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Figure 6.3
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Appendix A: Accelerations 

Appendix A: Non-filtered acceleration response from data collection on 10/04/2019 

1st measurement: 
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Appendix A: Accelerations 

2nd measurement 
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Appendix A: Accelerations 

3rd measurement 
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Appendix A: Accelerations 

4th measurement 
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Appendix A: Accelerations 

5th measurement 
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Appendix A: Accelerations 

6th measurement 
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Appendix B: PSD 

Appendix B: Power spectral density from 10/04/2019 

1st measurement 
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Appendix B: PSD 

2nd measurements 
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Appendix B: PSD 

3rd measurement 
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4th measurement 
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5th measurement 

 
 

Stay no. 1 Stay no. 2 

  
Stay no. 3 Bridge deck 

  

  

  

  

 

  



Appendix B: PSD 
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LORDSensing DATASHEET

G-Link®-200
Wireless Accelerometer Node

G-Link®-200 - ruggedized high-speed triaxial accelerometer node

LORD Sensing Wireless Sensor Networks enable
simultaneous, high-speed sensing and data aggregation from
scalable sensor networks. Our wireless sensing systems are
ideal for test and measurement, remote monitoring, system
performance analysis, and embedded applications.

The G-Link-200 has an on-board triaxial accelerometer that
allows high-resolution data acquisition with extremely low noise
and drift. Additionally, derived vibration parameters allow for
long- term monitoring of key performance indicators while
maximizing battery life.

Users can easily program nodes for continuous, periodic burst,
or event-triggered sampling with the SensorConnect software.
The optional web-based SensorCloud interface optimizes data
aggregation, analysis, presentation, and alerts for sensor data
from remote networks.

Product Highlights
l On-board triaxial accelerometer with ±2 to ±40 g

measurement range

l Continuous, periodic burst, and event-triggered sampling

l Output raw acceleration waveform data or derived

vibration parameters (Velocity, Amplitude, Crest Factor)

l LXRS protocol allows lossless data collection, scalable

networks, and node synchronization of ±50 µs.

l 1 Sample per hour to 4096 Samples per second

l Ruggedized IP-67 rated enclosure

Features and Benefits
High Performance
l User-configurable low and high pass filters

l Extremely low noise on all axis 25 µg/√Hz or 80 µg/√Hz

l High accuracy temperature sensor ±0.1 °C

l Wireless range up to 2 km (800 m typical)

l Datalog up to 8 million data points

Ease of Use
l End-to-End wireless sensing solution reduces

development and deployment time

l Remote configuration, acquisition, and display of sensor

data with SensorConnect

l Optional web-based SensorCloud platform optimizes data

storage, viewing, alerts, and analysis.

l Easy custom integration with open-source, comprehensive

communications and command library (API)

Applications
l Vibration monitoring

l Condition based maintenance (CBM)

l Impact and event monitoring

l Health monitoring of rotating components, aircraft,

structures, and vehicles

Wireless Simplicity, Hardwired Reliability™



G-Link®-200 Wireless Accelerometer Node

Specifications

Accelerometer Channels

Measurement range
8 g 40 g

±2 g, ±4 g, or ±8 g
configurable

±10 g, ±20 g, or ±40 g
configurable

Noise density 25 µg/√ Hz 80 µg/√ Hz
0 g offset ±25mg (±2 g) ±50mg (±10 g)

0 g offset vs temperature
±.1mg/ °C (typical),

±.15mg/ °C (maximum)
±0.5mg/ °C (typical),

±0.75mg/ °C (maximum)
Integrated Sensors TriaxialMEMSaccelerometer, 3 channels
Accelerometer bandwidth DC to 1 kHz
Resolution 20-bit
Scale factor error < 1%full-scale
Cross axis sensitivity 1%
Sensitivity change
(temperature)

±0.01%/°C

Anti-aliasing filter 1.5 kHz (-6 dB attenuation)
Low-pass digital filter 26 to 800 Hz - configurable
High-pass digital filter Off to 2.5 Hz - configurable

Integrated Temperature Channel
Measurement range - 40 °C to 85 °C
Accuracy ±0.1 °C (over full range)

Sampling
Sampling modes Continuous, periodic burst, event triggered

Output options
Acceleration, Derived channels: Velocity (IPSrms), Amplitude

(GrmsandGpk-pk ) and Crest Factor
Sampling rates 1 sample/hour to 4096 samples/second
Sample rate stability ±5 ppm

Network capacity Up to 128 nodesper RF channel (bandwidth calculator:)
http://www.microstrain.com/configure-your-system

Node synchronization ±50 µsec
Data storage capacity 16MBytes (up to 8,000,000 data points)

Operating Parameters
Wireless communication
range

Outdoor/line-of-sight: 2 km (ideal)*, 800m (typical)**,
Indoor/obstructions: 50m (typical)**

Radio frequency (RF)
transceiver carrier

License-free 2.405 to 2.480GHzwith 16 channels

RF transmit power
User-adjustable from 0 dBm to 20 dBm. Power output

restricted regionally to operate within legal limits
Power source 3 x3.6 V, ½ AAbatteries (Saft LS 14250 recommended)
Battery input range 0.8 V to 5.5 V
Operating temperature -40 °C to +85 °C

Physical Specifications
Dimensions 46.6mm x43mm x44mm
Mounting ¼ - 28 UNF - 2B 4.8mm [.19 in] DP.
Weight Node with 3 batteries: 122 grams
Environmental rating IP67
Enclosure material 300 series stainless steelwith polycarbonate cover

Integration
Compatible gateways All WSDA base stations and gateways

Software SensorCloud, SensorConnect, Windows 7, 8 & 10 compatible

Software development kit
(SDK) http://www.microstrain.com/software/mscl

Regulatory compliance FCC (USA), IC (Canada), CE (European Union), JET (Japan)

*Measured with antennas elevated, no obstructions, no RF interferers.
**Actual range varies with conditions

Copyright © 2017 LORD Corporation
Document 8400-0102 Revision C. Subject to change without notice.

LORD Corporation
MicroStrain® Sensing Systems
459 Hurricane Lane , Suite 102

Williston, VT 05495 USA

ph: 802-862-6629
sensing_sales@LORD.com
sensing_support@LORD.com

http://www.microstrain.com/configure-your-system
http://www.microstrain.com/software/mscl
mailto:sensing_sales@LORD.com?subject=Support inquiry from datasheet?subject=Support inquiry from datasheet
mailto:sensing_support@LORD.com?subject=Sales inquiry from datasheet?subject=Sales inquiry from datasheet
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Wireless Simplicity, Hardwired Reliability™

WSDA-2000  Network-ready gateway for high-speed, sophisticated data 
aggregation, with J1939 CAN and Ethernet interfaces

WSDA®-2000
Wireless Sensor Data Aggregator

The WSDA®-2000 supports LORD Sensing’s latest LXRS+ 
wireless communication protocol and all LXRS- enabled 
modes, providing high-speed sampling, ±50 microseconds 
node-to-node synchronization and lossless data throughput 
under most operating conditions. 

LORD Sensing Wireless Sensor Networks enable 
simultaneous, high-speed sensing and data aggregation 
from scalable sensor networks. Our wireless sensing 
systems are ideal for test and measurement, remote 
monitoring, system performance analysis, and embedded 
applications.

The gateways are the heart of the LORD Sensing wireless 
sensing system. They coordinate and maintain wireless 
transmissions across a network of distributed wireless 
sensor nodes.

PRODUCT HIGHLIGHTS

• Compatible with LORD Sensing LXRS and LXRS+ 
sensor nodes

• USB and Ethernet-based gateway configures, 
coordinates, and collects sensor data from a scalable 
network of wireless sensor nodes

• Configurable to operate with a static IP, a DHCP-
enabled LAN, or as a datalogger to local memory

• Push all or selected sensor data to a J1939 CAN bus

• Seamless integration with SensorCloud™ for secure, 
web-based data access from around the world

FEATURES AND BENEFITS
HIGH PERFORMANCE

• Lossless data throughput and synchronized node-to-
node sampling of ±50 μS in LXRS+ and LXRS-enabled 
modes

• Wireless range up to 2 km (800 m typical)

EASE OF USE

• Remote configuration, acquisition, and display of sensor 
data with SensorConnect™

• Data visualization through web-based SensorCloud 
portal for quick data navigation and analysis

• Easy custom integration with open-source, 
comprehensive communications and command library 
(API)

• Connect the gateway to a cellular or Wi-Fi modem for 
wireless connectivity to the host network

COST EFFECTIVE

• Hundreds of sensors managed from a single gateway

• Reduction of costs associated with wiring

APPLICATIONS

• Remote and web-based wireless sensor data acquisition

• Condition-based monitoring

• Equipment performance monitoring, verification, 
evaluation, and diagnostics

• System control

https://www.microstrain.com/wireless/WSDA-2000


WSDA®-2000 Wireless Sensor Data Aggregator

LORD Sensing MicroStrain

459 Hurricane Lane Suite 102 
Williston, VT 05495 • USA

www.microstrain.com
©2019 LORD Corporation  Document 8400-0121 (Revision A). Subject to change without notice.

Customer Support Center (in United States & Canada)

Tel: +1.802.862.6629 
Email: sensing_support@LORD.com

For a listing of our worldwide locations, visit LORD.com

Specifications
General

Processor ARM® Cortex™ A8, 1 GHz

Operating system Linux

Connectivity Ethernet IEEE 802.3 10/100 Mbps, IEEE 802.15.4 and Proprietary 
wireless, J1939 CAN (output only), and USB 2.0 virtual Ethernet port

Internet standards HTTP, HTTPS,TCP/IP, UPnP,UDP

IP assignment IPV4 Static or DHCP

Data storage memory 4 G bytes Micro SD (optional upgrade to 8 or 16 GB)

Time synchronization Network time protocol (NTP), Real time clock (RTC), last used, 
manual entry

CAN J1939 Output

J1939 Bit Rate 250 K bps, 500 K bps, 1 M bps

J1939 Source Static or dynamic via SAE Name

J1939 Destination Static or SAE Name

J1939 Modes Tunnel data to destination using PGN 0xEF00, or broadcast data 
values using PGNs 0xFF00 – 0xFFFF

Standard bus termination 120 Ω

Sampling

Supported node sampling modes Synchronized, low duty cycle, continuous, periodic burst,
event-triggered, and datalogging

Synchronization beacon interval 1 Hz beacon provides ± 50 μsec node-to-node synchronization

Synchronization beacon stability ± 5 ppm

Network capacity

Up to 2000 nodes per RF channel (& per gateway) depending on 
number of active channels and sampling settings. See system 
bandwidth calculator:  
http://www.microstrain.com/configure-your-system

Operating Parameters

Wireless Communication Range

Typical* Ideal**

LXRS 1 km 2 km

LXRS+ 400 m 1 km

Radio frequency (RF) transceiver 
carrier License-free 2.405 to 2.480 GHz with 16 channels

RF communication protocol IEEE 802.15.4 and Proprietary

RF transmit power User-adjustable from 0 dBm to 20 dBm. Power output restricted 
regionally to operate within legal requirements

Power source 9.0 to 30.0 V dc
(Universal 15 V dc, 1.3 A AC/DC converter included in starter kit)

Power consumption 2850 mW (max), 2400 mW (typ) @ 15 V

Operating temperature -40°C to +85°C

Physical Specifications

Dimensions 147 mm x 110 mm x 23 mm without antenna

Weight 343 grams

Enclosure material Black anodized aluminum

Integration

Connectors USB, RJ45 jack, 26 pin multi-port, 2.1mm power jack

Communications cable USB, Ethernet (CAT6 cable included in starter kit)

Compatible nodes All LORD Sensing LXRS® and LXRS+ nodes

Firmware Firmware and OS upgradeable through web interface

Software SensorCloud SensorConnect™ 8.3 or newer, Windows 7, 8 & 10 
compatible

Regulatory compliance FCC (U.S.), IC (Canada), CE (European Union)

*Actual range varies with conditions.
**Measured with antennas elevated, no obstructions, no RF interferences.



Appendix D
The code was written by Nicolo Daniotti and later edited by the author

-------------------------------------------------------------------------

clc; close all; clearvars;

load('Bybrua_05_10min.mat'); % load the data
data.Acc = fillmissing(data.Acc,'linear');
fprintf(['Time:    ', data.time, '\n']) % First time step 
fprintf(['NaN : ', num2str(sum(isnan(data.Acc))),'\n']) % Number of
 NaN
fs = data.fs; % sampling frq (Hz)
dt = 1/fs; % time step (s)
N = size(data.Acc,1); % Number of samples
t = [0:N-1]*dt; % time vector

Time history and PSD

indx = 9; % Select the accelerometer and channel according to
 data.sensors
NW = 2; % Number of segments
nfft = round(N/NW); % NFFT points

x = 9.81*data.Acc(:,indx); % Acceleration signal
[Sx,f] = pwelch(detrend(x),nfft,round(nfft/2),nfft,fs); % PSD

[b,a] = butter(8, [7/32 8/32]);  %Butterworth filter
x_filtered = filter(b,a,detrend(x));  %Filtered acceleration response

figure(1);
plot(t,detrend(x),'b');    %Plots the acceleration
xlabel('Time (s)');
ylabel('Acceleration (m/s^2)');
axis tight; grid on;
% ylim([-0.2 0.2])
xlim([200 400]);

figure(2);
plot(t,x_filtered,'g');   %Plots the filtered acceleration
xlabel('Time (s)');
ylabel('Acceleration (m/s^2)');
axis tight; grid on;
xlim([200 400]);

figure(3);
plot(f,Sx,'k'); %Plots the PSD
xlabel('Frequency (Hz)');
ylabel('Amplitude (m^2\cdots^-3)');
axis tight; grid on;

1



findpeaks(Sx,f,'MinPeakProminence',4e-7,'Annotate','extents')  %finds
 peaks of a minimum height
[pks,locs,widths,proms] = findpeaks(Sx,f);   %Plots the height and
 width of peak at height/2
widths;
xlim([0 2])

figure(3)
semilogy(f,Sx,'k');  %Plots the PSD with a logarithmic y-axis
xlabel('Frequency (Hz)');
ylabel('Amplitude (m^2\cdots^-3)');
axis tight; grid on;
xlim([0 10]);

A1 = rmmissing(data.Acc(:,1:3)); % 4251
A2 = rmmissing(data.Acc(:,4:6)); % 12045
A3 = rmmissing(data.Acc(:,7:9)); % 12046
A4 = rmmissing(data.Acc(:,10:12)); % 12047

Published with MATLAB® R2018b
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Appendix E 

Appendix E: Weather on the days of observed vibrations  
Wind 
direction 

Wind speed 
m/s 

Air density 
(hPa) 

Rain 
(mm/hr) 

Temperature 
℃ 

06.09.2006 00:00 15 0,8 1014,3 0 12,7 

06.09.2006 01:00 185 1,4 1013,7 0 12,1 

06.09.2006 02:00 166 1,5 1013 0 12 

06.09.2006 03:00 182 1,7 1012,7 0 11,9 

06.09.2006 04:00 140 2,4 1011,9 0 11,9 

06.09.2006 05:00 132 2,1 1011 0 12 

06.09.2006 06:00 60 0,2 1010,6 0,1 12 

06.09.2006 07:00 127 1,6 1010 0,1 12,1 

06.09.2006 08:00 99 1,6 1009,1 0,5 12 

06.09.2006 09:00 109 1,4 1008,3 1 12,4 

06.09.2006 10:00 140 0,9 1007,5 0,8 12,4 

06.09.2006 11:00 114 1,3 1006,5 0,7 12,8 

06.09.2006 12:00 126 4,6 1005,6 1,8 12,9 

06.09.2006 13:00 84 0,6 1005,4 1,6 13,3 

06.09.2006 14:00 304 2 1005 3,2 13,3 

06.09.2006 15:00 108 2,8 1004,6 5,3 13,7 

06.09.2006 16:00 137 2,4 1004,3 2,8 14 

06.09.2006 17:00 182 4,6 1004,2 0,9 15 

06.09.2006 18:00 263 5 1004,3 0,2 15,1 

06.09.2006 19:00 284 8 1004,9 0,3 14,4 

06.09.2006 20:00 289 6,6 1005,5 0 13,9 

06.09.2006 21:00 287 4,7 1005,8 0 13,8 

06.09.2006 22:00 277 5 1005,9 0 14 

06.09.2006 23:00 262 2,2 1005,7 0 13,8 

15.02.2014 00:00 133 9,5 987,8 0 5,6 

15.02.2014 01:00 126 11,8 985 0 5,5 

15.02.2014 02:00 130 10,8 983,2 0 5,6 

15.02.2014 03:00 134 10,6 980,8 0 3,5 

15.02.2014 04:00 125 12,1 977,6 0,2 3,7 

15.02.2014 05:00 131 14,5 975,1 0,7 4,5 

15.02.2014 06:00 124 14,5 974 0,9 3,6 

15.02.2014 07:00 123 14,1 972,8 0,2 3,8 

15.02.2014 08:00 124 11 972,1 1,3 3,9 

15.02.2014 09:00 121 8,5 971,5 1 4,7 

15.02.2014 10:00 149 8,7 971 1 5,4 

15.02.2014 11:00 154 9,4 970,6 1,6 6,4 

15.02.2014 12:00 157 9,8 970,1 0,5 6,7 

15.02.2014 13:00 159 11 969,4 0,2 6,9 

15.02.2014 14:00 162 10,2 969 0,2 6,3 

15.02.2014 15:00 154 11,2 968,6 0,1 5,7 

15.02.2014 16:00 139 10,1 968 1,3 5,7 

15.02.2014 17:00 150 9,4 968,3 1,1 6,3 

15.02.2014 18:00 172 9,5 968,3 2,9 6,4 

15.02.2014 19:00 184 9,3 969,2 1,3 6,6 
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15.02.2014 20:00 193 8 970,2 1,3 6,8 

15.02.2014 21:00 196 6,8 971,1 1,3 6,7 

15.02.2014 22:00 188 6,8 971,8 0,1 6,3 

01.11.2018 00:00 134 6,2 1011,4 0 8,2 

01.11.2018 01:00 144 7,4 1011,4 0 8,3 

01.11.2018 02:00 147 6,1 1011,4 0 8,2 

01.11.2018 03:00 143 5,5 1011,6 0,4 8,1 

01.11.2018 04:00 141 6,2 1011,4 0 8,8 

01.11.2018 05:00 134 5,6 1011,2 0 9 

01.11.2018 06:00 129 5,9 1011,4 0,5 8,6 

01.11.2018 07:00 136 6,2 1010,8 0,1 9,1 

01.11.2018 08:00 132 6,4 1010,5 0 9 

01.11.2018 09:00 133 7,3 1010,1 0 9,3 

01.11.2018 10:00 119 8,6 1009 0 9,9 

01.11.2018 11:00 134 8,7 1008,4 0 10,2 

01.11.2018 12:00 125 8,2 1008,1 0 9,9 

01.11.2018 13:00 127 8,6 1007,5 0,2 10,1 

01.11.2018 14:00 131 9,8 1007 0,1 10,2 

01.11.2018 15:00 125 11,1 1005,8 0,3 11,2 

01.11.2018 16:00 137 10,1 1006,6 0 11,1 

01.11.2018 17:00 124 9,3 1006,1 0 10,7 

01.11.2018 18:00 125 8,2 1006,1 0,1 10,7 

01.11.2018 19:00 131 8,6 1006,1 0 11 

01.11.2018 20:00 129 7,2 1006,1 0,1 10,9 

01.11.2018 21:00 122 7,2 1006,4 0 10,5 

01.11.2018 22:00 125 8 1006,4 0 10,7 

01.11.2018 23:00 123 8,9 1006,2 0 10,5 

07.12.2018 00:00 198 4,8 998,1 0 7,6 

07.12.2018 01:00 198 3,3 998,4 0 7,7 

07.12.2018 02:00 201 3,1 998,2 0 7,1 

07.12.2018 03:00 203 3,8 998,3 0 7,1 

07.12.2018 04:00 212 3,9 997,9 0 8,2 

07.12.2018 05:00 190 2,9 997,7 0,1 7 

07.12.2018 06:00 159 2,9 996,7 0 6,3 

07.12.2018 07:00 154 3,3 995,9 0 6,7 

07.12.2018 08:00 142 4 994,7 0 6,5 

07.12.2018 09:00 141 3,2 994,2 0 5,9 

07.12.2018 10:00 138 5,1 993,4 0 6,9 

07.12.2018 11:00 128 6,1 992 0 7,6 

07.12.2018 12:00 129 6,2 990,5 0 7,9 

07.12.2018 13:00 125 6,5 988,5 0,1 7,4 

07.12.2018 14:00 118 6,9 986,1 0,9 7 

07.12.2018 15:00 100 5,9 984 1,1 6,9 

07.12.2018 16:00 123 6,6 982,3 1 7,9 

07.12.2018 17:00 130 7,8 981,7 0,4 7,5 

07.12.2018 18:00 147 7,7 981,6 0,6 6,8 
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07.12.2018 19:00 164 6,1 982,1 0,2 7 

07.12.2018 20:00 183 3,6 982,3 0 6,4 

07.12.2018 21:00 158 4,7 982,4 0 6,3 

07.12.2018 22:00 157 5 982,3 0 6,1 

07.12.2018 23:00 160 3,4 982 0 6,3 

 



Appendix F 

Appendix F: Calculation of tensile forces in the stays 

𝑤𝑐 = 𝐴 ∗ 𝜌



Appendix G 

Appendix G: Damping ratio of each mode 
 
Stay cable 1 

          

Identified 
frequencies 

   
 Identified 

frequencies 

    
 

y f1 f2 Damping 
ratio 

Damping 
ratio 
(%) 

z f1 f2 Damping 
ratio 

Damping 
Ratio (%) 

Average 
damping per 
mode (%)  

- - 
  

1,037 1,035 1,039 0,002 0,193 0,193 

2,05 2,0477 2,058 0,003 0,251 2,053 2,049 2,055 0,001 0,146 0,199 

3,083 3,0799 3,0889 0,001 0,147 3,08 3,078 3,083 0,001 0,081 0,114 

4,137 4,133 4,143 0,001 0,121 4,173 4,17 4,181 0,001 0,132 0,126 

5,137 5,135 5,142 0,001 0,068 4,873 4,871 4,878 0,001 0,072 0,070 

5,26 5,258 5,266 0,001 0,076 5,137 5,135 5,142 0,001 0,068 0,072 

6,203 6,198 6,208 0,001 0,081 
     

0,081 
           

Stay cable 2 
          

y  
    

z 
     

1,063 1,058 1,065 0,003 0,329 1,07 1,065 1,075 0,005 0,467 0,398 

2,12 2,117 2,126 0,002 0,212 2,12 2,118 2,124 0,001 0,142 0,177 

3,19 3,182 3,193 0,002 0,172 3,183 3,181 3,189 0,001 0,126 0,149 

4,267 4,264 4,269 0,001 0,059 4,327 4,325 4,331 0,001 0,069 0,064 

5,26 5,311 5,319 0,001 0,076 5,327 5,324 5,331 0,001 0,066 0,071 

6,407 6,404 6,424 0,002 0,156 6,39 6,387 6,412 0,002 0,196 0,176 
           

Stay cable 3 
          

y 
    

z 
     

1,797 1,792 1,799 0,002 0,195 1,793 1,79 1,796 0,002 0,167 0,181 

3,583 3,581 3,586 0,001 0,070 3,58 3,577 3,584 0,001 0,098 0,084 

5,39 5,386 5,394 0,001 0,074 5,39 5,385 5,393 0,001 0,074 0,074 

7,21 7,206 7,22 0,001 0,097 7,197 7,193 7,2 0,000 0,049 0,073 

9,017 9,005 9,022 0,001 0,094 9,007 9,005 9,009 0,000 0,022 0,058 

10,87 10,86 10,88 0,001 0,092 10,84 10,84 10,85 0,000 0,046 0,069 
           

Bridge deck 
          

y 
    

z 
     

0,1533 0,15 0,1609 0,036 3,555 0,27 0,2677 0,275 0,014 1,352 2,453 

0,89 0,886 0,8961 0,006 0,567 0,447 0,4442 0,4495 0,006 0,593 0,580 

1,757 1,754 1,761 0,002 0,199 0,89 0,8869 0,8948 0,004 0,444 0,322 

2,933 2,92 2,94 0,003 0,341 1,49 1,486 1,493 0,002 0,235 0,288 

4,15 4,14 4,155 0,002 0,181 3,657 3,651 3,663 0,002 0,164 0,172 

4,943 4,939 4,948 0,001 0,091 4,16 4,157 4,165 0,001 0,096 0,094 

5,333 5,331 5,338 0,001 0,066 
     

0,066 
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