument input module hardware................cocoiiiiiiiiiiiieeeeeeen 71
Figure 6.21: Kistler Signal Conditioner............co.iiiiiii e [ 2
Figure 6.22: Mobile crane and bridge iNteraCtion.............coooiiiiiiiii i 73
Figure 6.23: Planks used to model road surface deterioration................coooviiiiiiiiniiiieeieieenene. 74


http://auto.howstuffworks.com/car-suspension4.htm

Figure 7.1: Response time waveformsignal......... ..., 77
Figure 7.2: Natural frequency of the Berg River Bridge measured from accelerometer..................... 78
Figure 7.3: First dominant frequency of normal traffic load..................coo 78
Figure 7.4: Overlaid traces for speed 5, 10, 20, 40, 60, 75 km/hr at quarter span............................ 79
Figure 7.5: Motion of mobile crane on aplank............coooiiii i 80
Figure 7.6: Raw data from LVDT for 75 Km/hr SCenario.............cccooiiiiiii i, 82
Figure 7.7: Processed data from LVDT for 75 Km/hr scenario with noise......................ocoeeinnen. 82
Figure 7.8: Dynamic response from the LVDT for bridge at 75 Km/hr...........cooooiiiiiiiiiiii, 83
Figure 7.9: Dynamic response from the Strain gauge for bridge at 75 Km/hr....................c 83
Figure 7.10: Notched frequency for 75 Km/hr SCENArio...........coviieiiiiiiiiiiii e, 85
Figure 7.11: Static displacement at Mid-SPan...........c.ouiiiriiiri e 86
Figure 7.12: Static strain at Mid-SPan............oooiiiiiii i e, 86
Figure 7.13: Overlaid traces for displacement at 75 Km/Nr...........coooiiiiiiii 87
Figure 7.14: Overlaid traces for strainat 75 KM/hr. ... ... 88
Figure 7.15: Bridge deflection for the different speed scenario...............ccoooiiiiiiiiiiii i, 90
Figure 7.16: Traffic influencing the dynamic effects.............oooiii i 90
Figure 7.17: Impact factor for the different speed scenario................coooiiiiiiiiii i 91
Figure 7.18: Motion of crane on the bridge. .........ooiii e 91
Figure 7.19: Impact for 5, 10, 40, 75 KM/Nr SCENAIIOS. ... .vieieiiie e 92

Figure 7.20:

Figure 7.21

Variation of dynamic loading allowance with span for different countries (CSIR, 1991)...93

: Dynamic load allowance (DLA) versus fundamental frequency for different national codes

(Paultre, Chaallal, & ProulX, 1992).. ... e e 94
Figure 7.22: Dynamic displacement at mid-span and quarter SPan..............cooevveieeieereneneeenenennns 93
Figure 7.23: Effect of road roughness simulated by a plank on the maximum dynamic amplification....96
Figure 7.24: Dynamic displacement at 75 Km/hr... ... 97
Figure 7.25: Static displacement at 75 KM/Nr.........o i 97
Figure 7.26: Comparison of the different impact factors. ..., 100
Figure 7.27: Dynamic load factors for the different truckS.............coooiiiiiiiiiiiiii e 102

xi



LIST OF TABLES

Table 2.1: Allowable mass on multi-axle groups vehicles (kg) (TRH 11,1981)...........cccoeviiininnnn.. 6
Table 2.2: Maximum permissible loads (Kg) on multi axle groups and abnormal load vehicle.............. 8
Table 2.3: Empirical percentage-impact/ speed relationship for solo ALV movements (CSIR, 1991)...... 9
Table 2.4: Maximum allowable weights for 2 closely spaced axles in Hong Kong........................... 12
Table 2.5: Number of bridges designed to the various abnormal vehicles codes of practice from 1910 to
1989 in South Africa (DUNCAN, 1991) ... ..t e e 18
Table 2.6: Inventory of bridges designed to various codes of practices (Chan, 2002)........................ 19
Table 4.1: Resultant Impact Factors for Tested Bridges (Kwasnhiewski et al, 2006).......................... 32
Table 6.1: Maximum axle weight for LTM1090-4.1mobile crane...............ccooiviiiiiiiiiiiiiienn.. 55
Table 6.2: Maximum axle weight for LTM 1130-5.1mobile crane..............c.ccooviiiiiiiiiiiii i, 57
Table 6.3: Maximum axle weight for LTM 1150-6.1mobile crane..............cccooeviviiiiiiiiiiiiinenanns 58
Table 6.4: Maximum axle weight for LTM 1400-5.1mobile Crane..............c.ccooiiiiiiiiiiiiiiii, 58
Table 6.5: Maximum axle weight for LTM 1500-8.1mobile Crane..............cccooeviiiiiiiiiiiiiiiienn, 59
Table 6.6: Maximum axle weight for LTM 11200-9.1mobilecrane...............ccoooviiiiiiiiiiiiininnnnn 60
Table 7.1: Frequency about which notch is applied...............ooo i 84
Table 7.2: Impact factor obtained from measured static and dynamic readings at quarter span............ 88
Table 7.3: Displacement Impact factor calculated from measured Dynamic and Static readings at quarter
] 07 0 89
Table 7.4: Displacement Impact factor calculated from measured Dynamic and Static readings at mid
] 07 0 89
Table 7.5: Impact factor at 40 Km/hr for Plank and No Plank scenarios.................ccooveiiiiiininnnn, 95
Table 7.6: Displacement Impact factor at mid-span for different speed..............c.cooooiiiiiiiiiini.. 98
Table 7.7: Displacement Impact factor at quarter span for different speed.....................coooiinil. 99
Table 7.8: Dynamic and static shear and Shear Impact factor for varying speed..................c.covenee. 99
Table 7.9: Dynamic and Static Displacement and Moment Impact factor for different speed............. 100

Table 7.10: Dynamic and Static Displacement and Moment Impact factor for varying vehicle weight..101

xii



1. INTRODUCTION

1.1  Background
Bridges are important components of the transportation system and are among the most

expensive investment asset of a country’s infrastructure. In South Africa, there are more than
11,000 bridges across the country which has been designed to various codes of practice. There
are an increasing number of structures ageing and their health is deteriorating. More than eighty
per cent of these bridges have been designed to codes which are no longer used nowadays. These
bridges are now subjected to increased stresses due to an increase in the number of heavy
vehicles and traffic loading. The increase in traffic loads leads to structural damage of the bridge

which in turn leads to a decrease in the lifespan of the road structures.

Most of the bridges in South Africa are short to medium spans ranging from 5m to 40m. They
are mainly concrete composite structure made up of precast pre-stressed beams and cast in-situ
slab. The use of pre-cast elements is cost and time saving and facilitates the construction of road

structures on difficult site conditions.

In the year 2000, the annual cost of overload road damage was estimated to be around R650
million. The accrued backlog for the upgrading, maintenance and repair of about 13,000 bridges
was about R37 billion (Sowman and Poree, 2000). 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) suggests that most of the country’s infrastructure build in the

1960s-1970s need major refurbishments or in certain cases even to be replaced.

Vehicles are classified in ascending order as normal, abnormal, special and super loads.
Abnormal, special and super loads are the ones that have the biggest impact on highway
structures. The number of these vehicles is increasing due to the growth in economy and in order
to carry more goods in a shorter lapse of time. In the 1980’s it was assumed that one out of
twenty five vehicles crossing a bridge was an abnormal load vehicle whereas in the year 2000
this statistic changed to one out of fifteen (TRH 11, 2000). In the 1960’s, the maximum vehicle
length was 20 m whereas nowadays it is very common to have 40 m long trucks. The number of



axles has also increased considerably from 7 to more than 12 to distribute the load. The legal

axle weight in South Africa is 12 tons.

The abnormal load management guideline which is used in South Africa is TRH11 which refers
to the Guideline for granting of exemption permits for the conveyance of abnormal loads and for
other events on public roads. It is based on provisions developed in the 1970s. TRH 11 considers
all abnormal loads in one category and does not distinguish between mobile cranes, car carriers,
tankers and heavy goods vehicles. Even though these vehicles carry heavier loads nowadays,
they do have more wheels per axles, better tyres, more efficient suspension and better braking
system and more axles. This helps decrease the impact on highway structures. The current
guidelines also assume that there is a maximum of four lanes on highways. However, some
recently constructed bridges in South Africa have up to eight lanes. The design guidelines and
traffic loading have changed a substantially since the 1970’s and there is a need to revise TRH

11.

Most of the abnormal load management systems found in literature refer to impact factors being
applied to calculate the maximum allowable load on bridges. However, none of the codes
provide details of how the impact factors have been obtained. A further research needs to be

carried out to find out about the impact factors and how they affect the dynamics of bridges.

The dynamic interaction between mobile cranes and bridges needs to be investigated. Literature
refers to abnormal load vehicles in general but none focus specifically on mobile cranes.
Dynamic testing is important since they provide an instantaneous evaluation of the dynamic
properties (frequency, damping, stiffness) of the structure. They are also useful in quantifying the

extent and rate of degradations of bridges.

1.2  Research motivation
As mentioned in Section 1.1, TRH 11 considers all abnormal vehicles in one category. The

construction industry in South Africa has expanded in the last ten years and the use of mobile
cranes has increased. Mobile cranes are being preferred to fixed cranes in many projects since
they can be moved around, thereby saving the cost of having several fixed cranes on site. In
order to reach the construction site, these vehicles have to travel along national, municipal or

rural roads and they require special permits if they weigh more than 50 tons. The mobile crane



owners have been complaining about being unfairly penalised by the traffic authorities and are
having to use longer routes to reach their destination. Their argument is that mobile crane causes
less impact on bridges than other abnormal vehicles due to their different configuration. Mobile
cranes have shorter axle spacing, bigger wheels, thicker tyres and use mostly hydro-pneumatic
suspensions compared to other abnormal vehicle which are differently configured. This thesis

will study the impact caused by mobile crane on bridges.

1.3 Aim of research
The aim of this research is to develop and calibrate a finite element model representing the

vehicle-bridge interaction between a 36 tons mobile crane and the Berg River Bridge in the
Western Province, South Africa. The impact factors obtained is to be compared with the

permitted impact factor from the Codes.

1.4  Scope
The scope of this research consists of:

(i) Conducting a critical review of the abnormal load management system.

(if) Understand and analyse the different impact caused by abnormal vehicles.

(iii) Developing a finite element model representing a vehicle-bridge interaction that can be
used for further investigation.

(iv) Performing field measurement to validate and calibrate the model.

(v) Analyse the impact factors and compare them with the South African Code.

1.5 Limitations
This research has been limited to the impact of mobile cranes on short span bridges. It does not

include other types of abnormal vehicles and impact on long span bridges.

1.6  Thesis structure
Chapter 1

Chapter one introduces the topic. It includes the background information and the motivation to
carry out this work. The aims and scope of this research also form part of this chapter.



Chapter 2

Chapter two reviews the abnormal load management system which is currently being used in
South Africa and other countries. The different loading models and bridge design codes are also

investigated.
Chapter 3

Chapter three looks at the different traffic loads which operate in South Africa. The concept of

static and dynamic load model is also introduced.
Chapter 4

Chapter four reviews the impact factor acting on bridges and the parameter contributing to them.
The different methods of measuring the dynamic effects of a bridge are discussed.

Chapter 5

The different types of suspension systems used by normal and abnormal vehicles are reviewed in
chapter five. A comparison between and spring leaf and hydro-pneumatic suspension system

which are used by abnormal vehicles has been done.
Chapter 6

The methodology for this thesis is described in Chapter six. The details of the field tests
performed and the equipment used are given. The processing of the data obtained from the field
experiment is also explained. The construction of a finite element model to represent the

vehicle-bridge interaction of the mobile crane and the Berg River Bridge is reported.
Chapter 7

The findings of this research are discussed and analysed in chapter seven. Field results obtained
for the different scenarios are compared with those obtained from the finite element. The impact

factors obtained for each scenario is compared with the South African code.



Chapter 8

Chapter eight concludes and discusses the validity of the current abnormal load management

system. Recommendations for future works are mentioned in this chapter.



2. ABNORMAL LOAD MANAGEMENT SYSTEMS

21 TRH 11
TRH11 refers to the Guideline for granting of exemption permits for the conveyance of abnormal
loads and for other events on public roads. This guideline was first published in the early 1970’s
and is based on the following codes; Code of Practice for the design of highway bridges in South
Africa (TMH 7), the British Standards BS153and BS5400, the United Kingdom Ministry of
Transport (MOT) codes, and the Natal codes. These Codes of practices have been used to design

bridges which may be affected by any revision of TRH 11.

The aim of TRH11 is to protect the investment in roads and highway structures as well as for
reasons of road safety and traffic management by ensuring that the permissible dimensions and
masses of vehicles operating on public roads are respected. Under special circumstances, it may
be necessary to accommodate vehicles or loads that are unable to meet the Road Traffic Act. For
these cases, the Act empowers road authorities to issue exemption permits under strictly
controlled conditions in terms of firm guidelines as set out in the Road guidelines (Road Traffic
Act, 1989).

2.1.1 Limitations imposed by bridges and culverts
The philosophy of TRH11 is that by measuring the effective width and the distance between the

outer axle groups, the allowable axle load can be calculated. The loading formula for both

normal and abnormal load is given below.

Normal loading

The maximum load that an axle group is allowed to carry without having to apply for permits

and escorts is calculated using the formula given below.

Total axle load of group of consecutive axles =

1.8 [Distance(mm) between the centre lines of the extreme axles] + 16 000 kg (2.1)

TRH 11 does not provide any information on how the 1.8 and the 16 000 Kg has been obtained.



Abnormal loading

In order to find the maximum load that a bridge can carry, the maximum shear stresses that the
vehicle exert on the component members of the critical span have to be found and then compared
to the stress for which the bridge has been designed. If the allowable stress is exceeded,
structural failure may occur in the bridge. Shear forces and bearing reactions mainly come from
those axles which generally lie at or close to the supports. Due to their close proximity to the

supports, these axles are less able to spread their effects laterally.

Table 2.1 has been developed for axles or combinations of axles whose gross mass does not
exceed 125 000 kg (gross vehicle mass) or 18KN/mz2. It shows the relationship between effective
width, then length between the outer axle group and the allowable load. Each group of axles

must not exceed the value given in Table 2.1.

TRH 11 limits the load intensity to 18kN/m? for a single abnormal vehicle based on an effective
area. The effective area is assumed to be the area under the effective width and the effective

length of the vehicle.

Table 2.1: Allowable mass on multi-axle groups vehicles (kg) (TRH 11, 1981)

The formula which has been used to develop the Table 2.1 is given as;

Allowable load (kg) = EW (6.850 4+ 0.00145 X distance between outer axles of group)



Where EW is the effective width i.e. EW = vehicle width (Wv) + 1.2m. The distance between

the outer axle groups are in mm.

TRH11 does not provide any detail on the procedure used to obtain the 6.850 and 0.00145

factors which is included in the allowable load equation.

Wherever the allowable loads exceed the maximum tracking load from the last column, vehicles
will have to be escorted and structures will be temporarily closed to other road users. When
vehicles or combination of vehicles weighing more than 125 000 kg are crossing a bridge, stress
and moment calculation will have to be done to check if the structure is able to support that load.

2.1.2 Remarks
TRH 11 needs to be revised since there have been a lot of developments in the transportation

industry and the code of practice for the design of bridges & culverts since 1981. Vehicles are

able to carry heavier loads and the number of axles and wheels per axles have also increased.

It is not clear how impact factors are applied or if they are applied in this guideline. The effects
of shear, bending moments and reactions, mixed traffic conditions and transverse distribution are
also not considered. TRH11 assumes that the all abnormal vehicles will have the same impact on
bridges. However this may not be correct since for example, mobile cranes and trucks have
different types of suspension system and axles configuration and will have different impact on

bridges.

Therefore there is a need to evaluate the applicability of TRH 11 in the present and future road

traffic environment.

2.2 Summary report for the assessment of abnormal load vehicles on road
bridges
In 1991, there was attempt to introduce a new guideline for the management of abnormal load in

South Africa. It was developed by Duncan but has never been implemented (CSIR, 1991). It has
the similar philosophy as TRH 11. However, the approach is more rigorous since it does not only
consider the effect of axle groups but also the effect of the whole vehicle on the bridge. Duncan
also takes into account the effect of mixed traffic loadings and impact factors due to speed,

moment and reaction forces.



This report gives a full account of the criteria and assumptions used for assessing the mass
effects of abnormal load vehicles (ALVSs) on bridge structures. These include items such as the
effective width of vehicles, associated traffic models, critical effects, impact factors, assessment
parameters, structural overloading, transverse bending moments and span length. The study
produced the following table which relates the length of the axle group, the vehicle width and the

allowable load for a particular speed.

Table 2.2: Maximum permissible loads (Kg) on multi axle groups and abnormal load vehicle

The above table has been developed for vehicles travelling at a speed of 30km/hr or less. Two
other tables have been developed for vehicles travelling at crawl speed (5-10km/h) and between
10 km/h and 20 km/h. At speed higher than 30km/hr, it is not safe for abnormal vehicles (ALV)

to travel on road structures as the impact caused to the bridge is high.
The formula used to develop this table is
MG =R XMg X Fw (2.3)
Where MG = Allowable load
R = Permissible load reduction factor

Mg = Permissible axle group load

Fw = Vehicle width factor



The formulae have been derived from the comparisons of the effects of various ALV

combinations with the capacity of bridges built to carry normal and abnormal design loadings.

2.2.1 Permissible load reduction factor (R)
When vehicles travel above crawl speed, the loading must be reduced because of the impact

forces. The empirical percentage-impact/ speed relationship from the Table 2.3 shows that as

vehicles travel faster, impact increases (CSIR, 1991).

Table 2.3: Empirical percentage-impact/ speed relationship for solo ALV movements

ALV speed | Percentage ALYV speed | Percentage
S (km/h) | impact P& S (km/h) impact P&

34 20 80 50

30 15 66 49

25 10 63 48

20 5 57 45

18 4 50 40

16 3 46 35

13 2 42 30

9 1 38 25

The speed at which abnormal load vehicles cross bridges must therefore be carefully monitored
in order to avoid structural damage. The equation used to calculate the permissible load
reduction factor (R) is given below (CSIR, 1991).

R=1/¢ (2.4)
- -1
@'=1+PQ = (2.5)
Where @' is the impact factor
R= 0.8 for maximum speed < 30 km/hr
R=0.8797 for maximum speed <25 km/hr

R=0.90 for basic crawl speed

2.2.2 Permissible axle group load (Mg)
This loading was initially obtained by placing stationary abnormal load vehicles models in the

optimum position on decks free from other traffic. This represents a crawl speed with no impact
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forces involved. The total axle group load was plotted against the length of the extreme axle
group to obtain Equations 2.6 and 2.7 (CSIR, 1991).

Mg =30.5+5.2188 Lg for Lg <16m (2.6)

Mg =98+ Lg for 16m < Lg < 30m (2.7)

2.2.3 Vehicle width factor (Fw)
Vehicles having a width of less than 2.65 m are considered as narrow vehicles and those having a

width of more than 2.65 m are referred to as wide vehicles.

Fw =0.28(1+0.9704 Wv) for 230 < Wv < 2.65m (2.8)
Fw = 0.67(1 + 0.1858Wv)  for 2.65<Wwv < 3.50m (2.9)

These equations yield values of 0.9049, 1.0 and 1.1058 respectively for 2.30, 2.65 and 3.50m
wide vehicles (CSIR, 1991).

2.2.4 Mixed traffic loading
This research has produced two tables, one for rural and one for urban mixed traffic for narrow
vehicles travelling at a speed of 30 km/h. Mixed traffic means that other vehicles are allowed to
allowed to use the bridge at the same time. The permissible road reduction factors are taken as R
= 0.725 and R = 0.650 for rural and urban traffic respectively. It is important to note that the
mass allowed on very short axle groups in urban areas is almost identical to that given by the
bridge formula plus 25% (CSIR, 1991).

2.2.5 Computer program, ASSESS
This program was developed from the above study and is able to evaluate the movement of ALV

across bridges. Vehicles may have up to 40 axles and be either narrow or wide. It also assumes
that bridges have two 3.7 m wide lanes and may consist of up to three spans. Assessments are
based on the comparison of effects due to the ALV and the original bridge design loadings (i.e.
moment and shear comparison). The program also caters for change in the impact factors,
associated traffic levels and vehicle overloading. This program is more suited for engineers as

the output requires an engineering background to understand.
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2.2.6 Conclusions
The summary report for the assessment of abnormal load vehicles on road bridges is more detailed than

TRH11 and it takes into account dynamic loads. However, the impact factors need to be revised
since it is quite conservative when compared to impact factors from other countries as show in

Figure 2.1.

Figure 2.1: Variation of dynamic loading allowance with span for different countries (CSIR,
1991)

All vehicles have been assumed to have the same suspension system in this report. However, in
real life even though trucks and mobile cranes are considered as abnormal vehicles, they have

completely different axle configurations and suspension systems.

Therefore a further research is required to investigate the dynamics effects of mobile cranes on

bridges since they are being widely used in South Africa nowadays.

2.3 Abnormal load management software
Commercial softwares have been developed to facilitate the management of abnormal loads.

They simplify the calculation and comparison of the allowable load to the permitted load

provided that the right data are imputed. One such software is OPTAX.
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OPTAX is able to determine the optimum axle weight and spacing of a proposed vehicle
travelling over a simply supported span, such that the maximum bending moments and shear
forces caused by several trains of vehicle did not exceed those due to a control vehicle (test
vehicle) for any span (BES Division, 1983). The program can vary the span length, the spacing
between the vehicles and the number of vehicles. An impact factor of 1.8 is automatically
applied to all OPTAX calculations. The use and availability of this software is however

unknown.

Another software which is used to manage abnormal loads is ABLOADS. It has been developed
in association with the Kent County Council. ABLOADS is capable of checking the loading

capacity of complex bridges provided that vehicle axle weights and spacings are known.

2.4  Hong Kong legal limitations
In Hong Kong the legal limits (Normal Loading) are prescribed in the ‘Transport Planning and

Design Manual”.

2.4.1 Axle spacing
The distance between two consecutive axles is limited to between 1.02m and 1.85m. The

minimum spacing between axles not in the same group is limited to either 2.1m or 4.2m. The

maximum length of a heavy vehicle is limited to 18.9m.

2.4.2 Axle weight
The allowable axle loads for two closely spaced axles are given in Table 2.4. Two closely spaced

axles mean that the axles are spaced at a distance of no more than 2.5m and no less than 1.02m.

Table 2.4: Maximum allowable weights for 2 closely spaced axles in Hong Kong

Distance between 2 closely spaced Permitted total axle weight (t)
axles (m)
<1.02 55
>1.02 8.0
>1.05 8.5
>1.20 9.0
>1.50 9.5
>1.85 10.0
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The maximum gross vehicle weight in Hong Kong is limited to 42 tonnes. Vehicles exceeding

this load are considered to be abnormal or super load and require special permits to operate.

The load management system in Hong Kong is different to TRH11. In South Africa, vehicles are
able to carry up to 50 tonnes without having to apply for a permit. This is mainly because bridges
in Hong Kong have been constructed using different codes and hence the load allowance is
different.

2.4.3 Hong Kong loading model
The model has been developed from data obtained from a Weigh-in-Motion (WIM) system. The

Weigh-in-Motion technology has the ability to weigh vehicles as they travel on highways. The
development of the Hong Kong bridge live load model is based on the average extreme daily
moments and shear forces which occur at mid-span of simply supported bridges. The bridges are
spanned between 5 and 40m. They vehicles weighed were classified as (a) short vehicles
(vehicles less than 12m); (b) medium combined vehicles (vehicles between 12 and 15m); and (c)
long combined vehicles (vehicles length greater than 15m). Figure 2.3 and Figure 2.3
respectively show the average extreme daily shear and moment caused by the three types of

vehicles. HKA refers to the average shear and moment caused by all the vehicles (Chan, 2002).

Figure 2.2: Average extreme daily shears in simply supported spans due to short, medium and

long combined vehicles (Chan, 2002)
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Figure 2.3: Average extreme daily moments in simply supported spans due to short, medium and

long combined vehicles (Chan, 2002)

The Weigh-in-Motion data was used to find the relationship between the gross weight (W/t) of

the vehicle and the equivalent base length (Bm/m). This relationship is shown in Figure 2.4.

Figure 2.4: W/Bm plot using Hong Kong WIM data (Chan, 2002)
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The fitted curve is assumed to represent 98% of the data. The equation of the best fit curve is

given by:

W =10 + 2.64Bm — 0.0024Bm? (2.11)
This equation is very similar to the Ontario Bridge formula which is given by:

W =20+ 2.07Bm — 0.0071Bm? (2.12)

The moment caused by a load uniformly distributed over a finite length Bm can be expressed by

the following formula:

M=n(1-2)w (2.13)

Where n = maximum influence line ordinate
Bm= Loaded length (m)
W= gross Load (tonne)
L= Span length (m)

2.5  Truck weight limit formula for US highways
The bridge formula which is used to calculate the allowable load for trucks on US highways is

given by Equation 2.10.
W = 500 (%z + 12N + 36) < 80 000 Ib (36 363 Kg) (2.10)

Where W = Maximum allowable weight of any group of axles; N = Number of axles in the

group; and [ = Extreme axle spacing of the group.

The philosophy of this formula is that the actual stresses cannot be more than 5% greater than the
allowable design stress for bridges designed for HS20 trucks and not higher than 30% for bridges
designed for H15 trucks (James & Zhang, 1991). Trucks that pull trailers are designated as HS
for example HS20 refers to a 20 tons semi-trailer truck. Figure 2.5 shows the layout of an HS20

truck. However this formula is not reliable since the 80 000lb weight is arbitrary. It has been
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proven that if the 80 000lb weight limit is removed, the formula would not safely limit longer

and heavier vehicle. (James, Noel, Furr, & Bonilla, 1986)

Figure 2.5: Standard HS20 truck

New formulas have been proposed to safely limit truck weights and allow an increase in the

vehicle weight without overstressing the bridge.

W = 1,000(L + 34ft) L < 56ft (2.11)
L
w =1,000 (}+62ft) L>55ft (2.12)

The above formulas work well for both single and multi-span bridges. It has been developed by
taking into account the axles spacing, vehicle length and also the shear and moment effects. Like
TRH11, it does not take into account the impact factors and the type of vehicles. Therefore a
further research is essential to find out how the dynamic impact factors will affect the above

formulas.

2.6 Live load models in South Africa
In South Africa, live load models for bridges have varied over the years. The very first

documented load model consisted of sixteen oxen and a loaded wagon (Ullman, 1987). The main

load models used since that time are:

e Public Works Department (PWD) Standard Bridge loading which consisted of a steam
tractor and four wagons, or a road roller, with an impact allowance of 50% (1912-1935).

e United Kingdom Ministry of Transport (MOT) Standard Train which consisted of a
steam traction engine with three trailers as shown in Figure 2.6 (1925-1956). The trains
of vehicle was based on the heaviest commonly occurring vehicles, except that the actual

axle weights were increased by 50% to allow for impact.
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Figure 2.6: Standard Load for Highway Bridges (MOT, 1922)

United Kingdom Muinistry of Transport Equivalent Loading Curve which was based on
the MOT standard train but made allowances for a lower concentration of loading and a
reduction in the impact allowance on longer spans. The design load consists of a
uniformly distributed load (UDL) in conjunction with a knife edge load (KEL). The UDL
was derived from the Standard Loading Train by taking the weights of all the axles of the
train on a particular loaded length and converting them to a uniformly distributed load.
The weight of the locomotive axle was taken as the KEL. (Cape 1947-1960, Transvaal
1956-1987, Natal 1935-1976)

BS 153: Part 3A, British Standards Institute, (1954) that considered of a loading curve
similar to the MoT curve except for an increase in design load for spans less than 6m and
a decrease for spans greater than 22.9m. The principle of notional lanes and the abnormal
vehicle type was also were also introduced in this code. This code is discussed in more
details later in this chapter. (Cape 1961-1987)

TMH 7 Part 2 (1978-present) “Code of Practice for the design of Highway Bridges and
Culverts in South Africa”. This code was first published in Natal before being published
by the Department of Transport for use throughout South Africa in 1981. This code is

discussed in more details in the section 2.7.
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Table 2.5: Number of bridges designed to the various abnormal vehicles codes of practice from
1910 to 1989 in South Africa (Duncan, 1991)

Number of

Design Loading structures Percentage
MOT HB32 3135 54.3
BS153 HB30 1604 27.8
HB36 36 0.6
HB45 304 5.3
BS 5400 HB36 44 0.8
HB45 105 1.8
TMH 7 NB24 89 15
NB 30 128 2.2
NB 36 324 5.6
Total 5769 100.0

Table 2.5 shows the summary of abnormal vehicle design load usage from 1910-1989 for bridges

of span greater than 6m

Table 2.6 shows the approximate number of bridges designed to various codes of practice
between 1910 and 1990 in South Africa (Duncan).
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Table 2.6: Inventory of bridges designed to various codes of practices (Chan, 2002)

Design Code NE?;ES&“ Percentage
PWD 492 44
PRE 253 2.3
MOT 7719 68.8
BS153 1460 13.0
BS 5400 130 12
TMH7 763 6.8
Other 405 3.6
Total 11222 100.0

2.7  Code of practice for the design of highway bridges and culverts in South
Africa
This code of practice is also known as TMH 7 (Technical Methods for Highways). It is based on

the principles of limit state design with reference made to BS 5400 and the National building
Code of Canada. Limit state design is the logical and practical procedure that has been evolved
to achieve acceptable probabilities so that the structure being designed will remain fit for the
required purpose during some reference period with its intended life taken into consideration
(TMH 7, 1981). The limit states which are commonly used for the design of bridges are the
ultimate limit state (ULS) and the serviceability limit state (SLS). This code of practice assumes
that the bridges in South Africa have been designed for a lifetime of 100 years provided they are

regularly inspected and maintained.

2.7.1 Ultimate limit state (ULS)
Ultimate limit state design is concerned with the collapse and failure of individual elements

within a structure. The ultimate limit states which are applicable to this code are:

a. Loss of equilibrium of a part or the whole of the structure considered as a rigid body.
b. Rupture of critical sections of the structure, excessive deformation or resonant vibration.

c. Transformation of the structure into a mechanism.
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d. Deterioration due to fatigue to a point where failure occurs.

e. A state of instability which relates to the collapse in strength of only part of a section.

2.7.2 Serviceability limit state (SLS)
Serviceability limit state is usually associated with the durability of a structure. It is mostly

concerned with traffic situations which occur more frequently than the very rare situation which
has to be allowed at ULS. The SLS applicable to this code are:

a. Deformation
b. Local damage or cracking

c. Vibration

While the two limit state deals with entirely different aspects, there is some correlation between
them. By meeting the requirements of the ULS, that the requirements of the serviceability state
are also satisfied (BS 5400, 1978).

2.8 BS 153: Normal loading model
This loading model takes into account both bending moments and shear. For simplicity of

design, and bearing in mind that traffic loads are never the same, it is considered that the use of
one loading model (Uniformly distributed load + Knife edge load) for both bending moment and
shear calculation is justified for short span bridges. For longer loaded structures, it is assumed
that the axle loads are uniformly distributed along the length (BS 153, 1954).

The normal loading curve was developed by comparing the effects of two different trains of
vehicles for spans of up to 75 ft and spans of 75-500 ft respectively. A 4-axle 22-ton vehicle was
chosen as the main vehicle in the train since it provided a particularly heavy loading. Shear
forces and bending moments were calculated and compared for transverse and longitudinal
members. For spans between 20 and 75 ft, the comparisons were very similar to those derived
from the Equivalent Loading Curve (BS 153, 1923). Between 75 and 500 ft span, the comparison
of the loading effects was based on a single line of vehicles and a uniformly distributed load
(UDL) and knife edge load (KEL) was derived. From 500 ft to 3000 ft span, the UDL was
calculated assuming an average weight of traffic per linear foot of lane; this represented a train of
vehicles with a car in between each truck. It was assumed that this loading occurs in only one

lane and was unlikely to occur simultaneously in two adjacent lanes. An impact allowance has
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been added to the derivation and this amount to a 25 per cent increase in load of any one axle of
one vehicle, or any single pair of adjacent wheels of two vehicles travelling side by side (BS 153,

1954). The normal loading curve is shown in Figure 2.7.

Figure 2.7: Loading curve for normal (HA) highway loading (BS 153, 1954)

22



3. HIGHWAY LOADS

3.1 Traffic loads
Highway structures are designed for normal, abnormal and super loadings. Normal traffic design

loading codes consider the effects of light and heavy vehicles that may occur on road bridges.
This type of loading is commonly referred to as HA or NA loads. Abnormal vehicle design
loadings are intended to for heavy indivisible loads with a gross mass exceeding 50 tonnes
(CSIR, 1991). These loads generally form a basis for designing transverse members, including
cross beams and deck slabs. The term HB or NB is used to describe these loadings. Highway

loads are divided as follows:

e Legal: up to 50 tonnes
e Abnormal: 50 to 180 tonnes
e Special: 180 to 250 tonnes

e Super: over 250 tonnes

Figure 3.1 shows the relationship between the average load per metre of notional lane and the

effective loaded length for normal traffic loadings in South Africa.

30

180
Qa VL

Qa = 6kN

36 900
L= EFFECTIVE LOADED LENGTHS IN METRES

Figure 3.1: Loading curve for HA loading (TMH 7, 1981)
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For loaded length up to 36 m, the load per metre of notional lane is 30 kN. For loaded length in

excess of 36 m, the average load per metre is derived from the formula:

__ 180

Qa=— (2.1)

Where L = the effective loaded length in metres
And Qa = average load per metre of notional lane in kN.

For a loaded length greater than 900 m, an additional loading case with Qa = 6 kN/m is

uniformly distributed on all loaded parts, shall be considered.

A nominal axle load of % kN per notional lane has to be added to Qa for HA loading where n

is the loading sequence number for the relevant lane, i.e. n =1 for the first lane with loaded axle
load, n = 2 for the second lane (TMH 7, 1981). Only one axle load is applied to a single lane and
it must act transversely with the longitudinal direction of the lane. The loading sequence ‘n’ for
the different lanes causing the most severe effect is selected. Whenever the transverse
distribution in a lane has no significant effect on the element being considered, the axle load is
applied as a knife edge load which is uniformly distributed over the full width of the lane (TMH
7,1981).

For this research we will concentrate mainly on abnormal and some special loads up to 200
tonnes. Super loads have special routes on which they can operate. These roads are closed to
other roads users when being used by super vehicles. Abnormal vehicles are mostly car carriers,
mobile cranes, container trucks and trucks carrying heavy metal structures, precast elements and
petroleum products. Figure 3.2 and 3.3 below give the layout of a mobile crane and a truck

respectively.
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Y1 Y2
Y1

Figure 3.2: Generic axle and load configuration of a mobile crane

Figure 3.3: Generic axle and load configuration of a typical abnormal load vehicle

The mobile crane in Figure 3.1 has eight axles and three axle groups. The X-axis gives the
distance between the between the axles and axle groups while the Y-axis gives the vehicle width.
Whenever Y2 is greater than Y1, Y2 is taken as the vehicle width. Figure 3.2 shows a truck
having nine axles and four axle groups. The truck rear, the dolly and the semi trailer all have dual
tyres. These vehicles are only allowed to operate provided they stick to the speed and load limit

imposed to them.

3.2  Load combinations on bridges
The primary loads which act on bridges are dead loads, earth pressure, traffic loads (live load)

and wind load. The secondary loads are centrifugal, braking, accidental skidding and vehicles
collisions with bridge parapets and support. The different load combinations which can be used

for bridge design are given below.
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Combination 1: Dead loads, earth pressure and traffic loads (TMH 7, 1981).
Combination 2: Combination 1 plus wind loading (TMH 7, 1981).

Combination 3: Combination 2 plus temperature loading (TMH 7, 1981).
Combination 4: Dead loads plus secondary live loads (BS 5400, 1978).
Combination 4: Dead loads plus those due to friction at bearings (BS 5400, 1978).

TMH 7 and BS 5400 uses partial factors compared to previous codes which were based on
permissible stress. The use of partial factors improves the safety margin. Safety factors are
applied to the dead, wind and live loads. Dead load generally has a lower factor of safety since

dead load can be calculated more accurately using weight of steel and concrete.

3.3 Dead load (D)
Dead load is the gravity load due to the self weight of the structural and non-structural elements

which are permanently connected to the bridge (A.S. Nowak & M. Szerszen, 1998). The
components of D which are usually considered are:

D1 = weight of factory-made elements (steel and precast concrete members)
D2 = weight of cast-in-situ concrete members
D3 = weight of wearing surface (asphalt)
D4 = miscellaneous weight (e.g. railing, luminaries)
3.4  Liveload (L)
Live load covers a range of forces produced by vehicles moving on the bridge. The effect of live
load depends on many parameters including the span length, truck weight, axle loads, axle
configuration, position of vehicle on the bridge (transverse and longitudinal), number of vehicles

on the bridge, girder spacing and stiffness of structural members (slab and girders) (A.S. Nowak
& M. Szerszen, 1998).

3.5 Dynamic load
Dynamic load effect is considered as an equivalent static load which is added to the live load.

Dynamic load is dependant on three major parameters: road surface roughness, bridge dynamics

(frequency of vibration) and vehicle dynamics (suspension system). Simulation of this type of
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loading requires the generation of a road profile which is done by using Fourier transform of the
power spectral density function. The beam also needs to be modelled as a prismatic beam (A.S.
Nowak & M. Szerszen, 1998).

3.6  Assessment of Short Span Bridges
The assessment procedures were developed by Flint and Neill partnership in association with the

Transport Research Laboratory (TRL) and Imperial College, London. The first step was to
produce a probabilistic live model based on a large sample of vehicle weight and length recorded
on a motorway site. These data were supplemented by measurements of the wheel forces on road
surfaces from moving vehicles in order to model the dynamic effects of vehicles running on
different types of roads (Flint and Neill partnership, 1996). The two sets of data were then used
to develop a static and dynamic load model.

In the second stage, a set of reliability analyses were carried out on short span bridges for six
different traffic scenarios namely high, medium and low traffic flows and poor and good road
surfaces. From the analyses the values of the reliability for the worst case (i.e. high traffic flow
and poor road surfaces) were selected. They were then used as target values to find suitably
modified partial load factors which were applied to other scenarios to give similar reliability
(Flint and Neill partnership, 1996).

In the third stage, the reduced partial factors together with comparisons of characteristic load
effects were used to derive load reduction factors to the less onerous traffic scenarios (Flint and
Neill partnership, 1996)

3.7 Static load models

3.7.1 Vehicle data
The vehicle data was collected over a two week period on the M6 in England (Ricketts N. J. and
Page J, 1997). Data was obtained from a weigh-in-motion system which was installed in one
carriageway of the M6. This system could record information for each vehicle passing over
detectors including speed, axle spacings and axle weights. From the recorded data, it was
possible to find the overall length of the vehicle, the headway between vehicles and their axle
and gross weights. Details of about 255 000 were recorded together with the date and time of
each vehicle (Ricketts, N. J. and Page J, 1997).
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The equipment used was unreliable at speed lower than 35 mph. Data was therefore not available
for times that the M6 was congested. The video camera at the site also allowed filtering out any

vehicles which were considered to be abnormal or special.

3.7.2 Traffic modelling
The vehicles in the data were run in the order in which they were recorded over three different

influence lines to obtain histograms of the individual and joint lane load effects. The three
influence lines represented the mid span bending moments in a simply supported beam, the end
shears in a simply supported beam and the bending moments over the central supports of a two
span bridge. Traffic simulations for each influence line shape were done for several loaded
length from 2.5 to 50 m and the magnitude of each single loading event was defined as the peak
load effect (Ricketts, N. J. and Page J, 1997).

The histograms containing the load effects for the two weeks of traffic was then raised to the
power of the daily traffic flow to give the cumulative distribution function of the daily maxima.
From this distribution, the parameters for the best fit Extremal Type 1 distribution were obtained
representing the distribution of the maximum load events for the two weeks period. This
information was then used to derive the parameters for any desired return period for various load

effects concerning loaded lengths, influence shape lines and traffic lanes.

3.8 Dynamic load model

3.8.1 Data collection

Tests were carried out on 28 selected bridges using specially instrumented vehicles. Four
articulated vehicles and one rigid vehicle were used and the dynamic wheel/road surface loads on
each wheel were continuously recorded. The vehicles were run over road surfaces classified as
good, medium and bad and also over three planks with different profiles placed on a smooth road
surface. Apart from the wheel load test, high speed surface recording vehicles were also used to
measure the road surface profiles (Ricketts, N. J. and Page J, 1997).

Two of the bridges were then selected and instrumented so as to measure their dynamic
responses to the test vehicles. Displacements were measured at both bridges and at one of them,

the strain in the beam were also measured. The vehicle instrumentation was recorded at the same
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time as the measurements from the bridges themselves as the test vehicles drove over the two
bridges at 10 and 40 mph (Ricketts, N. J. and Page J, 1997).

3.8.2 Dynamic effect model
The wheel load data recorded from the 28 bridges were used in the dynamic response analysis of

a number of simple bridge models which were assumed to represent a range of different types of
construction. These analyses were then used to prepare a histogram of all the dynamic

amplification factors calculated for vehicle wheel forces.

In order to confirm the adequacy of the theoretical calculations, some of the vehicles were run
over two specially instrumented bridges. Both bridges consisted of three spans with the road
surface quality on one described as good and the other one as bad. The test vehicles were run
across the bridge at 10 and 40 mph. These test confirmed that the dynamic amplification factor
derived from the theoretical analyses were realistic. They also confirmed that the dynamic
response of a bridge to a moving load could be determined by a static analysis using the

measured but varying wheel load (Ricketts, N. J. and Page J, 1997).

3.9 Probabilistic load model
The probabilistic load model was developed to be used in the reliability analysis. It is composed

of the three following elements:

a. A model based on Load Model 1 in Eurocode 1 Part 3 to give a set of static load effect.

b. A statistically defined factor which enables the required probability distribution of the
load effects to be derived from the static load model.

c. A statistically defined factor to enable the static load effects to be enhanced to take

account of the dynamic effects.

The statistical and the dynamic model derived from the previous sections are used to represent
different traffic flows and road surfaces for the various spans being considered. Separate
statistical load models were derived from simply supported bridge to cover the cases listed

below:

a. Extreme lane 1 effects due to the passage of a single very heavy vehicle.
b. Joint extreme multi-lane effects due to the coincident passage of heavy vehicles.

c. Heavily compressed stationary traffic closely spaced laterally.
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3.10 Reliability analysis
For this analysis, simply supported reinforced concrete slab bridges and beams and slab bridges

with spans up to 20 m were investigated. The bridges were designed using the load specified in
the assessment of highway bridges and structures manual (Department of Transport, 1993) and
the relevant strength were obtained from BS 5400. Optimum sets of partial factors were obtained
for the six scenarios of traffic and road conditions. The live load factor was then adjusted to
obtain a uniform reliability (Ricketts, N. J. and Page J, 1997).

In the case of slab bridges, there was little variation in the live load factor for the different traffic
flows but the partial factors required for the poor road surfaces were on average 7.5% greater
than those for the good surfaces. For beams and slab bridges with spans greater than 20 m, the
live load partial factor for the good surface cases were generally lower than those for the poor
surfaces. However there was about a 6% increase in the partial factors required for the low traffic

flow cases.

These findings were used to modify the load reduction factors K which is obtained from the
characteristic load effect comparison. K is defined as the ratio between the characteristic effect
obtained using the relevant probabilistic load model and the effect obtained using the HA loading
(BS 5400, 1978) for a 2.74 m lane width. The K factors were then multiplied by a constant
normalising factor to make sure that it complies with the Highway Agency guidelines (Highway
Agency, 1997).

30



4. IMPACT FACTORS ON BRIDGES
The impact load factor is defined as the ratio of the maximum response under a moving load,

divided by the maximum response for the same, static load. In other words, it is the amplification
of the static load. Dynamic amplification can have a significant effect on the stresses in a bridge,
especially when its natural frequency is excited by vehicles travelling at speeds which induce a
resonance effect. (Li, OBrien, & Gonzalez, 2006)

The main parameters which contribute to the dynamic impact factors are the bridge span length,
number of lanes, radius of curvature, surface roughness, vehicle braking, suspension system and
speed, positioning and weight of the vehicle(s) on the bridge. The fundamental frequency and
damping of a bridge also contributes to the impact factors. These parameters can be expressed in

terms of dynamic impact factors for longitudinal moment, reaction and deflection of the bridge.

4.1  Effects of the natural frequency on the dynamic impact factor
Impact formulas have been developed by codes and guidelines from several countries. The

dynamic load allowance (DLA) is usually given in terms of the span length of the natural
frequency of the bridge. The natural frequencies of bridges generally vary from 1 Hz to as high
as 15 Hz. Most abnormal vehicles apply dynamic loads in the 1.5 to 4.5 Hz frequency range
(Green, Cebon, & Cole, 1995). Engineers should therefore avoid designing bridges having a
frequency of less than 5 Hz to prevent matching of the vehicle’s and bridge frequency. The
Ontario Highway Bridge design code and the Swiss design code have adopted this concept. A

penalty is imposed on designers if the two natural frequencies coincide.

Figure 4.1 shows the variation of the DLA for different national codes. All DLAs are plotted
against the natural frequency, including those originally calculated in terms of span length. The

relationship which has been used to relate the frequency, f,, to span length Lmax is as follows:

f° = 82Lmax~%° 4.1)
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Figure 4.1: Dynamic load allowance (DLA) versus fundamental frequency for different national
codes (Paultre, Chaallal, & Proulx, 1992)

4.2  Influence of surface roughness on the dynamic impact factor
The roughness of the road has a major influence on the dynamic amplification factor. The road

surface is classified using the International Roughness Index (IRI) as ‘poor’, ‘average’ and

‘good’ profiles.

Several studies have modeled deterioration of the road surface by placing a wooden plank on the
road and having vehicles running over it. The deterioration may be due to potholes,
delaminations or a threshold between the bridge approach and the deck. The plank helps excite
the dominant flexural modes corresponding to low frequencies (Kwasniewski et al, 2006). Table

4.1 show the effect of speed and road surface conditions on the impact factors.
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Table 4.1: Resultant Impact Factors for Tested Bridges (Kwasniewski et al, 2006)

Factor Speed (Km/hr) One truck (%) Two trucks (%)
No Plank 48 2.5 20.0
80 82.3 50.5
Plank 48 79.2 -
80 164.0 -

The difference in elevation between the asphalt and the concrete bridge is very common for
several bridges and this lead to an increase in the dynamic interaction between the truck wheels
and the bridge deck. Since increased speed causes high dynamic effects, reduction in speed is a

viable option for abnormal vehicles to ensure safety.

The most obvious way of reducing the bride response is to minimise the effects of surface
roughness. Good maintenance of the bridge surface helps decrease the excessively large dynamic
wheel loads (Green, Cebon, & Cole, 1995).

4.3  Effect of the wheel distribution factor on the dynamic impact factor
The wheel-load distribution factor (DF) represents the distribution of the vehicular load among

the load-carrying components of the bridge. The DF can be calculated from the equation
(Nowak, Kim, & Stankiewicz, 2000):

ne;

2]=1(E_IL)E]
Where €; and €; are the measured strains of the ith and jth girders respectively; El;and E1;
are the bending stiffness of the ith and jth respectively; and n is the number of wheel loads in

the transverse directions.

The DF’s only show how how the wheel loads are distributed transversely among the girders
when an abnormal vehicle is located at a specific position. Figure 4.2 shows the wheel
distribution factor for a six bridge girder at four different truck locations(Kwasniewski et al,
2006).
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Figure 4.2: Wheel distribution factor for a six bridge girder at four different truck locations
(Kwasniewski et al, 2006)

4.4  American Association of State Highway and Transportation (AASHTO)

method
All moving vehicles generate additional dynamic effects on bridges. The design code defines the

dynamic load as an additional static live load. In the AASHTO (1994) design code, the standard
impact factors are specified as a function of span length only. The following formula has been

established:

m=_""_.100% (4.3)

T L+125

Where L= Length in feet of the loaded portion of the span;
Im= Impact factor which cannot be greater than 30%

The impact factor Im (AASHTO, 2002) can also defined as a ratio of the dynamic increment (Rp
— Rs) in structure response to the static response. This results in the following relationship:

__ RD-Rs

Im .
Rs

100% (4.4)

Where Ro = dynamic response; and Rs = static response
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45  The Swiss Method
In the Swiss Method, the impact factor applied to the actual load effects is calculated using the

following formula (Anderson, 2006):

Ip = Iofufs (1+€) (4.5)

Where: Iy = final impact factor

I, = impact factor for the bridge

fm = reduction factor for the vehicle mass

fs = speed reduction factor for the vehicle
€= coeficient of variation

The impact factor for the bridge depends on the nature of the bridge under construction. For a
simply supported bridge having a span of L/m (Anderson, 2006):

I, =3 (4.6)

L
For a simply continuous bridge with n span, each having a length of L/m, the bridge impact

factor is given by:

45
T Lxvn

Iy 4.7

A heavier vehicle will have a smaller impact effect than a lighter vehicle. This is because a
heavier vehicle is less likely to ‘bounce’ and ‘bouncing’ of vehicles contribute to high impact
factors. A mass reduction factor f,, is therefore used. For vehicles having a weight of less than

16 tonnes f,, is taken as 1. Otherwise, it is given by the following formula (Anderson, 2006):
fin = 0.819(100436-0.0254T 4 ( 15) (4.8)
Where T = the weight in tonnes

The faster the heavy vehicle is travelling, the higher will be its impact. Also the ‘bouncing’ of
the vehicle will be higher. The equation below relates the vehicle speed V (in km/h) and the

impact factor.
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£ = (;_0)0.75 4.9)

4.6  The New Zealand Method
In this method, the impact factor, I, is applied to the total live load such that:

15
L+38

I=1+

(4.10)

Where L is the length of the span.
The impact factor cannot be greater than 1.3 (Ministry of Work and Development, 1976).

4.7  The Italian Method
The impact factor for spans less than 100m is given by the following equation:

_ (100-L)2

Where k = the impact factor; L= distance between the bearings for the main bridge members and

the effective span for the slabs and beams (Ministry of Public Works, Italy 1962)

4.8  AASHTO Impact factors for horizontally curved steel box bridges
The dynamic impact factor of horizontally curved steel box bridges is presented as a function of

the span length, the radius of curvature and the first fundamental frequency of the bridge
(D.R.Scheling, 1992). This study assumes that a vehicle can idealised as two forces acting on a
radial line, acting normal to the bridge’s deck and travelling at a constant speed on two
circumferential path, 6 feet apart. This approach ignores the mass of the vehicle. The following

formulas have been developed for the impact factors for moment on horizontally curved bridges.

In, = 0.32 for R < 800ft (4.12)
0.34—R

mr = —— for 800ft < R < 4000ft (4.13)

I, =024  for4000ft <R < 12000 (4.14)

I, refers to the dynamic factor for moment as a function of the radius of curvature R in feet.

The results of the impact analysis for moment, torque, shear, reaction and deflection are given as
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function of the fundamental natural frequency. The linear functions that define the upper bound

values of impact for each parameter are summarised as follows (D.R.Scheling, 1992):

Iy = 0.225 + 0.0314f, (4.15)
Irs = 0.225 + 0.0157f; (4.16)
Iss = 0.165 + 0.0157f; (4.17)
Igs = 0.200 + 0.0239f; (4.18)
Ips = 0.240 + 0.0063f; (4.19)

Where Iy, ¢ I Isg Irf Ip s refer to the dynamic impact factors as functions of the fundamental

frequency f; for moment, torque, shear, reaction and deflection respectively.

4.9 OHBDC Impact factors for horizontally curved steel box bridges
The Ontario Highway Bridge Design Code (OHBDC) for dynamic load allowance is not

specifically applicable to curved box-girder bridges, but it is relevant because impact is a
function of the fundamental frequency of the bridge (D.R.Scheling, 1992). The equations for the

moment impact factor (/,,,¢) for different fundamental natural frequencies (f;) are as follows:

Iy = 0250  for0<f, <1.0Hz (4.20)
Ing = 2222 for 1.0 < f; < 25 Hz (4.21)
Iys = 0400 for 2.5 < f, < 4.5 Hz (4.22)
Ing = %‘;‘fl for 45 < f, < 6.0 Hz (4.23)
Ims = 0250  for 6.0 < f; (4.24)

4.10 Impact factors for composite concrete-steel cellular straight bridges
Composite concrete-steel cellular bridges are widely used on highways throughout the world.

Their main features are that they are lighter, have shallower depth of cross section, have
significant longitudinal bending stiffness and have torsional stiffness to resist eccentric load

when compared to open section bridges (X.Zhang, 2003).
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In this study, abnormal vehicles were idealized as a pair of concentrated forces, with no mass,
travelling across the bridge. Expressions for the dynamic impact factors for moment, reaction
and deflection have developed in terms of the fundamental frequency of the bridge. These
expressions are compared to those from Ontario Highway Bridge Design Code and the Canadian
Highway Bridge Design Code in Figure 4.3, 4.4 and 4.5. These equations represent the upper

bound envelopes drawn to define the results.

The equation for the moment (I,,) and deflection impact factor are as follows:
Iy=015—- forf<2Hz Iy =012 for f >2Hz (4.25)

Ib=020-' forf<3Hz  I,=010 forf 2 3Hz (4.26)

Figure 4.3: Moment impact factor versus fundamental frequency (X.Zhang, 2003)
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Figure 4.4: Deflection impact factor versus frequency (X.Zhang, 2003)

Figure 4.3 and 4.4 show that the impact factors for both moment and deflection from the study
are significantly smaller than those from the codes. This may be due to the high torsional
stiffness and excellent load distribution characteristics associated with cellular structures. It can

be said that the impact factors established by the codes are very conservative.

The equation for the Reaction impact factor is as follows:

Ip=0.60 for f <15Hz Iz =080—' for15<f<35Hz Ip=035 forf > 2Hz
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Figure 4.5: Reaction impact factor versus fundamental frequency (X.Zhang, 2003)

The impact factors are also expressed in terms of the bridge span. The formulas are given below:

Iy =012+ forL>60m Iy =012 forL < 60m (4.28)
Ip =010+ _  forl>40m I, =012 forlL < 40m (4.29)

L

L
I =030 + 270 for L < 80m Ir=1- 200

for L < 60m (4.30)

4.11 Impact factors for horizontally curved composite box girder bridges
These types of bridges are very popular nowadays, especially in urban areas where multilevel

interchange structures are used. Horizontally curved composite box girder bridges are light
weight, have shallow depth, and significant longitudinal bending stiffness. The cross section of
such bridges is favored for its considerable torsional stiffness to resist the applied loads

(X.Zhang, 2003). This study follows the same principle as the one described in Section 4.10

except that the impact factors are given in terms of the span to radius of curvature ratio(;).
Iy =022 """ (4.31)
I, = 0.15 (4.32)
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Ip=068—"" (4.33)
Impact factors of curved bridges are influenced by the vehicle’s speed. An increase in the truck
speed increases the impact factors. Since the design speed increases with a decrease in bridge
curvature, impact factors for bridge with low curvature are higher than those with high curvature
(X.Zhang, 2003).

4.12 Methods of measuring the dynamic effects of bridges

4.12.1 Field measurements
Several experimental procedures are used to measure the dynamic load allowance. The
techniques which are most frequently used are impact tests, use of eccentric or reactional mass
exciters, use of normal traffic, wind generated (ambient) vibrations, sudden release of static load
or imposed displacement and vibrations generated by braking vehicles. (Paultre, Chaallal, &
Proulx, 1992).

Common data recorded from site are displacements, strains and accelerations. Displacement and
strains are usually measured using LVDTs and strain gauges respectively while acceleration is

measured using accelerometers.

Figure 4.6, 4.7 & 4.8 show the displacement, strain and acceleration data recorded for two trucks
crossing a bridge at 80 km/h (Kwasniewski et al, 2006).

Figure 4.6: Time history of displacement for two trucks crossing a bridge at 80 km/h
(Kwasniewski et al, 2006)
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Figure 4.7: Example of strain readings at the bottom of the girders (Kwasniewski et al, 2006)

Figure 4.8: Acceleration history and power spectra density (Kwasniewski et al, 2006)

Kwasniewski et al, 2006 also confirmed that the static strains corresponding to two trucks match

well with the sum of readings for loadings of a single truck.

4.12.2 Finite element modelling
The main purpose of a finite element (FE) analysis is to help in the interpretation of experimental

results and to determine the sources of high impact factors. The common FE packages used for
bridge analysis are ABAQUS, ADINA, Nastran and LS-DYNA. Both the bridge and the vehicle
can be modelled using these softwares. A typical finite element model of a bridge and truck is

shown in Figure 4.9.
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Figure 4.9: Finite-element models of tested truck and bridge system (Kwasniewski et al, 2006)

The dynamic test results are obtained from the accelerometers and are used to calibrate the finite
element model. The natural frequencies are recognised as the abscissas corresponding to the peak
values of the power spectra density and they are calculated using the discrete Fourier transform
(Kwasniewski et al, 2006). The FE model can be compared with the test reslts for deflection,

moment and reaction forces.

In several dynamic impact studies, vehicles have been modelled as a pair of concentrated forces
moving along a deck with no mass. This is because the weight ratio of the design vehicle and
that of the bridge is less or equal to 0.3 (X.Zhang, 2003). The vehicle is assumed to move
smoothly with no slippage at constant velocity and being in constant contact with the bridge at

all times.

The dynamic interaction of the wheels and suspension system with the bridge can also be

modelled. Figure 4.10 show two different models of the interaction.
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Figure 4.10: Interaction models of truck wheels and bridge deck surface: (a) pure dynamic
motion of concentrated force over perfectly straight bridge beam; (b) model includes mass,
spring, and damper (Kwasniewski et al, 2006)

The first model has a negligible dynamic effect on the bridge response since even the highest
practical vehicle velocities are much lower than the theoretical values of critical velocities that
can cause extensive vibrations (Kwasniewski et al, 2006).

Figure 4.10 (b) models the vehicle suspension system and is commonly used to describe the
dynamic response of individual truck axles or wheels.

Even though FE modelling is less expensive and allow for faster introduction of new design
improvements and maintenance decisions, actual field tests are still the most reliable source of

information. They are the only way of validating the finite element model.

4.13 Chapter summary
The impact factors have been developed for abnormal vehicles in general. None of the literature

focuses on the impact mobile cranes on bridges. As mentioned in Chapter 4, even though mobile
cranes form part of abnormal vehicles, they have different suspension systems and axle
configurations. Therefore a study of the impact caused by the suspension system is required to

fill in the gaps.

Dynamic testing is important since they provide an evaluation of the dynamic properties
(frequency, damping, stiffness) of the structure. They are also useful in quantifying the extent
and rate of degradations of bridges. The main parameters which contribute to the dynamic
impact factors are span length, number of lanes, radius of curvature, surface roughness,
suspension system and speed, positioning and weight of the vehicle(s) on the bridge. These

parameters can be expressed in terms of dynamic impact factors for longitudinal moment,
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reaction and deflection of the bridge. The impact factors are also different for the different types

of bridges investigated.

Finite element modelling is very useful way of simulating the effect of abnormal vehicles on
bridges. The bridge and the vehicle can be modeled as a finite element mesh and a pair of
concentrated forces respectively. The suspension system of the vehicle can also be modeled by a

mass, spring and damper.
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5. SUSPENSION SYSTEMS
As mentioned in Chapter 4, suspension systems are one of the parameter which influences the

impact on bridges. A suspension system usually consists of springs, shock absorbers and
linkages that connect a vehicle to its wheel. The main purpose of a suspension system is to
absorb part of the shock when the vehicle hit a bump, allowing the tires and axle to move
independently and ensuring that the vehicle occupants are comfortable and reasonably well
isolated from road noises and vibrations. Springs that are too hard and too soft cause the
suspension to become ineffective. Therefore tuning of the suspension system is critical.
Suspensions springs are always used in combination with a damper. The energy that has been
temporarily stored in the spring is converted into heat by the damper thereby decaying the

amplitude of oscillation.

If a truck’s axle is attached directly to the frame, without any type of suspension springs, the
driver would feel every crack in the road since nothing would be in place to absorb the impact. In
fact, he would not be able to control the vehicle because its tires would bounce off the ground
whenever it hits a bump (Wickell, 2002).

The European Community drop test defines a “road friendly” suspension as one which has a
natural frequency of less than f = 2Hz and a damping coefficient greater than ¢ = 20%. The

suspension systems which are commonly used are as follows:

51 Leaf spring
A leaf spring suspension system is made up of arched pieces of steel that are made to flex when

the truck hit a bump or when a load is applied to the vehicle but with an ability to return to its
original shape. One end of the leaf spring is attached to the frame and the other end to a shackle

that can move, allowing the spring’s overall length to vary as its arch flexes (Wickell, 2002).
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Figure 5.1: Leaf spring suspension system (http://en.wikipedia.org/wiki/Leaf_spring)

For heavy vehicles, a leaf spring is made from several leaves stacked on top of each other often
with progressively longer leaves as shown in figure 5.1. This type of suspension systems is

generally used for trucks, 4x4 and military vehicles.

5.2 MacPherson
MacPherson suspension is mostly used in small cars due to its simplicity and low manufacturing

cost. It uses the axis of a telescopic damper as the upper steering pivot.

Figure 5.2: MacPherson suspension system (http://auto.howstuffworks.com/car-suspension4.htm)

This suspension system has a few drawbacks which makes it difficult to implement in trucks. It
does not allow vertical movement of the wheel without some degree of either camber angle
change, sideways movement or both (Setright L.J.K, 1974). It also tends to transmit noise and

vibration from the road to the vehicle’s body making it uncomfortable to drive.
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5.3  Air suspension
Aiir suspension is a type of vehicle suspension which is powered by the engine or an electric air

pump. The pump pressurises the air, using compressed air as a spring. It is a recent technology

and provides a softer ride compared to vehicles having coil springs or leaf suspension system.

Figure 5.3: Air suspension system (www.autobasicslibrary.blogsome.com)

This type of suspension system is expensive but it is efficient when used on heavy vehicles due
to its self levelling characteristic when travelling on different road conditions. It can be modelled
by the following deflection equation:

Ax 1.38
Vo

Fair = Fstat |1 - (6.1)

Where Fair = force in spring; Fstat = static suspension force; A= cross sectional area of spring;

V= static volume of spring; x= deflection of spring (Green, Cebon, & Cole, 1995).

54  Hydro-pneumatic
Hydro-pneumatic suspension systems represent a new generation in suspension design. A hydro-

pneumatic suspension system includes hydraulic struts selectively interconnected to obviate the
need for shock absorbers and springs used in conventional abnormal load vehicles. The spring of
such a system is represented by suspension cylinders with varying oil level. The suspension
cylinder also performs as a damper in a hydro-pneumatic system. Whenever there is a change in

operating conditions, the degradations in the suspension is detected by an electronic controller
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which in turns adjust the spring stiffness to re-improve the ride. The system hydraulic supply is

capable of raising and lowering the vehicle for off and on road conditions (Wolfgang, 2010).

Hydro-pneumatic suspensions have the ability to adjust their suspension stiffness (spring rate) by
varying the force on the suspension cylinder and allowing oil to flow in and out. This leads to a
change in hydraulic pressure and therefore a change in position of the piston rod. An increase in
spring rate makes the ride smoother due to reduced vibrations. This type of suspension is
dependent on the actual operating temperatures. Higher temperatures cause the spring to soften
while lower temperatures make it stiffer. The following equations lead to the relationship
between the natural frequency of the suspension system and the static spring load:

w = \/mTF) (6.2)

w = 2nf (6.3)

FFl =mrg (64)
F 12

c= nﬁ (6.5)

_ 1 nFr19
f = (6.6)

Where: Mr- static spring load, f-suspension frequency, P,- accumulator precharge pressure, V-

accumulator volume and c- stiffness

Equation 6.4 shows that the stiffness is dependent on the static spring load and also the pressure
and volume of the accumulator. The natural frequency of the suspension changes proportionally
with the square root of the static spring load (Wolfgang, 2010). Hydro-pneumatic suspensions

are able to absorb excitation frequencies from below 1 Hz to sometimes over 10 Hz.

49



Figure 5.4: Hydro-pneumatic suspension system
Hydro-pneumatic suspension systems are used especially in applications where:

a. A level control needs to work frequently and needs to react quickly. All the vehicle’s
suspensions are independent of each other which make it efficient when used on rough

terrains. Figure 5.5 shows a separate hydro-pneumatic spring for an axle.
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Figure 5.5: Independant hydro-pneumatic springs (Wolfgang, 2010)
b. Little space is available for suspension elements.

c. The spring rate needs to be adjustable.

This type of suspension system is commonly used for construction machinery/trucks, mobile

cranes, tanks, agricultural vehicles, mining and heavy load trucks.

Figure 5.6 shows the relationship between the axle stiffness, the suspended axle load and the
vertical natural frequency of the front axle of a TLS tractor. The graph indicates that a vertical

natural frequency of about 2 Hz is achieved for most of the range of the suspended axle load.
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Figure 5.6: Axle spring rate and vertical natural frequency of a TLS | (Wolfgang, 2010)

5.5  Effects of the different suspension system
The most obvious difference between the suspensions is their response under loading. While the
spring rate of the mechanical spring (coil and leaf spring) is constant, the spring rate for the
hydro-pneumatic and air suspension is more or less progressive as shown in Figure 5.7.

Figure 5.7: Force-displacement-curves for mechanical and gas-sprung systems (Wolfgang,
2010)
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Heywood (2007) investigated the bridge response under three different types of suspension
systems. These were:

a. A hydro-pneumatically suspended crane
b. An air-suspended six axle articulated vehicle and

c. A steel-suspended six axle articulated vehicle (mechanical system)

It was found that the dynamic effects induced by the hydro-pneumatically suspended crane are
about 1/3 of those caused by conventional mechanically sprung commercial vehicle. In these
suspensions, hydraulic rams act as suspension and equalising elements and by varying the oil
content and gas pressure in the accumulators, the suspension characteristics can be varied to suit
the road condition (Heywood, 1997). It is also reported that hydro-pneumatic suspensions could

be expected to perform on a par, if not better, than air suspended vehicles for most bridges.

The air suspensions provide a relatively low stiffness and therefore a relatively low bounce
frequency for a given axle load. They also offer a smooth and progressive deflection compared to
steel suspensions (leaf and coil springs) which causes a sudden deflection under load
(Directorate for Science, 1998). Steel suspension systems have high natural frequency at low

loads and a low frequency at high loads.

Green and Cebon (1995) investigated the impact caused by air suspensions and leaf-sprung
vehicles on three bridges in England. Their study showed that the vehicle with the air suspension
causes the least dynamic bridge response. This is mainly because the air suspension system has a
lower natural frequency than the leaf suspension thereby applying smaller dynamic load to the
bridge. The air suspensions are also better damped than the leaf-spring suspensions and hence
absorb energy from the bridge vibration (Green, Cebon, & Cole, 1995).

5.6  Chapter Summary
Hydro-pneumatic suspensions usually operate independent of each other and therefore they may

have different spring rates and damping depending on the terrain they are travelling on. Based on
the theoretical analysis, there is tentative evidence suggesting that vehicles having air and hydro-

pneumatic suspensions should be allowed to carry more load than vehicles having leaf spring

53



suspensions. However, more theoretical and experimental work is needed before this suggestion

can be extended to apply to all bridges and heavy vehicles.
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6. METHODOLOGY

6.1 Introduction
The most economical way of investigating the vehicle-bridge interaction is to use finite element

modeling. The Finite Element Model which has been used for this thesis is ADINA. This
research focuses on the interaction of a mobile crane with a bridge. The dynamic impact caused
during this interaction has been analysed and compared with field measurements which has been

performed at a later stage.

In Chapter 6, a review of the parameters influencing the impact factors have discussed. The main
parameters are the span length of the bridge, number of lanes, radius of curvature, surface
roughness, vehicle braking, suspension system and speed, positioning and weight of the
vehicle(s) on the bridge. Previous studies have been done and calibrated for abnormal vehicles.
Even though mobile cranes are considered as abnormal vehicles, they have different axle’s
configurations and suspension systems when compared to trucks. This research studies the
impact caused by the hydro-pneumatic suspension of a mobile crane under different loading,

speed, bridge span length and surface roughness.

Most of the bridges in South Africa are short span bridges. The research simulates the interaction
of mobile cranes with bridges spanning between 5 and 40m. Bridges have been modeled based
on the criteria specified by the MOT design code of practice. This is because 70% of bridges in
South Africa have been designed using this code.

Field testing involved measuring strains, displacements and natural frequency of the Berg River
Bridge under the effect of a mobile crane for different scenarios. All results were captured and

analysed using the commercial softwares Lab VIEW and ME’Scope Ves respectively.

Validation of the strains and displacement were then done by comparing the experimental results

to the Finite Element Model results.

6.2  Vehicle-bridge interaction model
The vehicle-bridge interaction system has been modeled in Adina as a mass-spring-damper

system crossing a beam. The case of a single vehicle crossing a simply supported bridge is

modeled as a point force crossing a simply supported beam at a constant velocity. It is assumed
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that the wheels of the mobile crane remain in contact with the bridge at all times. The vehicle

bridge interaction is modeled using the Bernoulli-Euler differential equation.

0%v(x,t) 9%v(x,t)
EJ o T Hh 5z + 2uwy

ov(x,t)
at

=d8(x —ct)P (6.1)

Where E= clastic modulus; t= time at which the force arrive on the beam; v(x,t)= beam vertical
deflection at point x and time t, measured from the equilibrium position when the beam is loaded
with its self weight only; J= second moment of area; = mass per meter; wb= circular frequency
of damping of the beam; P= concentrated force of constant magnitude; d(x)= Dirac function; and
c=constant velocity of the load (Li, OBrien, & Gonzalez, 2006).

Adina is a Finite Element software which is commonly used for applications where reliability is
of critical importance. The analysis can be linear or highly non linear, including effects of
material nonlinearities, large deformations and contact conditions

(http://www.adina.com/index.shtml). Previous studies have confirmed that Adina is capable of

simulating such the vehicle-bridge interaction model.

6.3  Bridge model
For this research, short span bridges have been modeled as beam elements. The bridges have

single, double and triple span decks having lengths of 10m, 15m, 20m, 30m and 40m.

A number of three dimensional beam elements have been defined in Adina to make the mesh
finer. These elements were then meshed to define a beam. The mesh size used is 1m. Table 6.1

gives the number of beam elements and element length for the respective bridge spans.

Table 6.1: Number of beam elements and element length defined for the respective beam

length
Number of beam Element Length
Beam Length (m) Elements (m)
10 10 1
15 15 1
20 20 1
25 25 1
30 30 1
40 40 1
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The beams are simply supported on a pin and roller support. For the two and three spans bridges,
the beam is continuous over the middle supports. The pin support is fixed for the x,y and z
translation and the x-rotation. The roller support is fixed for the y and z translations and x-

rotation.

Figure 6.1 shows a 10m single span bridge having 10 elements and which is simply supported at

P1 and roller supported at P11. P12 is a reference point which is used to define the directions.

Figure 6.1: 10m single span bridge modelled in Adina

The beam has been defined as an isotropic linear elastic material having an elastic modulus of
35x10% N/m2 and a density of 2400 Kg/m3. The moment of inertia (J) of the beam cross section

is 1.3901m*. These values have been used in previous studies done by E. Obrien.

6.4  Vehicle model

6.4.1 Mobile crane data
The mobile crane has been modeled using data obtained from the Liebherr mobile cranes website
(http://www.liebherr.com). Liebherr is a German manufacturer and their cranes are widely used
in South Africa and the rest of the world. They manufacture mobile cranes having an operational

weight between 24 and 96 tonnes.

The axle weight limit in South Africa is 12 tonnes per axles. Vehicles having a gross weight
greater than 50 tonnes are categorized as abnormal vehicles and require a permit to operate. Five
models of cranes having the following details have been modeled in Adina:
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Model 1

LTM1090-4.1 crane has 4-axles and an operational weight of 48 tonnes. It has a lifting capacity

of about 90 tonnes. Its maximum travelling speed is 80km/hr. Table 6.2 gives the maximum

weight that each axle can carry.

Table 6.2: Maximum axle weight for LTM1090-4.1mobile crane

Axle 1 2 3 4 Total
Weight (T) 12 12 12 12 48

Figure 6.2: Axle spacing for the LTM1090-4.1 mobile crane

Model 2

The LTM 1130-5.1 crane has 5 axles and has an operational weight of 60 tonnes. It has a length
of 14.4 m and its maximum operational speed is 80km/hr. This type of crane can lift up to 130
tonnes provided it has a counterweight of 42 tonnes. Table 6.3 gives the maximum weight that

each axle can carry.

58



Table 6.3: Maximum axle weight for LTM 1130-5.1mobile crane

Axle 1 2 3 4 5 Total
Weight (T) 12 12 12 12 12 60

Figure 6.3: Axle spacing for LTM 1130-5.1 mobile crane
Model 3

The LTM 1150-6.1 crane has 6 axles and has an operational weight of 72 tonnes. It has a length
of 16.08 m and its maximum operational speed is 80km/hr. This type of crane can lift up to 160
tonnes provided it has a counterweight of 46.8 tonnes. Table 6.4 gives the maximum weight that

each axle can carry.

Table 6.4: Maximum axle weight for LTM 1150-6.1mobile crane

Axle 1 2 3 4 5 6 Total
Weight (T) 12 12 12 12 12 12 72
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Figure 6.4: Axle spacing for LTM1150-6.1 mobile crane

Model 4

The LTM 1400-7.1 crane has 7 axles and has an operational weight of 84 tonnes. It has a length
of 18.45 m and its maximum operational speed is 80km/hr. This type of crane can lift up to 400
tonnes provided it has a counterweight of 140 tonnes. Table 6.5 gives the maximum weight that

each axle can carry.

Table 6.5: Maximum axle weight for LTM 1400-5.1mobile crane

Axle 1 2 3 4 5 6 7 Total
Weight (T) 12 12 12 12 12 12 12 84
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Figure 6.5: Axle spacing for LTM 1400-5.1 mobile crane

Model 5

The LTM 1500-8.1 crane has 8 axles and has an operational weight of 96 tonnes. It has a length
of 20.48 m and its maximum operational speed is 80km/hr. This type of crane can lift up to 500
tonnes provided it has a counterweight of 165 tonnes. Table 6.6 gives the maximum weight that

each axle can carry.

Table 6.6: Maximum axle weight for LTM 1500-8.1mobile crane

Axle 1 2 3 4 5 6 7 8 Total
Weight (T) 12 12 12 12 12 12 12 12 96
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Figure 6.6: Axle spacing forLTM 1500-8.1 mobile crane

Model 6

The LTM 11200-9.1 crane has 9 axles and an operational weight of 108 tonnes. It has a length
of 24.98 m and its maximum operational speed is 75km/hr. This type of crane can lift up to 1200
tonnes provided it has a counterweight of 202 tonnes. Table 6.7 gives the maximum weight that

each axle can carry.

Table 6.7: Maximum axle weight for LTM 11200-9.1mobile crane

Axle 1 2 3 4 5 6 7 8 9 Total
Weight (T) 12 12 12 12 12 12 12 12 12 108

Figure 6.7: Axle spacing for LTM 11200-9.1 mobile crane
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6.4.2 Finite element model
Each axle of the mobile crane has been modeled as a single degree of freedom system (SDOF) in

Adina. Figure 6.8 shows the modeled system.

Figure 6.8: Single degree of freedom system representing the axle of a mobile crane

Where ms= Axle weight; Ks= Suspension stiffness; Cs= damping coefficient of suspension

system; mt= tire weight; Kt= Tyre stiffness
The motion of the mobile crane has been represented by the following equation:
Ma+Cv+Kx = F (6.2)

Where M= mass of vehicle; C= damping of the vehicle; K= stiffness of the vehicle; a=
acceleration of the vehicle; v= velocity of the moving vehicle; x= displacement of the SDOF

system.

6.4.3 Axle weight
The weight of each axle has been represented by a point load which moves along the beam

elements. Each axle has been defined using a different load number. The direction in which the

load acts has been specified.

The motion of the axles is defined by the load arrival time function in Adina. The time at which
an axle arrives at any point defined on the beam is calculated manually and input in the finite

element software.

The time function defines how the load varies with time. For this study, a triangular load has
been chosen with a time step 1000. The motion of each axle is represented by a triangular load in
Figure 6.10. The first axle of the mobile crane enters the bridge at point 1. As the load

approaches point 2, the dynamic effect due to the load increases and as it moves away from point
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2, the effect decreases. This cycle repeats itself for each beam element until the vehicle leaves
the bridge.

2 3

Figure 6.9: Triangular load moving along the beam

Overlapping of the triangular occurs because the minimum distance between the axles is 1.65m
and the beam element length is 1m.

6.4.4 Stiffness and damping of the hydro-pneumatic suspension
The spring rate and damping of the suspension system is modeled using the spring element group
in Adina. A spring element joins each node on the beam and a birth and death time is defined for
each element. An element is born when the 1% axle arrives at a node and dies when the last

element leaves the node. The stiffness and damping is defined for each element.

The stiffness of the system consists of the suspension spring rate and the tyres stiffness. Equation
10.3 has been used to calculate the effective stiffness.

1 11
—— 4 6.3
Kerf ks + ke (6.3)

Where k.= Effective stiffness; ks = Suspension stiffness; k,=Tyre stiffness

Values for the suspension spring rate and damping and tyre stiffness have been obtained from
studies done by Eugene OBrian (Li, OBrien, & Gonzalez, 2006).

The vehicle speed has been modeled using the load arrival time function. The speed at which an
axle reaches a node can be varied by changing the load arrival time. The mobile cranes listed in
Section 71.1 have been modeled travelling on the bridge at speed of 10km/hr (crawl speed),
30km/hr, 50km/hr and 80km/hr. The maximum speed at which the mobile cranes can travel is
80km/hr (http://www.liebherr.com).
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6.5 Surface roughness
The surface roughness of bridges depends on the quality of asphalt and concrete used and also on

the frequency of maintenance.

In the finite element model, the surface roughness has been modeled by varying the suspension
stiffness and damping of the mobile crane. It has been assumed that the spring rate and damping

will be different when the vehicle is travelling on a rough terrain compared to smoother surface.

6.6  Impact factors
The impact factor for this research is defined as the maximum response of the bridge while the

mobile crane is travelling on it divided by the maximum response when the vehicle is static on
the bridge. Equation 7.4 is used to calculate the impact factor.

__ Rp—Rg
Im = =2—.100% (6.4)

Where R, = dynamic response; and R = static response

The dynamic and static responses for the shear, deflection and moment have been obtained from

analysis done in Adina.

6.7 Field Measurements
The main objective of this research was to perform dynamic testing on a bridge while a mobile

crane is travelling on it under various speeds and scenarios. Strain measurements and
displacements were measured using strain gauges and LVDTs respectively. The experimental

results obtained were then analysed and compared to the Finite Element Model.

The Western Province Department of Transport and Public works was contacted since they are
the one who manage the bridges in the Cape Town. The bridges that were requested had to be
located in an area where there is not much traffic during the day since closure of the structure
would be needed. Three bridges were kindly provided and two of them namely B5031 across the
Sand River and B5032 across Bot River were located along the R304 road going towards
Malmesbury. The third bridge was the Berg River Bridge which spans along the Berg River

close to Wellington. All the three bridges have been designed to carry abnormal loads.
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Figure 6.10: Bridge (B5031) across Sand River

Figure 6.11: Bridge (B5032) across Bot River

A site visit was done to inspect the accessibility to the bottom of the bridges since the transducer
devices had to be fixed under the deck or beams. There was no vehicular access to the bottom of

Bridge 5031 and 5032 which would make it difficult to carry the field testing equipment. These
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two rivers were also at full flow which would make it difficult and dangerous to fix the strain
gauges and LVDTs. Therefore B5031 and B5032 were not considered.

One of the spans of the Berg River Bridge was accessible and the mid-span height between the
beams and the ground was about 2.5m. Therefore a small ladder could be used to fix the
transducers to beams. There is no river under this span and hence the data collecting system

could be easily set up. A description of this bridge is given in Section 7.7.1.

6.7.1 Berg River Bridge
The Berg River Bridge is located on the R44 road going towards Wellington in Western Cape

Province, South Africa. The bridge is busy throughout the day and is used by both normal and
abnormal vehicles. It was constructed in 1974 and is a twelve-span bridge carrying two opposite
lanes traffic. One of the spans crosses the Berg River.

The total length of the bridge is 336m with each span measuring 28m long and 13.4m wide.

Figure 6.12 shows the span which has been used for the dynamic tests.

Figure 6.12: Berg River Bridge

Each span consists of eight simply supported beams which are 1.7 apart. The mid-span height of
the tested span is 3.5m. An initial survey of the structure indicated that it was in good condition

to undergo dynamic tests. There were no visible cracks on the structure.
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Figure 6.13: Beam cross section

6.7.2 Mobile Crane
A 36 tonnes 3-axles Grove GMK 3055 crane was kindly provided by Tandem Cranes for the

purpose of this research. Tandem Crane Hire is a crane hire company and is very active in the

Western Cape Province South Africa.

Figure 6.14: 3-axles Mobile crane
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Each axle supports 12 tonnes which is the legal axle load in South Africa. The maximum lifting
capacity of the crane is 63 tonnes. The crane can travel at a maximum of 80 km/hr. The length

and width of the crane are 10.895m and 2.550m respectively.

Figure 6.15: 36 tons mobile crane dimensions

6.7.3 Field test equipment
The equipment used are two strain gauges, two LVDTSs, an accelerometer and a data acquisition

system. The strain gauge and LVDT are transducers and need to be calibrated before they are
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used. This is because the measured values are in terms of voltage and need to be translated to

strain, displacement and accelerations.

Transducers are used with lead lengths and these tend to affect signal quality due to their
resistance and capacitance variation. Transducers also pick up noise which tends to affect the
quality of the measured data. Unfortunately, this cannot be prevented in practice.

Strain gauge

The SLB700A strain transducer has been manufactured by Dehnungsaufnehmer and was used to
measure static and dynamic strains when fixed to the beam upon which the mobile crane is
travelling. The strain gauge is de-mountable and is calibrated using the four-wire technology

whereby:

Blue- excitation voltage (+); Black- Excitation voltage (-); White- Measurement signal (+); Red-

Measurement signal (-)

The main specifications of the strain gauge are: (1) Nominal strain of 500um/m, (2) Nominal
sensitivity of 1.5£0.15 mV/V, (3) Restoring force of 3110 N and (3) Input resistance of 1000€2.

Figure 6.16: Strain gauge
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LVDT

Linear Variable Differential Tranformers (LVDT) was used to the measure linear displacement
of the bridge in response to the impact caused by the mobile crane. The LVDTs used have the
following characteristics: (1) Sensitivity of 34.14 mV/V/mm with 5V (RMS) 5kHz, (2)

Uncertainty of calibration of 13microns.

Figure 6.17: LVDT manufactured by RDP

Accelerometer
A Piezotronic accelerometer having a sensitivity 0.1107 VV/m/s? was used for the tests to measure

the accelerations of the bridge.

Figure 6.18: Piezotronic accelerometer
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Data acquisition system

The data acquisition system consisted of the following: (1) A computer having the National
Instrument Lab VIEW software installed, (2) A signal conditioner to capture the accelerations,

(3) National Instruments input module to record measurements from the strain gauge and LVVDT.

Figure 6.19: Data acquisition system

Figure 6.20: National Instrument input module hardware

The NISCX1-1540 card is an 8-channel linear-voltage transformer module which has been used

to capture signals from the LVDT.

Strains measurements have been recorded using the NISCXI-1520 card which also has 8 input
channels.

72



Figure 6.21: Kistler Signal Conditioner

All measurements were taken by a data acquisition system hardware manufactured by National
Instruments and using the National instrument Lab VIEW software. Lab VIEW Signal Express
optimizes virtual instrumentation by providing interactive measurements that require no
programming. It has been used to acquire, generate, analyse and compare data samples before

exporting them into ASCI|I files in Universal File Format.

6.7.4 Experimental procedure
The dynamic testing was performed on 5" October 2011. Two holes were drilled under on the

2" beam at mid-span and quarter span respectively. Glue was applied to both strain gauges

before they were tightly screwed to the beam.

The two LVDTs were each mounted on an adjustable aluminium rod which was fixed to a heavy
steel stand to prevent them from swaying. The rods were extended until the LVDT slightly
displaces by touching the beam. One of the LVDT was placed at mid-span and the other one at
quarter span. Mid-span was chosen because this is usually where bridges displace the most.

Deflection is zero at the support and maximum in the middle of the span.

The two strain gauges were then connected to the 1% and 2" channel of the NISCXI-1520 card.
The LVDTs were connected to the channels of the NISCX1-1540 card . Both cards were then
plugged in the National Instrument hardware.

The accelerometer was connected to the Kistler Signal Conditioner and placed at mid-span on

the side of the bridge. The Signal Conditioner and the National Instrument hardware were then
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connected to the computer which had the Lab VIEW software installed. The channels to which
the strain gauges and LVDTs were connected were then added to Lab VIEW. These devices

were then calibrated. 512 samples were recorded at a sample rate of 64Hz for both devices.

The strain gauge resistance was set to 1000 to match the resistors used in the NISCXI-1520
card. A full bridge system was used to capture the strains. The low pass filter frequency was set
at 10Hz. The LVDTs were calibrated to the sensitivity which was prescribed by the

manufacturer.

The whole bridge was closed to traffic during the duration of the test. This was done so that the
maximum response caused by the mobile crane alone could be measured. The mobile crane
driver was instructed to travel along a straight line so that its left wheels are straight above the
instrumented beam. By doing this, the maximum impact on that particular beam could be
recorded. The mobile crane travelled on the bridge at the following speed: crawl speed (5km/hr),
10, 20, 40, 60 and 75km/hr. 75km/hr was the maximum speed at which the mobile crane could

travel.

Figure 6.22: Mobile crane and bridge interaction

In order to model a severely deteriorated road surface condition, three planks each having a
thickness of 18mm were stacked on top of each other and placed in the middle of the span. The

36 tonnes mobile craned travelled over planks at a speed of 40km/hr.
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Figure 6.23: Planks used to model road surface deterioration

The accelerometer was left on the bridge for about five minutes after the tests to measure the

accelerations of the bridge under normal traffic conditions.

Measurements of all the scenarios were recorded in separate files. The Run function was used to

activate the signals and the Stop function to stop Lab VIEW from recording.

6.8 Data processing
ME’scope VES software was used to process the field data. The software has a Fast Fourier

Transform (FFT) and Inverse FFT option that is useful to analyse signals. Noise level and

irrelevant measurements captured during the test were be filtered out using this software.

After the filtering process, the strain measurement and displacement were obtained for the period
at which the mobile crane crossed the bridge. The natural frequency and damping of the bridge
were also obtained. The software was also used to perform statistical analysis of the signals.

6.9 Data validation
The experimental results were then compared to the Finite element Model representing the

interaction between the 36 tonnes mobile crane and the 28m span bridge. The bridge was
modeled as being simply supported and having 56 elements of 0.5m each. The mobile crane was
modeled using three moving point loads of 12 tonnes each. The speed mentioned in section 7.7.4

was modeled by varying the load arrival time.

75



The comparison of the experimental results to the theoretical results will be discussed in Chapter
7.

6.10 Chapter Summary
This chapter gives a detail explanation of the experimental and FE study done to measure the

dynamic response of a bridge under a moving mobile crane. A critical step of this thesis was to
produce a finite element model of the vehicle-bridge interaction. The model had to simulate
static response and dynamic response in order to calculate the impact factors.

The main challenge in the modeling process has been simulating the spring rate and damping of
the hydraupheumatic suspension system. This is because this type of suspension system adjusts
itself depending on the road condition. The experimental work has modeled a deteriorated road
condition by getting the vehicle to travel on a pile of planks thereby causing an impact on the

bridge.

The field tests involved measuring strains and displacement of the bridge at mid-span and quarter
span using strain gauges and LVVDTs respectively. Experimental data were recorded using Lab
VIEW software and analysed using ME’scope VES. The next chapter discusses the results of the

experimental and FE model.
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7. DISCUSSION OF RESULTS

7.1  Introduction
This chapter presents and discusses the results obtained from the field measurements and the

Finite Element model.

The dynamic response of the Berg River Bridge was measured and analysed using the procedure
explained in Chapter 7 using Lab VIEW and ME’scope VES. The parameters which were

measured are deflection and strains.

The strain gauge which was fixed at mid-span did not respond during the test. The measurements

obtained from this device were not considered for further analysis.

Field measurements have been used to calibrate the stiffness and damping of the mobile crane
suspension system for the finite element model. The dynamic response for the FE model of the
Berg River Bridge was then compared to field measurement.

Once the model calibration was done, it was used to analyse the impact caused by different

vehicle weights travelling at different speeds on various span lengths.

7.2  Bridge natural frequency
The response of the bridge was measured using two LVDTs which were positioned at quarter

and mid span and a strain gauge which was fixed at quarter span. Five hundred and twelve
response readings were recorded at 64 Hz for each scenario. An accelerometer was also placed
on the bridge deck to measure the bridge accelerations under normal traffic load. The response

signal from the accelerometer with respect to time is shown in Figure 7.1.
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Figure 7.1: Response time waveform signal

The response under normal traffic load was measured for about two minutes. Direct current (DC)
was removed from the measurement in ME’scope VES to offset the data to the zero axes. An
automatic spectra analysis was then performed to obtain the natural vibration frequency of the

bridge.

The measured natural frequency of the bridge is about 4.22 Hz. The first dominant frequency of
the traffic loading during the test period is about 4.35 Hz. During the test period, the bridge was
used by heavy abnormal vehicles and a few light vehicles. Most of these vehicles were travelling
at a speed higher than 40 Km/hr. Both lanes were also opened to traffic. The Berg River Bridge
is therefore not safe under normal traffic load since the natural frequency of the bridge is almost
equal to the frequency of the bridge under the influence of traffic. This frequency matching leads

to an important amplification of the dynamic response of the structure.
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Figure 7.2: Natural frequency of the Berg River Bridge measured from accelerometer

Figure 7.3: First dominant frequency of normal traffic load
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The natural frequency for the bridge under the moving 36 tonnes mobile crane was measured
using the LVDTs and strain gauge. The measurements obtained were analysed using ME’scope
VES by carrying out a spectra analysis. The spectrum block size used is 237 with a number of

averages of 14.

Figure 7.4: Overlaid traces for speed 5, 10, 20, 40, 60, 75 km/hr at quarter span

Figure 8.4 shows that the natural frequency of the Berg River Bridge is about 4.19 Hz. The
frequency of the bridge under the moving load for speed between 5 Km/hr and 60Km/hr is about
2.7 Hz. This indicates that the 36 tonnes crane can travel safely on the bridge for speeds below
60 Km/hr.

From Chapter 5, it was found that heavy commercial vehicles exhibit two vibration modes:
body-bounce vibrations at frequencies ranging from 2-5 Hz and wheel-hop vibrations at
frequencies which are greater than 7 Hz. From Figure 7.4 it is clear that when the mobile crane
was travelling at speeds between 5 and 60 Km/hr, it was causing body-bounce vibrations to the

bridge since the first dominant frequency occurs at about 2.7 Hz.
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The frequency of the bridge at 75 Km/hr is about 3.3 Hz. The amplitude of vibration is higher at
that speed. This causes to fatigue of the structure and leads to structural damage. This is the

reason why speed limits are applied for bridges and heavy vehicles.

Figure 7.5 shows the dynamic vibrations caused when the mobile crane is travelling on a poor
road surface which has been modeled by placing planks on the bridge. The frequency of the
bridge under moving load is 4.87 Hz which higher than the fundamental frequency of the bridge.
As a result, this frequency matching leads to an important amplification of the dynamic response.

Consequently, this can lead to fatigue and deterioration of the bridge.

Figure 7.5: Motion of mobile crane on a plank

The natural vibration frequency of the bridge is calculated from equation 5.1 which has been
explained in Chapter 5. For the 28m span length, the natural frequency of the Berg River Bridge
is 4.08 Hz.

f° = 82Lmax~°%° (5.1)
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The fundamental frequency obtained from the field measurements (4,22 from the accelerometer
and 4.19 from the LVDT) is very close to the theoretical frequency which of 4.08 Hz. This

confirms that the instrumentation was responding well during the experiment.

The frequency analysis shows that the safest speed that light vehicles can use the Berg River
Bridge is about 50 Km/hr. For vehicle between 30 to 40 tonnes, a safe speed would be 20 Km/hr.
For mobile cranes heavier than 55 tonnes, crawl speed would be the safest speed. The bridge

should also be closed to normal traffic when abnormal loads are using the bridge.

7.3  Data Processing
7.3.1 Dynamic analysis
Signals were captured and saved from the strain gauge and LVVDTs for each scenario using the
LabVIEW software. The raw data was imported to ME’scope VES to be cleaned and analysed.
Figure 7.6 shows measurements taken for a period of 70 seconds. The mobile crane arrived on
the instrumented span after 45 seconds. Measurements recorded before that time is discarded as
they do not affect the final result. Measurements triggered after 50 seconds are also neglected for

the same reason.

The results are then offset to the zero axes. Figure 7.7 shows the dynamic response of the bridge

and a clear indication of the noise level.
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Figure 7.6: Raw data from LVDT for 75 Km/hr scenario

Figure 7.7: Processed data from LVDT for 75 Km/hr scenario with noise

The data is further processed by applying an FFT to remove all the noise. A notch is applied just

after the fundamental frequency of the bridge for each scenario. All other dominant frequencies
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which occur after the natural frequency are discarded. An inverse FFT is then done to get the

graph in Figure 7.8.

Figure 7.8: Dynamic response from the LVDT for bridge at 75 Km/hr

Figure 7.9: Dynamic response from the Strain gauge for bridge at 75 Km/hr
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Figure 7.8 shows that the mobile crane arrives on the tested span at time = 1 sec and leaves the
bridge at time = 2.9 sec. After the vehicle leaves the bridge, the structure undergoes damping and
this is shown by the decreasing amplitude of the signal. The Berg River Bridge gets back to its
normal state after about 7 seconds. For this scenario, the impact on the bridge happens between
the two red vertical lines. The maximum dynamic displacement during the vehicle-bridge

interaction is 3mm.
The damping ratio of the bridge is calculated using formula 8.1
= (Xn = Xp41)/2Txp 44 (7.1)

Where x,, = 2.79 and x,,,, = 2.18 are the two consecutive displacement obtained from Figure
7.7 when the vehicle has left the bridge. The calculated damping ratio for the bridge is 0.044.
This value is in the range of prescribed by Table 1 in the Bridge dynamics and dynamic

amplification factors journal (Paultre, Chaallal, & Proulx, 1992).

7.3.2 Static analysis
The static analysis of the field measurement has been done using ME’scope VES. An FFT was

applied to the results obtained from the dynamic analysis. A notch is applied at a frequency
which is about twice the frequency obtained from Equation 8.2. This frequency is usually where

the first peak occurs. It should be noted that this peak is not the dominant peak.
f=1 (7.2)
S
t=- (7.3)

Where S= Span length of 28m and V= Speed of approach of the mobile crane

Table 7.1: Frequency about which notch is applied

V (km/hr) f (Hz) Notch f (Hz)
5 0.05 0.10
10 0.10 0.20
20 0.20 0.40
40 0.40 0.79
60 0.60 1.19
75 0.74 1.49
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Figure 7.10: Notched frequency for 75 Km/hr scenario

An inverse FFT is then applied to Figure 7.10 to get the static displacement and strain

measurements.

The static analysis produces a graph which does not include the dynamic impacts. The graph is
smooth and its peak displacement is less than the peak obtained from the dynamic analysis.
Figure 7.11 and 7.12 shows the static displacement and strain obtained after further processing
the dynamic results for when the crane was travelling at 75 Km/hr. As expected, there is no
damping for the static displacement. This is because the analysis only considers the effect of the

vehicle when it is static, i.e. not in motion, on the bridge.
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Figure 7.11: Static displacement at mid-span

Figure 7.12: Static strain at mid-span
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7.4 Impact factors
The impact that the 36 tonnes mobile crane cause on the bridge is measured using the formula

6.4 discussed in Chapter 6.6.

Rp—R
Im = §
Rs

Where Im = Dynamic amplification factor; R, = dynamic response; and R = static response

In ME’scope VES, the dynamic and static traces for each speed scenario were imported to the
same file and overlaid. The impact was measured by taking the peak difference between the two

graphs and dividing this difference by the peak static value.

Figure 7.13: Overlaid traces for displacement at 75 Km/hr
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Figure 7.14: Overlaid traces for strain at 75 Km/hr

Static Trace

Dynamic trace

Tables 7.2 to 7.4 give the dynamic and static displacements and strains measured by the strain

gauge and two LVDTs. The dynamic amplification factor is generally written as(1 + Im). The

mid-span of the Berg River Bridge is at 14m and the quarter span at 7m.

Table 7.2: Impact factor obtained from measured static and dynamic readings at quarter span

Speed (Km/hr)
5
10
20
40
60
75
40-Plank

Dynamic (x 107%)
241
4.18
5.04
3.62
3.47
4.48
5.06

Static (x 1079)

89

2.35
4.17
4.83
3.22
2.99
3.93
3.65

Impact Factor (1 + Im)
1.01
1.01
1.04
112
1.16
1.14
1.39



Table 7.3: Displacement Impact factor calculated from measured Dynamic and Static readings

at quarter span

Speed (Km/hr) Dynamic (mm) Static (mm) Impact Factor (1 + Im)
5 2.29 2.27 1.01
10 2.27 2.24 1.01
20 2.26 2.23 1.01
40 2.35 2.24 1.05
60 2.3 2.26 1.02
75 2.29 2.16 1.06
40-Plank 2.86 2.23 1.28

Table 7.4: Displacement Impact factor calculated from measured Dynamic and Static readings

at mid span
Speed (Km/hr) Dynamic (mm) Static (mm) Impact Factor (1 + Im)
5 2.97 2.95 1.01
10 2.9 2.87 1.01
20 2.9 2.87 1.01
40 2.99 2.89 1.03
60 2.99 2.92 1.02
75 3.01 2.78 1.08
40-Plank 3.72 2.89 1.29

Figure 7.15 shows the relationship between speed and the dynamic displacement measured at
mid and quarter span. As expected, the deflection at mid-span is greater than the deflection at
quarter span. The average difference between the mid-span and the quarter span displacement is
0.69 mm.

The displacement of the bridge when the mobile crane was travelling at crawl speed (5 Km/hr) is
slightly higher than the displacement at 10 and 20 Km/hr. This is because the bridge was
accidently opened to the traffic before the crane managed to leave the bridge. For the other speed
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scenarios, the bridge was closed until the crane had left the bridge. Figure 7.16 shows the

vehicles which were present while the crane was on travelling on the instrumented span.

Figure 7.15: Bridge deflection for the different speed scenario

Figure 7.16: Traffic influencing the dynamic effects
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The relationship between speed and the different Impact factors are represented in Figure 7.17. It
is clear that as the mobile crane picks up speed, the impact caused to the Berg River Bridge
increases. However, the relationship obtained is not linear. The strain impact factor is also higher

than the displacement impact factor for speed greater than 10 Km/hr.

Figure 7.17: Impact factor for the different speed scenario

The different scenarios for which the crane travelled on the bridge are shown in Figure 7.18. For
speeds of 5, 10, 40 and 75 Km/hr, the crane travelled from left to right i.e. it moved on all the
eleven simply supported continuous spans before reaching the instrumented span. For speeds 20
and 40 Km/hr the vehicle travelled from the road surface onto the construction joint and onto the

tested span.

20, 40 Km/hr & 40 Km/hr Plank 5, 10, 60, 75 Km/hr

Figure 7.18: Motion of crane on the bridge

At high speed, it observed that the impact caused when the crane travels from right to left (i.e.
from the road to the span in red) is bigger than the impact caused when the vehicle travels along
the continuous span before reaching the red span. This additional impact occurs since the road
surface is not continuous at the construction joint which links the road to the bridge. Therefore

the vehicle bounces when it goes over the construction joint causing a higher impact to the

92



bridge. As speed increases, this impact also increases. This is why the dynamic amplification
factor recorded by the strain gauge at quarter span is higher than the impact recorded at mid-
span. The impact is lower when the vehicle travels from left to right since the slab lie on a simply

supported continuous beam.

Figure 7.19 shows the impact factor when the mobile crane is travelling from left to right (i.e. for
the speed of 5, 10, 40, 75 Km/hr). It is observed that the readings are more linear when compared
Figure 7.17. The R2 values are closer to 1 which implies that a linear relationship between

Impact factor and Speed can be assumed.

Figure 7.19: Impact for 5, 10, 40, 75 Km/hr scenarios

Due to the lack of data, the relationship for when the vehicle travels from the road surface onto
the construction joint to the bridge could not be plotted. However, from the measurements

obtained it is clear that the impact is higher.

In South Africa, the maximum permitted dynamic allowable factor is 1.5. This means that for

design purposes, the dynamic effects of all vehicles on bridges are considered by multiplying the
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static live loads by an Impact factor of 1.5. The relationship between dynamic impact factor and

span length for various codes is given in Figure 7.20.

Figure 7.20: Variation of dynamic loading allowance with span for different countries (CSIR,
1991)

The highest impact factor obtained from the field experiment is 1.16. When plotted on Figure
7.20 (red dot), it is observed that the impact caused by the 36 tonnes vehicles is within the
allowable range. From the codes, the maximum allowable impact factor for the 28m span is
about 1.18. Therefore the presence of other vehicle on the bridge at the same time as the crane
can render the structure unsafe as the impact factor will be exceeded. This confirms that the

heavier the traffic load, the higher will be the impact on the bridge.

The dynamic load allowance of 1.18 for the Berg River Bridge would have been exceeded if the
36 tonnes crane travelled at a speed greater than 60 Km/hr. Therefore the safest speed at which
the crane can use the bridge together with the normal traffic load is about 10 Km/hr. Normal
traffic loading is up to 50 tonnes. The live load on the span should not exceed the 50 tonnes at

any time and the light vehicles present must drive within the speed limit of 40 Km/hr,

94



Figure 7.21 shows the relationship between the natural frequencies and the dynamic load
allowance for several codes. When plotted on the graph, the maximum Impact calculated from

the field measurements falls within the safe range.

Figure 7.21: Dynamic load allowance (DLA) versus fundamental frequency for different
national codes (Paultre, Chaallal, & Proulx, 1992)

7.5 Road roughness
The change road surface roughness was modeled by stacking three 18mm planks on top of each

other at mid-span. In practice, the planks would represent a severely deteriorated road surface,
which has been caused by a bridge approach depression, delaminations, potholes, or a threshold

between the bridge approach and its deck (Kwasniewski et al, 2006).

The mobile crane drove on the planks at a speed of 40 Km/hr and significantly increased the
dynamic interaction between the truck wheels and the bridge deck. The impact factors measured
by the LVDTs at quarter and mid span is 1.28 and 1.29 respectively. The strain impact factor is
1.39 at quarter span. The dynamic and static displacements at mid-span and quarter span are

shown in Figure 7.22.
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Mid-span

Quarter span

Figure 7.22: Dynamic displacement at mid-span and quarter span

Table 7.5 compares the impact factor for the plank and no plank scenarios at 40 Km/hr. The
amplification of the impact is between 22-25% for the different measuring device. It is mainly
caused by the bounce of the mobile crane wheels from the 48mm plank onto the road surface.
This change in surface roughness causes the dynamic amplification factor to exceed the

allowable impact factor suggested by the codes.

Table 7.5: Impact factor at 40 Km/hr for Plank and No Plank scenarios

%
Increas

IF e
. No plank  1.12

Strain gauge Plank 139 24
No plank  1.05

LVDT 1/4 span Plank 198 22
No plank  1.03

LVDT 1/2 span Plank 129 25
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Figure 7.23: Effect of road roughness simulated by a plank on the maximum dynamic

amplification

When plotted on the National codes graph, the plank impact factors listed in Table 7.5 lie above
the curve representing the South African codes. For a 28m bridge, the design codes specify an
impact factor of 1.18 which is about 17% less than the maximum impact factor measured during

the experiment.

The 40 Km/hr plank scenario was modelled in Adina by varying the axle loads. In order to
measure an impact of 1.29, the axle load of the vehicle would each have to be increased from 12
to 16 tonnes (48 tonnes vehicle). This model exceeds the permitted legal weight by 4 tonnes.

The presence of irregularities in the road surface makes the bridge unsafe causing fatigue of the
structure thereby leading to structural damage. A proper maintenance of the bridge is therefore

very important to minimize the effects of impact forces.

7.6 Finite Element Model

7.6.1 Berg River Bridge Model
The 28m instrumented span of the Berg River Bridge was modelled in Adina Finite Element

Software. The modelling process is explained in Chapter 7. Each speed scenario was modelled
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separately. The dynamic and static displacement obtained from the model was then compared to

the field measurements.

Figure 7.24 and 7.25 shows the quarter span dynamic and static displacement of the bridge when
the vehicle is driving at 60 Km/hr. Figure 7.24 shows that damping of the bridge occurs after the
vehicle leaves the bridge after about 1.75sec. This is expected due to the impact caused by the
moving vehicle. No damping occurs for the static analysis. The response is a smooth curve. The

maximum displacement occurs at mid-span.

Figure 7.24: Dynamic displacement at 75 Km/hr

Figure 7.25: Static displacement at 75 Km/hr
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The displacement impact factors at mid-span are almost similar for both the FE Model and the
field experiment for speed between 5 and 60 Km/hr. However the FE Model gives a greater
impact at a speed of 75 Km/hr. This may be because the FE Model does not consider the two
cross beams which are at mid and quarter span respectively. Also in the FE model, the bridge has
been modelled as one simply supported beam carrying the whole weight of the 36 tonnes crane
whereas in reality, the weight of the vehicle is distributed to the 1* two beams since the distance
between the two beams are 1.7m and the vehicle width is 2.55m. The experimental impact for
the 75 Km/hr scenario would also have been bigger if the crane travelled on the construction

joint to the bridge.

For the quarter span displacement, the FE Model gives higher impact factors than the field
measurements. This is because only the instrumented span has been modelled and not the twelve
continuous spans. Therefore the model assumes that the vehicle is going over the construction
joint every time thereby amplifying the impact. The impact for the 75 Km/hr model is also
higher than the field model compared to the field measurements for the same reason mentioned

in the previous paragraph.

Table 7.6: Displacement Impact factor at mid-span for different speed

FE Model Field Experiment
Speed Dynamic (mm) Static (mm) Impact Factor Impact Factor
(Km/hr) 1+Im) 1+ Im)
10 2.9 2.87 1.01 1.01
20 291 2.87 1.01 1.01
40 2.92 2.79 1.05 1.03
60 2.78 2.68 1.04 1.02
75 3.23 2.65 1.22 1.08
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Table 7.7: Displacement Impact factor at quarter span for different speeds

FE Model Field Experiment
Speed Dynamic (mm) Static (mm) Impact Factor Impact Factor
(Km/hr) 1+ Im) 1+ Im)
10 2.04 2.0 1.02 1.01
20 2.09 2.01 1.03 1.01
40 1.95 1.77 1.10 1.05
60 2.06 1.88 1.10 1.02
75 2.21 1.75 1.26 1.06

The shear and moment impact factor have been obtained from the FE model using data obtained
from the field experiment. The maximum shear occurs at the supports and the maximum bending
moment take place at mid-span for all the scenarios. The maximum shear force is almost equal to
the vehicle weight. For both cases, the impact factor is almost 1 for speed up to 60 Km/hr. At
higher speed, bigger dynamic impact happens as the bounce between the construction joint and
the bridge is amplified.

Table 7.8: Dynamic and static shear and Shear Impact factor for varying speed

Speed (Km/hr) | Dynamic (N x 10°%) | Static (N x 10%) Impact Factor (1 + I'm)
10 3.54 3.54 1
20 3.54 3.47 1.02
40 3.45 3.39 1.02
60 3.31 3.20 1.03
75 3.76 3.27 1.15
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Table 7.9: Dynamic and Static moment and Moment Impact factor for different speed

Speed (Km/hr)

10
20
40
60
75

Dynamic(N/m x 109)

2.47
2.48
2.48
2.33
2.68

Static (N/m x 10°)

2.44
2.44
2.37
2.28
2.25

Impact Factor (1 + Im)
1.01
1.02
1.05
1.03
1.19

Figure 7.26 compares the FE model Impact factors to the Experimental Impact factors. From the

graph, it can be said that the safest speed for the 36 tonnes crane to travel on the bridge is

20Km/hr or less. This is because the impact caused to the structure is almost zero.

Figure 7.26: Comparison of the different impact factors

7.6.2 Effect of vehicle weight and span length on the impact factor

The mobile cranes discussed in Chapter 6.4.1 have been modelled in Adina travelling at a critical

speed of 75 Km/hr on the 28 m Berg River Bridge. Table 7.9 gives the static and dynamic

displacement for each model. Figure 7.26 shows the relationship between vehicle weight and
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Impact factor. No linear relationship has been obtained but it is clear that as the vehicle weight

increases, the impact factor decreases.

In theory, the dynamic impact factor should increase with increasing weight. However, mobile
cranes are manufactured to limit impacts on highway structures. The Mobile cranes described in
Chapter 6.4.1have different axle lengths, axle arrangements and vehicle length which helps
mitigate impact provided that the vehicle is respecting the legal axle weight of 12 tonnes. The
manufacturers also assume that the road surface is in good condition. A poor road surface will
lead to severe amplification of the impact since the vehicles have more axles and hence more
wheels being in contact with the deteriorated surface. Exceeding the 12 tonnes legal axle weight
would also cause additional impact. In practice, the impact measured may be higher than the
simulated model due to the number of wheels being in contact with the construction joint for a
longer period. Further field experiment needs to be carried out involving heavier mobile crane to

verify the above claim.

Table 7.10: Dynamic and Static Displacement and Moment Impact factor for varying vehicle

weight
Vehicle Number of | Dynamic Displacement | Static Displacement Impact Factor
weight (T) axles (mm) (mm) 1+ Im)
48 4 4.17 3.49 1.19
60 5 4.96 4.28 1.16
72 6 5.77 5.07 1.14
84 7 4.95 4.69 1.06
96 8 6.77 6.28 1.08
108 9 7.01 6.68 1.05
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Figure 7.27: Dynamic load factors for the different trucks

Bridges having spans of 10m, 20m, 30m and 40m were modelled in Adina using the beam
properties of the Berg River Bridge. The impacts caused by the six mobile cranes were simulated
using the same software. Figure 7.27 and 7.30 clearly shows that the impact factor decreases
with increasing vehicle weight. However this decrease is not caused by the decrease of dynamic

deflection but an increase of the static deflection as shown in Figure 7.28 and 7.29.

Figure 7.28: Dynamic deflection versus gross vehicle weight for different span length
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Figure 7.29: Static deflection versus gross vehicle weight for different span length

Figure 7.27 and 7.28 show that the maximum displacement at mid-span is almost constant
regardless of the weight of the mobile crane for the spans of 10, 20 and 30m. Similar results have

been obtained from a study done by Nowak on the “Simulation of Dynamic Load for Bridges”.

Figure 7.30: Impact factor versus vehicle weight for different span length
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7.7  Chapter Summary
This chapter presents and discusses the experimental results obtained from the interaction

between the 36 Tonnes mobile crane and the Berg River Bridge. The impact factor due to the
various speeds and plank scenarios were calculated from readings obtained from the strain gauge
and LVDT. They were then plotted on the impact graph which defines the allowable Impact in
South Africa.

The natural frequency of the bridge was compared to the theoretical frequency. Both frequencies
were found to be consistent with each other. The frequency of the structure under the moving

load has also been measured and plotted on the graph representing South African guideline.

Validation of the results has been done by comparing the field results to those obtained by Finite
Element model for the different scenarios. This Chapter has shown that there is a good

correlation between the two sets of results.

A FE analysis of the Berg River Bridge gave the Moment and Shear Impact factor. The impact
caused to the bridge under different loading conditions has also been measured. The effect of

varying span length on the dynamic impact factor has been studied.
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8 CONCLUSION AND RECOMMENDATIONS

8.1  Conclusions
Bridges are a key component of the transportation system and are one of the driving forces of the

South African economy. They help connect people and are important in the transportation of
goods across the country. There are more than 11 000 bridges in South Africa which have been
built according to various design codes. More than 81% of these bridges have been designed
using the MOT and BS5300 design code. However, the design loads considered in these codes
are outdated since nowadays vehicles have more axles and are can carry higher loads. The code

which is currently being used in South Africa is the TMH 7.

There are a growing number of damaged bridges due to ageing of the structures and increase in
axle loads. Bridges are among the most expensive investment asset of any country’s
infrastructure and proper maintenance and load management system are required to extend their
life span. The majority of bridges in South Africa are short to medium span bridges. The
abnormal load management system used in South Africa is TRH 11 and the legal axle load is 12

tonnes.

The impact of mobile cranes on bridges has been investigated in this thesis. Even though mobile
cranes fall in the category of abnormal vehicles, they have different axle configurations and
suspension system. Their axles are closer and they use a hydro-pneumatic suspension which is
capable of adjusting the suspension stiffness depending on the road conditions. Literature has
shown that vehicles having hydro-pneumatic and air suspensions exhibit lower body bounce
frequencies than those with steel suspensions. No research has previously been done on the
impact of mobile crane on highway structures. All existing literatures are about the impact of

heavy vehicles.

The main focus of this study has been to measure the impact of mobile cranes on short span
bridges. Visual inspections and field experiments are still the most effective way of assessing the
health of a bridge. However they are an expensive and tedious especially if there is limited
access to the bridge. Adina Finite Element software has been used in this research to model the
interaction between the mobile crane and the bridge. Field experiment was also performed to
calibrate and validate the FE model.

106



The dynamic response of the Berg River Bridge under the influence of a 36 tonnes mobile crane
was measured using LVDTs and strain gauge. These highly sensitive devices have been
manufactured by National Instruments. The bridge was instrumented at mid-span and quarter
span. The different vehicle-bridge interaction scenarios which were experimented were (1)
mobile crane driving at crawl speed (2) 10 Km/hr (3) 20 Km/hr (4) 40 Km/hr (5) 60 Km/hr (6)
75 Km/hr and (7) vehicle driving on a plank at 40 Km/hr to model road roughness. The signals
captured were cleaned and processed using ME’ Scope Ves 5.0 to obtain the dynamic
displacements and strains. Accelerations of the structure due to normal traffic loading were also

recorded.

The experimental natural frequency of the Berg River Bridge is about 4.20 Hz. It is close to the
theoretical frequency of 4.08 Hz. The frequency of the bridge under the moving load for speeds
between 5 and 60 Km/hr is about 2.07 Hz. For speeds higher than 60 Km/hr, this frequency was
closer to the fundamental frequency of the bridge thereby causing resonance and making the

structure unsafe.

The bridge impact factor was measured by dividing the maximum dynamic response by the static
response. This impact is the peak difference between the static and dynamic graph. Strain and
displacement impact factors were obtained for quarter span and mid-span. This study has shown
that for the speed scenarios below 20Km/hr, the impact caused to the bridge is almost nothing.
Increasing speed causes high dynamic effects; hence reduction in speed is a viable option in an

overweight permit process to ensure safety.

The South African codes allows for an impact factor of 1.18 for a 28m Bridge. The highest
impact factor measured is 1.16 for a speed of 60 Km/hr. It implies that the impact caused by the

36 tonnes mobile crane is within the permitted range provided that the bridge is closed to traffic.

It has been observed that the impact is higher when the vehicle travels over the construction joint
onto the bridge compared to when the crane drove on the continuous spans before reaching the

instrumented span.

The effect of surface roughness has been simulated by stacking three planks at mid-span. The
strain gauge at quarter span measured the highest impact for this scenario. The impact factor

calculated was 1.39. It is higher than the allowable impact factor of 1.18 thereby causing to
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structural damage to the bridge. Therefore it is not safe for the 36 tons crane to travel across a

bridge which has a deteriorated surface.

A finite element model of the Berg River Bridge was done in Adina to model the different
scenarios. There is a good correlation between the experimental and FE results. The shear and
moment impact factor was obtained from the FE model. As expected, the maximum shear occurs

at the supports and the maximum bending moment at mid-span.

The effect of vehicle weight on the displacement impact factors was investigated. The impact
factor was found to decrease as vehicle weight increased. This decrease is not caused by a
decrease in dynamic displacement but an increase in static displacement. Axle length, axle
arrangements and vehicle length was also found to have an influence on the impact factor.

8.2 Recommendation
The research was restrained to only one field experiment due to financial and time constraints.

More tests need to be done to validate the FE model. Bridges having span length between 10 and
40m should be selected.

Further tests on the Berg River Bridge involving heavier mobile cranes should be done to verify
if the impact factors really decreases with increasing vehicle weight.

For future impact tests, the vehicle should move on the construction joint to the instrumented
span instead of it moving along the continuous span. The experimental findings has shown that
the most important impact forces occur at the bridge approach as the mobile crane crosses the

joint irregularities that occur between bridge and the abutments.

As previously mentioned, abnormal vehicles have different axle configuration and suspension
system when compared to mobile cranes. It will be interesting to compare the impact caused by
the 36 tonnes mobile crane to a heavy vehicle of the same weight.

In order to get a more precise indication of the effect of the change in surface roughness, a bridge
with a slightly deteriorated surface should be chosen. The strain gauge and LVDT should be

fixed just below the deteriorated surface.
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Finally, TRH 11 has to be modified since it considers all abnormal vehicles to be of the same
class. The South African abnormal load management guideline needs to divide abnormal
vehicles into different categories since mobile cranes are different to other abnormal vehicles.
However more tests involving several types of abnormal vehicles with different axle
configurations and suspension system need to be carried out before developing a new abnormal

load management guideline.
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