














Bottom fibre stresses
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Figure 6.39 Ansys bottom stress — slab 6
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Figure 6.40 Software bottom stress — slab 6
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Deflection
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Figure 6.41 Ansys deflection plot — slab 6
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Figure 6.42 Software deflection plot — slab 6

6.3.6.2. Comparison of results

This analysis allows a further examination of the software’s performance with
the 200 mm deep section. A single opening was chosen so as to start, once
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again with the simplest possible situation for analysis and then develop onwards

to increasingly complicated situations.

The Ansys results found for top fibre stresses are shown in Figure 6.37 and the
software result are shown in Figure 6.38. Once again the end stresses agree
well with Ansys values between 0 to 1.6 N/mm? in tension and software values
of 0.88 N/mm?. Close to the mid-span point the Ansys stress plot shows
compressive stress values between 6.6 to 9.9 N/mm? range above and below
the opening. The stresses shown in the same region on the stress plot appear
slightly different and tend to have values marginally higher. There are a number
of stress contours in the software plot within this region ranging from 7.37
N/mm? to 10.37 N/mm?, generally just over 0.5 N/mm? higher. The main
difference in the stress pattern are shown by the appearance of slight stress
concentrations over the hollow cores running through the siab at a location
approximately one meter to the right of the opening. This particular pattern was
noticed on a number of the other analyses that were performed. The corners of
the openings once again show stress concentrations in both stress plots with
the Ansys values found to be in the region of 13.2 to 16.5 N/mm? and the
software giving a peak stress value of 14.87 N/mm?. To the left and right of the
openings the rapid fall off in compressive stress can be seen with small patches

of tensile stress visible in both sets of results.

Bottom fibre stresses for Ansys and the software are shown in Figures 6.39 and
6.40 respectively. As expected the Ansys values for the stresses at the end of
the slabs compare well with those given by software values with values
between 3.3 and 6.6 N/mm? in by Ansys compared to a peak value of 6.21
N/mm? given by the software. The most interesting stress patterns however are
seen close to the opening however and compare quite favourably. The Ansys
plot shows a region of tensile stresses above and below the opening in the 0 to
1.6 N/mm? range. Comparing this to the same region on the software plot the
results shows stresses ranging from 0.56 to 1.79 N/mm?. Similarly, in the area
where the next stress contour is found in Ansys (1.6 to 3.2 N/mm?), the stress
range given by the software is 1.79 to 3.03 N/mm?. Finally, Ansys shows critical

stress (greater than 3.2 N/mm?) which would cause the slab to fail above and
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below the opening whist the software show values ranging from 3.03 to 6.72

N/mm?.

The deflections shown in Figure 6.41 and 6.42 also appear to match reasonably
well. Ansys gives a peak value of 4.182 mm and the software gives a peak

value of 4.486 mm.

6.4. Overview of results

The six comparisons carried out above generally show good comparisons
between the resuits found by the software and those found by Ansys. In Section
6.3. the stress patterns plotted by Ansys and the software were shown and
discussed. This was complicated by the differences in the format of the display
systems used. As stated earlier, Ansys uses eight colours in the contour plot as
compared with twenty colours in the plot produced by the software. This allowed
the stresses at any point on the software stress plot to be determined more
accurately than would be the case with the plots produced by Ansys. Therefore,
whilst the contour plots provide an excellent tool for comparison of the stress
patterns, a direct comparison on the stress values produced by the two
packages proved very difficult. To overcome this difficulty, the stresses at a
number of notable points in the contour plot produced by the software were
recorded and compared to the numerical stress values found in a list of values
produced by Ansys. In order to achieve this, the user must select the option to
display the node numbers on the Ansys mesh and through inspection find the
nodes nearest the points of interest on the slab for which values are known from
the software stress plot. A file listing the stresses was generated using the
following command: 'Main Menu — General Postproc — List Results — Nodal

Solution’

This file was then imported into Microsoft Excel to allow the numbers to be most
easily sorted and viewed. The appropriate nodal stresses may then be found

simply by finding the node number in the spreadsheet and reading the ‘sz’ value
in the corresponding cell. The next two sections show the comparisons between

the stresses found at three locations on the slabs to which designers would
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typically pay attention. The first of these sections compares top fibre stresses
and the second compares bottom fibre stresses. Finally, the deflection values

produced by both are compared.

6.4.1. Top fibre stresses

Table 6.1 shows the top fibre stresses from both Ansys and the software. In
each case the stress at a generally representative point near the support is
examined. The stresses at or close to the mid-span point are also compared.
The point at which this stress value is taken depends on the general stress
profile of the top of the slab. The stress value taken for comparison was
generally taken from the centre of reasonably large areas of high stress close to
the mid-span point. The peak stress values were taken as the highest overall
value found on the top face of the slab and were found at the corners of the
openings or notches. The percentage difference in each case was calculated

using the following formula:

Software — Ansys

% difference = 100

Software

A comparison of the mid-span stresses show reasonably good agreement for
the six slabs with differences of between 4.3 to 14.8 %. The stresses at the
supports appear to show a greater deviation with differences ranging from 4.6 to
54.9 %. However, if the largest discrepancy is examined, 54.9 %, the stress
values, which are both very small, can be seen to differ by only 0.28 N/mm?.
This difference when examined in the context of the stress range found in the
analysis is actually very small. The peak stresses found again compared

reasonably well with differences ranging from 1.9to 7.2 %.
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_ Top Fibre Stresses (N/mm?) _
Analysis Type Difference
Ansys Software
Mid-span 9.41 10.46 10.0 %
150 dp -
. support 0.67 0.52 28.8 %
solid
peak n/a n/a n/a
Mid-span 6.54 6.27 4.3 %
150 dp -
] support 0.83 0.87 4.6 %
1 opening
peak 9.90 10.67 7.2%
Mid-span 7.62 8.94 14.8 %
150 dp -
support 0.79 0.51 54.9 %
1 notch
peak 16.39 16.02 2.2 %
Mid-span 6.92 7.51 7.9%
150 dp -
support 0.83 0.74 122 %
2 notches
peak 15.33 15.01 21 %
Mid-span 7.19 8.00 10.1 %
200 dp -
. support 0.65 0.90 27.8 %
solid
peak n/a n/a n/a
Mid-span 9.13 9.62 51 %
200 dp -
. support 0.62 0.88 295 %
1 opening
peak 15.10 14.82 1.9 %
Table 6.1

6.4.2. Bottom fibre stresses

The bottom fibre stresses are presented in the same fashion as the top stresses
with mid-span, support and peak stress values from Ansys and the software

compared. The results of this comparison are given in table 6.2.
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. Bottom Fibre Stresses (N/mm?) |
Analysis Type Difference
Ansys Software

Mid-span 1.97 3.27 39.8 %
150 dp - [support 7.47 6.90 8.3%
solid

peak n/a n/a n/a

Mid-span 0.92 0.63 46.0 %
150 dp — 0
1 opening support 7.15 7.43 3.8 %

peak 2.51 1.78 41.0 %

Mid-span 1.21 2.12 42.9 %
150 dp —
1 netelies support 7.52 6.93 8.5 %

peak 6.53 6.65 1.8 %

Mid-span 0.67 0.33 103.0 %
150 dp — 0
2 notches support 7.07 1.2f 2.8 %

peak 6.58 6.03 9.1 %

Mid-span 0.45 1.22 63.1 %
200dp — [ support 6.41 6.16 4.1 %
solid

peak n/a n/a n/a

Mid-span 2.94 3.03 3.0%
200 dp - ['support 6.33 6.21 1.9 %
1 opening

peak 6.68 6.72 0.6 %

Table 6.2

The most notable feature of the comparison between the Ansys and the
software results for the mid-span stresses are the large percentage differences
compared to table 6.1. As with the top fibre support stresses, the fact that most
of these stress values are small, contributes to the percentage difference
shown. However, in comparison to the top fibre support stresses, these
stresses are slightly larger and the differences greater. In the case of the
150mm deep slab with no openings or notches the software gives a mid-span
stress of 3.27 N/mm?2, whereas the Ansys value was 1.97 N/mm?, 1.3 N/mm?
smaller. This is most probably related to an error, either in the software code or
the application of the underlying theory relating to the application of the moment
due to the prestressing force. The support stresses compare favourably to each

other with differences of between 1.9 and 8.5 %, with most of the differences in
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the region of 4 %. Many of the peak stresses were seen to have small values
giving relatively large percentage differences, where the numerical differences

were small, the largest actual difference was 0.73 N/mm?®.
6.4.3. Deflection

The deflection values are the final set of results that were used to measure the
accuracy of the software. Only the peak deflection values were compared, as
the deflection patterns are best examined though the direct study of the
deflection plots. Table 6.3 gives the maximum values for comparison and the

percentage differences.

Maximum Deflection values (mm) _
Analysis type Difference
Ansys Software
150 dp - Solid 7.87 8.90 11.6 %
150 dp - 1 opening 2.31 2.50 7.6 %
150 dp - 1 notch 3.22 3.64 1.5 %
150 dp - 2 notches 2.76 2.87 3.8 %
200 dp - Solid 3.71 4.19 11.5 %
200 dp - 1 opening 4.18 4.46 6.3 %
Table 6.3

Once again the values compare reasonably well with the difference in deflection
varying by between 3.8 and 11.6 %. In each case the defiection given by the
software was larger which is not consistent with the pattern of percentage

differences seen in the discussion relating to the stresses.

6.5. Summary

The results shown in the last three sections indicate that whilst further
verification of the results would most certainly be required, and possibly also

some alteration of the software, the results show that the software is potentially

viable.
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7. CONCLUSIONS

7.1. Introduction

The purpose of this research was to develop a software package to analyse the
stresses in prestressed concrete slabs using finite element theory. This chapter
presents a summary of the research, the conclusions reached from the
research and possible research which could build upon this study. The first of
these three sections addresses the steps involved in gathering the theory,
implementing it within the program and finally testing the resulting software by
comparing its results with those produced by Ansys. The second section details
the conclusions made from the comparison of results and the processes
themselves. The final section gives a number of suggestions for further

research that became evident during the research itself.

7.2. Summary

The aim of this research was to construct a software package to assist in the
analysis and design of prestressed concrete slabs. In order to achieve this goal
the theory upon which the prestressing is based was studied and some aspects
of theory of particular relevance were highlighted. The particular aspects of
theory examined were the calculation of transfer and service stresses, the
ultimate moment capacity, ultimate shear capacity, deflection and the losses in
prestress encountered during the life of the structure. The manufacturing
technique and its effects on the theory were considered as were the material

properties of the steel and concrete.

Plate bending and plane stress theory were also examined with the aim of
implementing them as the analysis engine for the package. A method was
found to allow the stiffness of hollow-core cross-section of the slabs to be
modelled successfully. The effect of prestressing the slab was modelled by
applying an axial force to the corner nodes of the elements in the plane stress
model and then applying the moment due to the eccentricity of the force at the

corners of the elements in the plate bending model. After supports were applied
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to the model and suitable loads were defined the global stiffness matrix and the
load vector were defined and the displacement vector was calculated. The
displacement vector, and stress-displacement matrix, for each element then
allowed both plane stresses and plate stresses to be found and combined in a

suitable manner to give the final stresses in the slab.

The next chapter detailed the process of constructing the software, The links
between the software and Auto-CAD were shown and the process of
ascertaining the stiffness of the individual elements in the mesh outlined. The
methods employed for calculating the prestressing force after losses at the
horizontal nodal intervals along the span direction was shown. The process of
applying the supports and loads, in particular, the patch loads was programmed
so as to allow the user to select these items onscreen using mouse clicks only.
The construction of the global stiffness matrix was an important aspect to the
software design as optimising memory storage space was seen to become
critically important as the matrices got larger. The Cholesky method was used
to solve these matrices, this was relatively easily programmed and seen to work
very efficiently. A section of code was written to displace a wireframe displaced
shape diagram of the slab and in a new form display the stresses using contour
plots. A final feature was added to allow the user to export the numerical values

calculated by the software to Excel for the user to examine further.

The Ansys suite was studied and then ultimately employed to test the validity of
the results produced by the software. Initially, it was hoped that Ansys
workbench could be used due to its user friendly interface, with the geometry
itself being created in Solid Edge. However, the requirement for stricter control
over the mesh density and shape resulted in Ansys classic being used for the
testing. 20 node brick elements were used to model the concrete with the
prestressed strands being modelled by beam elements with a prestrain applied.
Six potential slab design situations were identified and analyses were carried
out in both Ansys and the software produced for this research. ldentical spans,
slab cross-sections, material properties and loading values were used in each
pair of comparative analyses. Finally, the results were compared and possible

reasons for some of the discrepancies discussed.
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7.3. Conclusions

The conclusions that the author arrived at upon completing this research stem
from two areas, the performance of the software written and the processes

involved in constructing and testing the software.

The performance of the software was discussed in some detail at the end of
Chapter 6 with Tables 6.1, 6.2 and 6.3 showing the comparative values and
percentage differences. The software was seen to generally compare well with
the Ansys results for all of the analyses carried out. It was found to be most
useful to compare the contour plots produced by both Ansys and the software
rather than comparing numbers directly. The stress patterns produced by both
appeared to agree reasonably well. Critically, both sets of results tended to

agree in terms of the critical stresses that would result in the slab failing.

The top and bottom fibre stresses towards the ends of the slab are obviously
greatly effected by the prestressing force at the particular cross-section under
consideration. However, in the Ansys model the prestressing force value was
seen to be constant along the span not taking account of anchorage at the ends
of the sections of the strand or the variation in force though out the remaining
length of the span due to the relieving effect that self weight has on losses.
Therefore, it can be said that the end stresses given by the software are more
accurate. Peak stresses in the slab near openings also compared well although
the percentage differences occasionally gave a distorted comparison. In these
cases the stresses were seen to have low numerical values in the order of 0.5
N/mm? which when compared to an insignificantly larger stress of 0.7 N/mm?

appeared as a large percentage difference.

Clearly further testing would be required to validate the results and possibly
further comparisons with spreadsheets to verify prestressing force loss
calculations. However, as the aim of this research was to produce a prototype,

the accuracy was deemed to be adequate
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The other area in which the author feels that comment is due relates to the
process of testing. Each model that was setup in Ansys took a considerable
amount of time to generate the geometry, mesh it, prestress the slab and run
the analysis itself. Indeed, running the analysis itself normally took up to three
qguarters of an hour. Whilst a mesh pattern itself couid be reused, the presence
of openings or notches lead to alterations in the mesh that added further to the
time spent setting up the model. It was also noted that the process of selecting
the lines to mesh with the prestrainable beam elements took a great amount of
time and was open to user errors being made that would not appear obviously
incorrect. These factors lead the author to believe that Ansys is not suitable for
use in industry as the time and expertise required to carry out these analyses
would not be forthcoming. The author notes Ansys obvious strength as a
general analysis package but in so far as the prestressed concrete industry
would be concerned the complexity resulting from its eminent flexibility render it

unwieldy.

This reinforces the author opinion that with further development and testing the
software produced would generate interest from industry and provide a powerful

tool for checking the more complex design situations that regularly occur.

7.4. Recommendations for further research

As the research progressed the author was required to limit the scope of the
study due to time constraints. An example of this could be seen during the study
of the ultimate moment capacity of prestressed slabs. The theory was examined
with a view to implementing it, however a significant additionai unit of code
would have been required to add this feature. As discussed in Section 4.13. the
theory used in the finite element analysis would have to be altered to allow for
the non-linear behaviour of the concrete at the limit state. This additional work
required would have proved significant in comparison to the relatively
straightforward process of generating a second load vector to allow transfer
stresses to be examined in addition to service stresses. The other main area
upon which time constraints limited the research was the deflection of the slabs.

The deflection calculations carried out by the software are only performed as
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an intermediate step towards finding the stresses. These deflection values are
not found based on the theory discussed in Section 2.2.5. Instead, the
deflections are found as part of the displacement vector based on the finite
element theory from chapter 3. A number of stress calculations could be carried
out as part of a fuller study into the service live cycle and values such as the
range of deflections encountered during service could be found. Shear stress
calculations provide yet another field in which further study could be carried out.
This part of the analysis would be carried out after the ultimate moment capacity
values had been found in order to allow the cracked and uncracked areas on
the slab to be identified.

The finite element component of the research also lends itself to further
research. The plate bending aspect of the model used in this study was set very
early in the research as it had been used successfully in other unfinished
research. Building upon the work carried out for this thesis, other more
complicated finite element models could possibly be applied to this task and
tested. 3-D elements could be used instead of the 2-D plate elements however,
the use of curvilinear elements with a large number of nodes would lead to
computer processor and memory capacity problems arising. The matrix storage
and solution code would have to be made more efficient and the researcher
could examine the possibility of writing these two pieces of code in the
compiler's assembler suite. Shape function could potentially be used to allow
irregularly shaped elements to be mapped to the regular shapes of the
elements used in the theory in this research. This would offer immense flexibility
when generating the mesh, allowing the user to place more elements near

areas where stress concentrations are expected.

The software as it stands would require further testing possibly against other
established software packages besides Ansys. If its accuracy was deemed to
be adequate the software would have to be expanded to accept the cross-
sectional geometry of other slab profiles in use in industry. The unit of code
currently employed within the software accepts only the cross-section shown in
Figure 4.3. However this could be expanded by examining the possibility of

writing code to accept any cross-sectional shape and calculating its properties.
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Finally, a study into the possibility of modelling prestressed slabs with structural
screeds applied could be carried out. This branch off the research would also

most likely study the effects of propping the slabs whilst the screed itself cures

and gains strength.
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