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Executive summary:

The project cyberBridgdevelops a new cybgrhysical bridge assessment systiat allows at low

cost allow continuous online monitoring and system identification beyond modal analysis on the level
of crack propagation and hence considerably improve prognosis of bridge détariole deliver a
software system both as a produad as a service. Besides selling the system, continuous support and
training, partial and complete bridge monitoring services and life cycle prognosis will be offered.

The goal is to radically improvieridge monitoring and forecasting. The main regiin innovative

BIM based cybephysical system for bridge assessment comprising continuous bridge and load
monitoring, continuous vehicle load and bridge system identification for global and local crack
propagation deterioration, and forecasting using massilaiion and probabilistic methods. it
provided as a continuous monitoring platform with online evaluation. The automated use of HPC
(Cloud/Grid) power allow deep system identification at any time providing for much better
understanding of the deteraion process and the impact of each deterioration event on the reliability
of the bridge.

This reportprovides and overview dhe proposed pilot testsThree [lot bridges were proposed in
Germany , Czech Republic and Austria. The bridges were equiggedmonline monitoring system,

which enables to measure the bridge response as well as the weight and type of the traffic using the
bridge. This information waused to calibrate numerical models for the pilot bridges.

This information is used to makeggnosis of the bridge behavior in the future. The prognosis
development is part of W@ and is reported in deliverables from this Y8P
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1 General

The goal is to radically improve bridge monitoring and forecgsfiihe main resulis an innovative

BIM based cybephysical system for bridge assessment comprising continuous bridge and load
monitoring, continuous vehicle load and bridge system identification for global and local crack
propagation deterioration, andrécasting using massmulation and probabilistic methods. i#t
provided as a continuous monitoring platform with online evaluation. The automated use of HPC
(Cloud/Grid) power allow deep system identification at any time providing for much better
undestanding of the detmration process and the impact of each deterioration event on the reliability
of the bridge.

The systenis capable of continuously detecting micro cracks and the deterioration state as well as its
changes on a much more precise lera a higher confidene t han today6s monitor
keeps monitoring costs at about the same level. This is based on several new methods:

1) A new continuous simulatidbased system identification method for global and local behaviour
identification, using massive GriG@loud simulation,

2) Load monitoring systems for identification of individual vehicles and their synchronisation with the
bridge behaviour monitored values,

3) Reliable, accurate prediction of the remaining lifespan and retrofit nesasuthe basis dii¢ deeply
identified system and massive Grid/Cloud sensitivity simulations and probabilistic methods

4) BIM, Multimodel and ontologicentred flexible and efficient mass information management and
visualization of the results via a 3Didige navigator enaislg improved information and decision
making even for laypersons

5) Improved sensor system layout, modification and tuning process for global and local bridge system
identification based on multiple virtual scenario simulations andlag-based Multimode
information management.

6) Improved sensor network with max 1ms delay.
Target clients and products are:
1) Bridge Owners

Product (2): The cyberBridge system itself, including the system, installing equipment, training people
for a fixedperiod, helpdes&upport, consultancy on demand and continuous updates on annual fee basis.

Product (1): Consulting for bridge assessment. In this case, the cyberBridge system will be maintained
by thepartners. The clients will have full access ordatia or only on someelected data depending on
the specific

contract. The cyberBridge system will either be explicitly rented or will be offered as part of the
consultant contra@nd price.

2) Monitoring and Assessment Companies

Product (3): The cyberRfge system. The cortgie system with all hardware and software components
will be offered at a fixed price and an annual support as well as update fee. The latter concerns in
particular thecyberBridge software components, i.e. the core platform sertimesyorkflow system,

the data management asitbrage system, the public Cloud access, the private Grid, the BIM filter and

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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navigator tools as well as the ATENéxtended system and the system identification system, i.e.
variation and fit algorithms and ategies.

3. ConsultanCompanies
This is essentially the same as for Bridge Owners, but the related contractotalsting.
4. To all

Product (4): Education, system identification with cypbysical systems is a new area in civil
engineering, wherap to now no coursege offered, except of traditional temporary monitoring and
vibration modes fitting, i.e. with atrongly limited amount of parameters. Therefore, the results of
cyberBridge will be offered as a new university amdustry course by TURs wells as for thgaining
courses mentioned above.

Most important at the start of the development of the cyberBridge platform is the proper identification
of all relevant requirements in accordance with the project scope and objectives, all relsiant ba
specifications tde used in the development work, with special emphasis on available standards or
accepted industry norms, the envisaged users / clients of the system, and the respectiverneatdite
usage scenarios. Requirements will be defimredhe basis of theuddingSMART IDM methodology

(ISO 294811:2010) to provide for early recognition of all data exchange and interoperability issues as
a first substantial step towards Multimodel based information integration. Requirement gathering
thereby be split in tlee separate tasks, namely

(1) computational engineering and system engineering,
(2) monitoring and
(3) ICT system,

in order to work out the most innovative use of the newly emerging technologies in each domain by one
partner per sk in accordance witthe expertise and background knowledge of the partners.

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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2 Wonka Bridge Pardubice, Czech Republic
(CER)

This pilot bridge is a prestressed bgirder concrete bridge of Mr. Pavel Wonka over the river Elbe in
Pardubice, Czech RepublieeeFig. 2-1).

The bridge was designed and erected between 1956 and 1959. The structure is dépct2@.iiThe
bridge consists of three arches, having spans 50 + 70 + 50 m. Average depth adatiass is up to
3.5 m.

This was the first pilot bridge of the cyberBridgeject. It was used for first tests and evaluations of
the developed analytical and monitoring technologies.

The structure was analysed by program ATENA with implemented durahititlels [11]. The bridge

is modelled by 4512 layered shell elements. Tihgcgire near supports and some other details are
modelled by hexahedral and wedge solid elements. Thetigesed tendons are realized by 3022
external cable truss elements, whilee conventional reinforcement is introduced by embedded
reinforcement whin shell elements. A special material model for concrete and tendons has been
employed with more details in [12].

The analysis of the bridge consists of three parts. The firsysasakplicates wsitu load tests and
measurements. The bridge was loadgis selfweight and by tens of loaded trucks simulating a traffic
load. It was used to calibrate the model of the bridge.

In the second part, numerical model was used to inastiggrvice load state (SLS) and ultimate load
state (ULS) of the bridgé\pplied steps of the analysis and the associated loads were as follows:

Selfweight of the loaebearing structure and pstressing, (steps 1...10)

Weight of the top layers of theitige, i.e. road etc., (steps 11...15)

Extra 35% of the load in the item &teps 16...20)

150% of the traffic | oad of t-BétegsRli..879es acc
Additional extra load according to the item 4. incremented up to failure of the bridge,

(steps 28...78)

agrwNE

Fig. 2-1: Wonkabridge in Pardubice during the monitoring installation in August 2018

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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Fig. 2-2: Dimensions of the bridge: drawing of cross section near the pillars, (top picturespaid
cross sedbn, (middle piatire), and side (longitudinal) view of the bridge, (bottom picture)

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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2.1 Monitoring procedure and results

The most suitable locations to install the Spider units and the sensors were determined based on the
provided drawings. Afteinstallation the Spidexwere adjusted and the first bridge transits were used

to measure the required leadand stopping times and to determine thresholds for triggering the
measurement.

Direct measurements started immediately afterwards and data wasteemiir database.

Trucls weighing 16.63T, 24.36T and 12.24T were used to calibrate the system for the Wonka bridge.
Each truck passed the bridge 10 times (22nd August 2018). We selected the most interesting results
for this report based on gros&hicle weight and plausibilitPne highlight is event 1116 which is a 60

tow truck, we think it has passed the bridge illegally. We strongly recommend that this event is re
analysed with the ATENA software.

<

Fig. 2-3: Installation of BViM system on Wonka bridge in Pardubice

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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Fig. 2-4: Monitoring installation (left) on Wonka bridge in Pardubice, calibration using trucks with
pre-defined weight (top right)aker sensor for detection of veles, their location on the bridge and
axle distance

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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Fig. 2-5: Examples of sensor measurements for selected main events on Wonka bridge

Tab.2-1: List of events and their measured values

ST ID \4 AC | VC | GW | Axles Length | A2A Q T S y
20180825 07:00:50 | 1116 | 47,4 4 80 59,4 | 18,6 25,4 9,0 6,4 19,96 3,91 12,50 3,55 7 | 23,7 | 15,590 | 4,477
20180917 06:41:04 | 9037 | 451 2 10 33,7 | 51286 12,97 12,97 18 | 18,1 | 8,721 | 4,366
20180923 10:45:08 | 11517 | 43,8 2 41 38,5 | 37,015 6,49 6,49 32 | 18,1 | 11,589 | 4,617
20180925 07:07:18 | 11759 | 57 2 40 26,9 | 12,1 14,7 5,09 5,09 24 | 13,3 | 8,918 | 4,567
20180930 06:51:01 | 13185 | 524 4 62 36,1 | 16,6 9,7 3,7 6,1 11,14 1,07 4,46 5,62 13 | 12,2 | 11,233 | 4,406
20181010 00:07:30 | 16626 | 54 2 41 263 | 94169 7,82 7,82 15 | 14,3 | 6,625 | 4,477
20181018 05:10:13 | 19252 | 535 3 60 280 | 20846 3,5 14,94 10,76 4,18 8 | 16,0 | 7,932 | 4,046
20181110 19:18:26 | 28248 | 46,9 2 140 | 37,1 | 26,1 10,9 11,67 11,67 19 | 11,8 | 11,761 | 4,887
20180923 10:46:40 | 11519 | 53,8 2 40 289 | 27415 3,80 3,80 34 | 184 | 9,583 | 4,206
20181018 05:10:13 | 19252 | 535 3 60 28,9 | 20,8 4,6 3,5 14,94 10,76 4,18 8 | 16,0 | 7,932 | 4,046
20180925 07:07:18 | 11759 | 57 2 40 26,0 | 12,1 14,7 5,09 5,09 24 | 13,3 | 8,918 | 4,567
20181010 00:07:30 | 16626 | 54 2 41 26,3 | 94169 7,82 7,82 15 | 14,3 | 6,625 | 4,477
20181005 13:42:31 | 15506 | 67 3 101 | 258 | 1,51,5228 12,49 6,65 5,84 33 | 13,2 | 5807 | 3,976
20180822 14:34:51 123 52,4 3 101 | 25,7 | 2091533 8,71 6,38 2,33 23 | 26,4 | 7,537 | 3,535
20180822 14:45:56 129 61,3 3 140 | 256 | 20,6 1,5 3,5 10,7 9,92 0,78 27 | 26,4 | 6,962 | 3,565
20181020 08:35:57 | 20199 | 50,1 2 41 255 | 24015 5,51 5,51 35 | 14,0 | 9,480 | 4,256
20180923 15:23:55 | 11586 | 64,5 2 41 241 [ 19447 713 713 19 | 18,4 | 6,647 | 4,467
20181019 14:17:24 | 20025 | 55,2 2 10 23,6 | 12,8 10,8 13,28 13,28 16 | 14,7 | 5946 | 5,268
20181015 10:29:19 | 18105 | 58,9 2 40 231 | 21,318 5,20 5,20 27 | 18,0 | 7,742 | 4,206
20181009 06:45:26 | 16219 | 458 3 140 | 228 | 1496415 18,76 6,58 12,18 20 | 13,0 | 7,213 | 4,286
20181025 14:15:01 | 22070 | 64,1 2 10 219 | 13,584 11,16 11,16 14 | 11,8 | 6,113 | 4,677
20181023 13:41:57 | 21110 | 54,5 2 10 218 | 11,6 10,2 11,54 11,54 19 | 11,1 | 5,623 | 4,777
20181018 15:25:15 | 19554 | 57,7 2 10 214 | 16,550 10,79 10,79 13 | 16,4 | 53880 | 4,176
20181016 08:46:17 | 18529 | 56,1 4 64 21,2 [ 16,551,715 1,5 12,29 3,93 6,91 1,45 25 | 16,9 | 6,373 | 4,406

© cyberBridge Consortium 2018, 2019, 2020
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Tab.2-2: Table of symboltr measurements of Wonka bridge

Symbol

Description

TST

ID

Vv

AC

VC
GW
Axles
Length
A2A

< un 4 0

Local time stamp

Record number

Velocity (km/h)

Axle count

Vehicle class

Gross vehicle weight (to)

List of axle weights (to)

Distance between first and last axle (m)
Axle to axle distances (m)

Quality of fit (%)
Temperature at bridg:
Averagestrain (mS)

Lateral distance

2.2 Analysis of Prelim inary Measurements

2.2.1 Introduction

page 1371

In this the dataset acquired between 22/08/2018 and 22/10/2018, 14240 events over @G@edays

presented

The objective ofhis sectiorare the following tasks
1 First we testvhether our measurements are biased, i.e. are we likely misclassify

certain types of vehicles.

1 Secondly, we will use the data to infer information about the type and characteristics of
vehicles traversing the bridge.
1 Thirdly, we will identify and inérpret temporal patterns in the traffic flow.

© cyberBridge Consortium 2018, 2019, 2020
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Fig. 2-6: Number of vehicles crossijonkabridge for each day of the measurement period.

2.2.2 Is our data set biased?

In previous work we have established that, once calibrated, the iBWIM system can accurattig infer
weight, speed, and axle distribution of individual test vehicles. With the acquired data set we can now
undertake a more statistical assessment. Ideallyould have a ground truth data set, acquired by other
measurement methods, with which we cotdenpare our results. Unfortunately this is not available.
However, we do have a Quality valu@)that indicates how well our model fits the measured. data

The Quality metric is obviously an imperfect medrithere may be several different models thathiét
measurement. However, it is a useful indicator for our purposes. The question we would like to answer
in this subsection is whether the iBWIM system pearforbetter for some classes of vehicle than
other® if it does this will bias our analysis. We ar@whis question by seeking any correlation between

the quality metric and vehicle characteristics, such as gross weight, Speed anddesiigh2-7. The
scatter plots and R] val ues andwewillagswne that thereeis i s
no systematic error in our measurements and that our analysibiased.

© cyberBridge Consortium 2018, 2019, 2020 www.cyberBridge.eu
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2.2.3

Probability
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Fig. 2-8: Probability of vehicle Gross Weight, Length and Sp¥¢dnka bridge

2.2.4 Temporal patterns

In Fig. 2-6 we noted a strong weekly perioily in the number of vehicle crossings, plotting this by
week day,Fig. 2-6, we can see that during the working week we can ex3itor more vehicle
crossings a day, whidhlls to around 100 crossings during the weekend.

It is possible to evaluaiurnal patterndrig. 2-10. There is no significant change in weight distribution
of traffic over the course of the da&ybeyond the variation in vehicle frequency. There is, however, a
more noteworthy effedh vehicle speed;ig. 2-10 (right). The majority ofraffic is moving at 90K,
however, between 06:00 an8:Q0 there is a significant lé&ihood that vehicles will be travelling at
aroundé0Km/hd presumably due to congestion.
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2.2.5 Damage description
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Fig. 2-11: Damagemetrics,Wonkabridge
2.3 Development and calibration of the numerical model

Threedimensional model was developed in ATEIRB). The bridge is modelled by 4512 layered shell
elenments. The structure near supports and some other details are modelled by hexahedral and wedge

solid elements. The piEressed tendons are lizad by 3022 external cable truss elements, while the
conventional reinforcement is introduced by embedded meiafioent within shell elements (sEay.

2-12).

t.. e
(d) @

0.0
9.51e-004
1906003
2:35¢-003
-3.80e-003
476003
5 Tle-003
6.66¢-003

761e-003

Deformation scale:
50,00000000

Fig. 2-12: (a) Geometrical model of P. Wonka bridge, (b) geometry espessing cables, (the
finite element model of tlend segment, (d) failure mechanism at peak teeat the right middle

support during overloading up to failure
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2.3.1 Initial calibration using bridge load test data

The numerical study involved several analyses. First the model was calibrated using the kotis/n re
from the bridge load test performed aftee bridge rehabilitation in 2006eeTab.2-3 andTab.2-4.

Tab.2-3: Model calibration results based on thedge load test from 2006

2006 load test analysis

Mid span deflection 14.36 mm 14.23 mm

Tab.2-4: Used values of elastimodulus and calibrated prestressing values for cables in the box
girder walls

Elastic modulus Prestressing in box girder walls
Prestressing force Prestress
50 GPa 450 kN 974 MPa (63% of yield strength)

2.3.2 Calibration on bridge monitoring

Then the model is further calibrated using the measurement of Petschacher, which was performed in the
period August October 2018, and is described in more detail in Se2tibn

The Petschacher measurements were also compared with the existing monitoring on this bridge, which
is performed by company Bohemian Technology Graefe(red to as Botega). This is a long term
monitoring. The location of the sensors is digsal in Fig. 2-16, and the data are available to the
cyberBridge project. It is possible to identify the loading events detected by Rétscba the long

term measuments by Botega. It was however necessary to extract the short term data with shorter
sampling period from Botega measurement, which normally concentrates on long term response. The
comparison and identification of major loagiavents is shown iRig. 2-17. When the short term data

are extracted from Botega measurements, it is possible to observe the individual loading events that
correspond to the passing of heavidnigkes as shown iRig. 2-18 andFig. 2-19.

Fig. 2-13: Loading by truck load
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Fig. 2-14: Location of monitoring points for the calibrah using Petschacher measurements

s07 s03

s05
[s1a L 504
©78 s06
s13 s09
t5 25,0 °C
s01

s02 si1

sl2
t320,0 °C

012 0910 056

Fig. 2-15: Overview of sensor location in the existing monitoring program of Wonka bridge by Botega
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Fig. 2-16: Location of monitoring points for calibration using Botega measurements
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Boteg measurement Petschacher measurement
Monitor | Value Min Max Time UTC Max-value TST (Local time, UTC+2h)  |Velocity|AC| GW |Length| Te | QE |max.Strain| y
ms] | [msS] | [mS] [mS] (ke/b]| | 18] | Im] | [T [[%] ] [mS] | [m]
s08_1561 | 2317 | 22.96 | 2825 | 13.00.20186:16 5.08 20180913108:1631 | 95 [3[1022[2356] 21 [30 | 3055 | 4447
s08_1561 | 2619 | 2455 | 3467 | 13.002018946 8.43 0180013714558 | 684 | 21044/ 1392] 218 | 6 | 3321 | 4567
2018-09-23T10:45:08 43.8 | 23847 649 | 181 | 32 | 11589 | 4617
SOBISEL | 3333 ) 3550 | 2419 | 23092018845 o 2018092310455 | 697 23368 372 [ 182 [ 25 | 10554 | 4507
s08_1561 | -3384 | -36.88 | -25.82 | 23.00.20188:46 801 20180923710:46:40 | 538 | 2289|389 | 184 | 34 | 958 | 4.9
s08_1561 | -169.84 |-17135] -160.41 | 26.00.20186:36 944 0180926108364 | 894 32150/ 106 | 12 [ 24 | 6204 | 4176
081561 | -199.04 |-149.43 | 14252 | 26.09201815:46 65 2018-09-26T17:46:44 299 |2(023 ) 885 | 137 2.199 4.096
20180926T17:46:54 | 646 | 21078/1389| 137 [ 14 | 2830 | 4.06
2018-1002T0836:19 | 805 |2 [11.08]1265] 118 | 16 | 2869 | 4.176
s08_1561 | -195.84 |-196.07|-189.77 | 02.10.20186:35 6.07 0151000083629 70 131m | 81 | 1is 1015 3805
s08_1561 | -194.80 |-195.93|-188.11 | 02.10.201811:26 6.69 2018-10:02T13:26:42 338 |3 (1471599 118 2272 4346
s08_1561 | -207.63 |-20846] -199.07 | 05.10.20186:26 845 2018-1005T0826:6 | 95 |22082] 452 | 117 [[29| 8834 | 4.66
508 1561 | -161.58 |-163.20(-15426 | 061020181535 | 732 2018-10067173531 | 95 |3[2665/1647] 15 | 16 | 6600 | 4.066
508 1561 | -172.79 [-173.97] 16611 | 1010.20187:16 | 667 2018-1010109:16:29 | 627 [3[21.00]3531[ 136 [ 18 | 5957 | 4296
s08_1561 | -117.12 |-117.421-111.01 | 15.10.20184:46 6.11 2018-10-15T06:46:36 662 |2(1243)1439| 178 | 14 4.030 4176
s08_1561 | -119.66 |-12029] 11201 | 15.10.20187:06 7.65 2018-1015T06:48:43 | 95 [2]11.36/1309] 18 [ 15 | 6162
s08_1561 | -122.93 [-12513] 11755 | 16.10.20186:46 538 0181067144454 | 561 [4]212[1229] 169 [ 25 [ 6373 | 44
. 2018-1016T14:4455 | 647 | 2[1061] 769 [ 182 [ 18 [ 2336 | 4296
08 1561 | 11418 | 11419 10584 | 16.10201812:45 835 2018-10-16T14:46:00 55 | 428463086 18 | 16 | 5852 | 23
s08_1561 | -139.16 |-142.15] -130.50 | 19.10.2018336 8.66 2018-101910535:59 | 774 [2]1079/1029] 149 | 26 | 3829 | 4366
A Min i minimum value in 10 s of measuring
A Maxi maximum value in 10 s of measuring
A Valuei average value in 10 s of measuring
A Max-valuei difference between Max dmverage value
A s08 monitofi monitor on the lower side of the beam
A AC1 Axle count
A GW!1 Gross vehicle weight []
A QEi Quality of fit [%]
A Y i lateral distance [m]

Fig. 2-17: Comparison of masurement from Botegand Petschacher
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Fig. 2-18: Identification of truck passing on 26.9. 2018 in Botega monitoring
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Lower side of the beam during the day
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Fig. 2-19: Identification of major loding events (vehicle passing) in Botega measurements for a
selected day of Oct. 16, 2018
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Petschacher measurement

14

Strain [mS)]

0 5 10 15 20 25 30 35 40
Weight [t]

Fig. 2-20: Strain measurements with respect to the vehicle lo&ktachacher measurement

It is possible to devep a comparison of strain measurements as a function of vehicle load. The vehicle
load is obtained from Petschacher iBWIM system. It was then possible to identify the major loading
events by the heaviest velds in the long term measurement by Botegasé& lelationships are shown

for the selected monitors SO07 and S08 (for locatiorFape2-15) in Fig. 2-21 andFig. 2-22. It can be

seen that the relationship deviates from the etguelinear relatioship namely for the cases with lower
vehicle weight. This can be explained by the effect of other traffic on the bridge, which is more
significant for the cases with smaller and less heavy vehicles. This relationship is almost tittear fo
case of Petsather iBWIM model. This is quite natural as this model was used to derive the vehicle
weight.
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Lower sensor (Botega)

Strain [mS]

0 5 10 15 20 25 20 25 40
Weight [f]

Fig. 2-21: Strain measurements at sensor 08 from Botega correlated with vehicle weight from
Petschacher measuremt

Upper sensor (Botega)

0 5 10 15 20 25 30 35 40

Strain [mS)
L3

-1.6

Weight [f]

Fig. 2-22: Strain measurements at sensor 07 from Botega correlated with vehicle weight from
Petschacher measurement
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Fig. 2-23: Deformal shapg500xscaling) and longitudinal strains in concrete after the application of
prestressing and selfeight
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Fig. 2-24: Deformed shape (506scaling) and longitudinal strains after additional dead load
application
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Fig. 2-25: Deformed shape (506scaling) and longitudinal strains after loading by the measured
vehicle with the weight of 28.46 t
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Fig. 2-26: Deformed shape and longitudinal strains at the measured location for vehicle load of
28.46t.
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These monitored data were used to perform the final calibration of the model as slogvr2483 to
Fig.2-27 andTab.2-5.

Strain development in mid section

Analysis step

0
25
-50
----- H1
__-100
7 D1
é 150 NN N S~ oo H2
£
& -200 D2
n
-250 H3
-300 D3
-350

Fig. 2-27: Plot of strain development at the top and bottom bridge slab, vehicle 28.46t loading is
applied from step 120
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Fig. 2-28: Mid-section rotation during the loading history

In order to compare the strain due to vehicle loading the strain at the monitored location should be
calculated by subtracting the values of step 15 from those of step 20. These values werehesed in t
calibration process and the final comparison is shovilram 2-5.

Tab.2-5: Final calibrated strain values using Petschacher vehicle measurement data

Monitor ATENA analysis Petsclacher measurement
[ Ostrain] [ Ostrain]
Average Di1D3 8.88 8.35
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2.3.3 Prognosis of bridge load carrying capacity and durability modelling

Fig. 2-30This section contains the main results from the evaluation of the bridge load cdpgcity?29

shows tle bridge load carrying capacity for various positions of the design traffic load for the calibrated
model and the original model before the calibration using the monitoring data. During the monitoring
process in @17-2018 it was discovered that one of tteviators is broken as shownhig. 2-31. Fig.

2-30 shows the comparison of theidge strength considering the broken deviator and disabling one of
the prestressg cables. It shows that the deactivation of one tendon does not significantly affect the load
carrying capacity of the bridge.

18 ——ULS calibrated, axel load in mid span

1.6
/\ - = =ULS orig., axel load in mid span
1.4

% 12 ____..—-‘ D ULS calibrated, axel load in end span
:
o 10 /, ULS orig., axel load in end span
3]
=
= 0.8
5 / — 127%(135% G + 1.5xQ)
I
e 0.6 5o
14 —1.35x G+ 1.5xQ
0.4 .
\
0.2 Y — 135G
0.0 X G
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Mid span deflection [m]

Fig. 2-29: Evaluation of loaecarrying capacity of Wonka bridge

18 o
ULS, axel load in mid span

16
1.4 / ——ULS, broken deviator

o
2 1.2
g ——1.27x design load (DL + LL)
i) 1.0
5 /
§ 0.8 /_/ ——design load (DL + LL)
=
B 0.6 /
& 0.4 —— prestress + design dead load
0.2
prestress + char. total dead load
0.0
-0.1 0.1 0.3 0.5

) ) prestress + char. self weight
Deflection - monitor S1 [m]

Fig. 2-30: Evaluation of loadcarrying capacity of Wonka bridgmnsidering the damaged deviator
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Fig. 2-31: Photo of the damaged deviator
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The long term durability of th#&/onka bridge structure was also analyzed by ATENA with the newly
implemented durability models. €toridge is modelled b§512 layeredshell elementsThe structure

near supports and some other details are modelled by hexahedral and wedge solid elbenpries. T
stressed tendons are realized by 3022 external cable truss elements, while the conventional
reinforcement is introduced by embedded reinforcement within shell elemenksgs242).

The numerical study involved severaladyses. First the model was catited using the known results
from the bridge load test performed after the bridge rehabilitation in 2006 as shown in 3&ctidn
the subsequent analysis the bridge is loaded by the penmbrad and then it is subjected to the
environmental actiongarbonation: Cp,= 350 kg/mi, SCM= 0, W = 175 kg/ni, CO, = 0.00036 RH =
0.60. Progressive pericd = 7.44e5 m, a; = 7.30e6 m, az= -1.74e5 m/MPa, ficn = 3.5MPa, di =
0.00L m, pitting corrosionRcor =1, corrosion rate after spalling0 mm/year,chlorides: Dyt = 1.19€7
m?/day (mean value would = 7.72e1 3 A 8 6 GL6TdD8 n¥/day),torer = 3650 daySioer= 0.37,
tmeoett= 10950 daysCs = 0.103,Cleit = 0.0185. Progressiveegoda; = 7.44e5m, a, = 7.30e6 m, as
=-1.74e5 m/MPa,ficn = 3.5MPa,wy = 0.00L m, pitting corrosiorR.or = 3, corrosion rate after spalling
30 mm/year. third part of the analysis is devoted for durability study.
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Fig. 2-32 (a) Concentration of chlorides and carbonation at tendon depth, (b) tendorszossnal
area reduction de to corrosion, (c) deflection increase in time
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Chloride ingress assumed concentration of sea water on the stinfagesembles situation when salt
brine water had leaked through insulation and the Cl concentration rose up substantially. Also, 90%
confidence was considered for diffusiviByer, which is about twice higher than the mean value for this
concrete stregth class.

The main results are summarized-ig. 2-32, which shows thatarbonation deptts about 55 mm for

150 yearson uncracked concretdhe induction period for chlorides is approximately 45 years for
uncracked concrete witconcrete cover of 60 mriig. 2-32b depicts calculatededuction coefficient

for a prestressing tendowith concrete covet00 mm. For the firstO yearsthetendondo not corrode,

but at the age of 100 years about 50% ofttten d o n 6 s ¢ r bascerrodedaway.Fig. 232a r e a
shows also the maximum vertical displacement of the bridge vs. age of the structure. Note that the
significant increase of the deflection at later times is due to tendomsion oty as creep is neglected

in computation and the force load is kept constant. It shows that the bridge is currently in a very good
shape, without significant cracking and the possible service life of about 40 years.
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Fig. 2-33: Reinforcement corrosion after 150 years during the prognosis simulation
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3 Vogelsangbricke Esslingen, Germany (LAP)

3.1 Overview

This pilot bridge is a concrete bridge over the Neckar River in the city of Esslingen, Gehniaray.

major part of thec i tinfré@ssucturewith a high impact on the regional traffithe bridge consistof
eightpartialstructures built in three diffent construction types. The bridgasbuilt betweerthe years

of 1971 and 1973The total lengthisappro%.95m and it has a tot al area

¥

Fig. 3-1: Aer i al i mage keHsslingengGelimany [saurce: rgaps.google.com]

During the last major check, many damages have been detéetieidfluence the structural safety, the
safety to traffic and the durability. Due to the damages, refurbishment is urgently needed.
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Fig. 3-2: Pl an view on the Vogelsangbr¢¢cke with its

Beyond that, tendons prone to stress corrosion cracking have been used for the prestressing of the
Vogel sangbr ¢cke, whi Gilureofthg striceira.dn aprevioss feasibitityastudy,o u s
a concept was developed, that allows further osd 5 to 20 years by partial strengthening combined

with a continuous monitoring system.

3.2 Main Bridge B 1 & B2over Neckar River

The main Bridges B1 and B2 are thig®an continuous beanmut of prestressed concrete with
cantilevers attached that conngexthe structures C1 and C2. The hollow box sections have been built
on falsework. Spans are 24.50r88.50mi 24.50mi 3.6m. Theconstruction height varies from 1.60m

in midspan to 2.90m at the piers.

TBW-B2 TBW-B1
. 2780 - S - S
— _— (N1 — - —— 1350
PE SRS | 1 S — . S1Y 2 Ao 25
TS _ S 128 PERS s 182E — e --‘:’L—l
| T T L] NS il a 1S | |
X ' | B
‘ | : T % | | i |
o Gem Gubasphelt
g Mastinis

‘ i 1em Glitrung suf Glasvies

- - W, - R —
o = = e L
Sens =y -ﬂ -e7 ML
R “e58| UL
T )
,L- )
el B2 ; Laftungsrenre w
i < = ; $10em | Abstanc
= T 5
- e T el
| |
' |
_mracken: 188 J. S -Y ¥ S ! Loen L spo JRRTY Ll |
B L | i o ) |
e L L. ESTY jpa jes 228 e, i 228 CEUARTT . Ao L LesLoee | s L
——rs0 L0 4 230 i 2,30 1[ 1Y T R
| S LYY . T 2o 1

Fig. 3-3: Cross section of the main bridge B1 & B2
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Fig. 3-4: Longitudinal sectiorof main bridge
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Fig. 3-5: Plan view on main bridge

3.3 Ramps C106C4

Northbourd to the main bridge, the ramps are connected. Superstfittisean eightpan continuous
beam with spans of 14.0021.007 26.507 27.007 27.507 26.0071 24.007 25.50m. The western
junction C3 is attached to C1. It is a figpan continuous beam wigipans of 19.00 22.001 22.50i1
22.501 19.50m.

Superstruttire C2 is also an eigkgpan continuous beam with spansief.007 21.00i 26.501 27.00
T 27.501 26.007 24.007 25.50m. The eastern junction is a fisgan continuous beam with spans of
27.501 25.501 25.50i 25.501 19.50m.

The cross sections aretaaglly T-beam like shaped with hollow tubes for weight reduction between the
piers.
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Fig. 3-7: Longitudinal section ofamp C1
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Fig. 3-8: Plan view on ramps

3.4 Two-Span-Bridge D1 & D2

The twospan bridges D1 and D2 are two separate superstructures with a total leng®0Oaf 2ach.
Both are continuous beams with spans of 03.813.20m.The superstructures have been built on
falsework as neprestressed renforced concrete slab construction with a height of 0.60m.
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Fig. 3-9: Cross section of twspan bridge
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Fig. 3-10: Longintudinal section

The twospan bridge is of special interest for the cyberBridge project, as it is very favorable for the PSP
iBWIM [5], [7] method and easily accessible from underneath.
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Fig. 3-11: View on twespan bridge form both sides showing good accessibility from underneath

3.5 BIM Model

LAP createdh BIM-Modell of the entire building D usintpe CAD softwareALLPLAN, Nemetschek

AG. The Modelconsist of thesuperstructure, piers, abutments and foundations. For the numeric
analyss, the reinforcement of the superstructure was also modéhedmodelwas transferred to an

IFC file, so it could be used to create the numeric model in the ATENA Software.

Fig. 3-12: IFC-Model of Building D
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Fig. 3-13: IFC-Model of Building D
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Fig. 3-14: IFC-Model of Building D- Reinforcement
3.6 Monitoring procedure and results

One BWIM[5], [7] was usedor each lane; eadBWIM has a sensor ensemble consisting of one laser
rangefinder; five strain gauges arranged in a row transverse to the road; and two strain gauges which are
placed on either side of the row. The gauges in the row perform the actsalemant; the two aalfent

gauges are used for triggering a measurement and estimating the speed of the vehicle; the laser
rangefinder is used to detect dadalizethe vehicle axles. The spatial arrangement of sensors is shown
below. The response of the sensors to a typiaht is shown below.
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