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Abstract 

This thesis describes the development of a unique Moving Load Simulator (MLS) for 

testing bridge superstructure with a footprint up to 4x17 m, and its first application to test 

a full scale B900 prestressed concrete box girder. The aim of the experiment was to verify 

that the MLS can apply cyclic loading in a controlled laboratory environment, under 

realistic highway scale 'rolling wheel loads', determined through code procedures as well 

as through finite element analysis of a real bridge. The MLS has two half-axles of a large 

tandem, each comprising a dual air-inflated tires spaced at either 1.2 or 2.4 m. Each half-

axle can apply up to 125 kN, representing the heaviest half-axle load of the CL-625 design 

truck of CHBDC. The maximum travel range and speed are 14.9 m and 6 ms, respectively. 

A bridge design of eight adjacent B900 girders of 27.6 m span was used as a case study. 

Load distribution analyses were conducted using both; a finite element model of the full 

bridge under various CL-625 truck loading configurations and the CHBDC load 

distribution method, and both agreed well. Load scaling analysis of the girder share was 

then conducted to account for shortening it to 16 m, resulting in two-115 kN MLS design 

loads, 1.2 m apart. This verifies that the MLS is indeed capable of applying full scale 

highway loads in a laboratory environment, which is novel. Multiple passes were 

conducted at various loads of 40-100% of design load and at speeds of 1-5 ms to examine 

the machine and girder behaviours. It was found that load fluctuates by less than 10% of 

full capacity and a 0.13 sec/cycle time lag occurs. The measured girder deflection and 

elastic strains were 11-20% lower than predicted theoretically. The estimated time to 

complete 3M cycles in approximately 4.5 months. With this machine now verified, future 

tests will involve fatigue tests for months at a time. 
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Chapter 1 Introduction 

Current bridge testing practice loads bridge elements up to 2-3 million stationary ‘pulsating’ cyclic 

loads to simulate traffic (Schläfli and Brühwiler, 1998, and Richardson et al, 2013, among many 

others). Though commonly used to compare technologies and get approval from transportation 

agencies, pulsating loads are not representative of actual ‘moving or rolling’ loads. Bridge decks 

behave like arches when loaded under single-point pulsating loads and membrane forces cause 

them to eventually fail by punching shear (Mufti and Newhook, 1998). Limited studies using 

moving loads on small scale specimens at low (<0.5 m/s) speeds show that a single pass of a 

moving load is equivalent to between 34 and 800 pulsating load cycles (Sonoda and Horikawa, 

1982, and Perdikaris and Beim, 1988). This is attributed to a different state of stress and crack 

patterns, as well as lack of arching action. Furthermore, cracks with smoother surfaces developed 

at fewer cycles of moving loads, reducing deck stiffness and leading to shear failure under fewer 

cycles (Okada et al 1978). Bridges are also assessed in the field. However, controlled loading tests 

cause interruptions to traffic and the number of cycles is quite limited. More importantly, higher 

load levels inducing ultimate limit states cannot be investigated in the field. Monitoring of 

prestressed bridges shows that a few cycles of higher loads from heavily loaded trucks cause cracks 

to form, while many cycles of lower loads cause fatigue of prestressing strands, reducing bridge 

life from 75 to 40 years (Saber, 2013). Durability of expansion joints is another major concern for 

transit authorities as they are highly stressed and subject to higher fatigue loading (Spuler et al, 

2011). 

In most bridges, distribution of vehicle loads among girders is not uniform. Each girder 

attracts a certain share of the design truck load. Load distribution has been investigated for many 

years. Early work based on the theory of elasticity was presented by Westergaard (1930) and 
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Newmark (1939). Early on, the distribution was only a function of girder spacing. Other 

parameters such as bridge type, stiffness, number of girders, slab thickness, curb and parapet 

sections, and diaphragms have been introduced only more recently, based on girder bridge tests at 

Lehigh University using a three-axle vehicle (Macias-Rendon and Van Horn, 1973). Bakht et al. 

(1979) developed a simplified method of analysis for distributing the design live load to each girder 

using a parametric study based on the concept of orthotropic plates.  They found that the 

distribution is related mainly to the flexural and torsional stiffness of the primary structural 

members. This led to the CHBDC (CSA S6-14, 2014), simplified method equations, making the 

code more user friendly. More recent studies (Khan, 2010 and Ibrahim, 2005) have successfully 

been used finite element analysis to verify the distribution factors in the CHBDC for different 

bridge types. This thesis introduces a newly developed apparatus (Moving Load Simulator) for 

testing large scale bridges in the laboratory, along with its first use to test a 16 m long B900 precast 

prestressed box girder. Results of this experiment would go to bettering the understanding of the 

behaviour of this bridge type as well as the performance of MLS in cycling. 

1.1 Objectives 

The objective of this experiment was to perform a load distribution analysis of a real bridge 

to establish the maximum load share of a single 27.6 m long girder, along with load scaling analysis 

to account for the reduced span of the test girder. Also, it is desired to test whether the MLS is able 

to apply and maintain this load over time. The CHBDC Live Load Distribution Method was chosen 

to find the share of the load from the CL625 design vehicle to a bridge girder. A finite element 

model would be used to verify the code equations. The calculated loads would then be applied to 

the girder in the lab using the Moving Load Simulator. Strains and deflections would then be 

recorded during full scale moving load testing.  
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1.2 Description of the New Moving Load Simulator (MLS) 

A new full scale Moving Load Simulator (MLS) at Queen’s University, has recently been designed 

and built. This MLS is the first and only apparatus of its kind in Canada with the ability to test 

large scale bridge superstructure, in a controlled laboratory environment, under highway scale 

rolling wheel loads. The MLS has three main components, namely the moving load vehicle 

(MLV), the high power electric drive motor and the supporting steel frame structure. A general 

view of the apparatus is shown in Figure 1-1.  A comprehensive user manual for operation of this 

machine can be found in Appendix A.  

 

Figure 1-1: Moving Load Simulator (MLS): (a) details of the supporting steel frame (1 in = 25.4 

mm), and (b) general view showing full scale box girder under the MLS 
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1.2.1 Moving Load Vehicle (MLV) 

The following is a brief description of the components along with capabilities of the apparatus: 

The Moving Load Vehicle (MLV), which is suspended from the supporting steel structure, is 

composed of a primary ‘cart’, shown in Figure 1-2, and a secondary ‘trailer’ which are separable 

(Figure 1-3). The steel rollers equipped to the ‘cart’ and ‘trailer’ ride on the guide rails of the 

supporting steel frame. The user can convert from a two wheeled configuration to a single wheeled 

configuration by removing the ‘trailer’. The ‘cart’ can also be rotated to change the wheel center-

to-center spacing from 1.2 m to 2.4 m, to reflect different axle spacing, as shown in Figure 1-3. 

The total travel range of the MLS is 14.8 m in the single wheel configuration (‘cart’ only), and 

13.95 m and 12.7 m in the two wheeled configuration (‘cart’ and ‘trailer’) spaced at 1.2 m and 2.4 

m, respectively (Figure 1-4(a)).  The MLV accelerates from zero speed at one end, reaching a 

maximum speed of 6 m/s at mid-span, then decelerates to zero speed at the other end (i.e. a 

triangular speed profile at maximum speed over the full travel range as shown in Figure 1-4(b)). 

The maximum acceleration is 3 m/s2.  At lower speeds trapezoidal speed profiles are achieved with 

constant speed regions in the middle as shown in Figure 1-4(b).  
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Figure 1-2: Elevation and side view of the primary ‘cart’ assembly of the Moving Load Vehicle 

(MLV) 
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Figure 1-3: Schematic of different configurations of the Moving Load Vehicle (MLV) with 

center-to-center spacing of 1.2 m (top) and 2.4 m (bottom) 
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Figure 1-4: (a) Different travel ranges based on wheel configuration, and (b) speed profiles along 

travel length 

 

 

 

 

 

 



8 

 

Each component of the MLV is equipped with a large tandem axle tire which simulates a 

real heavy half-axle of a truck. The diameter of a single tire is 1140 mm and its width is 311 mm.  

The clear spacing between the dual tires is 41 mm. The tire pressure is 979 kPa (142 psi) with a 

maximum value of 1034 kPa (150 psi). The ‘cart’ and ‘trailer’ are each equipped with a hydraulic 

actuator. These actuators are able to operate independently or in synchronous, simulating different 

loading patterns. Each hydraulic actuator is able to apply up to 125 kN at the center of the dual 

wheel of its respective vehicle through this two-to-one lever arm. Each actuator pulls a lever 

upward, which pushes the tires down on the other end (Figure 1-2). This means that the total 

loading capacity of this apparatus is 250 kN. The maximum load of 125 kN per dual wheel 

represents the largest half axle load of the CL-625 design truck of the Canadian Highway Bridge 

Design Code (CHBDC) (CSA S6-14, 2014), including the maximum dynamic allowance.  

Different load patterns can be applied, including sinusoid, square and triangular waves and 

the user can choose single or multiple period loading profiles. Custom load profiles can also be 

used to simulate the effect of bumps in the road on bridges.  The apparatus is capable of applying 

repeated cyclic loading to test bridge components in fatigue and establish stiffness degradation 

properties. 

 

 

 

 

 



9 

 

1.2.2 Drive System 

A 450 HP electric motor provides movement to the MLS. The motor sits in a special chassis at the 

Drive End of the MLS. Rotational energy output by the electric motor is converted into a driving 

force and delivered to the MLV by a series of belts (Figure 1-5(a)). The Motor Belt is reinforced 

with carbon fibre and transfers rotational energy from the electric motor to a large built up shaft. 

This shaft then drives two steel reinforced Drive Belts which are fastened to the MLS with high 

strength steel clips (Figure 1-5(a)). The Drive belts are looped from the Drive End to the Free End 

of the MLS and provide only a driving force to the MLV. Since the MLV is not propelled at its 

wheels, no horizontal loads are applied to the bridge specimen (In the direction of travel). When 

the MLS is powered up, the drive system propels the MLV from the Drive End toward the Free 

End. Position is monitored by an absolute rotary encoder. This means that if power is cut off from 

the MLS at any position, it will be able to resume cycling at whichever position it was at. This 

makes long term cycling more accurate and more efficient. This motor uses regenerative braking. 

As the vehicle slows down, its kinetic energy is stored to be used later. This makes the machine 

very energy efficient. High impact dampers are fastened to the steel frames at either end of the 

MLS so that in the event of a crash, the MLV comes to a complete stop safely (Figure 1-5(b)).  
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Figure 1-5: Motor and belt assembly of drive system (a), and high impact dampers in the event of 

a crash (b) 
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1.2.3 Supporting Steel Frame 

Four rigid steel portal frames spaced at 5.08 m were constructed to support the steel girders and 

guide rails. Each portal frame is 4.27 m tall and 4.42 m wide, with bolted connections (Fig 1-1). 

The sturdy portal frame column bases were anchored to the foundation of the laboratory using 

deep rock anchors. Guide rails and reaction beams run along the length of the MLS travel path. 

The MLV travels on the guide rails, while the reaction beams are implemented for static load to 

failure tests after cycling loading is completed. Lateral diagonal bracing is provided on both sides 

of one of the two end bays to resist the horizontal forces arising from acceleration and deceleration 

of the vehicle. All of the steel members were designed in accordance with CAN/CSA-S16. All 

bolted connections were designed in accordance with ASTM A325. In addition to the moving load 

of 250 kN maximum vertical force, the steel frame was also designed to resist up to 1500 kN static 

vertical force, in order to be able to test specimens to failure after being exposed to the cyclic 

loading. 
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Chapter 2 Analysis of the Bridge Girder Prior to Testing and 

Determination of MLS Test Loading 

The experimental program reported in this thesis represents the first use of the new MLS to 

examine the performance of a large scale precast concrete box girder under moving loads. The 

girder is identical to those used in an actual design of a highway bridge in Ontario, Canada. Before 

testing the girder, two important considerations had to be addressed: (a) identifying the load level 

that should be applied by the MLS to accurately induce the same maximum stress levels the girder 

would experience in the field as part of the bridge, and (b) as the girder had to be shortened to fit 

into the MLS, it was important to factor the span effect into the applied load to achieve same stress 

as in the field condition. The following sections address these important considerations and will 

provide details of: (a) the bridge layout, (b) live load distribution analyses of the bridge using two 

approaches, namely the CHBDC code equations and finite element modeling to arrive at the design 

loads of the interior girder, and (c) scaling analysis to factor in the span effect and insure similar 

stress levels induced in the laboratory specimen as in the actual bridge. 

2.1 The Jessie River Bridge 

Jessie River Bridge is a two lane, slab on box-girder bridge, located 23 km south of Hearst, Ontario, 

Canada. The bridge superstructure comprises eight adjacent girders, connected only at the top 

flange by welded shear keys, and has a length of 27.6 meters (Figure 2-1). In 2014, the precast and 

prestressed B900 box girders were built for this project. The girders would be craned in and rested 

on neoprene pads to provide a center to center span of 27 m.  The bridge deck and barriers are then 

cast in place. Each girder was designed using provisions detailed in the CHBDC (CSA S6-14, 

2014). The girder outer dimensions were 1220x900 mm with web and flange thicknesses of 125 

mm and 140 mm, respectively, and had a 1.45 m long solid end block at either end. Each girder 
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was pretensioned with 36-13 mm Grade 1860 7-wire strands, including 20 straight and 16 harped 

strands as shown in Figure 2-1. The jacking force and final force after all losses per strand are 

137.7 and 112.6 kN, respectively.  The top and bottom flanges also include 6-15M (16 mm) mild 

steel bars each, with specified yield strength of 400 MPa.  The specified concrete compressive 

strengths at transfer and after 28 days, are 35 and 45 MPa, respectively. The girders have a 

roughened top surface with 15M-400 MPa bent steel bar stirrups protruding from the deck. The 

stirrups spacing increased gradually from 75 mm to 150 mm within the first 5.15 m from either 

end, and then was 300 mm in the middle section. 

 
Figure 2-1: Layout of the Jessie River Bridge and the box girders 

A detailed report of the B900 girder design is included in Appendix B. In the fall of 2016, one of 

the fabricated girders was acquired by the authors to be tested using the new Moving Load 

Simulator (MLS) at the Department of Civil Engineering at Queen’s University, Canada. 
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2.2 Live Load Distribution Analysis 

It is important to determine the maximum possible share of the design vehicle load carried by the 

B900 box girder in the bridge, through load distribution analysis. This load is critical for the 

experimental program where a single girder is subjected to the MLS, such that the induced stresses 

in the test would mimic those experienced by the girder in the field at service load condition. The 

bridge was designed using the CHBDC specified CL-625 ONT design vehicle with maximum 

dynamic allowance of 0.25 for this span (i.e. more than three axles can be accommodated). 

Typically, each girder attracts a certain share of the design truck load, which is not uniform.  In 

this section two methods are used to conduct load distribution for the bridge, namely the CHBDC 

method and an independent finite element approach. The details of the live load distribution 

analysis (Both CHBDC and finite element approach) are attached in Appendix C. 

2.2.1 CHBDC load distribution method  

The girder maximum share of loading is established by examining longitudinal bending for two 

cases, namely serviceability limit state and fatigue limit state. For this bridge the serviceability 

limit state governed and provided a higher moment per girder, hence it is summarized in this 

section. The bridge is first treated as one simple beam for determination of the total longitudinal 

bending moment (MT). This was obtained by establishing the moment envelope based on 

positioning the load at various locations, longitudinally, along the span for two cases: (a) one CL-

625 truck with dynamic allowance, and (b) 80% of one CL-625 truck without dynamic allowance 

plus lane load. Case (a) governed for this bridge, where MT = 3407 kNm. The moment per girder 

(Mgavg) is then established based on equal share by dividing MT (multiplied by the number of 

possible lanes, which is 2 in this case and modification factor of 0.9) by the number of girders 
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(N=8), leading to (Mgavg) of 767 kNm. Mgavg is then multiplied by a distribution factor (Fm), 

provided by Eq. 1, to arrive at the corrected moment share of the girder (Mg): 

𝐹𝑚 =
𝑆𝑁

𝐹(1+
𝜇𝐶𝑓

100
)

≥ 1.05          (1) 

where S is the girder spacing (1.22 m), µ is factor considering lane width and is 1.0 for this bridge.   

F and Cf are factors dependent on parameter β for multispine bridges in which the connection 

between adjacent girders are through the slab only and the bottom flanges are discontinuous 

transversely, and were taken as 8.12 and 13.44 for a calculated β of 1.28 and 2 lanes. The calculated 

Fm using Eq. 1 was 1.06, leading to a girder moment share Mg of 813 kNm.  Note that the CHBDC 

simplified method does not distinguish between interior or exterior girders.  

2.2.2 Finite element analysis  

FE analysis of the full bridge provides an insight into the full system behavior under various 

truck(s) positions in the longitudinal and transverse directions. The live load distribution factor 

can then be determined using Eq. 2, as the ratio of (the maximum stress at mid-span, per girder, 

from the FE analysis (σFEM) multiplied by the number of girders N)-to-(the maximum mid-span 

stress, per loaded lane, (σSS) where the whole bridge is treated as one simple beam, multiplied by 

the number of lanes n): 

𝐹𝑚 =
(𝜎𝐹𝐸𝑀)∙𝑁

(𝜎𝑆𝑆)∙𝑛
         (2) 
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A 3-Dimensional linear elastic FE model was developed using computer program SAP2000 for 

the full bridge (Figure 2-2).  In order to accurately simulate the bridge, a variety of components 

were modeled. The soffit of the beams consists of a 140 mm thick concrete shell (45 MPa). The 

B900 box girders were constructed using three different four-node shell elements in the SAP2000 

library (Figure 2-3), representing the soffit, the webs and the top flange and slab combined. Webs 

of the beams consist of 125 mm thick concrete shells (45MPa). Top flange and slab consist of a 

290 mm thick, composite shell, with a 150 mm shell, representing the slab, (25MPa) and 140 mm 

flange shell, representing the top flange of the beam (45MPa). 

 

Figure 2-2: Finite Element Model 
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The webs and flanges each consist of a 5x5 element mesh. A total of 15,776 nodes and 15,040 

elements were used. It should be noted that a maximum shell aspect ratio of 2.5 is desired for 

accurate modelling of these elements (Khan, 2010). A maximum node spacing of 300 mm was 

used.  

 

 

 

Figure 2-3: Finite Element Mesh and Cross Section. 

A maximum node spacing of 300 mm was used. In accordance with the Jessie River Bridge 

contract drawings, the neoprene bearing pads were simulated using joint restraints at the corners 

of the box girders, at both ends of the clear span. The support conditions were modelled as a pin 

on one end and roller on the other, to allow for release of internal forces. Link elements were used 

to simulate the welded shear keys between girders at the top flanges. Links were not provided on 

the under side of the beams as the beams were meant to be allowed to articulate about the shear 

connection location. All of these elements were given the same geometric properties as those 

specified for the bridge, namely a 60x120 mm plate.  
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In order to model moving loads on this bridge in SAP2000, frame elements must be added 

to represent highway lanes. Moving loads must run along a specified frame element path. 

Therefore, frame elements were placed at specific location where loads were to be applied in each 

loading condition. These frame elements were given very small stiffness in order to not affect the 

response of the model. Finite element model live load distribution analysis involved moving the 

design truck longitudinally along the span and transversely at various positions across the deck. 

Preliminary analysis incorporated one truck, two trucks and three trucks, side-by-side. Rules for 

trucks placement in this analysis are as follows. Each truck was modelled as two lines of wheel 

loads, spaced 1.8 metres apart; When multiple trucks were present on the bridge, a minimum 

spacing of 1.2 metres between trucks was used; Trucks were placed no closer than 1.2 metres from 

a curb edge (Bakht and Mufti, 2015). Truck placement rules are illustrated in Figure 2-4.  

The two truck loading configuration produced the maximum bending stress in the bridge 

model. Figure 2-5 shows the longitudinal position that results in maximum stresses. Truck 

positioning was chosen to achieve the maximum possible stress in each girder. Transversely, the 

two trucks were placed such that the distance between their centerline and that of the bridge (X) 

varied from zero (centered position) to 1.82 m (maximum possible distance from centre position) 

as shown in Figure 2-6. When the trucks were positioned so that they were as close to the exterior 

edge of the bridge (X=1.82 m), the maximum stress was recorded in the exterior girder. In this 

position, the exterior line of axle loads is located over the exterior girder. Stresses resulting from 

this loading condition are highest because there is only one adjacent supporting girder. The exterior 

girder is the critical one.   
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Figure 2-4: Rules For Lateral Truck Placement 

 

Figure 2-5: Position of Truck Which Results in the Largest Bending Moment 
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Figure 2-6: Lateral Positioning of Trucks. "X" Designates the Position of the centre of the Truck 

Axles relative to the centreline of the bridge. 

The stress resulting from the simple beam analysis (σSS) is simply determined from beam 

mechanics with the design load on a single B900 girder (σSS=17.1MPa). The truck was positioned 

in the location shown in Figure 2-5. The number of girders (N) is 8 and the number of lanes loaded 

(n) is n. Yielding a maximum distribution factor of 1.03. The maximum 𝐹𝑚 is 1.03, occurring at 

the end girder, is very close to the 1.06 value found earlier using the CHBDC method which does 

not distinguish between intermediate and end girders. The code value of 1.06 was chosen to 

establish the maximum load share of the girder. 
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Figure 2-3(a) shows the results of two extreme positions in terms of the maximum tensile 

stresses at the bottom fibers of the bridge at mid span (σFEM). The maximum value of 4.4 MPa 

occurred at the end girder when the X was 1.82 m. Figure 2-3(b) shows the calculated 𝐹𝑚 for each 

girder using the FE results in Eq. 2. Each line displays the distribution factor corresponding to the 

position of the truck over each girder. The black line is the absolute maximum distribution factor 

for each girder. As can be seen, the largest distribution factor goes to the exterior girder, since 

there is only continuity of support over one adjacent girder. The central girders have support on 

both sides.  

 

 

Figure 2-7: Resutls of the Finite Element Model. Distribution Factor Determined from Equation 2 

Vs. Girder Number from Truck Placement "X". Distribution is Assumed Symmetric and Max Fm 

is the Absolute Maximum Distribution for each Girder. 

 

  

 

Max 𝐹𝑚 
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Figure 2-8: Results of Finite Element Analysis. Contours Show Maximum Stress Resulting from 

Two Trucks Positioned at a Distance "X" from the Centreline of the Bridge. 
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2.3 Scaling Analysis of the Shortened Box Girder  

In order for the box girder to be tested in the MLS in the laboratory, it had to be shortened from 

27.6 m to 16 m, by cutting two equal sections from both ends. This reduction in length has 

significant impact on stress distribution along the length due to self-weight and prestressing 

effects.  It also affects the service live load (i.e. the moving load) to be applied by the MLS in order 

to induce the same stresses in the beam as in the actual 27.6 m long beam. 

 The calculated stresses at the top and bottom fibers of the 27.6 m girder are +0.74 MPa 

(ends) and -10.82 MPa (outermost harping points), respectively.  For the shortened 16 m girder, 

the top and bottom stresses are +1.12 MPa and -17.08 MPa (both at the ends), respectively. The 

permissible stresses in tension and compression are +1.68 MPa and -20.25 MPa, respectively.  As 

such stresses are still within the limits in the shortened girder despite their increase. 

 Figure 2-9 shows the maximum moment share of 813 kN.m of the 27.6 m long girder in 

the bridge. In order to achieve a maximum moment of the same value in the 16 m shortened girder 

(15.3 m span) under the four-point bending configuration of the MLS (Figure 1-4), the load (P) is 

calculated as 115.1 kN for each of the two half-axles spaced at 1.2 m (Figure 2-9). In this case, the 

maximum moment occurs under one of the two loads, 7.35 m from the support. 
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Figure 2-9: Load scaling of shortened beam for equivalent moment share of full length beam 

At full load P, the maximum bending stresses corresponding to the moment of 813 kNm 

are 5.32 MPa at the extreme tension fibre and -4.64 MPa at the extreme compression fibre, while 

mid-span deflection is 6.3 mm.  These values were obtained based on linear elastic analysis. This 

means the net stresses at the extreme bottom fibers remain in compression at service, which is 

expected for the fully prestressed design of this bridge. Table 2-1 summarizes the calculated 

stresses, strains and deflections at various load levels representing percentages of P which will be 

tested experimentally.   
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Table 2-1: Calculated stresses, strains and deflections at mid span 

Load  (kN) 
Tensile 

stress (MPa) 

Compressive 

stress (MPa) 

Tensile strain 

(micro) 

Compressive 

strain (micro) 

Mid-Span 

deflection 

(mm) 

46 (40% P) 2.13 -1.86 70.5 -61.5 2.50 

69 (60% P) 3.19 -2.78 105.7 -99.2 3.76 

92 (80% P) 4.26 -3.71 141.0 -123.0 5.01 

115 (100% P) 5.32 -4.64 176.2 -153.7 6.26 
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Chapter 3 Experimental Program 

3.1 Girder Preparations and Setup 

After placing additional temporary support within the intended shorter span, two 5.8 m long 

sections were cut from both ends of the beam using a wire concrete cutting saw. The goal of this 

experiment was to simulate the full scale design load from the CL625 design vehicle using the 

MLS in a laboratory environment. The 16 m long girder was then transported to the laboratory and 

craned in place onto 300x300 mm neoprene pads resting on concrete blocks, similar to the field 

arrangements. These abutments were cast in the laboratory and anchored to the floor at each end. 

The center to center span of the girder was 15.3 m. A 150 mm thick reinforced concrete deck slab 

was cast onto the girder across its full width as per the bridge design in which all girders were 

adjacent to each other. The specified concrete strength of the deck slab was 25 MPa. One layer of 

longitudinal and transverse deck slab reinforcement of 15M (16 mm) rebar spaced at 300 mm in 

each direction was used at mid-thickness of the slab. New 1.45 m long end blocks were cast at 

either end inside the box section. This was achieved by digging out the Styrofoam core used to 

form the box section at both ends, drilling a casting hole and an air release hole at each end in the 

top flange, then blocking either end with form work. Concrete was cast from top into the two end 

cavities while casting the slab. The surface was then finished to facilitate the running surface for 

the MLS. Figure 1-1 (b) shows the girder in final position. 
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3.2 Instrumentation 

Linear potentiometers (LP) and string potentiometers (SP) were used to measure deflections at 

various points along the span, including both ends of the girder over the neoprene pads, at quarter 

points and at the mid-span. Displacement-type strain transducers (PI gauges) were used to monitor 

concrete strains at mid-span. All instrumentation is mirrored on either side of the girder to get an 

average of the deflections and strains on both sides of the beam (Figure 3-1(a)). Since the girder 

rests on neoprene pads which squish, deflection over the neoprene pads was of interest so that 

these deflections could be subtracted from the overall deflected shape of the member (Figure 3-

1(b)).  

 

  

Figure 3-1: Instrumentation of test girder 

 

a) 

b) 
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3.3 Test Parameters 

As this project represents the first use of the MLS, it was intended to examine the performance of 

both the box girder and the apparatus itself.  Two main parameters were investigated, namely the 

magnitude of the load as a percentage of the design load (P) of 115.1 kN, and the maximum speed 

of the MLV.  The load values were 40%, 60%, 80% and 100% of P. A lower load of 20% of P was 

not possible due to the self-weight of the vehicle.  The functionality of the MLS and performance 

of the girder were also tested at various speeds. The aim of this experiment is to verify that the 

MLS is able to function at low and high speed and to follow its intended load profile as well as 

testing whether the specimen behaves the same way under fast and slow cycling. Profiles were 

created at 1 m/s, 3 m/s and 5 m/s speeds at the full load P.  
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Chapter 4 Experimental Results 

With the full load share of the design vehicle to the single B900 girder determined, a load test was 

performed. 115 kN was applied at each wheel of the MLV and various passes were cycled and 

data was recorded. The aim of this experiment was to capture behaviour of the MLS and the B900 

box girder specimen and to verify the MLS’s capabilities. Rolling passes were performed, first at 

low speed (1 m/s), medium speed (3 m/s) and high speed (5 m/s) under the full load of the design 

vehicle. Rolling passes were performed at 40%, 60%, 80% and 100% of the full design load to 

observe the load fluctuation of the MLS over time. Data was recorded from the MLS’s onboard 

computer as well as from the instrumented box girder specimen.  

4.1 Performance of the MLS at Various Speeds 

The maximum acceleration of 3 m/s2 results in the speed and acceleration profiles shown in Figure 

4-1(left) for one full cycle of the MLS (travel from one end and return). At lower speeds, the MLS 

accelerates for a short period of time to achieve the desired constant speed, which yields an almost 

linear position profile (Figure 4-1(right)), whereas at higher speeds, the MLS accelerates for a 

longer period of time to reach that high speed, leading to a sinusoidal position profile. At 1 m/s, 

the MLS only needs to 0.32 s at each end to accelerate and decelerate, respectively, and 12.7 s to 

complete one pass of the MLS travel (i.e. only 5% of the time is spent accelerating). At 3 m/s, it 

takes 0.98 s at each end to accelerate and decelerate, respectively, and 5.08 s to complete one pass 

(i.e. 39% of the time is spent accelerating). At 5 m/s, it takes 1.64 s at each end to accelerate and 

decelerate, respectively, and 4.14 s to complete one pass (i.e. 79% of the time spent accelerating). 

Note that the machine is capable of achieving 6 m/s maximum speed. 
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Figure 4-1: Speed and acceleration profiles (left) and position profiles (right) at various speeds 

A key distinction is made here between a pass of the MLV, a cycle of the MLV and a cycle 

of loading on the specimen. The MLV starts at one end and passes to the other end, then it returns 

to the starting point completing one MLV cycle, which is based on two passes. For the specimen, 

however, one pass represents one full loading cycles (i.e. one MLV cycle is equivalent to two 

loading cycles of the specimen). This machine is built for long term testing. The aim of future 

experiments will be to subject bridge components to millions of cycles, simulating a lifetime of 

vehicle traffic on a bridge. As previously mentioned, it takes 4.14 s to complete one pass at 5 m/s. 

This means that it would take about 48 days to complete 1M passes at this speed (i.e. 1M loading 

cycles of the specimen). To achieve the same number of passes at 1 and 3 m/s, it would take 147 

and 58.8 days, respectively.  As such, to achieve 3M cycles, typical for bridges, at 6 m/s full speed, 

it would take approximately four and half months. 
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 For the three different speeds, Figure 4-1(right) shows the position of the MLV in time, 

both the expected (calculated) and measured. Small lag is observed over time. Lagging results 

from the machine calculating its position and trying to keep its position constant. Constant 

recalculation of position results in some lag. This lag happens primarily at the ends of the travel 

limits, when the MLV changes direction. This is not so much of an issue when performing low 

number of cycles, but is noticeable in longer term tests. At 5 m/s speed, the lag per cycle is roughly 

0.13 s. For every 1000 cycles a lag time of 2.17 minutes will occur. For every million cycles a lag 

time of 1.5 days will accumulate.  

 

4.2 Performance of the MLS at Various Loads 

To verify that the loads applied by the MLS can be scaled and are reproducible, the MLV was 

cycled for 5 cycles at a time at 40%, 60%, 80% and 100% of the design load P, at the low speed 

of 1 m/s. Each MLV cycle took roughly 25.67 s. Figure 4-2 depicts the MLS capability to hold the 

desired load at low speed. Load 1 is the lone applied by the first wheel (Cart) of the MLV, while 

Load 2 is that applied by the second wheel (Trailer). Although the machine operates under load 

control, it would appear that some load fluctuations occur and that the amount of fluctuation is not 

dependent on the target load level. The maximum load fluctuations are about 11 kN which is less 

than 10% of the total load capacity of the apparatus (125 kN). At lower loads (e.g. 40% P), 46 kN, 

this error is significant (24%).  
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Figure 4-2: Wheel load versus time at various load increments 

 

 

4.3 Behavior of the Box Girder at Various Load Levels and Patterns 

Figure 4-3 shows the mid-span deflections at various load levels over the duration of five loading 

cycles. The deflections measured over the supports were used to correct for squishing of the 

bearing pads. At each of the previously mentioned load increments, mid-span deflection was 

measured to be 2.1 mm, 3.1 mm, 4 mm and 5.1 mm, respectively. This is directly proportional to 

the 40%, 60%, 80% and 100% load increments applied, which is consistent with the linear elastic 

response at service. The maximum deflection at mid-span under the service vehicle load is well 

within the acceptable service deflection limit of Span/800. Compared to the theoretical deflections 

in Table 2-1, the experimental values vary by roughly 20% for each deflection value.  
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Figure 4-4(left) shows the mid-span concrete strains at extreme top and bottom fibers at 

four load increments over the duration of ten loading cycles. Strains were extrapolated to the 

extreme fibers assuming linear distribution.  The maximum extreme strains due to the full load (P) 

are +157 and -122 micro-strain.  Compared to the theoretical strains in Table 2-1, the experimental 

values vary by roughly by 11% for the tensile fibre strain and 20% for the compressive fibre strain 

at each load level.  A strain profile was constructed with the recorded strains (Figure 4-4(right)). 

From this strain profile, the experimentally determined neutral axis depth was found to be at 588 

mm above the soffit of the girder at each load level, a consistent and reproducible result. This 

represents a 4.8% variation from the theoretical value of 561 mm. 

 

Figure 4-3: Mid-span deflections at various load levels over five cycles of the MLS 
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Figure 4-4: Mid-span concrete strains at various load levels over five cycles of the MLS 

Deflections and strains are all a bit lower than the theoretical values. This could be due to 

three factors. First, the design concrete strength of the girder is 45 MPa, but would likely end up 

higher. Geometrical variability is another key factor. Upon inspection of the shortened girder, it 

was found that at one end of the box girder, the top flange is 20 mm thicker than the other end. 

This would increase the moment of inertia of the cross section by 7.5%, and decrease the expected 

deflection from 6.2 mm to 5.7 mm. The precise dimensions of the cross section are not certain at 

the midspan. Also, one web was thicker than the other. Finally, the load fluctuation discussed 

earlier could be a factor. It can be seen in Figure 4-5 that the deflection curve is not smooth. In a 

zoomed-in view (Figure 4-5), it can be seen that the bumps in the deflection curve match up with 
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the load fluctuations. This is especially notable at low loads. Dotted lines represent the instances 

that load spikes influence the deflections. 

 

Figure 4-5: Effect of load fluctuation on mid-span deflection over one cycle of MLS at 40% load 
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4.4 Behavior of the Box Girder at Various Speeds 

Figures 4-6 and 4-7 show the mid-span deflections and extreme fiber strains, respectively, at the 

three different speeds under full load (P). At all speeds the mid-span deflection is consistently 5.1 

mm. The mid-span strains are also consistent with the previously mentioned values of -122 and 

+158 micro-strain. These strains fluctuate somewhat but the difference in strain at the midspan 

corresponding to various speeds is negligible. It is clear that the mid-span deflections and 

centreline strains are not drastically affected by speed, at this relatively slow range. Note that the 

horizontal forces induced by acceleration and deceleration are transferred solely to the reaction 

frames not the specimen. 

 

 

Figure 4-6: Mid-span deflection at various speeds 
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Figure 4-7: Mid-span strains at various speeds 
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Chapter 5 Summary and Conclusions 

This thesis described the development and features of the first Moving Load Simulator (MLS) in 

Canada, which is likely one of only very few in the world. It also describes its first use to test a 

full scale precast prestressed box girder. The MLS can apply cyclic loading on a variety of large 

scale bridge superstructures in a controlled laboratory environment, under realistic highway scale 

'rolling wheel loads', in lieu of the conventional 'pulsating stationary actuator loads'.   

The moving vehicle represents two half-axles of a large tandem (each comprising a dual 

air-inflated tires of 1140 mm diameter) spaced at either 1.2 or 2.4 m.  Each half-axle can apply a 

maximum force of 125 kN (i.e. total apparatus capacity of 250 kN) using hydraulic actuators. This 

design is based on the heaviest half-axle load of the CL-625 design truck of CHBDC with 

maximum dynamic allowance. The loading profile can vary while moving, following a square, 

triangular or sine waves of different periods.   

The vehicle starts from rest at one end and accelerates (3 ms2 maximum) to the target 

speed then decelerates to zero speed at the other end and then reverses direction, using an electric 

motor and a series of belts.  At the maximum speed of 6 ms, the speed profile is triangular, whereas 

at lower speeds is trapezoidal. The maximum travel ranges are 14.9, 14 and 12.8 m for a single 

half-axle and two half-axles spaced at 1.2 m and 2.4 m, respectively.   

The vehicle travels on rails supported by a steel frame. The longitudinal forces arising from 

acceleration and deceleration transfer to the frame, not to the specimen. A bridge superstructure 

with a foot print of up to 4x17 m, approximately, can be accommodated. The frame capacity is 

1500 kN vertical loading for testing the specimen to failure after completing fatigue testing. 

 The new MLS was successfully used to test a full scale 1220x900x16000 mm B900 

precast-prestressed concrete box girder under various speeds and load levels.  An actual bridge 
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design of eight adjacent B900 girders of 27.6 m span was used as a case study. Load distribution 

analyses were conducted using two different approaches to arrive at the load share of the girder, 

to be applied using the MLS. A linear elastic finite element model of the full bridge, accounting 

for the box shape and girder-to-girder connection type, was developed and subjected to a variety 

of CL-625 design truck loading configurations. The resulting load distribution factor was 1.03, 

close to the 1.06 value calculated using CHBDC analysis. Load scaling analysis was then 

conducted to account for shortening the beam from 27.6 m to 16 m, to induce the same stress level 

under the two moving loads spaced at 1.2 m. This resulted in each load P of 115 kN (within the 

125 kN capacity of each dual-wheel).  Multiple passes were conducted at various load levels of 

40, 60, 80 and 100%P and speeds of 1, 3 and 5 ms to examine both machine and girder behaviours.   

It was found that the maximum load fluctuation is 11 kN (less than 10% of full capacity), 

independent of the loading level. To achieve 3M cycles at 6 m/s full speed, it would take 

approximately 4.5 months.  A lag time of 0.13 sec occurs per cycle, so for every 1M cycles a lag 

time of 1.5 days will accumulate.  The measured girder deflection and extreme compression strains 

were 20% lower than the predictions in the elastic range, whereas extreme tension strain was 11% 

lower. The speed range of 1 to 5 ms has no effect on girder response.   

 

 

 



40 

 

References 

Bakht, B., Cheung, M.S. and Aziz, T. S. (1979). Application of Simplified Method of Calculating 

Longitudinal Moments to the Ontario Highway Bridge Design Code. Canadian Journal of Civil 

Engineering, 61(1): 36-50. 

CSA S6-14 (2014) “Canadian Highway Bridge Design Code (CHBDC)” 

Ibrahim, M. W. (2005). Load distribution in precast wide-flange CPCI girder bridges (Order No. 

EC53024). Available from ProQuest Dissertations & Theses Global. (305344794). Retrieved 

from https://search.proquest.com/docview/305344794?accountid=6180 

Khan, W. (2010). Load distribution in adjacent precast “deck-free” concrete box girder bridges. 

M.A.Sc. Thesis, Faculty of Graduate Studies and Research, Ryerson University, Toronto, Ontario, 

Canada. 

Mufti, A. and Newhook, J. P. (1998) “Punching shear strength of restrained concrete bridge deck 

slabs”, ACI Structural Journal 95(4), 375-381. 

Newmark, N. M., 1939. “A Distribution Procedure for the Analysis of Slabs Continuous over 

Flexible Beams” University of Illinois Bull. No. 304, University of Illinois, Urbana.  

Okada K, Okamura H, Sonoda K. (1978) Fatigue Failure Mechanism of Reinforced Concrete 

Bridge Deck Slabs. Transport Research Record; 664(1):136–44. 

Perdikaris, P. and Beim, S. (1988) “RC bridge decks under pulsating and moving  load”, Journal 

of Structural Engineering, American Society of Civil Engineering (ASCE), 114(3):591-607. 

https://search.proquest.com/docview/305344794?accountid=6180


41 

 

Richardson, P., Nelson, M., and Fam, A. (2013). “Fatigue Behavior of Concrete Bridge Decks 

Cast on GFRP Stay-in-Place Structural Forms and Static Performance of GFRP-Reinforced Deck 

Overhangs.” Journal of Composites for Construction, 18(September), 80. 

Saber, A. (2013). Load Distribution and Fatigue Cost Estimates of Heavy Truck Loads on 

Louisiana State Bridges. Baton Rouge, LA. 

Schläfli, M., and Brühwiler, E. (1998). “Fatigue of Existing Reinforced Concrete Bridge Deck 

Slabs.” Engineering Structures, 20(11):991–998. 

Sonoda, K., and Horikawa, T. (1982). “Fatigue Strength of Reinforced Concrete Slabs under 

Moving Loads.” IABSE Reports, 37, 456–462. 

Spuler, T., Ancich, E., Savioz, P., and Suilleabhain, C. O. (2011). “Developments in Modular 

Expansion Joint Technology – Codes and Testing in Australia, America and Europe.” Sustainable 

Bridges: The Thread of Society, 346–359. 

Westergaard, H. M., 1930. “Computation of Stresses in Bridge Slabs due to Wheel Loads” Public 

Roads, March, 1-23. 

 

 

 

 

 

 

 



42 

 

APPENDIX A 

This appendix was created to guide the user to most efficiently use the Moving Load Simulator 

(MLS). This machine is capable of applying highway design loads to bridge specimens in the 

Queen’s University structures lab.  
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Turning the MLS On 

This is the sequence of steps to turn on the MLS.  

1. 600V switch 

The 600V electrical switch, located in the north eastern corner of the high bay structural lab, 

powers the electrical components of the MLS. 
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2. MLV Switch 

Located onboard the MLV (in the south-western corner of the MLV), the MLV switch awakens 

the MLV. Once the MLV switch is in the ON position, the MLV is active and the user should 

leave the MLS space for safety. The safety curtain should be set up immediately after the MLV 

switch is turned to ON.  
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3. Safety Curtain 

The safety curtain must be set up in order for the MLS to operate. If the safety curtain is not 

properly aligned, a green light on the front panel will illuminate, letting you know there is a 

problem. Once the MLV switch is turned to ON, the safety curtain should be set up and the user 

should no longer entre the MLS space.  
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4. Unidrive Switch 

Located on the front of the unidrive cabinet, the unidrive switch enables the unidrive. Once 

enabled, the unidrive fans will power up and a loud *clunk* will sound. Do not be alarmed, this is 

normal.  
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5. Panel board computer ON Switch 

 

*Note: The panel board ON switch may not actually turn the computer on. To turn on the computer, 

open up the panel board and press the computer power button.  
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Front Panel 

Once everything is on, this is what you should see.  

 

1. CONTROLLER ENABLED: The controller is enabled. This light will remain unlit until 

the MLS begins to move.  

2. ESTOP BUTTONS: Indicates that the ESTOP buttons are not active. If unlit, check all of 

the ESTOP buttons and ensure that they are not pushed in.  

3. LIMIT SWITCHES: Indicates that the limit switches are clear. If unlit, consult the event 

viewer to find out which limit switch is triggered.  

4. DOOR SENSORS: Indicates that the safety curtain is secure. If unlit, check that the 

safety curtain is properly attached. 

Remains OFF 

until MLS is 

rolling. 
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*Note 1: If all of the above checks are made and a problem persists, open up the panel board 

and check that all of the lights on the yellow controller modules are green. If any are red, 

consult a technician for more details.  

*Note 2: If the orange lights on the panel board are on, simply press the reset button to remove 

them. This will need to be done every time an ESTOP button or limit switch must be reset.  
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Computer Display 

Once the computer is on, login to the desktop with the given credentials. 

Note: DO NOT EVER CONNECT TO THE INTERNET (Software updates are not desired) 

MLV Software – Main UI 
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System Setup 

Login/Logout 

 The user can login with the given credentials. Use the Logout button to logout.  
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Configuration 

 The configuration button opens a window which lists all of the limits programmed into 

the MLS’s safety protocol. Sensors onboard the MLS monitor these limits and in the event that 

any of these limits is exceeded (or tripped), power will be cut from the MLS and the MLV will 

coast to a safe position.   

 

The user can also define the Log File Path here. 

*Note: The software will produce a log file with the various parameters recorded by the MLS. 

The user must download a TDML plugin for excel to open these files. 
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Parameters 

Minimum Travel Position: 

 Farthest allowable southern position that the vehicle can be set to travel.  

Maximum Travel Position: 

 Farthest allowable northern position that the vehicle can be set to travel. 

Max Speed: 

 Max speed the user can set.  

Wheel Spacing (Close): 

 Centre to centre distance between wheels in the near configuration. 

Wheel Spacing (Far): 

 Centre to centre distance between wheels in the far configuration. 

Wheel Spacing (Custom): 

 N/A (available for future expansion) 

Min Load: 

 Minimum load that the user is allowed to apply at the wheels. This limit exists because a 

minimum amount of load must be applied in order to counter the weight of the vehicle (about 

3200 kg).   

Max Load: 

 Maximum load that the user is allowed to apply at the wheels.  
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Min Wheel Height: 

 Minimum height at which the wheel is able to sit. This height corresponds to the highest 

vertical wheel position. 

Max Wheel Height: 

 Maximum height at which the wheel is able to sit. This height corresponds to the lowest 

vertical wheel position. 

Min Periods per Cycle: 

 Minimum number of load oscillation periods which can be defined for a single pass of 

the MLV. This is the number of waves of load change would be defined from north to south in 

one pass.  

Max Periods per Cycle: 

 Maximum number of load oscillation periods which can be defined for a single pass of 

the MLV. This is the number of waves of load change would be defined from north to south in 

one pass. 

Min Steps: 

 Minimum number steps that the MLS must be programmed to make in order to define a 

valid profile.  

Rampup Steps: 

 Number of steps to achieve rampup.  
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Rampup Repetition/Steps: 

 N/A (available for future expansion) 

Max (Belt Tension) Load Cell Diff: 

 Maximum allowable measured difference between belt tension load cells. If the 

difference between belt tensions is too high, the MLS will cut power and coast to a safe position.  

Min Load Cell: 

 Minimum allowable belt tension load cell limit.  

Max Load Cell: 

 Maximum allowable belt tension load cell limit.  

Manual Speed: 

 Speed at which the MLV will travel when set to perform a manual move.  

Manual Load Change: 

 N/A (available for future expansion) 

Min Shift: 

 Minimum load phase shift which can be used in profile generation. This value must be set 

to an increment of 90 degrees.  

Max Shift: 

 Maximum load phase shift which can be used in profile generation. This value must be 

set to an increment of 90 degrees. 



56 

 

Manual Height: 

 N/A (available for future expansion) 

Height/Load PID (P): 

 Height/Load PID control proportional gain. 

Height/Load PID (I): 

 Height/Load PID control integral gain. 

Height/Load PID (D): 

 Height/Load PID control derivative gain. 

Loadup Valve Pos: 

 Voltage applied to the hydraulic system during Loadup or during a manual move to 

achieve the desired load in the desired time. Voltage applied during open loop control and once 

the desired load is reached, closed loop PID begins.  

Loadup Load Threshold: 

 Threshold of Load for which the closed loop PID begins.  

Loadup Height Threshold: 

 Threshold of Cylinder Height for which the closed loop PID begins. 

Valve Safe Position: 

 When the MLS is in an unknown state or is not given a specific command, this is the 

Voltage sent to the cylinders to bring them to a safe retracted position and stop applying load.  



57 

 

Manual Acceleration: 

 Max acceleration for all manual controls.  

Travel Overshoot Limit: 

 Allowable error in travel position. 

Load Scale: 

 Scaling factor for loads measured by the pressure transducer.  

Load Offset: 

 Offset factor for loads measured by the pressure transducer.  

Output Offset: 

 Designed to offset natural valve bias if desired. 

Profile Load ROC: 

 Max allowable Rate Of Change in a profile to be validated in the profile builder. If the 

ROC of a profile is too high, an error will be displayed and the profile can not run.  

 

*** All of these limits can be configured by the user if necessary. *** 
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Profile Builder 

 Clicking the Profile Builder button, in the System Setup section, will open a window in 

which a profile can be built.  

 

In the top left corner of the pop up window, the prebuilt profiles are listed in alphabetical order. A 

new profile can be built from scratch by pressing the New button (in the bottom left corner) or a 

profile can be modified or copied (by selecting an existing profile and pressing the Copy button).  
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Profile Definition 

 In this section, you must name your profile, define # of cycles, define wheel setup (Two 

wheel, one wheel etc.), and give a description of the profile.  

Profile Display 

 The two graphs can display the position, velocity, load or acceleration of the vehicle to 

give the user a visual of the profile.  

Travel  

 Parameters specified in the Travel Pane will define the shape of the position profile. Travel 

range is defined here between 3.1m to 15.6m. Remember that the travel range specified here is 

measured from the southern end of the guide rails. Profile shape is defined by either max speed or 

cycles time. If desired, either max speed or cycle time are the governing parameter.  

Load  

 Parameters specified in the Load Pane will define the shape of the load profile. Load profile 

can be either Sine, Triangle or Square. Min and Max load of the profile are also defined here. A 

constant load cannot be programmed. If the desired profile is a constant load, the user must specify 

a small load increment, such as 0.01kN, which the load will fluctuate by (as in the above example 

profile).  

Once all of the parameters are defined, the user must check the profile validation. Eight parameters 

must be within the pre-set limits defined in the configuration.  
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 Cycles: 

# of cycles must be within the defined limit in the configuration. 

 Distance: 

MLS must not be set to travel outside the defined travel range. 

 Position ROC: 

Position Rate Of Change is equal to velocity. Position ROC must be limited to the max velocity 

capable by the MLS (6 m/s). 

 Load: 

Load must be defined within the respective max and min load values.  

 Periods: 

Periods per cycle must be defined within the respective max and min periods per cycle values. 

Load ROC: 

Load Rate Of Change must be within the pre-set limits defined in the configuration. 

 Timestep: 

Time interval between profile set points (when load or position are changing in time) must be 

within the pre-set time step limit defined in the configuration.  
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 Timesteps: 

Total time interval between profile beginning and end points (when load or position are changing 

in time) must be within the pre-set time step limit defined in the configuration. Load/Time and 

Position/Time must have the same beginning and end time.  

Event Viewer 

The Event Viewer is a built in window which is used to debug any uncertain events that happen in 

a profile. The event viewer can be accessed by clicking the Event Viewer button in the System 

Setup section.  In order to ensure the MLS is operating most efficiently, the user should monitor 

the event viewer during cycling.  

 

 

Ch Data (Channel Data) 

Under Ch Data, you will see all of the values which the MLS is outputting. All of these values 

are described in the configuration section.  
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Events 

Under Events, a list of recorded events is shown. Events, such as the start or end of a job, and 

any Estops are listed. A message is displayed which lets you know what happened, under Msg.   

 Drive Status 

Each of the green rectangles in this section represents a different limit switch. Limit switches can 

be anything from an actual physical switch or some sort of control function in the computer or 

hardware.  

 Min_LoadCell <= LoadCell1 <= Max_LoadCell 

Load in load cell 1 

If dark, load is within acceptable range 

If light, load is outdisde acceptable range 

Tension in belts is either too low or too high.  

 Min_LoadCell <= LoadCell2 <= Max_LoadCell 

Load in load cell 2 

If dark, load is within acceptable range 

If light, load is outside acceptable range 

Tension in belts is either too low or too high.  

 Abs(LoadCell1 – LoadCell2) <= Max_LoadCell_Diff 

Load cell difference is not within acceptable limits 

If dark, load increment is within acceptable range 

If light, load increment is outside acceptable range 

Tension in one of the belts is either too low or too high.  
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 ROC(Calc_W1_Load) <= Max_Load_Change 

The maximum rate of change of load on wheel 1 has been exceeded 

If dark, load ROC is within acceptable range 

If light, load ROC is outside acceptable range 

 ROC(Calc_W2_Load) <= Max_Load_Change 

The maximum rate of change of load on wheel 1 has been exceeded 

If dark, load ROC is within acceptable range 

If light, load ROC is outside acceptable range 

 LinearSensor1 <= Max_Wheel_Height 

Wheel height exceeded 

If dark, Wheel 1 height is within acceptable range 

If light, Wheel 1 height is outside acceptable range 

 LinearSensor2 <= Max_Wheel_Height 

Wheel height exceeded 

If dark, Wheel 2 height is within acceptable range 

If light, Wheel 2 height is outside acceptable range 

 ROC(LinearSensor1) <= Max_Wheel_Height_Change 

Rate of change of wheel height has been exceeded 

If dark, Wheel 1 height ROC is within acceptable range 

If light, Wheel 1 height ROC is outside acceptable range 

 ROC(LinearSensor2) <= Max_Wheel_Height_Change 

Rate of change of wheel height has been exceeded 

If dark, Wheel 2 height ROC is within acceptable range 
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If light, Wheel 2 height ROC is outside acceptable range 

 Min_Position <= Emerson_Position <= Max_Position 

MLV position is outside of the defined position range 

If dark, MLV Position is within acceptable range 

If light, MLV Position is outside acceptable range 

 ROC(Emerson_Position) <= Max_Speed 

MLV is travelling too fast 

If dark, MLV speed is within acceptable range 

If light, MLV speed is outside acceptable range 

 Estop = High 

An ESTOP is triggered  

If dark, no Estops are triggered 

If light, an Estop is triggered  

 LimitSwitches = High 

A limit switch is triggered 

If dark, no limit switches are triggered 

If light, a limit switch is triggered  

 DoorSensor = High 

The safety curtain is not properly attached 

If dark, the safety curtain is properly attached 

If light, the safety curtain is not properly attached 

 FluidLevel = High 

The hydraulic fluid level is too high 
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If dark, the hydraulic fluid level is at a safe level 

If light, the hydraulic fluid level is too high 

 Emerson_Enabled = High 

Communication between the MLS and drive cabinet is enable 

If dark, the emerson cabinet is communicating 

If light, the emerson cabinet is not communicating 

 DAQ_Error = Low 

N/A (available for future expansion) 
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System Status 

In this section, the MLS will let you know if its systems are functioning and communicating 

correctly. If the systems are go, a green banner will appear, letting you know that it is ready to 

go. 

Three coloured circles are used to indicate the errors. 

 

1. Communicating 

 There is communication between the MLS computer (Inside the cabinet) and the RT 

controller (NI controller in the cabinet). *Note: If  this light is red, check if the NI controller lights 

are all green. If an are red, try resetting the grey switch marked 8 in the cabinet. 
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2. Unidrive Healthy 

Communication between MLS and Unidrive cabinet. Indicates Emerson_Enabled is 

active.   

3. Logging Active 

This light will remain red until the machine begins cycling, 

*Note: Light will remain red until the MLS is rolling. 
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Cycle Info 

This section has information about the progress of the selected profile in time. The window will 

tell you which cycle you are on and how many are remaining. The amount of time the machine 

has been running for is displayed under running time and the remaining time is displayed under 

running time. Ramp-up cycles are not part of the cycle count.  
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Profile Setup 

Once a profile is built, it can be selected in the Profile Setup section.  

 

Profile Dropdown 

List of all profiles which currently available. Pick a profile from the drop down, check that it is 

validated and you’re ready to go. Once the profile is selected, a preview of the profile will be 

displayed to the left of the Profile Setup pane.  
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Job Setup 

Once the profile has been selected in the Profile Setup section, the user can name the job in the 

Job Setup section. In order to begin cycling, click the Start Job button and the MLV will start 

moving.  
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Controller Feedback 
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Manual Control and Measured Values 

 

If desired, the user can manually move the MLV to any allowable location in the MLS travel 

path. Each of the vehicle’s hydraulic actuators can also be controlled manually. However, these 

parameters cannot be controlled simultaneously. The user must first move and then load or visa-

versa.  The user can slide the horizontal position, or the height and load of each wheel. Once the 

desired value is set, the user must press the GO button to initiate the move.  

Note: The user must hit the red STOP button once the MLV is at the desired position to shut off 

the motor drive or it will continue to run, damaging the machine. 

At all time, measured position, load and cylinder height are displayed in this window. 
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Appendix B  

This is a detailed report the reinforced and prestressed concrete design of the B900 box girder 

involved in this project. Beams were cast in the precast plant, then they were cut and brought to 

the lab where a slab was cast on top. 
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Tendon Layout 
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Tendon Locations along the beam 

36 strands total, 20 straight strands at 70mm, 16 strands deflected. 

 

 

0.0

100.0

200.0

300.0

400.0

500.0

600.0

700.0

S
tr

an
d

 L
o

ca
ti

o
n

Length of Beam

Tendon Layout

X=5800 X=8800 X=9800 X=10800 X=13800

C
u
t 

L
o
ca

ti
o
n

                     

# Strands 

Ends Cut Supports HD1 HD2 HD3 Midspan 

 X=0 X=5800 X=6150 X=8800 X=9800 X=10800 X=13800 

2 620.0 418.6 406.5 314.4 279.7 245.0 245.0 

2 570.0 382.0 370.7 284.8 252.4 220.0 220.0 

2 520.0 327.7 316.0 228.2 195.0 195.0 195.0 

2 470.0 292.4 281.7 200.6 170.0 170.0 170.0 

2 420.0 257.2 247.4 173.1 145.0 145.0 145.0 

2 370.0 205.2 195.3 120.0 120.0 120.0 120.0 

2 320.0 171.7 162.8 95.0 95.0 95.0 95.0 

2 270.0 138.2 130.2 70 70 70.0 70 

20 70 70 70.0 70 70 70 70 

CGS 236.67 160.73 156.15 121.45 112.62 108.89 108.89 
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Materials 

The specified concrete strength (fc’) of the girders is 45 MPa. 

𝐸𝑐 = 4500√45 = 30186.9𝑀𝑃𝑎 

The specified concrete strength (fc’) of the deck slab is 25 MPa. 

𝐸𝑐 = 4500√25 = 22500𝑀𝑃𝑎 

𝑀𝑜𝑑𝑢𝑙𝑎𝑟 𝑅𝑎𝑡𝑖𝑜 = 𝑛 =
22500

30186.9
= 0.745 

All rebar 15M with 𝑓𝑦 = 400𝑀𝑃𝑎. 

𝐴𝑠 = 200𝑚𝑚2, 𝐸𝑠 = 200,000𝑀𝑃𝑎 

Prestressing tendons are grade 1860 seven wire strands. 
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Loss of Prestress 

All methods taken from CHBDC 

𝛥𝑓𝑠 = 𝛥𝑓𝑠1 + 𝛥𝑓𝑠2 (Total Loss = Losses at transfer + Losses after transfer) (CL 8.7.4) 

At Transfer 

𝛥𝑓𝑠1 = 𝐴𝑁𝐶 + 𝐹𝑅 + 𝑅𝐸𝐿1 + 𝐸𝑆   (CL 8.7.4.2) 

𝐴𝑁𝐶 = 0 (CL 8.7.4.2.2) (Pretensioned) 

𝐹𝑅 = 0 (CL 8.7.4.2.3) (Pretensioned) 

 

𝑅𝐸𝐿1 =
log(24𝑡)

45
[

𝑓𝑠𝑗

𝑓𝑝𝑦
− 0.55] 𝑓𝑠𝑗   (CL 8.7.4.2.4) 

𝑓𝑠𝑗 = 0.78𝑓𝑝𝑢 = 1451 𝑀𝑃𝑎 (Table 8.2) 

𝑓𝑝𝑦 = 0.9𝑓𝑝𝑢 = 1674 𝑀𝑃𝑎 

𝑡 = 0.75 𝐷𝑎𝑦𝑠 

𝑅𝐸𝐿1 =
log(24 ∗ 0.75)

45
[
1451

1674
− 0.55] 1451 = 12.82 𝑀𝑃𝑎 

 

𝐸𝑆 =
𝐸𝑝

𝐸𝑐𝑖
𝑓𝑐𝑖𝑟 (CL 8.7.4.2.5) 

=
190,000

4500√35
𝑓𝑐𝑖𝑟 

𝑓𝑐𝑖𝑟 =
𝐹𝑆𝑇

𝐴
+

𝐹𝑆𝑇𝑒2

𝐼𝑔
+

𝑀𝑆𝐸𝑉𝑒

𝐼𝑔
 

𝐹𝑆𝑇 = (𝑓𝑠𝑗 − 𝛥𝑓𝑠1)𝐴𝑝𝑠 = (1451 − 12.8 − 90.13) ∗ (36 ∗ 99𝑚𝑚2) = 4789188𝑁 

𝑓𝑐𝑖𝑟 =
4789188

507850
+

4789188 ∗ (450 − 108.9)2

5.5768 ∗ 1010
−

(
12.2 ∗ 270002

8 ) (450 − 108.9)

5.5768 ∗ 1010
 

= 9.43 + 9.99 − 6.80 = 12.63 𝑀𝑃𝑎 

𝐸𝑆 =
190,000

26622.36
∗ 12.63 = 90.13 𝑀𝑃𝑎 

𝛥𝑓𝑠1 = 12.8 + 90.13 = 102.95 𝑀𝑃𝑎 
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After Transfer 

𝛥𝑓𝑠2 = 𝐶𝑅 + 𝑆𝐻 + 𝑅𝐸𝐿2   (CL 8.7.4.3) 

𝐶𝑅 = [1.37 − 0.77(0.01𝑅𝐻)2]𝐾𝑐𝑟
𝐸𝑃

𝐸𝑐
(𝑓𝑐𝑖𝑟 − 𝑓𝑐𝑑𝑠)  (CL 8.7.4.3.2)  

𝑅𝐻 = 70%  Fig A3.13 

𝐾𝑐𝑟 = 2.0  For pretensioned components  

𝐸𝑐 = 4500√45 𝑀𝑃𝑎 = 30186.92 𝑀𝑃𝑎 

𝑓𝑐𝑖𝑟 = 12.63 𝑀𝑃𝑎 

𝑓𝑐𝑑𝑠 = 4.52 (From above service stresses) 

𝐶𝑅 = [1.37 − 0.77(0.70)2](2.0) (
190000

30186.92
) (12.63 − 4.52) = 101.2𝑀𝑃𝑎 

𝑆𝐻 = 117 − 1.05𝑅𝐻 (CL 8.7.4.3.3) 

𝑆𝐻 = 117 − 1.05 ∗ 70 = 43.5 𝑀𝑃𝑎 

𝑅𝐸𝐿2 = [
𝑓𝑠𝑡

𝑓𝑝𝑢
− 0.55] [0.34 −

𝐶𝑅+𝑆𝐻

1.25𝑓𝑝𝑢
]

𝑓𝑝𝑢

3
> 0.002𝑓𝑝𝑢  (CL 8.7.4.3.4)  

𝑓𝑠𝑡 = 0.78𝑓𝑝𝑢 − 𝛥𝑓𝑠1 

𝑓𝑠𝑡 = 0.78(1860) − 102.95 = 1347.85 𝑀𝑃𝑎 

 

𝑅𝐸𝐿2 = [
1347.85

1860
− 0.55] [0.34 −

101.2 + 43.5

1.25 ∗ 1860
]

1860

3
= 30.08𝑀𝑃𝑎 > 0.002 ∗ 1860 = 3.72 

𝛥𝑓𝑠2 = 101.2 + 43.5 + 30.08 = 174.78 𝑀𝑃𝑎 

 

𝛥𝑓𝑠 = 102.95 + 174.78 = 277.73 𝑀𝑃𝑎 << 

Stress in tendons after losses: 

𝑓𝑠𝑒 = 0.78(1860) − 277.73 = 1173.1𝑀𝑃𝑎 
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Serviceability Limit States 

Summary of Prestressing Forces 

Tendon Jacking Force: 137.7𝑘𝑁 

Tendon force after losses: 112.6𝑘𝑁 

27 metre Length 

Stresses Ends   HD1   HD2   HD3   midspan   

  Top Bot Top Bot Top Bot Top Bot Top Bot 

P/A -3.69 -3.69 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 

Pey/I 4.43 -4.43 10.57 -10.57 10.96 -10.96 11.16 -11.16 11.16 -11.16 

My/I 0.00 0.00 -7.73 7.73 -8.18 8.18 -8.52 8.52 -8.96 8.96 

Total 0.74 -8.12 -5.14 -10.82 -5.20 -10.8 -5.34 -10.62 -5.79 -10.18 

 

16 metre length 

Without topping 

Stresses Ends   HD1   HD2   HD3   midspan   

  Top Bot Top Bot Top Bot Top Bot Top Bot 

P/A -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 

Pey/I 9.10 -9.10 10.57 -10.57 10.96 -10.96 11.16 -11.16 11.16 -11.16 

My/I 0.00 0.00 -1.81 1.81 -2.22 2.22 -2.53 2.53 -2.88 2.88 

Total 1.12 -17.08 0.78 -16.74 0.75 -16.71 0.64 -16.61 0.30 -16.26 

 

With Topping (150mm Topping) 

Stresses Ends   HD1   HD2   HD3   midspan   

  Top Bot Top Bot Top Bot Top Bot Top Bot 

P/A -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 -7.98 

Pey/I 9.10 -9.10 10.57 -10.57 10.96 -10.96 11.16 -11.16 11.16 -11.16 

My/I 0.00 0.00 -2.47 2.47 -3.02 3.02 -3.45 3.45 -3.91 3.91 

Total 1.12 -17.08 0.12 -16.09 -0.05 -15.9 -0.27 -15.69 -0.74 -15.22 

 

Example Calculations: 16 metre length with 150mm topping at midspan at the bottom flange 

𝜎𝑏 =
𝑃

𝐴
+

𝑃𝑒𝑦

𝐼
+

𝑀𝑦

𝐼
 

𝑀 =
(12.2 + 4.4)(15.3)2

8
= 485.74𝑘𝑁𝑚 

𝜎𝑏 =
(−112.6 ∗ 103)(36)

(507850)
+

(−112.6 ∗ 103)(36)(341.11)(450)

5.58 ∗ 1010
+

485.74(106)(450)

5.58 ∗ 1010
 

𝜎𝑏 = −7.98 − 11.16 + 3.91 = 15.22𝑀𝑃𝑎 
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Ultimate Moment Resistance 

No material resistance factors were used. 

𝑓𝑐𝑠𝑙𝑎𝑏
′ = 25𝑀𝑃𝑎 

𝛼1 = 0.85 − 0.0015𝑓𝑐
′ = 0.85 − 0.0015 ∗ 25 = 0.8125 

𝛽1 = 0.97 − 0.0025𝑓𝑐
′ = 0.97 − 0.0025 ∗ 25 = 0.9075 

𝑓𝑐𝑔𝑖𝑟𝑑𝑒𝑟

′ = 45𝑀𝑃𝑎 

𝛼1 = 0.7825 

𝛽1 = 0.8575 

Exact Strain Compatibility Approach 

𝐶 = 𝑇 

 

𝐶𝐶 + 𝐶𝑆𝑙𝑎𝑏
′ + 𝐶𝑠

′ = 𝑇𝑠 + 𝛴𝑇𝑝𝑟 

𝐶𝐶 = 𝛼1𝑓𝑐
′(𝛽1𝑐)𝑏 

𝐶𝑆𝑙𝑎𝑏
′ = 4 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠

′ 

𝐶𝑠
′ = 6 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠𝑙𝑎𝑏

′  

𝑇𝑠 = 6 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠 

𝛴𝑇𝑝𝑟 = 𝛴𝐴𝑝𝑟 ∗ 𝑓𝑝𝑟 
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𝑐 = 216.89𝑚𝑚 < Found using solver 

Location #Strands 𝑑𝑝 𝜀𝑠𝑢 e 𝜀𝑐𝑒 𝜀𝑝𝑒 𝑓𝑝𝑟 Force 

1 22 980 0.01232 763.144 0.00068 0.00599 1747.431 3805944.71 

2 2 955 0.01191 738.144 0.00006 0.00599 1742.245 344968.03 

3 2 930 0.01151 713.144 0.00006 0.00599 1740.189 344560.75 

4 2 905 0.01111 688.144 0.00005 0.00599 1738.126 344152.25 

5 2 880 0.01070 663.144 0.00005 0.00599 1736.055 343742.09 

6 2 855 0.01030 638.144 0.00005 0.00599 1733.972 343329.68 

7 2 830 0.00990 613.144 0.00004 0.00599 1731.874 342914.23 

8 2 805 0.00949 588.144 0.00004 0.00599 1729.755 342494.61 

 

Location #Bars 𝑑 𝜀𝑠 𝑓𝑠 Force 

Slab Rebar 4 75 -0.0023 -400 320000 

Top Flange Rebar 6 210 -0.00011 -21.98 26372 

Bottom Flange 

Rebar 
6 990 0.0125 400 480000 

 

Location 
Depth of 

Concrete 
Force 

Slab 150 4802990 

Top Flange 66.86 1544560 
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Example Calculations: Location 1, 𝑑𝑝 = 980𝑚𝑚 

𝜀𝑠𝑢 = 0.0035 (
𝑑 − 𝑐

𝑐
) = 0.0035 (

980 − 216.89

980
) = 0.01232 

𝜀𝑐𝑒 =
𝜎

𝐸𝑐
 

𝜎 =
𝑃𝑒

𝐴
+

𝑃𝑒𝑒𝑦

𝐼
=

(112.6 ∗ 103)(22)

507850 + 183000
+

(112.6 ∗ 103)(22)(763.144)2

8.6 ∗ 1010
= 20.4𝑀𝑃𝑎 

𝜀𝑐𝑒 =
20.4

30186.92
= 0.00068 

𝜀𝑝𝑒 =
𝑓𝑝𝑒

𝐸𝑝
=

112.6 ∗ 103

99𝑚𝑚2

190,000
= 0.00599 

𝑓𝑝𝑟 = 200,000 ∗ 𝜀𝑝𝑓 (0.025 +
0.975

[1+(118𝜀𝑝𝑓)
10

]
0.1) ≤ 1860𝑀𝑃𝑎  

𝑓𝑝𝑟 = 200,000 ∗ (0.01232 + 0.00068 + 0.00599) (0.025 +

0.975

[1+(118(0.01232+0.00068+0.00599))
10

]
0.1) = 1747.44𝑀𝑃𝑎 ≤ 1860𝑀𝑃𝑎  

𝐹𝑜𝑟𝑐𝑒 = 22 ∗ 99 ∗ 1747.44 = 3805944.71𝑁 = 3805.9𝑘𝑁 

 

Yield Check  

Slab Rebar 

𝜀𝑠 = 0.0035 (
𝑑

𝑐
− 1) = 0.0035 (

210

216.89
− 1) = −0.00011 < 0.002  

.: 𝜎 = 200,000 ∗ −0.00011 = −21.98𝑀𝑃𝑎 

Bottom Flange Rebar 

𝜀𝑠 = 0.0035 (
𝑑

𝑐
− 1) = 0.0035 (

990

216.89
− 1) = 0.0125 > 0.002 

.: 𝜎 = 400𝑀𝑃𝑎 
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𝛴𝑀 = 𝑀𝑟 = −(3805944.71 ∗ 980 + 344968.03 ∗ 955 + 344560.75 ∗ 930 + 344152.25

∗ 905 + 343742.09 ∗ 880 + 343329.68 ∗ 855 + 342914.23 ∗ 830

+ 342494.61 ∗ 805) + 320000 ∗ 75 − 480000 ∗ 990 + 26372 ∗ 210

+ 4802990 ∗ (
150

2
) + 1544560 ∗ (150 +

216.89 − 150

2
) 

= 5673.9 ∗ 106𝑁𝑚𝑚 = 5673.9𝑘𝑁𝑚 

 

Simplified (CPCI) Method 

𝐶𝐶 + 𝐶𝑆𝑙𝑎𝑏
′ + 𝐶𝑠

′ = 𝑇𝑠 + 𝑇𝑝𝑟 

𝐶𝐶 = 𝛼1𝑓𝑐
′(𝛽1𝑐)𝑏 = 0.8125 ∗ 25 ∗ (150) ∗ 1220 + 0.8125 ∗ 45 ∗ (0.9075 ∗ 𝑐 − 150) ∗ 1220 

𝐶𝑆𝑙𝑎𝑏
′ = 4 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠

′ 

𝐶𝑠
′ = 6 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠𝑙𝑎𝑏

′  

𝑇𝑠 = 6 ∗ 200𝑚𝑚2 ∗ 𝑓𝑠 

𝑇𝑝𝑟 = 𝛴𝐴𝑝𝑟 ∗ 𝑓𝑝𝑠 

𝑓𝑝𝑠 = 𝑓𝑝𝑢 (1 − 𝑘𝑝

𝑐

𝑑𝑝
) = 1860 (1 − 0.28 ∗

𝑐

941.1
) 

Solving both equations simultaneously,  

𝛴𝐹 = 0 => 𝑐 = 241.85𝑚𝑚 

𝑐

𝑑𝑝
=

241.85

941.1
= 0.26 < 0.5 𝐺𝑜𝑜𝑑 

𝛴𝑀 = 𝑀𝑟 = 5516.9𝑘𝑁𝑚 
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Ultimate Shear Strength 

𝑑𝑣 = 𝑚𝑎𝑥 {
0.72ℎ = 0.72 ∗ (900 + 150) = 756𝑚𝑚

0.9𝑑
 

𝑑 = 900 + 150 −
2 ∗ 418.6 + 2 ∗ 382 + 2 ∗ 327.7 + 2 ∗ 292.4 + 2 ∗ 257.2 + 2 ∗ 171.7 + 20 ∗ 70

36
 

= 900 + 150 − 153.05𝑚𝑚 

𝑑𝑣 = 0.9 ∗ (900 + 150 − 153.05) = 807.25𝑚𝑚 

𝑉𝑟 = 𝑉𝑐 + 𝑉𝑠 + 𝑉𝑝 

𝑉𝑝 = 𝐴𝑝𝑓𝑝 tan 𝜓 

= 𝛴𝐴𝑝𝑓𝑝 tan 𝜓 = 53.07𝑘𝑁 

𝑉𝑠 =
𝑓𝑦𝐴𝑣𝑑𝑣cot 𝜃

𝑠
 

𝜃 = (29 + 7000𝜀𝑥) (0.88 +
𝑠𝑧𝑒

2500
) 

𝜀𝑥 =

𝑀𝑓

𝑑𝑣
+ 𝑉𝑓 − 𝑉𝑝 + 0.5𝑁𝑓 − 𝐴𝑝𝑠𝑓𝑝𝑜

2(𝐸𝑠𝐴𝑠 + 𝐸𝑝𝐴𝑝𝑠)
 

𝑀𝑓 = 𝑀𝑆𝑊 = 114.09𝑘𝑁𝑚 

𝑉𝑓 = 𝑉𝑆𝑊 = 110.93𝑘𝑁 

𝜀𝑥 =

114.09 ∗ 106

807.25 + 150
+ (110.93 − 53.07) ∗ 103 + 0.5 ∗ 0 − 36 ∗ 99 ∗ 0.7 ∗ 1860

2(200000 ∗ 6 ∗ 200 + 190000 ∗ 36 ∗ 99)
= −0.0024 

𝜀𝑥 = 0 

𝜃 = (29 + 7000𝜀𝑥) (0.88 +
𝑠𝑧𝑒

2500
) = (29 + 7000 ∗ 0) (0.88 +

300

2500
) = 29° 

𝑉𝑠 =
400 ∗ 2 ∗ 200 ∗ 807.25 ∗ cot(29)

300
= 776.7𝑘𝑁 

𝑉𝑐 = 2.5𝛽𝜑𝑐𝑓𝑐𝑟𝑏𝑣𝑑𝑣 

𝛽 = (
0.4

1 + 1500𝜀𝑥
) (

1300

1000 + 𝑠𝑧𝑒
) = (

0.4

1 + 0
) (

1300

1000 + 300
) = 0.4 

𝑓𝑐𝑟 = 0.4√𝑓𝑐
′ = 0.4 ∗ √45 = 2.68𝑀𝑃𝑎 
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𝑉𝑐 = 2.5(0.4)(2.68)(2 ∗ 125)(807.25) = 540.85𝑘𝑁 

𝑉𝑟 = 540.85 + 776.7 + 53.07 = 1370.62𝑘𝑁 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

 

Appendix C 

A load distribution analysis was performed to determine the maximum share of the CL-625 

design vehicle to the test specimen.  
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Background 

Jessie River Bridge, is a two lane slab on box girder bridge located 23 km south of Hearst Ontario. 

Eight precast, prestressed B900 box girders were build for this project in 2014. In Fall of 2016, 

these eight girders were acquired by the Civil Engineering Department and Queen’s University to 

use in a load test with the first ever Moving Load Simulator (MLS) in Canada.  

 

The B900 box girders have a closed cross section. The top and bottom flanges of the beams are 

140 mm thick, while the webs are 125 mm thick. A 150 mm thick reinforced concrete slab was to 

be cast over the entire bridge. The bridge is simply supported at either end on 300 x 300 millimeter 

neoprene bearing pads.  
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CHBDC Simplified Analysis 

The simplified method of analysis for live load distribution is presented in the CHBDC.  

Live load simplified analysis: CL 5.7.1 

Conditions of Analysis: 
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Longitudinal bending moment of the critical girder is calculated  

𝑀𝐺 = 𝐹𝑚𝑀𝑔𝑎𝑣𝑔 

Where 

𝐹𝑚 = Amplification factor to account for the transverse variation in maximum longitudinal 

moment intensity, as computed to the average longitudinal moment intensity (a function of the 

characteristic parameter β). 

𝑀𝑔𝑎𝑣𝑔 = Average moment per girder due to live load determined by sharing equally the total 

moment on the bridge cross-section among all girders in the cross-section.  
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Determining β 

 

CL 5.7.1.3 

𝛽 = 𝜋 [
𝐵

𝐿
] [

𝐷𝑥

𝐷𝑥𝑦
]

0.5

 

= 𝜋 [
8 ∗ 1220

27000
] [

𝐷𝑥

𝐷𝑥𝑦
]

0.5
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The specified concrete strength (fc’) is 25 MPa for the deck slab and 45 MPa for the precast box 

girder. 

 

Modular Ratio: 𝑛 =
𝐸𝑐𝑆𝑙𝑎𝑏

𝐸𝑐𝐺𝑖𝑟𝑑𝑒𝑟
= 1.34 

Effective Slab Width: 𝑏𝐸 =
𝑏𝑠𝑙𝑎𝑏

𝑛
=

1220

1.34
= 910.5 

 

Centroid: 561.15mm (From bottom) 

 �̅� 𝐴 �̅�𝐴 

1 450 507850 228532500 

2 975 136575 133160625 

 

 

Inertia: 8.6*10^10mm4 

 𝐼 ̅ 𝑑 𝐴 

1 55767450208 111.26 507850 

2 256078125 413.85 136575 

 

Torsional Constant: 

𝐽𝑔 =
4𝐴𝑜

2

𝛴
𝑠
𝑡

 

Where  

 𝐴𝑜 = Area enclosed by centerline of elements of the cross section 

  = (1220 − 125) (1052 − (
140+152

2
+

140

2
)) = 915420 𝑚𝑚2  

𝑠 = Length of an element 

𝑡 =  Thickness of an element  

𝐽𝑔 =
4(915420)2

(
1220 − 125
152 + 140

+
1220 − 125

140 + 2 (
1052 − 140 − (152 + 140)

125
))

= 1.5597 ∗ 1011 𝑚𝑚4 
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𝐺 =
𝐸

2(1 + 𝜈)
=

30187

2(1 + 0.15)
= 13125 𝑀𝑃𝑎 

 

𝐷𝑥 =
𝐸𝐼

𝐵
=

30187𝑀𝑃𝑎 ∗ 8.6 ∗ 1010𝑚𝑚4

8 ∗ 1220𝑚𝑚
= 2.66 ∗ 1011𝑚𝑚3 

𝐷𝑥𝑦 =
𝐺𝐽

𝐵
=

(13125𝑀𝑃𝑎) ∗ 1.56 ∗ 1011𝑚𝑚4

8 ∗ 1220𝑚𝑚
= 2.10 ∗ 1011𝑚𝑚3 

 

𝛽 = 1.28 
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SLS  

Number of Design Lanes 𝐹 𝐶𝑓 

2 8.12 13.44 

FLS  

Number of Design Lanes 𝐹 𝐶𝑓 

2 or more 7.34 13.44 
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Determining 𝑴𝑮 

 

 

 
CL 3.8.4.1  

(c) For fatigue limit states, and for the superstructure vibration serviceability limit state (comb 2), 

the traffic load shall be one truck only, placed at the centre of one travelled lane, the lane load 

shall not be considered. 

(d) For serviceability limit states (comb 1) requirements, and for ULS, the traffic load shall be 

The truck load increased by the DLA or The lane load, whichever produces maximum load 

effects.  
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CL625-ONT truck and lane load applied to real bridge span (27m) Moving Load Envelope 
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Selecting a Distribution Factor 

The LANE load does not govern. Therefore, only the truck load (plus the DLA) needs to be used.  

 CL 5.7.1.2  

 

𝑀𝑇 = 3407.03𝑘𝑁𝑚 

𝑀𝑔𝑎𝑣𝑔 =
𝑛𝑀𝑇𝑅𝐿

𝑁
 

 

 



100 

 

𝐹𝑚 =
𝑆𝑁

𝐹 (1 +
𝜇𝐶𝑓

100)

≥ 1.05 

𝑀𝑔 = 𝐹𝑚𝑀𝑔𝑎𝑣𝑔 

For 2 Design Lanes: 

𝑀𝑔𝑎𝑣𝑔 =
2 ∗ 3407.03 ∗ 0.9

8
= 766.58𝑘𝑁𝑚 

𝜇 = 1.0 

𝐹𝑚 =
1.22 ∗ 8

8.12 (1 +
1.0 ∗ 13.44

100 )
= 1.06 ≥ 1.05 

𝑀𝑔 = 1.06 ∗ 766.58 = 812.62𝑘𝑁𝑚 <- Governs 

 



101 

 

 

𝑀𝑔𝑎𝑣𝑔 =
3407.03

8
= 425.88𝑘𝑁𝑚 

𝜇 = 1.0 

𝐹𝑚 =
1.22 ∗ 8

7.35 (1 +
1.0 ∗ 13.44

100 + 0)
= 1.17 ≥ 1.05 

𝑀𝑔 = 1.17 ∗ 425.88 = 498.3𝑘𝑁𝑚 

 

 

 

 

 

 

 

 

 

n=1 RL=1.0 
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Shear: 

 

Thereafter Cl 5.7.1.4.1 

 

𝑉𝑔𝑎𝑣𝑔 =
2 ∗ 534.4 ∗ 0.9

8
= 120.24𝑘𝑁 

𝐹𝑣 =
1.22 ∗ 8

7.2
= 1.36 

𝑉𝑔 = 1.36 ∗ 120.24 = 162.99𝑘𝑁 
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𝑉𝑔𝑎𝑣𝑔 =
534.4

8
= 66.8𝑘𝑁 

𝐹𝑣 =
1.22 ∗ 8

4.25
= 2.30 

𝑉𝑔 = 2.30 ∗ 66.8 = 153.64𝑘𝑁 

The critical moment with two lanes loaded govern the design and so the MLS test setup will be 

aimed at achieving this moment intensity under the wheel loads “P”. 
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MLS Test Setup 

 

In order to have a moment equivalent to the design moment using the MLS, the value of P must 

be determined. 

Span (L) = 15.3m 

Maximum moment occurs below the leading load at a distance of, 

𝑥 = 0.5 (𝐿 −
𝑎

2
) = 0.5 (15.3 −

1.2

2
) = 7.35𝑚 

𝑀𝑚𝑎𝑥 =
𝑃

2𝐿
(𝐿 −

𝑎

2
)

2

 

Therefore, 

𝑃 =
𝑀𝑚𝑎𝑥 (𝐿 −

𝑎
2)

2

2𝐿
=

812.6 ∗ 2 ∗ 15.3

(15.3 −
1.2
2 )

2 = 115.07𝑘𝑁 
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Finite Element Model 

In order to verify the CHBDC method, the distribution was checked using a finite element model 

in SAP2000. The aim of the model was to analyse the Jessie River Bridge, subjected to a variety 

of CL-625 truck loading configurations. A 27 meter bridge was created in SAP2000.  

SAP2000 

SAP2000 is a structural analysis program the uses the finite element method to analyse structures. 

This software is very popular for structural analysis and has a variety of features. SAP2000 has six 

different elements in it’s library. In this study, a structural model of The Jessie River Bridge was 

constructed from Frame and Shell elements.  

Frame Element: A two node element which is capable of modelling tension, compression, biaxial 

bending, biaxial shear and torsion. Deformations are modelled as well.  

Shell Element: A membrane capable of bending, shear and axial behaviour in the plane of the 

element. SAP2000 can configure the shell to behave as a pure membrane, pure plate or full shell 

behaviour.  

The bridge is composed of eight, simply supported, B900 box girders. These girders are all 

connected by transverse shear keys, spaced at 3000 millimeters, as was prescribed in the contract 

drawing.  

SAP2000 also allows the user to restrain certain degrees of freedom of any direction if desired.  
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Finite Element Model of Jessie River Bridge 

The B900 box girders were constructed using three different four-node shell elements in the 

SAP2000 library. In order to determine the mesh size a rule of thumb was used at least of 2.5 to 1 

aspect ratio. A sensitivity study was used to verify the aspect ratio and the mesh size was 

determined below. The box girders were divided into multiple components: Composite top flange, 

bottom flange and webs. Frame element shear connectors were added at the appropriate locations 

to ensure connection between girders. The bridge is simply supported at its ends.  
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Geometric Modelling 

The soffit of the beams consists of a 140 mm thick concrete shell (45 MPa). The webs of the beams 

consist of 125 mm thick concrete shells (45MPa). The top flange and slab consist of a 290 mm 

thick, composite shell, with a 150 mm shell, representing the slab, (25MPa) and 140 mm flange 

shell, representing the top flange of the beam (45MPa). 
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Mesh 

It should be noted that a maximum shell aspect ration of 2.5 is desired for accurate modelling of 

these elements (Khan, 2010). The webs and flanges each consist of a 5X5 element mesh. A total 

of 15776 nodes were used and 15040 shells. A maximum node spacing of 300 mm was used. In 

accordance with the contract drawings, the neoprene bearing pads were simulated using joint 

restraints at the corners of the box girders, at both ends of the clear span. The support conditions 

were modelled as a pin on one end and roller on the other, to allow for release of internal forces. 

Link elements were used to simulate the welded shear keys. All link elements were given the same 

geometric properties as those specified in the contract drawings. A 60 mm by 120 mm plate was 

used. Links were not provided on the under side of the beams as the beams were meant to be 

allowed to articulate about the shear connection location.  
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Modelling Moving Loads in SAP2000 

In order to model moving loads on this bridge in SAP2000, frame elements must be added to 

represent highway lanes. Moving loads must run along a specified frame element path. Therefore, 

frame elements were placed at specific location where loads were to be applied in each loading 

condition. These frame elements were given very little stiffness in order to not affect the response 

of the whole model. The finite element analysis involved moving the CL-625 design truck 

longitudinally across the bridge and at various lateral positions across the bridge. Lateral 

positioning was chosen such that each girder was loaded with each axle of the design vehicles. 

Because of the processing power required to run the moving loads along the model, static loads 

were placed at locations that would produce the same moment intensity as the moving loads.  
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Supporting Conditions 

At either end of the 27 meter span, a pin and roller support the bridge. Pins and rollers were placed 

at the bottom corners of the box girders as is shown in the figures below.  
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Truck Positioning 

Rules on truck placement. (Bakht and Mufti, 2015) 

In order to simulate the realistic behaviour of the bridge in response to the design loads, the 

following rules were obeyed in positioning the trucks for live load analysis.  

Limits for truck positioning and spacing in the CHBDC are presented below. 

a) The vehicle should consist of two lines of wheel loads with centre to centre spacing of 

1.8m 

b) When more than one vehicle is present, adjacent lines of loads are 1.2m apart 

c) Transverse distance between centre of a wheel load and the edge of the bridge is not less 

than 0.6m 
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Lateral positioning of the trucks was chosen to ensure that, 

1. The bridge was loaded at its centre 

2. The critical exterior girder was loaded, producing the largest bending stress 

3. To show the distribution of stress between the centre of the bridge and the exterior girder 

4. Above truck placement rules were obeyed 

Six loading cases are displayed for a visual of the distribution throughout the bridge.  

Position Axle 1 Axle 2 Axle 3 Axle 4 Center of Load 

1 -2400 -600 600 2400 0 

2 -2126 -326 874 2674 274 

3 -1590 210 1410 3210 810 

4 -1185 615 1815 3615 1215 

5 -886 914 2114 3914 1514 

6 -581 1219 2419 4219 1819 

Table 1: Calculated stresses, strains and deflections at mid span 

Longitudinal placement of the truck was chosen to produce the maximum moment intensity. 
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Results of Finite Element Model 

Load distribution analysis was carried out using both the CHBDC simplified method and the 

SAP2000 finite element model, incorporating one truck, two truck and three truck configuration. 

Results from both the SAP2000 finite element model and the simplified method showed that two 

lane loading of the CL-625 truck alone was critical, therefore the two truck configuration is only 

presented here. The maximum load distribution effects were observed when only two trucks were 

applied to the bridge. This means that a total of 4 axles were present on the bridge at a time. Trucks 

were positioned longitudinally and transversely and the distribution was found as follows. Table 

1 summarises the relevant lateral truck positions. Some truck positions were omitted for simplicity 

and clarity of analysis. Position of truck axles is presented in relation to the centre of the bridge. 
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Maximum bottom of the shell stress 

Position 1 

 

Position 2 
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Position 3 

 

Position 4 
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Position 5 

 

Position 6 

 

 

The critical case is for the exterior girder with a maximum bending stress of 4.42 MPa.  

𝐹𝑚 =
(𝜎𝐹𝐸𝑀) ∙ 𝑁

(𝜎𝑆𝑆) ∙ 𝑛
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From the Influence line in the previous section, 𝑀𝑇 = 3407 𝑘𝑁 which include dynamic load 

allowance of 1.25. For the purposes of the finite element analysis, the total moment relating to 

𝜎𝑆𝑆 is 𝑀 =
3407 𝑘𝑁𝑚

1.25
= 2612.5𝑘𝑁𝑚. 

𝜎𝑆𝑆 =
𝑀𝑦

𝐼
=

(2612.5 ∗ 106𝑁𝑚𝑚)(561𝑚𝑚)

8.6 ∗ 1010𝑚𝑚4
= 17.1𝑀𝑃𝑎 

𝐹𝑚 =
(4.42) ∙ 8

(17.1) ∙ 2
= 1.03 

 

From the above figure it is obvious that the critical girder is the one at the edge of the bridge. The 

black line represents the maximum distribution factor (𝐹𝑚) for each girder. The CHBDC does not 

distinguish between the interior and exterior girders, but rather presents a distribution factor for 

each girder to be designed with. The maximum distribution factor given found in the FEM analysis 

is 1.03, while the distribution factor found using the CHBDC simplified method was 1.06. The 

code value of 1.06 was chosen because it is more conservative. 
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𝐹𝑚 = 1.06 

Therefore, the critical share of this girder is 812.6kNm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


