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2. Introduction
Z-section beams are becoming increasingly used in a variety of different engineering applications due to their advantageous mechanical properties. Z-sections are light-weight, resistant to deformation and can handle high shearing stresses. They are commonly used in aircraft structures as wing spars or stringers, in order to resist wing bending and twist, as well carrying any vertical shearing loads. The aim of this report is to evaluate the mechanical properties of a z-section, both experimentally and theoretically as well as comparing them to software results from Abaqus.
This report is broken down into 5 different sections. The first section outlines the objectives of the experiment conducted and what is hoped to be achieved. The next section summarizes the experimental procedure of the z-beam analysis and gives a detailed description of how different loads were applied to the beam.
The next section explains the theoretical principles behind the mathematical equations used in order to calculate parameters such as shear stress, maximum direct stress, shear flow etc. The equations highlighted in this section were used both for the experimental and theoretical calculations.
The third section describes the software used for the analysis and outlines the different input commands applied within Abaqus to achieve the desired results. 
The final two sections contain a discussion and conclusion. The results obtained from the z- beam examination will be evaluated in these sections and any possible sources of error will be scrutinised.
3. Objectives 
The main objectives of this experiment are:
· Complete a strain gauge analysis of a z section beam. 
· Calculate the direct stress, shear flow and displacement of the beam at varying loads.
· Complete a theoretical examination of the beam and compare the results to the experiment.
· Construct a Finite Element Analysis of the beam, again compare the results to the theory and experiment. 
· Compute the maximum Von Mises stress through FEA.
Construct graphs of the various results
4. Theory 
Finding strains
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Where:




Since the strain gauges in this experiment are orientated in the direction of the principal axes, ε2= εx and ε1= εy. εx and εy are changed for calculations depending on the position of the strain rosette on the beam and the orientation of the rosette.



Sub into equation 1.2
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Now:


Therefore:
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Finding Stress from Strain (Hearn, 1997)

Theoretical Calculations
Shear Flow:
Starting Equation:

Solving for 

Substituting for :

Integrating gives:

For experiment 1; Sy = 0
Therefore:

This simplifies down to:

Integrate with respect to s:

Where for the top flange:		

For the web:					


For experiment 2, Sx = 0:

For experiment 5 use equation 1.

Direct Stress:
Starting Equation:

Given:


Defining second moments of area:



Expanding out equation 1:


In matrix form:

Which gives:


The direct stress equation now gives:
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Expanding  gives:


If Mx = 0,

If My =0,



Finding Displacements:
Deflections due to bending relationship:
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Expanding 4.1:
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Assume vertical load only so that My = 0
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Replacing Mx in equation 4.2

Integrating gives:
	
	
(4.4)


A second integration gives:
	
	
(4.5)




To determine constants of integration, the following boundary conditions were applied


Applying the first boundary condition to equation 4.4 gives A = 0
Applying the second boundary condition to equation 4.5 gives:

By substituting this value of B into equation 4.5 and by applying the same integrations to the expanded matrix 4.1, two expressions for displacement in the X and Y directions are found as follows:






5. Experimental Procedure 

1. The beam was loaded in the X-direction from 0-25kg in increments of 5kg with the displacement sensors monitoring displacement in the X-direction.
1. After each load was applied, strain oscillations were monitored on screen and a reading taken once the oscillations had died down.
1. The beam was then unloaded in the same increments and readings taken after each decrement.
1. Keeping the displacement sensors in the same place, the beam was loaded in the Y-direction from 0-14kg and then up to 44kg in increments of 10kg.
1. The displacement sensors were then moved to measure displacement in the Y-direction and steps 1-4 were repeated.
1. Finally, the displacement sensors were removed and the beam was loaded in both the X and Y directions simultaneously using the following loading sequence.

	X Load (kg)
	0 – 5 – 10 – 15 – 20

	Y Load (kg)
	0 – 14 – 24 – 34 – 44



1. Data from the tests was collected in an Excel sheet and manipulated to obtain stress values from the strain readings.
1. Because the load was applied using levers, the force transmitted to the beam needed to be calculated using moment arms and then converted to Newtons.
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Figure 1. Z-section beam cross section Geometry

6. Finit Element Analysis 
Geometry of Beam
The Z-section beam in question was measured and the resulting geometries were extrapolated and inserted into Abaqus FEA solver. Geometry was measured with the highest level of accuracy available via measuring tape and utilisation of Vernier calliper.
The Z section sketch shown represents the precise dimensions used in Abaqus for the purpose of analysis. All dimensions in the image are represented in meters and as can be derived from the image: 
Thickness = 1.6mm; web height = 148.81mm; top flange width = 751mm; bottom flange width = 76.2mm.
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Figure 2. Beam Geometry Isometric view illustration of strain gauge plain

Meshing
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Figure 3. Illustration of seed size and mesh type that was applied to nozzle model


As is also evident from figure, a square plate is located at a location in the vicinity of the middle of the span of the beam. This plate serves the purpose of providing an attachment point for load inputs which will be explained in further detail at a later stage.
Shown above in figure is a pictorial representation of the seed size and meshing type that was used throughout the structure of the Z-section beam. After a lengthily h-refinement process, the results being obtained for the Von Mises stress values balanced out at a global seed size value of 0.008m. Subsequently, 0.008m seed size was used at the area of interest, and an arbitrarily chosen value was used on the centre plate. The element type that was chosen was based on the hexagonal dominated element type with a linear geometric order.
The Hexagonal dominated element shape was chosen due to its large number of degrees of freedom, 6 nodes in each element, each node having three degrees of freedom giving a total of 18 DOF per element. The primary reason behind choosing a hex-dominated mesh however, was so that a straight line/linear data path could easily be defined along the region where the strain gauges were placed as is seen in figure. 
Application of boundary conditions
Each of the two ends of the z-section beam was fixed uniquely on the testing apparatus. These connections were imitated and emulated in Abaqus FEA solver in the form of boundary conditions as follows in figure. Figure illustrates the location of where each boundary condition is applied, and also what type of motion the boundary condition permits or resists. In the following images, the following is described:
U1=translation in X direction; U2=translation in y direction; U3=translation in z direction.
UR1=Rotation about X-axis; UR2=Rotation about y-axis; UR3=Rotation about z-axis.
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Figure 4. Boundary conditions at the non-strain gauge end
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Figure 5. Boundary conditions at the strain gauge end


Applying loads to the model
In application in the experimental segment of this report, it is shown that the load is transmitted to the beam via a pin joint in each corresponding axis on the centre plate. An assumption was made in the FEA portion of the study whereby a continuous uniformly distributed pressure load was applied in the direction of the load, and it was applied to either the top or side surface of the centre plate.
The magnitude of these loads was calculated using the principle that a pressure is force acting over an area. For the purpose of the FEA solver, only the maximum loads in both the x and y directions were solved for (as is seen in table 1) as it was these loads that acted as the worst case scenarios and were of most interest for the purpose of analysis.


Table 1. (right) Pressure loads acting upon centre plate in X and Y directions
	 
	Force (N)
	Area (M^3)
	Pressure (N/M^3)

	X-direction
	865.84
	0.0006
	1443066.667

	Y-direction
	1510.74
	0.0006
	2517900




[image: ]

Three combinations of loadings were utilised throughout the FEA portion of the analysis, that is, a load was applied in the x direction, y direction, and a combination of both as per laboratory experimentation.
Data acquisition
As previously mentioned, a hex dominated mesh was chosen in order to position a data path across the z-section beam from one flange tip to the other as was seen in figure. This data path for all intensive purposes was used as the x-axis datum line for the stress and shear stress calculations. The data path length had been normalised to be represented as a unit length for easier future calculations. XY data in the form of various field outputs were then plotted along the data path in order to produce representative graphs.

7. Result 


Figure 6: X-load direct Stress 	

 Figure 7: Y-load Direct Stress


Figure 8: XY-load Direct Stress




Figure 9 & 10: x-Shear on top flange and Web




Figure 11 & 12: Y-Shear on top flange and Web

8. 
9. Discussion & Conclusion
As previously mentioned all the data plotted above corresponds to the maximum loading in each configuration. As seen above in Figures 15,16 and 17 the bending stress data for the numerical, theoretical and experimental calculations is very similar. The stress where the web meets the flange is noted to be high and also the stress on the neutral axis is zero which is to be expected. From the data collected for ‘Test 2’ it can be seen that the stresses at the outer edge of the flange are higher experimentally than predicted theoretically and numerically. This can be put down to the fact that during the test warping was noted at the point of loading. This could have led to an uneven stress distribution at the strain gauge locations.
For the displacement data it can be seen that although the numerical and theoretical data coincide, the experimental data is somewhat greater. This can be seen in Figures 18,19,20 and 21. This could be down to the fact that over the years the beam may have been loaded beyond its yield strength and plastic deformation may have occurred. It is important to note however that the beam does follow the same trend as the other calculated data.
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σ (Pa)


Theory	1.0000000000000024E-3	5.0000000000000088E-3	9.0000000000000028E-3	1.2999999999999998E-2	1.7000000000000001E-2	2.1000000000000012E-2	2.5000000000000001E-2	2.9000000000000001E-2	3.3000000000000002E-2	3.6999999999999998E-2	4.1000000000000002E-2	4.5000000000000012E-2	4.9000000000000092E-2	5.3000000000000012E-2	5.7000000000000023E-2	6.1000000000000013E-2	6.5000000000000002E-2	6.9000000000000034E-2	7.3000000000000009E-2	7.6999999999999999E-2	88972.802880529664	433608.64732013579	760235.90442772419	1068854.5742032886	1359464.6566468361	1632066.1517583579	1886659.0595378655	2123243.3799853409	2341819.1131008067	2542386.2588842507	2724944.8173356671	2889494.7884550691	3036036.1722424543	3164568.9686978091	3275093.1778211542	3367608.7996124728	3442115.8340717661	3498614.2811990492	3537104.1409943062	3557585.4134575352	Exp	2.5000000000000001E-2	0.05	6045864.6616541194	4149661.6541353357	FEA	0	8.2803600000000005E-3	1.6560720000000043E-2	2.4764409999999962E-2	3.29681E-2	4.117179E-2	4.9375480000000034E-2	5.7579169999999902E-2	6.5782859999999999E-2	7.6670000000000002E-2	315000	608000	896000	1100000	1300000	1400000	1600000	1700000	1800000	1800000	S-Flange (m)

τ (Pa)


Theory	1.0000000000000024E-3	3.0000000000000048E-3	5.0000000000000088E-3	7.0000000000000097E-3	9.0000000000000028E-3	1.0999999999999998E-2	1.2999999999999998E-2	1.4999999999999998E-2	1.7000000000000001E-2	1.9000000000000034E-2	2.1000000000000012E-2	2.3E-2	2.5000000000000001E-2	2.7000000000000048E-2	2.9000000000000001E-2	3.1000000000000048E-2	3.3000000000000002E-2	3.500000000000001E-2	3.6999999999999998E-2	3.9000000000000014E-2	4.1000000000000002E-2	4.3000000000000003E-2	4.5000000000000012E-2	4.7000000000000014E-2	4.9000000000000092E-2	5.1000000000000004E-2	5.3000000000000012E-2	5.5000000000000014E-2	5.7000000000000023E-2	5.9000000000000101E-2	6.1000000000000013E-2	6.3E-2	6.5000000000000002E-2	6.7000000000000004E-2	6.9000000000000034E-2	7.0999999999999994E-2	7.3000000000000009E-2	7.5000000000000011E-2	7.6999999999999999E-2	7.900000000000014E-2	8.1000000000000003E-2	8.3000000000000046E-2	8.5000000000000006E-2	8.7000000000000022E-2	8.9000000000000065E-2	9.1000000000000025E-2	9.3000000000000208E-2	9.5000000000000043E-2	9.7000000000000003E-2	9.9000000000000046E-2	0.10100000000000002	0.10299999999999998	0.10500000000000002	0.10700000000000012	0.10900000000000012	0.111	0.113	0.115	0.11700000000000002	0.11899999999999998	0.12100000000000002	0.12300000000000012	0.125	0.127	0.129	0.13100000000000001	0.13300000000000001	0.13500000000000001	0.13700000000000001	0.13900000000000001	0.14100000000000001	0.14300000000000004	0.14500000000000021	0.14700000000000021	0.14900000000000024	157446.13162497478	484858.96200215921	828965.88188232423	1189766.8912654659	1567261.9901515879	1961451.1785406934	2372334.4564327677	2799911.8238278297	3244183.2807258731	3705148.8271268927	4182808.463030892	4677162.1884378698	5188210.0033478281	5715951.9077607654	6260387.9016766837	6821517.9850955894	7399342.1580174463	7993860.420442312	8605072.772370141	9232979.2138009593	9877579.7447347511	10538874.365171542	11216863.07511129	11911545.87455401	12622922.76349972	13350993.741948411	14095758.809900086	14857217.967354732	15635371.21431236	16430218.550772989	17241759.976736553	18069995.492203116	18914925.097172674	19776548.791645132	20654866.575620707	21549878.449099176	22461584.412080649	23389984.464565076	24335078.606552552	25296866.838042956	26275349.15903635	27270525.56953267	28282396.069532014	29310960.659034371	30356219.338039625	31418172.106547929	32496818.964559168	33592159.912073404	34704194.949090697	35832924.075610831	36978347.29163415	38140464.597160153	39319275.992189281	40514781.476721264	41726981.050756484	42955874.714294687	44201462.467335641	45463744.309879653	46742720.24192667	48038390.263476662	49350754.37452963	50679812.57508558	52025564.865144543	53388011.244706422	54767151.713771284	56162986.272339195	57575514.920410037	59004737.657983854	60450654.485060662	61913265.401640512	63392570.407723121	64888569.503308952	66401262.688397713	67930649.962989569	69476731.327083915	EXP	0.10267000000000009	0.12836999999999998	0.15667	-2445827.0676691728	-3627518.7969924812	-3984774.4360902254	FEA	0	8.5840000000000048E-3	1.7167999999999999E-2	2.5752000000000001E-2	3.4335999999999998E-2	4.2919999999999993E-2	5.1503999999999994E-2	6.0088000000000003E-2	6.8671999999999997E-2	7.710800000000001E-2	8.5692000000000046E-2	9.427600000000004E-2	0.10271199999999998	0.11129599999999999	0.11973200000000017	0.128168	0.13675200000000001	0.14518799999999998	1200000	1500000	1700000	2000000	2100000	2300000	2400000	2400000	2400000	2400000	2300000	2200000	2100000	1900000	1700000	1400000	1100000	324000	S-Web (m)

τ (Pa)



Theory	1.0000000000000024E-3	5.0000000000000088E-3	9.0000000000000028E-3	1.2999999999999998E-2	1.7000000000000001E-2	2.1000000000000012E-2	2.5000000000000001E-2	2.9000000000000001E-2	3.3000000000000002E-2	3.6999999999999998E-2	4.1000000000000002E-2	4.5000000000000012E-2	4.9000000000000092E-2	5.3000000000000012E-2	5.7000000000000023E-2	6.1000000000000013E-2	6.5000000000000002E-2	6.9000000000000034E-2	7.3000000000000009E-2	7.6999999999999999E-2	-86205.341419083416	-367179.81615946186	-545999.26540231262	-622663.68914763536	-597173.08739543031	-469527.46014569624	-239726.80739843397	92228.870846354985	526339.57458867074	1062605.3038285172	1701026.0585658918	2441601.838800787	3284332.6445332239	4229218.4757631794	5276259.3324906668	6425455.2147156699	7676806.1224382194	9030312.0556583144	10485973.014375877	12043788.998590998	FEA	0	8.2036900000000048E-3	1.6330710000000002E-2	2.4534400000000005E-2	3.2738090000000004E-2	4.0941779999999955E-2	4.9145470000000004E-2	5.7425829999999997E-2	6.5629520000000011E-2	7.3909880000000011E-2	119000	201000	240000	238000	175000	60000	-101000	-307000	-545000	-323000	Exp	2.5000000000000001E-2	0.05	-247330.82706766902	109924.81203007503	S-Flange (m)

τ (Pa)



Theory	1.0000000000000024E-3	3.0000000000000048E-3	5.0000000000000088E-3	7.0000000000000097E-3	9.0000000000000028E-3	1.0999999999999998E-2	1.2999999999999998E-2	1.4999999999999998E-2	1.7000000000000001E-2	1.9000000000000034E-2	2.1000000000000012E-2	2.3E-2	2.5000000000000001E-2	2.7000000000000048E-2	2.9000000000000001E-2	3.1000000000000048E-2	3.3000000000000002E-2	3.500000000000001E-2	3.6999999999999998E-2	3.9000000000000014E-2	4.1000000000000002E-2	4.3000000000000003E-2	4.5000000000000012E-2	4.7000000000000014E-2	4.9000000000000092E-2	5.1000000000000004E-2	5.3000000000000012E-2	5.5000000000000014E-2	5.7000000000000023E-2	5.9000000000000101E-2	6.1000000000000013E-2	6.3E-2	6.5000000000000002E-2	6.7000000000000004E-2	6.9000000000000034E-2	7.0999999999999994E-2	7.3000000000000009E-2	7.5000000000000011E-2	7.6999999999999999E-2	7.900000000000014E-2	8.1000000000000003E-2	8.3000000000000046E-2	8.5000000000000006E-2	8.7000000000000022E-2	8.9000000000000065E-2	9.1000000000000025E-2	9.3000000000000208E-2	9.5000000000000043E-2	9.7000000000000003E-2	9.9000000000000046E-2	0.10100000000000002	0.10299999999999998	0.10500000000000002	0.10700000000000012	0.10900000000000012	0.111	0.113	0.115	0.11700000000000002	0.11899999999999998	0.12100000000000002	0.12300000000000012	0.125	0.127	0.129	0.13100000000000001	0.13300000000000001	0.13500000000000001	0.13700000000000001	0.13900000000000001	0.14100000000000001	0.14300000000000004	0.14500000000000021	0.14700000000000021	0.14900000000000024	157446.13162497478	484858.96200215921	828965.88188232423	1189766.8912654659	1567261.9901515879	1961451.1785406934	2372334.4564327677	2799911.8238278297	3244183.2807258731	3705148.8271268927	4182808.463030892	4677162.1884378698	5188210.0033478281	5715951.9077607654	6260387.9016766837	6821517.9850955894	7399342.1580174463	7993860.420442312	8605072.772370141	9232979.2138009593	9877579.7447347511	10538874.365171542	11216863.07511129	11911545.87455401	12622922.76349972	13350993.741948411	14095758.809900086	14857217.967354732	15635371.21431236	16430218.550772989	17241759.976736553	18069995.492203116	18914925.097172674	19776548.791645132	20654866.575620707	21549878.449099176	22461584.412080649	23389984.464565076	24335078.606552552	25296866.838042956	26275349.15903635	27270525.56953267	28282396.069532014	29310960.659034371	30356219.338039625	31418172.106547929	32496818.964559168	33592159.912073404	34704194.949090697	35832924.075610831	36978347.29163415	38140464.597160153	39319275.992189281	40514781.476721264	41726981.050756484	42955874.714294687	44201462.467335641	45463744.309879653	46742720.24192667	48038390.263476662	49350754.37452963	50679812.57508558	52025564.865144543	53388011.244706422	54767151.713771284	56162986.272339195	57575514.920410037	59004737.657983854	60450654.485060662	61913265.401640512	63392570.407723121	64888569.503308952	66401262.688397713	67930649.962989569	69476731.327083915	FEA	0	8.5840000000000048E-3	1.7167999999999999E-2	2.5752000000000001E-2	3.4335999999999998E-2	4.2919999999999993E-2	5.1503999999999994E-2	6.0088000000000003E-2	6.8671999999999997E-2	7.710800000000001E-2	8.5692000000000046E-2	9.427600000000004E-2	0.10271199999999998	0.11129599999999999	0.11973200000000017	0.128168	0.13675200000000001	0.14518799999999998	1200000	1500000	1700000	2000000	2100000	2300000	2400000	2400000	2400000	2400000	2300000	2200000	2100000	1900000	1700000	1400000	1100000	324000	Exp	0.10267000000000009	0.12836999999999998	0.15667	-2445827.0676691728	-3627518.7969924812	-3984774.4360902254	S-Web (m)

τ (Pa)
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