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Introduction
The invention of analytical mathematical theories and technological advancements have had a world changing effect for the way engineers design and test structures. These advances have enabled the construction of safe, cost effective designs without the need for time consuming and expensive prototypes having to be made. This essay applies well understood theories to help select an appropriate bridge girder for use within a sand-casting foundry, as well as discussing assumptions made in the calculation process. 
	To test designs, engineers can employ several different experimental methods to verify that their initial calculations are correct, and therefore safe. The different experimental methods and tools available will be discussed along with the appropriate selection of said tools for use for the selected beam, confirming the correct selection has been made and why.


Part 1 - Beam Selection
Bridge Girder 
YMAX=0.01m
W=5000kg lifting load + 90kg hoist and counterweight = 49.93KN
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(Image From: skyciv.com, 2021)
L=5m
For a Simply Supported Beam with central concentrated load
YMAX=-W.L3 /48.EI
Therefore, I=- W.L3/48.E.Y
I=(-49.93x103x53)/48x210x109x-0.01
I=61.92x10-6M4.   To convert to CM4 we now multiply this number by 108.
Therefore, I=6,192cm4. 
Using the chart provided by (Engineeringtoolbox, 2021)
The beam selected to be used is a Universal I beam: UB 305x102x33
Support Beams 
YMAX=0.01m
W=49.93KN (previous working load) + Selected Girder 1.61KN (164kg) + End Trucks 0.785KN (2x40kg). Total weight on the two support beams = 52.325KN (26.163KN) 
L=8m
For a Simply Supported Beam with central concentrated load
YMAX=-W.L3 /48.EI
Therefore, I=- W.L3/48.E.Y
I=(-26.163x103x83)/48x210x109x-0.01
I=132.89x10-6M4. 
Therefore, I=13,288cm4.  Selected beam, from chart: UB 356x171x51

Part 2 - Assumptions
Bridge Girder
To accurately calculate the values seen in Part 1, several assumptions had to be made. For the girder selection calculations, the first assumption that was made was that it was to be considered a simply supported beam. The simply supported beam was assumed to be at a length of 5 meters. The length of 5 meters was chosen to correspond with the working length of our Sand-Casting Foundry, where large sand moulds are spaced equally along the 5-meter axis prior to pouring, allowing a safe and efficient pouring methodology.
	The next assumption made was regarding the hoist block (inclusive of the trolley frame and counterweight). It was assumed that the overall length of the trolly was 1 meter, and according to (Hoisting Equipment- Electric chain hoists, 2021), the weight of a 5000kg hoist is 90kg. It was also assumed the point load when in operation was directly at the center of the 1-meter length of the trolley, meaning any force applied to the bridge girder could be considered as a point load. 
Support Beams
For the supporting runway beams, similar assumptions were made, such as them being simply supported beams with a point load, and that the maximum deflection, along with the critical yield, and critical buckling loads were less than the design stress for the support columns tasked with supporting the finished structure.
A point load was again assumed for these beams due to the bridge girder being situated at the center of the meter long end trucks. The weight of the end trucks has been approximated at 40kg for each, due to their assumed length of 1 meter and being made from the same material as the girder. The weight of the bridge girder has been directly taken from the chart referenced in part 1, at 32.8kg per meter. The final assumption was that the support beams had to have a maximum deflection of 10mm, the same as the bridge girder.


Part 3 – Strain Gauges
Strain gauges are important devices regularly used by engineers to measure and record the level of strain on an object or structure. When a force is applied to an object it will elastically deform causing a change in length, and by measuring the change of length over the object’s original length the dimensionless strain measurement can be obtained. 
Successful engineering designs require accurate measurements of the strain of an object under working conditions. By accurately determining the peak stress concentrations and values, along with their locations allows engineers to subsequently reduce these values or remove the concentration points all together with good design. 
Electrical Resistance strain gauges
Invented by Edward Simmons and Arthur Ruge back in 1938, by both independently discovering that bonding a small diameter wire to an object or structure could measure surface strain. According to (The MIT 150 Exhibition, 2021) This electrical resistance gauge breakthrough led to strain gauges being adopted for aircraft development during World War 2. These important sensors now allow engineers to build lighter, cheaper, and more efficient structures whilst maintaining rigorous safety and durability requirements. 
[image: ]Electrical resistance gauges are one of the most used gauges, which are quite simply composed of a flexible, non-conductive base to which a length of wire, in the form of a grid running back and forth the length of the base is attached covered by a laminate top layer. The gauge is attached to the area of the object where the strain measurement is required, and any deformation caused by external strain on the object is also experienced by the gauge, and by passing an electrical current through the wire any change in length and hence cross-sectional area due to deformation results in a change of resistance of the wire, which then can measure the change in length. (Hearn, 1997)					              (Image From: bme.stonybrook.edu/)
Due to the strain levels experienced by engineered structures being very small, the changes in resistance are also relatively small, and thus require sensitive instrumentation to measure. A Wheatstone Bride is used to measure these small changes in resistance. 
Whetstone Bridges come in types, varying in cost, sensitivity, and application. The three types are:
· Quarter Bridge
· Half Bridge
· Full Bridge

[image: ]Quarter Bridge
The circuit shown is a Wheatstone Bridge, with the two resistors R2 and R3 are equal, and Rx is the variable resistor, used to zero the voltage when no force is applied, leaving R1 as the strain gauge. If the bridge is balanced, the voltmeter connecting points C and B will be set to zero, meaning there is no strain on the gauge. If the strain gauge comes under any stress, then the resistance will change, causing the bridge to become unbalanced, producing a voltage indication on the voltmeter corresponding to 
(Image From: Strain Gauges: How they Work, Applications, and Types)
the change.  A quarter bridge is used to measure a single axis and are very sensitive to temperature change. (Hollings, 2021)
Half Bridge
A half bridge configuration is like a quarter bridge, but with an added strain gauge to the same arm that the original gauge was applied. Positioning the second gauge in a position so that it experiences the direct opposite forces of the first gauge, meaning if one gauge is compressed, then the other will be stretched or vice versa, allows both to respond to the strain on the test object. This not only means that this gauge is more sensitive than the simpler quarter bridge, it also allows any change in temperature to be minimised as both gauges will respond to change in temperatures by the same proportion cancelling a measuring error caused by thermal expansion. (Strain Gauges | Electrical Instrumentation Signals, 2021)
Full Bridge
A full bridge configuration is not only the most sensitive of the three bridges, having four active gauges in operation, but unlike the others is linear. According to (Measuring Strain with Strain Gages, 2020) Having all four gauges working allows for measurements to be taken for tensile and compressive strain as well as compressive and tensile Poisson effect. Orientating the gauges at different angles from one another allows to measure multiple strain directions. If it is required to measure multiple directions of strain gauge rosettes can be used. The additional gauges, running at a different direction from the original measure’s strains in different directions. Two sensors mounted perpendicular to each other are known as a biaxial rosette, and measures two directions of strain, whilst if multiple directions need to be monitored then a triaxial rosette can be utilised, mounting the gauges at 0°-60°-120° relative to each other or 0°-45°-90° depending on the required measurement. Rosettes are used in half bridge and full bridge gauges. (What Is Strain Gauge Sensor and How Does It Work?, 2020)






Variable Inductance Strain Gauge
Measuring a change in length as small as one millionth of an inch, variable inductance gauges are extremely sensitive making them a valid option as a displacement transducer. The image below shows the basic arrangement of the gauge. The iron armature is orientated so that it sits between two wire coils, both of which are surrounded by cores. If displacement of the test object moves the armature closer towards the core 1, the inductance increases in coil 1 and decreases in coil 2. Both coils generate impedance in the bridge circuit, shown in the diagram as Z1 and Z2. The output voltage E is proportional to the strain on the test object as displacement is being measured. The benefits of this type of gauge are that they are more sensitive, and more accurate than their resistive gauge counterparts, but they are more expensive, bulkier, complex in construction and far more difficult to install. (Strain Gauge-Transducer,Sensor,Wheatstone Bridge,Electrical,Semiconductor, 2013)

[image: ]
(Image From: instrumentationtoday.com)



Brittle Lacquer
First used in Germany in 1932, Dietrich and Lehr successfully used the brittle lacquer method of detecting strain directions and concentrations. The phenomenon was first observed in 1850 By E. Clarke during his tubular bridge investigations, and further advanced from Dietrich and Lehr between 1937-1941 in the USA by Stern, De Forrest and Ellis when they produced “Stresscoat”, a series of lacquers which remain in use to this day albeit in a modified form.
	Applying brittle lacquer, usually by spray coating to the surface of the structure or object under investigation, and allowing it to either air dry or, drying it by applying heat gives it its brittle properties. The technique relies on the applied layer of lacquer cracking when a force is applied, elastically deforming the object, and hence exceeding the threshold strain of the lacquer. Where the cracking occurs immediately indicates where the concentration of stress is on the test object, and the direction of the maximum strain at these concentrated points is shown as the applied stress always runs perpendicular to the cracks. This method indicated the area where the maximum stress is being applied but cannot show any values, and thus is a tool for defining the optimal positions to apply strain gauges. (Hearn, 1997)

Dial Test Indicators and Dial (Plunge) Indicators
[image: ]Dial Test Indicators and Plunge Indicators are types of mechanical gauges, both working in the same way but do have their differences. A Dial Test Indicator has an arm that measures how far it is moved sideways, whilst a Dial Indicators plunger measures how far it has been raised by the deformation of the test object. The sensitivity of both gauges varies, with the DTI’s measurement least count being 0.01mm, within a range up to 2mm or down to 0.8mm, whilst the Plunge Indicator is more sensitive, and being limited to 1mm, with a least count of 0.001mm. For a more accurate measurement a digital type can be used, although these can be costly, and require more maintenance and care. (Gupta, 2021)
	To measure the deformation of the test object, a Plunge Indicator can be clamped onto the object, or a stand can be used to hold the gauge in place. Once the gauge is in place the plunger tip is carefully orientated so that it is touching the area where the reading is required, avoiding sudden contact with the test object, and applying too much pressure on the contact points. Once the gauge is positioned correctly, any deformation on the object due to an applied force will push the plunger in and using a series of gears to magnify the effects moves the pin on the indicators face corresponding to the change in length, and thus measuring the deflection. (Hincks, 2018) 	          (Image from: randysworldwide.com)	
	
Other strain gauges are available, and according to (Lake, 2021), these include, but are not limited to:
· Pneumatic Gauges
· Acoustic Gauges
· Capacitance Gauges
· Semi-Conductor Gauges











Part 4 – Gauge Selection 
Part 3 discusses some of the different types of strain gauge available, and with some being more suitable to measure the strain on the selected bridge girder than others. The first method chosen is to apply a layer of Brittle Lacquer over the entirety of the selected beams. As previously stated, Brittle Lacquer is a cost effective and efficient way of detecting the stress direction and concentrations, and therefore a brilliant method of determine where to apply a more sensitive and suitable gauge. Although the maximum strain in the girder would be at the centre when in operation, the addition of a Brittle Lacquer will show any additional stresses due to poor design or material faults.
	The chosen type of gauge to be applied to the selected beam is an electrical resistance gauge, utilising the Half Bridge set up, and this has been chosen over the mechanical Plunge Indicator. Both gauge types have the required sensitivity to measure the deflection at the centre of the beam with accuracy and ease. Sensitivity to temperature change is an important factor in gauge selection, and as the Bridge Girder and support beams are in use in a sand-casting foundry, and therefore exposed to changes in temperature when in operation. Although the Plunging Indicator is less sensitive to changes in temperature, the set up will be more difficult due to having to attach a clamp to hold in position, and the utilisation of a Half Bridge set up will minimise the effects of the temperature change for the electrical resistance gauge making it the better choice.
	It is assumed that the maximum stress that the girder would be subjugated to would be at the middle when in operation, and this should be confirmed by the application of the Brittle Lacquer, therefore the strain gauges are to be applied directly to the middle of the girder. The first gauge should be attached to the underneath of the girder where maximum extension will occur, and the second gauge on the top of the girder, directly opposite to the first where maximum compression will occur. Having both gauges in use will increase the sensitivity of the measurements, as well as minimising the effects of changes in temperature, and should be orientated so that the length of the wire in the gauge runs parallel with the length of the beam, maximising their effect.
	Now the reading from these gauges can be taken. It may not be enough to take these readings at face value as human error could affect the reliability of the gauges if not placed correctly or if they have not been set to zero correctly. To check that the readings given are in fact correct it is often a good idea to take the readings given and insert them into the calculations made in Part 1 to confirm whether they are accurate. If further analysis is required then Finite Element Analysis can be used, which utilises complex mathematical equations in virtual software to simulate the effects of stress on an object. (English, 2019)








Conclusion 
This essay has applied the necessary mathematical theory to analyse and select an appropriate bridge girder and support beams to lift a 5000kg load with a maximum deflection of 10mm when in operation. The assumptions made in Part 2 were important in selecting the correct beam, with the information taken from in work examples, such as the beam length corresponding to the length of the sand-casting foundry. This assumption, along with the others helped accurately select the correct beams UB 305x102x33 and UB 356x171x51 for the bridge girder and support beams, respectively.
The selection of an Electrical Resistance Gauge and Brittle Lacquer for experimental use to test girder selection was determined by the information shown in the strain gauge section. The discussion regarding strain gauges highlighted some of the different types available along with their applications and sensitivity. The selection of an electrical resistance gauge with a half bridge circuit applied was influenced by their high level of sensitivity, the minimal effect of temperature change and relative cost effectiveness. Interpreting the readings from the strain gauges selected should be used alongside mathematical analysis and finite element analysis if necessary, to confirm the correct selection and application of beams and gauges. 
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