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DISCLAIMER

CONSIDERABLE TIME, EFFORT AND EXPENSE HAVE GONE INTO THE
DEVELOPMENT AND TESTING OF THIS SOFTWARE. HOWEVER, THE USER ACCEPTS
AND UNDERSTANDS THAT NO WARRANTY IS EXPRESSED OR IMPLIED BY THE
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0

December 02,
2008

Initial release for SAFE v 12.0.0

February 19,
2009

Initial release for SAFE v12.1.0. Example 15 and Example 16
were added.

December 26,
2009

Revised to reflect results obtained from Version 12.2.0. All
examples, including 1 through 16 and all code-specific examples
(ACI 318-00, AS 3600-01, BS 8110-97, CSA A23.3-04, Eurocode
2-04, Hong Kong CoP-04, IS 456-00, NZS 3101, and Singapore
CP 65-99 — PS-SL, RC-BM, RC-PN, RC-SL)

July 12, 2010

Minor changes have been made to the Examples supplied with the
software: (1) The documented results for Analysis Examples 1, 4,
5, 7, and 8 have been updated to correct for truncation error in the
reported values. The values actually calculated by the software
have not changed for these examples. (2) The input data file for
Example 16 has been updated to correct the creep and shrinkage
parameters used so that they match those of the benchmark
example, and the documented results updated accordingly. The
behavior of the software has not changed for this example. (3) All
Slab Design examples have been updated to report the slab design
forces rather than the strip forces. The design forces account for
twisting moment in slab, so their values are more meaningful for
design. The behavior of the software has not changed for these
examples.

December 8,
2010

Minor changes have been made to the Examples supplied with the
software: (1) The documented results for Analysis Examples 1 to
7 have been updated to include the results from thin-plate and
thick-plate formulation. (2) The input data files for Australian AS
3600-2009 have been added. (3) The Eurocode 2-2004 design
verification examples now include the verification for all available
National Annexes.
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Revision
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February
2014

Initial release for SAFE 2014 v14.0.0.

New design examples have been added for the following codes:

ACI 318-11, Hong Kong CoP-2013, Italian NTC 2008 and
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Turkish TS 500-2000 (Incident 63082).

Documentation for the punching-shear design examples of the
following codes have been corrected for an error in the
documented calculation of the punching perimeter: CSA A23.3-
04, IS 456-00, and NZS 3101-06. No calculated results have
changed. (Incident 46359)

Documentation for the beam and slab design examples of the AS
3600-09 code have been updated to account for a change made to
the software under Incident 35218 for version 12.3.2 that updated
Equation 8.1.3(2). No calculated results have changed. (Incident
46359)

Results for the area of reinforcing steel have changed for
Eurocode P/T slab example “Eurocode 2-04 PT-SL-001".
(Incident 62486)

Documentation for analysis Example 17 has been corrected for an
error in the documented cracked width computed by SAFE. No
calculated results have changed. (Incident 63153)

Initial release for SAFE 2014 v14.1.0.

1 June 2015 | New design examples have been added for the following codes:
ACI 318-14 (Incident 79838), and CSA A23.3-14 (Incident
71674).

SAFE 2016 Software Verification Log

Revision
Number Date Description

For Example 5, stiffening elements were updated in the model.
Results have changed slightly.

For Examples 8-14, stiffening elements were updated in the
November . .
0 column areas, and all beam cross-section properties were updated
2016
to reflect values calculated from the actual geometry.

For Examples 10-14, the models were changed to reflect the fact
that the slab should extend to the outside faces of the columns.
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Revision
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The slight increase in slab area has changed reported results.

For design examples ACI 318-08 RC-PN-001, ACI 318-11 RC-
PN-001 and ACI 318-14 RC-PN-001, incorrectly sized and
redundant stiff areas were removed from the models. Reported
results have changed slightly.

For design examples CSA A23.3-04 RC-SL-001 and CSA A23.3-
14 RC-SL-001, mesh size has been changed to 0.25m to be the
same as in the rest of the international code examples. Results
have changed slightly.

For all changed models, reported results that have changed have
been updated in the corresponding documentation.

Documentation for Example 5 has been updated for incorrect
modeling information regarding the column stiff area dimensions.

Documentation for Example 14 has been updated for incomplete
modeling information in the images.

Documentation for Eurocode 2-04 RC-PN-001was updated to
reflect changes in how the program is determining K2*Med?2 and
K3*Med3, which has changed the results.

Documentation for all design examples of type RC-SL has had
wording updated to reflect the current state of the models.

November Minor typo error for units for modulus of elasticity of concrete

0 (Ec) and modulus of elasticity of steel (Es) and poison ratio value
2016
have been updated.
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INTRODUCTION

SAFE is a software application, based on the finite element method, for the
engineering analysis, design and detailing of reinforced-concrete and post-tensioned
slabs, beams and foundations.

This document provides example problems used to test various features and capabilities
of the SAFE program. Users should supplement these examples as necessary for
verifying their particular application of the software.

METHODOLOGY

A comprehensive series of test problems, or examples, designed to test the various
analysis and design features of the program have been created. The results produced by
SAFE were compared to independent sources, such as hand calculated results and
theoretical or published results. The comparison of the SAFE results with results
obtained from independent sources is provided in tabular form as part of each example.

To validate and verify SAFE results, the test problems were run on a PC platform that
was an Lenovo ThinkCentre machine with a Core i5, 2.67 GHz processor and 8.0 GB of
RAM operating on a Windows 7 operating system.

ACCEPTANCE CRITERIA
The comparison of the SAFE wvalidation and verification example results with
independent results is typically characterized in one of the following three ways.

» Exact: There is no difference between the SAFE results and the independent
results within the larger of the accuracy of the typical SAFE output and the
accuracy of the independent result.

> Acceptable: For force, moment and displacement values, the difference between
the SAFE results and the independent results does not exceed five percent (5%).
For internal force and stress values, the difference between the SAFE results and
the independent results does not exceed ten percent (10%). For experimental
values, the difference between the SAFE results and the independent results does
not exceed twenty five percent (25%).

» Unacceptable: For force, moment and displacement values, the difference
between the SAFE results and the independent results exceeds five percent (5%).

INTRODUCTION -1



s

Software Verification Mimtrln)
PROGRAM NAME:  SAFE
REVISION NO.: 0

For internal force and stress values, the difference between the SAFE results and
the independent results exceeds ten percent (10%). For experimental values, the
difference between the SAFE results and the independent results exceeds twenty
five percent (25%).

The percentage difference between results is typically calculated using the following
formula:

Percent Difference =100 _
Maximum of Independent Result

SAFE Result - Independent Resultj

SUMMARY OF EXAMPLES
Examples 1 through 7 verify the accuracy of the elements and the solution algorithms
used in SAFE. These examples compare displacements and member internal forces
computed by SAFE with known theoretical solutions for various slab support and load
conditions.

Examples 8 through 14 verify the applicability of SAFE in calculating design moments
in slabs by comparing results for practical slab geometries with experimental results
and/or results using ACI 318-95 recommendations. Examples 15 and 16 verify the
applicability of SAFE for temperature loading and cracked deflection analysis for creep
and shrinkage by comparing the results from published examples.

Design examples verify the design algorithms used in SAFE for flexural, shear design of
beam; flexural and punching shear of reinforced concrete slab; and flexural design and
serviceability stress checks of post-tensioned slab, using ACI 318-14, ACI 318-11, ACI
318-08, AS 3600-09, AS 3600-01, BS 8110-97, CSA A23.3-14, CSA AZ23.3-04,
Eurocode 2-02, Hong Kong CP-13, Hong Kong CP-04, IS 456-00, Italian NTC 2008,
NZS 31-01-06, Singapore CP 65-99 and Turkish TS 500-2000 codes, by comparing
SAFE results with hand calculations.

Methodology - 2
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EXAMPLE 1

Simply Supported Rectangular Plate

PROBLEM DESCRIPTION

A simply supported, rectangular plate is analyzed for three load conditions:
uniformly distributed load over the slab (UL), a concentrated point load at the
center of the slab (PL), and a line load along a centerline of the slab (LL).

To test convergence, the problem is analyzed employing three mesh sizes, 4 x 4,
8 x 8, and 12 x 12, as shown in Figure 1-2. The slab is modeled using plate
elements in SAFE. The simply supported edges are modeled as line supports with
a large vertical stiffness. Three load cases are considered. Self weight is not
included in these analyses.

To obtain design moments, the plate is divided into three strips — two edge
strips and one middle strip — each way, based on the ACI 318-95 definition of
design strip widths for a two-way slab system as shown in Figure 1-3.

For comparison with the theoretical results, load factors of unity are used and
each load case is processed as a separate load combination.

Closed-form solutions to this problem are given in Timoshenko and Woinowsky
(1959) employing a double Fourier Series (Navier’s solution) or a single series
(Lévy’s solution). The numerically computed deflections, local moments,
average strip moments, and local shears obtained from SAFE are compared with
the corresponding closed form solutions.

SAFE results are shown for both thin plate and thick plate element formulations.
The thick plate formulation is recommended for use in SAFE, as it gives more
realistic shear forces for design, especially in corners and near supports and other
discontinuities. However, thin plate formulation is consistent with the closed-
form solutions.

GEOMETRY, PROPERTIES AND LOADING

Plate size, axb = 360inx240in
Plate thickness T = 8inches
Modulus of elasticity E = 3000 ksi
Poisson's ratio v = 03

EXAMPLE 1-1
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Load Cases:
(UL) Uniform load q = 100 psf
(PL) Point load P = 20 Kips
(LL) Line load g = 1 Kip/ft
O ARIRIRAARRARRRREREY
) Py
G T
T a=30"
: :
(3 @ @ i 4 v
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q ~ -
- >« >«
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Figure 1-1 Simply Supported Rectangular Plate

EXAMPLE 1 -2



s

e Software Verification
PROGRAM NAME: SAFE
REVISION NO.: 0
5, 2@10 5
T 1 T |
4@5
v 4x4 Mesh
. 4@5
2@25 +— t—+t 2@25
8@2.5
8x8 Mesh
6 @ 40"
3@20" +— @ 1 - 3@ 20"
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Figure 1-2 SAFE Meshes for Rectangular Plate
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Figure 1-3 SAFE Definition of Design Strips
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TECHNICAL FEATURES OF SAFE TESTED

»> Deflection of slab at various mesh refinements.
» Local moments, average strip moments, and local shears

RESULTS COMPARISON

Table 1-1 shows the deflections of four different points for three different mesh
refinements for the three load cases. The theoretical solutions based on Navier’s
formulations also are shown for comparison. It can be observed from Table 1-1
that the deflection obtained from SAFE converges monotonically to the
theoretical solution with mesh refinement. Moreover, the agreement is acceptable
even for the coarse mesh (4 x 4).

Table 1-2 shows the comparison of the numerically obtained local-moments at
critical points with that of the theoretical values. Only results from the 8x8 mesh
are reported. The comparison with the theoretical results is acceptable.

Table 1-3 shows the comparison of the numerically obtained local-shears at
critical points with that of the theoretical values. The comparison here needs an
explanation. The theoretical values were presented for both thin plate and thick
plate formulations. The theoretical values are for a thin plate solution where
shear strains across the thickness of the plate are ignored. The SAFE results for
thick plate are for an element that does not ignore the shear strains. The thin plate
theory results in concentrated corner uplift; consideration of the shear strains
spreads this uplift over some length of the supports near the corners. The shears
reported by SAFE for thick plate are more realistic.

The results of Table 1-3 are plotted in Figures 1-4 to 1-15. In general, it can be
seen that the thin plate formulation more closely matches the closed-form
solution than does the thick plate solution, as expected. The closed-form solution
cannot be used to validate the thick plate shears, since behavior is fundamentally
different in the corners. This can be seen clearly in Figures 6, 7, 10, 11, 14 and
15 which show the shear forces trajectories for thin plate and thick plate
solutions. The thin plate solution unrealistically carries loads to corners, whereas
the thick plate solution carries the load more toward the middle of the sites.

Table 1-4 shows the comparison of the average strip-moments for the load cases
with the theoretical average strip-moments. The comparison is excellent. This
checks both the accuracy of the finite element analysis and the integration
scheme over the elements.

EXAMPLE 1 -5
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It should be noted that in calculating the theoretical solution, a sufficient number
of terms from the series is taken into account to achieve the accuracy of the
theoretical solutions.

Table 1-1 Comparison of Displacements

Thin-Plate Formulation

Location SAFE Displacement (in) Theoretical
Load Displacement
Case X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)
60 60 0.0491 0.0492 0.0493 0.0492961
60 120 0.0685 0.0684 0.0684 0.0684443
UL
180 60 0.0912 0.0908 0.0907 0.0906034
180 120 0.1279 0.1270 0.1267 0.1265195
60 60 0.0371 0.0331 0.0325 0.0320818
60 120 0.0510 0.0469 0.0463 0.0458716
PL
180 60 0.0914 0.0829 0.0812 0.0800715
180 120 0.1412 0.1309 0.1283 0.1255747
60 60 0.0389 0.0375 0.0373 0.0370825
60 120 0.0593 0.0570 0.0566 0.0562849
LL
180 60 0.0735 0.0702 0.0696 0.0691282
180 120 0.1089 0.1041 0.1032 0.1024610

EXAMPLE 1 -6
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Thick-Plate formulation
Location SAFE Displacement (in) Theoretical
Load Displacement
Case X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

60 60 0.0485 0.0501 0.0501 0.0492961
60 120 0.0679 0.0695 0.0694 0.0684443

UL
180 60 0.0890 0.0919 0.0917 0.0906034
180 120 0.1250 0.1284 0.1281 0.1265195
60 60 0.0383 0.0339 0.0330 0.0320818
60 120 0.0556 0.0474 0.0469 0.0458716

PL
180 60 0.0864 0.0834 0.0821 0.0800715
180 120 0.1287 0.1297 0.1293 0.1255747
60 60 0.0387 0.0381 0.0378 0.0370825
60 120 0.0583 0.0579 0.0574 0.0562849

LL
180 60 0.0719 0.0710 0.0703 0.0691282
180 120 0.1060 0.1053 0.1044 0.1024610

EXAMPLE 1 -7
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Table 1-2 Comparison of Local Moments

Thin-Plate Formulation

Moment (Kip-in/in)
Location Mu1 Mz M1z
Load SAFE Analytical SAFE Analytical SAFE Analytical
Case X (in) Y (in) 8x8 (Navier) 8x8 (Navier) 8x8 (Navier)
150 15 0.42 0.45 0.73 0.81 0.31 0.30
150 45 1.16 1.18 1.95 2.02 0.26 0.26
UL
150 75 1.66 1.69 2.69 2.77 0.17 0.17
150 105 1.92 1.95 3.04 3.12 0.06 0.06
150 15 0.37 0.37 0.36 0.36 0.44 0.47
150 45 1.11 1.13 1.13 1.14 0.48 0.51
PL
150 75 1.92 1.90 2.16 2.20 0.56 0.59
150 105 2.81 241 3.85 3.75 0.42 0.47
150 15 0.26 0.26 0.34 0.34 0.24 0.24
150 45 0.77 0.77 1.06 1.08 0.21 0.20
LL
150 75 1.25 1.25 1.91 1.92 0.14 0.14
150 105 1.69 1.68 2.94 3.03 0.05 0.05

EXAMPLE 1 -8
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Thick-Plate Formulation

Moment (Kip-in/in)
Location Mi1 Mz Mi2
Load SAFE Analytical SAFE Analytical SAFE Analytical
Case X (in) Y (in) 8x8 (Navier) 8x8 (Navier) 8x8 (Navier)
150 15 0.43 0.45 0.74 0.81 0.31 0.30
150 45 1.16 1.18 1.95 2.02 0.26 0.26
UL
150 75 1.66 1.69 2.69 2.77 0.17 0.17
150 105 1.92 1.95 3.04 3.12 0.06 0.06
150 15 0.29 0.37 0.34 0.36 0.43 0.47
150 45 1.07 1.13 1.14 1.14 0.41 0.51
PL
150 75 191 1.90 2.15 2.20 0.42 0.59
150 105 2.83 2.41 3.82 3.75 0.22 0.47
150 15 0.27 0.26 0.34 0.34 0.24 0.24
150 45 0.78 0.77 1.07 1.08 0.21 0.20
LL
150 75 1.25 1.25 1.91 1.92 0.14 0.14
150 105 1.68 1.68 2.94 3.03 0.05 0.05
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Table 1-3 Comparison of Local Shears

Thin-Plate Formulation

Shears (x1078 kip/in)
Location Vi3 Va3
Load SAFE Analytical SAFE Analytical
Case X (in) Y (in) (8x8) (Navier) (8x8) (Navier)
15 45 -27.54 -35.2 -5.76 -7.6
45 45 -16.07 -21.2 -17.19 -21.0
UL
90 45 -7.31 -10.5 -28.39 -33.4
150 45 -1.71 -3.0 -36.23 -40.7
15 45 -4.84 -8.7 -2.43 -2.6
45 45 -6.75 -9.8 -8.57 -8.3
PL
90 45 -12.45 -13.1 —-20.53 -19.2
150 45 -11.19 -11.2 -34.82 -43.0
15 45 -13.2 -15.7 -4.57 5.7
45 45 -10.91 -13.0 -13.47 -16.2
LL
90 45 -5.76 -7.6 -22.59 -26.5
150 45 -1.45 -2.2 -29.04 -32.4
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Thick-Plate formulation
Shears (x1073 kip/in)
Location Vi3 V23
Load SAFE Analytical SAFE Analytical
Case X (in) Y (in) (8x8) (Navier) (8x8) (Navier)
15 45 -21.27 -35.2 24.75 -7.6
45 45 -7.57 -21.2 -6.35 -21.0
UL
90 45 -2.30 -10.5 -29.83 -33.4
150 45 -0.92 -3.0 -43.13 -40.7
15 45 -0.66 -8.7 18.01 -2.6
45 45 1.83 -9.8 2.33 -8.3
PL
90 45 -8.01 -13.1 -14.89 -19.2
150 45 -18.02 -11.2 -48.18 -43.0
15 45 -7.69 -15.7 19.71 5.7
45 45 -2.07 -13.0 -4.89 -16.2
LL
90 45 -1.43 -7.6 -23.51 -26.5
150 45 -0.63 -2.2 -34.25 -32.4
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Table 1-4 Comparison of Average Strip Moments
Thin-Plate Formulation

SAFE Average Strip Moments Theoretical
(Kip-in/in) Average Strip
Load Moments
Case | Moment Direction Strip 4x4 Mesh | 8x8 Mesh | 12x12 Mesh (Kip-in/in)
_ Column 0.758 0.800 0.805 0.810
M A
x = 180" Middle 1.843 1.819 1.819 1.820
uL —
M, Column 0.974 0.989 0.992 0.994
y = 120" Middle 2.701 2.769 2.781 2.792
- Column 0.992 0.958 0.926 0.901
M A
x = 180" Middle 3.329 3.847 3.963 3.950
PL —
M, Column 0.440 0.548 0.546 0.548
y = 120" Middle 3.514 3.364 3.350 3.307
- Column 0.547 0.527 0.522 0.519
M A
x = 180" Middle 1.560 1.491 1.482 1.475
LL —
M, Column 1.205 1.375 1.418 1.432
y =120 Middle 3.077 3.193 3.213 3.200
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Thick-Plate Formulation
SAFE Average Strip Moments Theoretical
(Kip-in/in) Average Strip
Load Moments
Case | Moment Direction Strip 4x4 Mesh | 8x8 Mesh | 12x12 Mesh (Kip-in/in)
_ Column 0.716 0.805 0.799 0.810
M A
x = 180" Middle 1.757 1.855 1.832 1.820
uL —
M, Column 1.007 0.968 0.984 0.994
y = 120" Middle 2.65 2.80 2.805 2.792
_ Column 0.969 1.128 1.043 0.901
M A
x = 180" Middle 2.481 3.346 3.781 3.950
PL —
M, Column 0.763 0.543 0.533 0.548
y = 120" Middle 3.149 3.381 3.372 3.307
_ Column 0.489 0.526 0.517 0.519
M A
x = 180" Middle 1.501 1.520 1.493 1.475
LL —
M, Column 1.254 1.338 1.408 1.432
y = 120" Middle 2.840 3.205 3.233 3.200
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Figure 1-4 V1> Shear Force for Uniform Loading
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Figure 1-5 Vi3 Shear Force for Uniform Loading
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Figure 1-8 V12 Shear Force for Point Loading
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Figure 1-11 Vmax for Point Load for Thick-Plate Formulation
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Figure 1-12 V1> Shear Force for Line Loading
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COMPUTER FILE:

S0l1a-Thin.FDB, S01b-Thin.FDB, S01c-Thin.FDB, S0la-Thick.FDB, S01b-
Thick.FDB and S01c-Thick.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 2

Rectangular Plate with Fixed Edges

PROBLEM DESCRIPTION

A fully fixed rectangular plate is analyzed for three load conditions. The
geometric descriptions and material properties and the load cases are the same as
those of Example 1. However, the boundary conditions are different. All edges
are fixed, as shown in Figure 2-1. To test convergence, the problem is analyzed
using three mesh sizes, as shown in Figure 1-2: 4 x 4, 8 x 8, and 12 x 12. The
plate is modeled using plate elements available in SAFE. The fixed edges are
modeled as line supports with large vertical and rotational stiffnesses. The self
weight of the plate is not included in any of the load cases. The numerical data
for this problem are given in the following section.

A theoretical solution to this problem, employing a single series (Lévy’s
solution), is given in Timoshenko and Woinowsky (1959). The numerically
computed deflections obtained from SAFE are compared with the theoretical
values.

GEOMETRY, PROPERTIES AND LOADING

Plate size axb = 360" x 240"
Plate thickness T = 8 inches
Modulus of Elasticity E = 3000 ksi
Poisson's ratio Y = 0.3
Load Cases:
(UL) Uniformload q = 100 psf
(PL) Point load P = 20 Kips
(LL) Live load g = 1 Kip/ft

EXAMPLE 2 -1
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Figure 2-1 Rectangular Plate with All Edges Fixed

TECHNICAL FEATURES OF SAFE TESTED
» Comparison of slab deflection with bench mark solution.

RESULTS COMPARISON

The numerical displacements obtained from SAFE are compared with those
obtained from the theoretical solution in Table 2-1. The theoretical results are
based on tabular values given in Timoshenko and Woinowsky (1959). A
comparison of deflections for the three load cases shows a fast convergence to
the theoretical values with successive mesh refinement.
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Table 2-1 Comparison of Displacements
Thin Plate Formulation
Location SAFE Displacement (in) Theoretical
Load Displacement
Case X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)
60 60 0.0098 0.0090 0.0089
60 120 0.0168 0.0153 0.0150
UL
180 60 0.0237 0.0215 0.0210
180 120 0.0413 0.0374 0.0366 0.036036
60 60 0.0065 0.0053 0.0052
60 120 0.0111 0.0100 0.0100
PL
180 60 0.0315 0.0281 0.0272
180 120 0.0659 0.0616 0.0598 0.057453
60 60 0.0079 0.0072 0.0071
60 120 0.0177 0.0161 0.0158
LL
180 60 0.0209 0.0188 0.0184
180 120 0.0413 0.0375 0.0367
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Thick Plate Formulation

Location SAFE Displacement (in) Theoretical
Load Displacement
Case X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)
60 60 0.0085 0.0093 0.0091
60 120 0.0147 0.0156 0.0154
UL
180 60 0.0214 0.0219 0.0215
180 120 0.0397 0.0381 0.0374 0.036036
60 60 0.0083 0.0056 0.0053
60 120 0.0169 0.0101 0.0102
PL
180 60 0.0270 0.0283 0.0278
180 120 0.0545 0.0600 0.0605 0.057453
60 60 0.0072 0.0073 0.0073
60 120 0.0149 0.0165 0.0163
LL
180 60 0.0198 0.0191 0.0188
180 120 0.0399 0.0382 0.0375

COMPUTER FILE:

S02a-Thin.FDB. S02b-Thin.FDB, S02c¢c-Thin.FDB, S02a-Thick.FDB. S02b-
Thick.FDB, and S02c-Thick.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE 2 - 4



s

COMPUTERS & STRUCTURES INC. S OftWare Ve rifi C ati O n
PROGRAM NAME: SAFE
REVISION NO.: 0

EXAMPLE 3

Rectangular Plate with Mixed Boundary

PROBLEM DESCRIPTION

The plate, shown in Figure 3-1, is analyzed for uniform load only. The edges
along x =0 and x = a are simply supported, the edge along y = b is free, and the
edge along y = 0 is fully fixed. The geometrical description and material
properties of this problem are the same as those of Example 1. To test
convergence, the problem is analyzed employing three mesh sizes, as shown in
Figure 1-2: 4 x4, 8 x 8, and 12 x 12. The plate is modeled using plate elements
available in SAFE. The two simply supported edges are modeled as line supports
with large vertical stiffnesses. The fixed edge is modeled as a line support with
large vertical and rotational stiffnesses. The self weight of the plate is not
included in the analysis.

An explicit analytical expression for the deflected surface is given in
Timoshenko and Woinowsky (1959). The deflections obtained from SAFE are
compared with the theoretical values.

GEOMETRY, PROPERTIES AND LOADING

Plate size axb = 360" x 240"
Plate thickness T = 8inches
Modulus of elasticity E = 3000 ksi
Poisson's ratio Vv = 03
Load Cases:

Uniform load q = 100 psf

TECHNICAL FEATURES OF SAFE TESTED
» Comparison of deflection with bench-mark solution.

RESULTS COMPARISON

The numerical solution obtained from SAFE is compared with the theoretical
solution that is given by Lévy (Timoshenko and Woinowsky 1959). Comparison
of deflections shows monotonic convergence to the theoretical values with
successive mesh refinement as depicted in Table 3-1. It is to be noted that even
with a coarse mesh (4 x 4) the agreement is very good.

EXAMPLE 3 -1
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Figure 3-1 Rectangular Plate with Two Edges Simply Supported,
One Edge Fixed and One Edge Free
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Table 3-1 Comparison of Displacements

Thin Plate Formulation

Location SAFE Displacement (in) Theoretical
Displacement

X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

180 0 0.0000 0.0000 0.0000 0.0000
180 60 0.0849 0.0831 0.0827 0.08237
180 120 0.2410 0.2379 0.2372 0.23641
180 180 0.3971 0.3947 0.3940 0.39309
180 240 0.5537 0.5511 0.5502 0.54908

Thick Plate Formulation

Location SAFE Displacement (in) Theoretical
Displacement

X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

180 0 0.0000 0.0000 0.0000 0.0000
180 60 0.0806 0.0841 0.0839 0.08237
180 120 0.2338 0.2398 0.2392 0.23641
180 180 0.3837 0.3973 0.3970 0.39309
180 240 0.5322 0.5544 0.5542 0.54908

COMPUTER FILE:

S03a-Thin.FDB, S03b-Thin.FDB, S03c-Thin.FDB, S03a-Thick.FDB, S03b-
Thick.FDB, and S03c-Thick.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 4

Rectangular Plate on Elastic Beams

PROBLEM DESCRIPTION

The plate, shown in Figure 4-1, is analyzed for a uniformly distributed surface
load. The edges along x =0 and x =a are simply supported, and the other two
edges are supported on elastic beams. It is assumed that the beams resist bending
in vertical planes only and do not resist torsion. A theoretical solution to this
problem is given in Timoshenko and Woinowsky (1959). The deflections of the
plate and the moments and shears of the edge beams are compared with both the
theoretical solution and the results obtained using the Direct Design Method as
outlined in ACI 318-95 for a relative stiffness factor, A, equal to 4. The relative
stiffness, A, is the ratio of the bending stiffness of the beam and the bending
stiffness of the slab with a width equal to the length of the beam and is given by
the following equation.

El
A= —2 where,
aD

Eh®

D= ,
12(1-v?)
Ip is the moment of inertia of the beam about the horizontal axis,

a is the length of the beam, which also is equal to the one side of the
slab, and

h is the thickness of the slab.

To test convergence of results, the problem is analyzed employing three mesh
sizes, as shown in Figure 1-2: 4 x 4, 8 x 8, and 12 x 12. The slab is modeled
using plate elements. The simply supported edges are modeled as line supports
with a large vertical stiffness and zero rotational stiffness. Beam elements, with
no torsional rigidity, are defined on edgesy =0 and y = b. The flexural stiffness
of edge beams is expressed as a A factor of the plate flexural stiffness.

EXAMPLE 4 - 1
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The subdivision of the plate into column and middle strips and also the definition
of tributary loaded areas for shear calculations comply with ACI 318-95
provisions and shown in Figure 4-2. A load factor of unity is used and the self
weight of the plate is not included in the analysis.
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Figure 4-1 Rectangular Plate on Elastic Beams
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Figure 4-2 Definition of Slab Strips and Tributary Areas for Shear on Edge Beams
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GEOMETRY, PROPERTIES AND LOADING

Plate size axb = 360" x 240"

Plate thickness T = 8inches

Modulus of elasticity E = 3000 ksi

Poisson's ration v = 03

Beam moment of inertia b = 4

Relative stiffness parameter A = 4

Load Case: g = 100 psf (Uniform load)

TECHNICAL FEATURES OF SAFE TESTED

» Comparisons of deflection with benchmark solution.

RESULTS COMPARISON

Table 4-1 shows monotonic convergence of SAFE deflections for A = 4 to the
theoretical values with successive mesh refinement. Table 4-2 shows the
variation of bending moment in the edge beam along its length for A = 4. The
theoretical solution and the ACI approximation using the Direct Design Method
also are shown.

The value of A is analogous to the ACI ratio aul2/11 (refer to Sections 13.6.4.4
and 13.6.5.1 of ACI 318-95). The correlation between the numerical results from
SAFE and the theoretical results is excellent. For design purposes, the ACI
approximation (Direct Design Method) compares well with the theory. For the
Direct Design Method, the moments are obtained at the grid points. In obtaining
SAFE moments, averaging was performed at the grid points.

In obtaining the ACI moments, the following quantities were computed:

o1 = Echlo/Ecsls = 6.59375,
I2/1: = 240/360 = 0.667,
awlo/li = 4.3958,
Bt =0,
Mo = 2700 k-in.
From ACI section 13.6.4.4 for I2/11 = 0.667 and oul> /11 = 4.3958, it is determined
that the column strip supports 85% of the total positive moment. The beam and

slab do not carry any negative moment about the Y-axis because of the simply
supported boundary conditions at x =0 and x = a.

EXAMPLE 4 - 4
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From ACI section 13.6.5.1 for oul> /11 = 4.3958, it is determined that the beam
carries 85% of the total column strip moment. Since one beam supports only one-
half of the column strip, the maximum beam positive moment is as follows

Mopositivebeam = 0.85 x 0.85 x 0.5 x Mo
=0.36125 x 2700
=975.375 k-in

The beam moments at other locations are obtained assuming a parabolic variation
along the beam length.

Table 4-3 shows the variation of shear in edge beams for A = 4. The agreement is
good considering that the SAFE element considers shear strains and the
theoretical solution does not. The ACI values are calculated based on the
definition of loaded tributary areas given in Section 13.6.8.1 of ACI 318-95. The
shear forces were obtained at the middle of the grid points. In obtaining SAFE
shear, no averaging was required for the shear forces.

Table 4-1 Comparison of Displacements
Thin Plate Formulation

Location SAFE Displacement (in) Theoretical
Displacement
X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)
180 120 0.1812 0.1848 0.1854 0.18572
180 60 0.1481 0.1523 0.1530 0.15349
180 0 0.0675 0.0722 0.0730 0.07365
Thick Plate Formulation
Location SAFE Displacement (in) Theoretical
Displacement
X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)
180 120 0.1792 0.1856 0.1862 0.18572
180 60 0.1467 0.1529 0.1536 0.15349
180 0 0.0677 0.0721 0.0730 0.07365
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Table 4-2 Variation of Average Bending Moment in an Edge Beam (A = 4)
Thin Plate Formulation

Location Edge Beam Moment (k-in)
Y (in) X (in) | 4x4 Mesh | 8x8 Mesh | 12x12 Mesh ACI Theoretical
0 0.571 0.12 0.05 0 0
30 — 313.0 — 298.031 313.4984
0, 240 60 590.8 591.4 591.5 541.875 591.6774
120 — 984.9 — 867.000 984.7026
180 1120.9 1120.8 1120.4 975.375 1120.1518

Thick Plate Formulation

Location Edge Beam Moment (k-in)
Y (in) X (in) | 4x4 Mesh | 8x8 Mesh | 12x12 Mesh ACI Theoretical
0 5.3 315 25.2 0 0
30 — 309.2 — 298.031 313.4984
0, 240 60 591.0 586.8 592.1 541.875 591.6774
120 — 981.3 — 867.000 984.7026
180 1120.2 1116.4 1118.4 975.375 1120.1518
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Table 4-3 Variation of Shear in an Edge Beam (A = 4)
Thin Plate Formulation
Location Edge Beam Shear (k)
Y (in) X (in) | 4x4 Mesh | 8x8 Mesh | 12x12 Mesh ACI Theoretical
10 — — 10.58 9.9653 10.6122
15 — 10.4 — 9.9219 10.4954
30 9.80 — 9.96 9.6875 9.9837
45 o 9.26 — 9.2969 9.2937
50 o o 9.02 9.1319 9.0336
0, 240 — —
80 7.23 7.7778 7.2458
90 4.40 6.55 — 7.1875 6.5854
120 — — 4.48 5.0000 4.4821
150 — 2.26 — 2.5000 2.2656
160 — — 1.51 1.6667 1.5133
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Thick Plate Formulation

Location Edge Beam Shear (k)

Y (in) X (in) | 4x4 Mesh | 8x8 Mesh | 12x12 Mesh ACI Theoretical
10 — — 8.04 9.9653 10.6122
15 — 8.31 — 9.9219 10.4954
30 9.59 — 7.91 9.6875 9.9837
45 o 7.57 — 9.2969 9.2937
50 o o 7.43 9.1319 9.0336

0,240 — —
80 6.39 7.7778 7.2458
90 4.32 6.03 — 7.1875 6.5854
120 — — 4.06 5.0000 4.4821
150 — 2.08 — 2.5000 2.2656
160 — — 1.38 1.6667 1.5133

COMPUTER FILE:

S04a-Thin.FDB, S04b-Thin.FDB, S04c-Thin.FDB, S04a-Thick.FDB, S04b-
Thick.FDB, and S04c-Thick.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 5

Infinite Flat Plate on Equidistant Columns

PROBLEM DESCRIPTION

The plate, shown in Figure 5-1, is analyzed for uniform load. The overall
dimensions of the plate are significantly larger than the column spacing (a and b
in Figure 5-1). Analysis is limited to a single interior panel because it can be
assumed that deformation is identical for all panels in the plate. An analytical
solution, based on the foregoing assumption, is given in Timoshenko and
Woinowsky (1959).

Three mesh sizes, as shown in Figure 1-2, are used to test the convergence
property of the model: 4 x 4, 8 x 8, and 12 x 12. The model consists of a panel of
uniform thickness supported at four corners point. The effect of column support
within a finite area is not modeled. Due to symmetry, the slope of the deflection
surface in the direction normal to the boundaries is zero along the edges and the
shearing force is zero at all points along the edges of the panel, except at the
corners. To model this boundary condition, line supports with a large rotational
stiffness about the support line are defined on all four edges. Additional point
supports are provided at the corners. The panel is modeled using plate elements
in SAFE. In doing so, the effect of shear distortion is included.

To compare the effects of corner stiffness at the column/slab intersection, a
duplicate model of the 12 x 12 mesh was created where this region is
approximately modeled. This was done by using a special stiff area section in the
region concerned, shown as the 40" x 40" area in Figure 5-2, of which a 20” x
20” portion lies within the modeled region. To obtain design moments, the panel
is divided into three strips both ways, two column strips and one middle strip,
based on the ACI 318-95 definition of design strip widths, as shown in Figure 5-
2 and in Figure 5-3. A load factor of unity is used. The self weight of the panel is
not included in the analysis.

Tables 5-1 through 5-3 show the comparison of the numerically computed
deflection, local moments, and local shears obtained from SAFE with their
theoretical counterparts.

Table 5-4 shows the comparison of the average design strip moments obtained
from SAFE with those obtained from the theoretical method and two ACI
alternative methods: the Direct Design Method (DDM) and the Equivalent Frame
Method (EFM).
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Figure 5-1 Infinite Plate on Equidistant Columns
and Detail of Panel used in Analysis

Material Properties and Load
Modulus of Elasticity ~ =3000 ksi
Poisson's Ratio =0.3
Uniform Load =100 psf
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GEOMETRY, PROPERTIES AND LOADING

Plate size axb = 360"x 240"

Plate thickness T = 8inches

Modulus of elasticity E = 3000 ksi

Poisson's ration v = 03

Load Case: g = 100 psf (Uniform load)

TECHNICAL FEATURES OF SAFE TESTED
» Comparisons of deflection with benchmark solution.

RESULTS COMPARISON

Table 5-1 shows the comparison of the numerical and the theoretical deflections.
The data indicates monotonic convergence of the numerical solution to the
theoretical values with successive mesh refinement.

The SAFE results for local moment and shear also compare closely with the
theoretical values, as shown in Table 5-2 and Table 5-3, respectively.

In Table 5-4 average strip moments obtained from SAFE are compared with both
the ACI and the theoretical values. EFM is used to calculate the interior span
moments as depicted in Figure 5-2 and Figure 5-3. The agreement between the
SAFE and the theoretical solution is excellent. ACI approximations, employing
either DDM or EFM, however, deviate from the theory. It should be noted that,
regardless of the method used, the absolute sum of positive and negative
moments in each direction equals the total static moment in that direction.

Table 5-5 shows the effect of corner rigidity. Comparisons with the EFM method
are shown.
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Thin Plate Formulation

Table 5-1 Comparison of Displacements

Location SAFE Displacement (in) Theoretical
Displacement

X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

0 0 0.263 0.278 0.280 0.280

0 60 0.264 0.274 0.275 0.275

0 120 0.266 0.271 0.271 0.270
120 0 0.150 0.153 0.153 0.152
120 120 0.101 0.101 0.100 0.098
180 0 0.114 0.108 0.106 0.104
180 60 0.072 0.069 0.067 0.065
180 120 0.000 0.000 0.000 0.000

Thick Plate Formulation
Location SAFE Displacement (in) Theoretical
Displacement

X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

0 0 0.249 0.279 0.284 0.280

0 60 0.252 0.276 0.280 0.275

0 120 0.252 0.273 0.275 0.270
120 0 0.139 0.155 0.157 0.152
120 120 0.082 0.101 0.103 0.098
180 0 0.094 0.109 0.110 0.104
180 60 0.052 0.069 0.070 0.065
180 120 0.000 0.000 0.000 0.000
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Table 5-2 Comparison of Local Moments
Thin Plate Formulation
Moments (k-in/in)
Location Mu1 Mz
SAFE SAFE
X (in) Y (in) (8x8) Theoretical (8x8) Theoretical
30 15 3.093 3.266 1.398 1.470
30 105 3.473 3.610 0.582 0.580
165 15 —2.948 -3.142 1.887 1.904
165 105 -9.758 -9.804 -7.961 —7.638
Thick Plate Formulation
Moments (k-in/in)
Location Mu1 Mz
SAFE SAFE
X (in) Y (in) (8x8) Theoretical (8x8) Theoretical
30 15 3.115 3.266 1.394 1.470
30 105 3.446 3.610 0.583 0.580
165 15 -2.977 -3.142 1.846 1.904
165 105 -9.686 -9.804 -7.894 —7.638
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Table 5-3 Comparison of Local Shears

Thin Plate Formulation

Shears (x1073 k)
Location Vi3 Va3
SAFE SAFE
X (in) Y (in) (8x8) Theoretical (8x8) Theoretical
30 45 20.9 17.3 8.2 2.2
30 105 21.2 235 31 5.4
165 15 17.3 14.7 19.1 23.8
165 105 357.1 329.0 350.4 320.0
Thick Plate Formulation
Shears (x1073 k)
Location Vi3 Va3
SAFE SAFE
X (in) Y (in) (8x8) Theoretical (8x8) Theoretical
30 45 20.2 17.3 8.7 2.2
30 105 24.3 235 8.1 5.4
165 15 26.7 147 24.7 23.8
165 105 287.5 329.0 277.6 320.0
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Table 5-4 Comparison of Average Strip Moments
Thin Plate Formulation
SAFE Moments ACI| 318-95
(k-infin) (k-in/in)
Average 4x4 8x8 12 x 12 Theoretical
Moment | Location Strip Mesh Mesh Mesh (k-in/in) DDM EFM
B Column 4.431 3.999 3.922 3.859 4.725 4.500
M, | x=180"
Middle 4.302 3.805 3.711 3.641 3.150 3.000
B Column | -10.184 | -10.865 -10.971 -11.091 -10.968 | -11.250
M, |x=360"
Middle -3.524 -3.777 -3.843 -3.891 -3.656 -3.750
_ Column 2.265 2.028 1.971 1.925 3.150 3.000
M B y: 120u ]
Middle 1.674 1.561 1.547 1.538 1.050 1.000
_ Column -8.236 -8.902 -9.000 -9.139 -7.313 —-7.500
Me y = 240" ,
Middle -0.551 -0.449 -0.442 -0.430 -1.219 -1.250
Thick Plate Formulation
SAFE Moments ACI 318-95
(k-in/in) (k-infin)
Average 4x4 8x8 12 x 12 | Theoretical
Moment | Location |  Strip Mesh Mesh Mesh (k-in/in) DDM EFM
_ Column | 4.802 4.079 3.952 3.859 4.725 4.500
M, | x=180"
Middle 3.932 3.726 3.682 3.641 3.150 3.000
_ Column | -8.748 | -10.691 -10.993 -11.091 -10.968 -11.250
M, X = 360"
Middle | -4.965 | -3.954 -3.823 -3.891 -3.656 -3.750
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Thick Plate Formulation

SAFE Moments ACI 318-95
(k-in/in) (k-infin)
Average 4x4 8x8 12 x 12 Theqrgtical
Moment | Location |  Strip Mesh Mesh Mesh (k-in/in) DDM EFM
_ Column 2.361 2.078 2.000 1.925 3.150 3.000
M B y: 120u .
Middle 1.628 1.537 1.533 1.538 1.050 1.000
B Column | -6.321 -8.670 -9.025 -9.139 -7.313 —7.500
Mo [y=2a0 [
Middle -1.514 -0.567 -0.431 -0.430 -1.219 -1.250

Table 5-5 Comparison of Average Strip Moments : Effect of Corner Rigidity

Thin Plate Formulation

SAFE Moments ACI 318-95
(12x12 Mesh) (EFM Method)
(k-in/in) (k-in/in)
Average Slab Corner Slab Corner Slab Corner Slab Corner
Moment | Location Strip Non-Rigid Rigid Non-Rigid Rigid
B Column 3.922 3.472 4.500 3.555
M, x = 180"
Middle 3.711 3.285 3.000 2.370
B Column -10.971 -8.110 — -8.887
M, x = 360"
Middle -3.843 -2.863 — -2.962
B Column 1.971 1.470 3.000 2.085
M B y: 120u )
Middle 1.547 1.361 1.000 0.695
_ Column -4.807 -5.489 — -5.206
Mg y = 240" )
Middle -0.272 -0.347 — -0.867
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Thick Plate Formulation
SAFE Moments ACI 318-95
(12x12 Mesh) (EFM Method)
(k-infin) (k-infin)
Average Slab Corner Slab Corner Slab Corner Slab Corner
Moment | Location Strip Non-Rigid Rigid Non-Rigid Rigid
B Column 3.952 3.459 4.500 3.555
M, x = 180"
Middle 3.682 3.219 3.000 2.370
_ Column -10.993 -8.249 — -8.887
M, x = 360"
Middle -3.823 —-2.806 — -2.962
B Column 2.000 1.456 3.000 2.085
Me y=120" )
Middle 1.533 1.327 1.000 0.695
B Column -9.025 -5.742 — -5.206
Me y = 240" )
Middle -0.431 -0.263 — -0.867

COMPUTER FILE:

S05a-Thin.FDB, S05b-Thin.FDB, S05c-Thin.FDB, S05d.FDB, S05a-Thick.FDB,
S05b-Thick.FDB, S05c-Thick.FDB, and S05d-Thick.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 6

Infinite Flat Plate on Elastic Subgrade

PROBLEM DESCRIPTION

An infinite plate resting on elastic subgrade and carrying equidistant and equal
loads, P, is shown in Figure 6-1. Each load is assumed to be distributed
uniformly over the area u x v of a rectangle. A theoretical double series solution
to this example is given in Timoshenko and Woinowsky (1959).

The numerically computed deflections and local moments obtained from SAFE
are compared to the theoretical values, as shown in Table 6-1 and Table 6-2.

Analysis is confined to a single interior panel. To model the panel, three mesh
sizes, as shown in Figure 1-2, are used: 4 x 4, 8 x 8, and 12 x 12. The slab is
modeled using plate elements and the elastic support is modeled as a surface
support with a spring constant of k, the modulus of subgrade reaction. The edges
are modeled as line supports with a large rotational stiffness about the support
line. Point loads P/4 are defined at the panel corners. In the theoretical
formulation (Timoshenko and Woinowsky 1959), each column load P is assumed
to be distributed over an area u x v of a rectangle, as shown in Figure 6-1. To
apply the theoretical formulation to this problem, concentrated corner loads are
modeled as a uniformly distributed load acting over a very small rectangular area
where u and v are very small.

GEOMETRY, PROPERTIES AND LOADING

Plate size axb = 360" x 240"
Plate thickness T = 15inches
Modulus of elasticity E = 3000 ksi
Poisson’'s ratio v = 0.2
Modulus of subgrade reaction k = 1Kksi/in
Loading: Point Load P = 400 kips

(assumed to be uniformly distributed over an area u x v)

EXAMPLE 6 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Comparison of deflection on elastic foundation.

RESULTS COMPARISON

Good agreement has been found between the numerical and theoretical deflection
for k = 1 ksi/in, as shown in Table 6-1, except near the concentrated load. The
consideration of shear strains in the SAFE element makes it deflect more near the
concentrated load. As the modulus k is changed, the distribution of pressure
between the plate and the subgrade changes accordingly. The particular case, as k
approaches 0, corresponds to a uniformly distributed subgrade reaction, i.e., to
the case of a “reversed flat slab” uniformly loaded with q = P/ab. In fact the
problem changes to that of Example 5, with the direction of vertical axis
reversed. In Example 5, for a uniform load of 100 psf (P = 60 Kkips), the
maximum relative deflection is calculated as 0.280. Applying the formulation
used here with k = 1 x 10 yields a deflection value of 0.279". Table 6-2 shows
the comparison of the SAFE local moments using the 12 x 12 mesh with the
theoretical results. The results agree well.

Table 6-1 Comparison of Displacements

Thin Plate Formulation

Location SAFE Displacement (in) Theoretical
Displacement
X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

0 0 -0.0493 —0.05410 —0.05405 —0.05308
180 60 0.00091 0.00076 0.00080 0.00096
180 120 0.00040 0.00060 0.00064 0.00067

Thick Plate Formulation
Location SAFE Displacement (in) Theoretical
Displacement
X (in) Y (in) 4x4 Mesh 8x8 Mesh 12x12 Mesh (in)

0 0 -0.0436 —-0.06011 —-0.06328 —0.05308
180 60 0.00130 0.00074 0.00076 0.00096
180 120 -0.0019 0.00050 0.00059 0.00067
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Table 6-2 Comparison of Local Moments

Thin Plate Formulation

Moments (Kkip-in/in)

Location M11 Mo,
SAFE SAFE
X (in) Y (in) (12x12) Theoretical (12x12) Theoretical
10 10 37.99 35.97 37.97 35.56
10 50 7.38 7.70 -6.74 -6.87
10 110 -0.30 -0.27 -5.48 -5.69
80 10 -6.52 -6.89 1.98 1.72
80 50 -3.58 -3.78 -0.93 -1.02
80 110 -0.88 -0.98 -1.86 -1.69
Thick Plate Formulation
Moments (kip-in/in)
Location M11 Mz
SAFE SAFE
X (in) Y (in) (12x12) Theoretical (12x12) Theoretical
10 10 36.77 35.97 36.73 35.56
10 50 7.13 7.70 -6.37 -6.87
10 110 -0.21 -0.27 -5.17 -5.69
80 10 -6.11 -6.89 2.05 1.72
80 50 -3.56 -3.78 -0.82 -1.02
80 110 -0.87 -0.98 -1.86 -1.69

EXAMPLE 6 - 4
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COMPUTER FILE:

S06a-Thin.FDB, S06b-Thin.FDB, S06c¢-Thin.FDB, S06a-Thick.FDB, SO06b-
Thick.FDB and S06¢c-Thick.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 7

Skewed Plate with Mixed Boundary

PROBLEM DESCRIPTION

A skewed plate under uniform load, as shown in Figure 7-1, is analyzed for two
different support configurations. In the first case, all the edges are assumed to be
simply supported. In the second case, the edges y = 0 and y = b are released, i.e.,
the plate is assumed to be supported on its oblique edges only. A theoretical
solution to this problem is given in Timoshenko and Woinowsky (1959). In both
cases, the maximum deflection and the maximum moment are compared with the
corresponding theoretical values.

An 8 x 24 base mesh is used to model the plate, as shown in Figure 7-1. A large
vertical stiffness is defined for supports, and support lines are added on all four
edges for the first case and along the skewed edges only for the second case. A
load factor of unity is used. The self weight of the plate is not included in the
analysis.

GEOMETRY, PROPERTIES, AND LOADING

Plate size axb = 480" x 240"
Plate thickness T = 8inches
Modulus of elasticity E = 3,000 ksi
Poisson’s ratio v =02

Load Cases: Uniform load, q = 100 psf

TECHNICAL FEATURES OF SAFE TESTED

» Comparison of deflection and moments on skewed plate.

EXAMPLE 7 -1
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Figure 7-1 Skew Plate
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REsuULTS COMPARISON

Under the simply supported boundary condition, maximum deflection occurs at
the plate center and the maximum principal moment acts nearly in the direction
of the short span. Under the simply supported condition on the oblique edges and
free boundary conditions on the other two edges, maximum deflection occurs at
the free edge as expected.

Table 7-1 Comparison of Deflections and Bending Moments

Boundary Responses SAFE Theoretical
Condition
Thin Thick
Plate Plate
. I\_/Iaxr;mum displacement 0.156 0.160 0.162
Simply supported | (inches)
on all edges i i
g Ma}xmum bending moment 3.66 3.75 3.59
(k-in)
Maximum d|splacement at 151 152 150
Simply supported the free edges (in)
on oblique edges i i
a g Maximum bending moment 12.03 1228 11.84
of the free edges (k-in)
D|splacement at the center 121 123 122
Simply supported | (iN)
on oblique edges ; ;
Maximum bendmg moment 11.78 11.81 11.64
at the center (k-in)

COMPUTER FILES
S07a-Thin.FDB, S07b-Thin.FDB, S07a-Thick.FDB and SO7b-Thick.FDB

CONCLUSION

The comparison of SAFE and the theoretical results is acceptable, as shown in
Table 7-1.

EXAMPLE 7 - 3
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EXAMPLE 8

ACIl Handbook Flat Slab Example 1

PROBLEM DESCRIPTION

The flat slab system, arranged three-by-four, is shown in Figure 8-1. The slab
consists of twelve 7.5-inch-thick 18' x 22' panels. Edge beams on two sides
extend 16 inches below the slab soffit. Details are shown in Figure 8-2. There are
three sizes of columns and in some locations, column capitals. Floor to floor
heights below and above the slab are 16 feet and 14 feet respectively. A full
description of this problem is given in Example 1 of ACI 340.R-97 (ACI
Committee 340, 1997). The total factored moments in an interior E-W design
frame obtained from SAFE are compared with the corresponding results obtained
by the Direct Design Method, the Modified Stiffness Method, and the Equivalent
Frame Method.

The computational model uses a 10 x 10 mesh of elements per panel, as shown in
Figure 8-3. The mesh contains gridlines at column centerlines, column faces, and
the edges of column capitals. The grid lines extend to the slab edges. The regular
slab thickness is 7.5". A slab thickness of 21.5" is used to approximately model a
typical capital. The slab is modeled using plate elements. The columns are
modeled as point supports with vertical and rotational stiffnesses. Stiffness
coefficients used in the calculation of support flexural stiffness are all reproduced
from ACI Committee 340 (1997). Beams are defined on two slab edges, as
shown in Figure 8-1.

The model is analyzed for a uniform factored load of 0.365 ksf (wy = 1.4wg + 1.7
wy) in total, including self weight. To obtain factored moments in an E-W interior
design frame, the slab is divided into strips in the X-direction (E-W direction), as
shown in Figure 8-4. An interior design frame consists of one column strip and
two halves of adjacent middle strips.

EXAMPLE 8 - 1
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Figure 8-1 Flat Slab from ACI Handbook
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Figure 8-2 Sections and Details of ACI Handbook Flat Slab Example
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GEOMETRY, PROPERTIES AND LOADING

Materials:
Concrete strength f& = 3 Kksi
Yield strength of steel fy, = 40 Kksi
Concrete unit weight vye = 150 pcf
Modulus of elasticity Ec = 3320 ksi
Poisson's ratio v = 0.2

TECHNICAL FEATURES OF SAFE TESTED
» Comparison of factored moments in slab.

RESULTS COMPARISON

The SAFE results for the total factored moments in an interior E-W design frame
are compared in Figure 8-5 with the results obtained by the Direct Design
Method (DDM), the Modified Stiffness Method (MSM), and the Equivalent
Frame Method (EFM). Only uniform loading with load factors of 1.4 and 1.7 has
been considered. The DDM, MSM, and EFM results are all reproduced from
Example 1 of ACI Committee 340 (1997), the Alternative Example 1 of ACI
Committee 340 (1991), and from Example 3 of ACI Committee 340 (1991),
respectively. Moments reported are calculated at the face of column capitals.
Overall, they compare well. A noticeable discrepancy is observed in the negative
column moment in the west side of the exterior bay (the edge beam side). In
contrast to the EFM, the DDM appears to underestimate this moment. The SAFE
result are between the two extreme values. The basic cause of this discrepancy is
the way in which each method accounts for the combined flexural stiffness of
columns framing into the joint. The DDM uses a stiffness coefficient k; of 4 in
the calculation of column and slab flexural stiffnesses. The EFM, on the other
hand, uses higher value of k. to allow for the added stiffness of the capital and
the slab-column joint. The use of MSM affects mainly the exterior bay moments,
which is not the case when the DDM is employed. In SAFE, member
contributions to joint stiffness are dealt with more systematically than any of the
preceding approaches. Hence, the possibility of over designing or under
designing a section is greatly reduced.

The factored strip moments are compared in Table 8-1. There is a discrepancy in
the end bays, particularly on the edge beam (west) side, where the SAFE and
EFM results for exterior negative column strip moment show the greatest
difference. This is expected because EFM simplifies a 3D structure to a 2D
structure, thereby neglecting the transverse interaction between adjacent strips.
Except for this localized difference, the comparison is good.

EXAMPLE 8 - 7
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Table 8-1 Comparison of Total Factored Strip Moments (k-ft) (Interior E-W Design Frame)

Factored Strip Moment (k-ft)
Span AB Span BC Span CD
Strip | Method M M M M M M M M M
DDM 86 92 161 130 56 130 143 85 71
MSM 122 83 157 130 56 130 140 72 117
Column
Strip
EFM 140 83 157 144 44 145 161 62 125
SAFE 69 85 159 128 58 121 138 72 88
DDM 6 62 54 43 37 43 48 57 0
. MSM 10 55 52 43 37 43 46 48 0
Middle
Strip
EFM 10 55 53 48 29 48 54 41 0
SAFE 7 78 62 51 48 46 52 62 13

COMPUTER FILE:
S08.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 9

ACIl Handbook Two-Way Slab Example 2

PROBLEM DESCRIPTION

The two-way slab system arranged three-by-three is shown in Figure 9-1. The
slab consists of nine 6.5-inch-thick 20-foot x 24-foot panels. Beams extend 12
inches below the slab soffit. Details are shown in Figure 9-2. Sixteen inch x 16
inch columns are used throughout the system. Floor to floor height is 15 feet. A
full description of this problem is given in Example 2 of ACI 340.R-91 (ACI
Committee 340, 1991). The total factored moments in an interior design frame
obtained from SAFE are compared with the Direct Design Method, the Modified
Stiffness Method, and the Equivalent Frame Method.

The computational model uses a 10 x 10 mesh of elements per panel, as shown in
Figure 9-3. The mesh contains grid lines at both column centerlines and column
faces. The grid lines are extended to the slab edges. The slab is modeled using
plate elements. The columns are modeled as point supports with vertical and
rotational stiffnesses. A stiffness coefficient of 4 EI/L is used in the calculation of
support flexural stiffness. Torsional constants of 4790 in* and 5478 in* are
defined for the edge and interior beams respectively, in accordance with Section
13.7.5 of ACI 318-89 and Section 13.0 of ACI 318-95 code. The model is
analyzed for uniform factored total load of 0.347 ksf (wy = 1.4wgq + 1.7wy),
including self weight. To obtain factored moments in an interior design frame,
the slab is divided into strips in the X-direction (E-W direction), as shown in
Figure 9-4. An interior design frame consists of one column strip and two halves
of adjacent middle strips.

GEOMETRY, PROPERTIES AND LOADING

Concrete strength fe' = 3 Kksi
Yield strength of steel fy = 40 Kksi
Concrete unit weight we = 150 psf
Modulus of elasticity Ec = 3120 ksi
Poisson's ratio v = 02

Live load wy = 125 psf
Mechanical load Wg = 15 psf
Exterior wall load Wwa = 400 plf

EXAMPLE 9 -1
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TECHNICAL FEATURES OF SAFE TESTED
> Calculation of factored moments in slab.

RESULTS COMPARISON

The SAFE results for the total factored moments in an interior E-W design frame
are compared with the results obtained by the Direct Design Method (DDM), the
Modified Stiffness Method (MSM), and the Equivalent Frame Method (EFM) as
shown in Figure 9-5. The results are for uniform loading with load factors. The
results are reproduced from ACI Committee 340 (1991). Moments reported are
calculated at the column face. For all practical purposes they compare well. At
the end bays, the MSM appears to overestimate the exterior column negative
moments with the consequent reduction in the mid-span moments.

The distribution of total factored moments to the beam, column strip, and middle
strip is shown in Table 9-1. The middle strip moments compare well. The total
column strip moments also compare well. The distribution of the column strip
moments between the slab and the beam has a larger scatter.

EXAMPLE 9 - 7



CJi

Software Verification Ky
PROGRAM NAME:  SAFE
REVISION NO.: 0

Table 9-1 Comparison of Total Factored Moments (kip-ft)

Total Factored Moments in an E-W Design Frame(kip-ft)
Exterior Span Interior Span
Strip
Method M M M M M M
DDM 9 23 28 25 14 25
Slab MSM 13 21 28 25 14 25
Column
Strip EFM 12 21 30 27 11 27
SAFE 22 27 62 58 14 58
DDM 3 69 84 76 41 76
Slab MSM 5 63 84 76 41 76
Middle
Strip EFM 4 63 89 82 34 82
SAFE 6 71 73 73 49 73
DDM 50 129 160 143 77 143
MSM 72 121 160 143 77 143
Beam
EFM 68 119 169 156 66 156
SAFE 62 102 141 122 60 122
COMPUTER FILE:
S09.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 10

PCA Flat Plate Test

PROBLEM DESCRIPTION

This example models the flat plate structure tested by the Portland Cement
Association (Guralnick and LaFraugh 1963). The structure consists of nine 5.25-
inch-thick 15-foot x 15-foot panels arranged 3 x 3, as shown in Figure 10-1.
Deep and shallow beams are used on the exterior edges. The structure is
symmetric about the diagonal line through columns Al, B2, C3, and D4, except
the columns themselves are not symmetric about this line. The corner columns
are 12 inches x 12 inches and the interior columns are 18 inches x 18 inches.
Columns along the edges are 12 inches x 18 inches, with the longer dimension
parallel to the plate edge. A typical section of the plate and details of edge beams
are given in Figure 10-2. The total moments in an interior frame obtained
numerically from SAFE are compared with the test results and the numerical
values obtained by the Equivalent Frame Method (EFM).

A finite element model, shown in Figure 10-3, with 6 x 6 mesh per panel is
employed in the analysis. The slab is modeled using the plate elements in SAFE.
The columns are modeled as point supports with vertical and rotational
stiffnesses. The reduced-height columns in the test structure are fixed at the base.
Hence, rotational stiffnesses of point supports are calculated using a stiffness
coefficient of 4 and an effective height of 39.75 inches (K¢ = 4El / I¢). In order to
account for rigidity of the slab-column joint, the portion of slab occupying the
column area is modeled as rigid by using a special stiff area element. A total
uniformly distributed design load of 156 psf (not factored) is applied to all the
panels.

To obtain design moment coefficients, the plate is divided into column and
middle strips. An interior design frame consists of one column strip and half of
each adjacent middle strip. Normalized values of design moments are used in the
comparison.

EXAMPLE 10 - 1
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GEOMETRY, PROPERTIES AND LOADING

Concrete strength fe'
Yield strength of steel fy

Concrete unit weight ~ wc
Modulus of elasticity — Ec

Poisson's ratio v
Live load W1
Dead load Wd

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of factored forces in slab.

REsuULTS COMPARISON

The SAFE results for the total non-factored moments in an interior frame are
compared with test results and the Equivalent Frame Method (EFM). The test
and EFM results are all obtained from Corley and Jirsa (1970). The moments are
compared in Table 10-1. The negative design moments reported are at the faces
of the columns. Overall, the agreement between the SAFE and EFM results is
good. The experimental negative moments at exterior sections, however, are
comparatively lower. This may be partially the result of a general reduction of
stiffness due to cracking in the beam and column connection at the exterior
column, which is not accounted for in an elastic analysis. It is interesting to note
that even with an approximate representation of the column flexural stiffness, the
comparison of negative exterior moments between EFM and SAFE is excellent.

4.1
40
150
3670
0.2

70
86

ksi
ksi
pcf
ksi

psf
psf
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Table 10-1 Comparison of Measured and Computer Moments

Moments in an Interior Design Frame (M / WI; *)

(Shanlcz)\?vdsseg?: Side) Middle Span (Deeingesalr;?gide)
Method M| M| M| M| M| v ™| ™M| M
PCA Test 0.037 | 0.047 | 0.068 | 0.068 | 0.031 | 0.073 | 0.073 | 0.042 | 0.031
EFM 0.044 | 0.048 | 0.067 | 0.062 | 0.038 | 0.062 | 0.068 | 0.049 | 0.043

SAFE

(Shallow Beam Slide) 0.040 | 0.051 | 0.069 | 0.062 | 0.041 | 0.062 | 0.068 | 0.052 | 0.039

SAFE
(Deep Beam Slide)

* \WI; = 526.5 kip-ft

0.040 | 0.051 | 0.068 | 0.062 | 0.041 | 0.062 | 0.068 | 0.052 | 0.039

COMPUTER FILE:
S10.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 11

University of Illinois Flat Plate Test F1

PROBLEM DESCRIPTION

This example models the flat plate structure tested at the University of Illinois by
Hatcher, Sozen, and Siess (1965). The structure consists of nine 1.75-inch-thick
5-foot x 5-foot panels arranged 3 x 3 as shown in Figure 11-1. Two adjacent
edges are supported by 2.00-inch-wide x 5.25-inch-deep beams and the other two
edges by shallow beams, 4 inches wide by 2.75 inches deep, producing a single
diagonal line of symmetry through columns Al, B2, C3, and D4. A typical
section and details of columns and edge beams are shown in Figure 11-2. The
moments computed numerically using SAFE are compared with the test results
and the EFM results.

The computational model uses a 6 x 6 mesh of elements per panel, as shown in
Figure 11-3. The mesh contains grid lines at column centerlines as well as
column faces. The slab is modeled using slab area elements and the columns are
modeled as point supports with vertical and rotational stiffnesses. The reduced-
height columns in the test structure are pinned at the base. Hence, an approximate
value of 3(K¢ = 3EIl/lc) is used to calculate flexural stiffness of the supports,
taking the column height as 9.5 inches. In order to account for rigidity of the
slab-column joint, the portion of slab occupying the column area is modeled as
rigid by using a special stiff area element. Shallow and deep beams are defined
on the edges with properties derived from cross-section geometry. The model is
analyzed for uniform total load of 140 psf.

To obtain maximum factored moments in an interior design frame, the plate is
divided into columns and middle strips. An interior design frame consists of one
column strip and half of each adjacent middle strip.

GEOMETRY, PROPERTIES AND LOADING

Material:

Concrete strength ffe = 25 Kksi
Yield strength of steel fy = 36.7 Kksi
Modulus of elasticity Ec = 2400 ksi
Poisson’s ratio v = 02
Loading:

Total uniform load w = 140 psf

EXAMPLE 11 -1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation frame moments for uniform loading.

RESULTS COMPARISON

Table 11-1 shows the comparison of the SAFE results for uniform load moments
for an interior frame with the experimental and EFM results. The experimental
and EFM results are all obtained from Corley and Jirsa (1970).

Table 11-1 Comparison of Measured and Computed Moments

Moments in an Interior Design Frame (M/WI; *)

End Span End Span
(Shallow Beam Side) Middle Span (Deep Beam Side)
Method M +M M -M +M M M +M M
TEST F1 0.027 | 0.049 | 0.065 | 0.064 | 0.040 | 0.058 | 0.058 | 0.047 | 0.034
EFM 0.047 | 0.044 | 0.072 | 0.066 | 0.034 | 0.067 | 0.073 | 0.044 | 0.046

SAFE

(Shallow Beam Side) 0.044 | 0.047 | 0.066 | 0.060 | 0.039 | 0.059 | 0.065 | 0.048 | 0.043

SAFE

. 0.043 | 0.047 | 0.064 | 0.059 | 0.039 | 0.058 | 0.064 | 0.047 | 0.042
(Deep Beam Side)

* WI, = 17.5 kip-ft
The negative design moments reported are at the faces of the columns. From a
practical standpoint, even with a coarse mesh, the agreement between the SAFE
and EFM results is good. In general the experimentally obtained moments at
exterior sections are low, implying a loss of stiffness in the beam-column joint
area.

In comparing absolute moments at a section, the sum of positive and average
negative moments in the bay should add up to the total static moment. The SAFE
and EFM results comply with this requirement within an acceptable margin of
accuracy. The experimental results are expected to show greater discrepancy
because of the difficulty in taking accurate strain measurements.

CoOMPUTER FILE: S11.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 12

University of Illinois Flat Slab Tests F2 and F3

PROBLEM DESCRIPTION

This example models F2 and F3, the flat slab structures tested at the University
of Illinois by Hatcher, Sozen, and Siess (1969) and Jirsa, Sozen, and Siess (1966)
respectively. A typical structure used in tests F2 and F3 is shown in Figure 12-1.
The fundamental difference between these two test structures is in the type of
reinforcement used. In test F2, the slab is reinforced with medium grade
reinforcement, whereas in test F3, welded wire fabrics are used. The structure
consists of nine 5-foot x 5-foot panels arranged 3 x 3. Two adjacent edges are
supported by deep beams, 2 inches wide by 6 inches deep, and the other two
edges by shallow beams, 4.5 inches wide by 2.5 inches deep, producing a single
diagonal line of symmetry through columns Al, B2, C3, and D4. A typical
section and details of columns, drop panels, and column capitals are shown in
Figure 12-2. For both structures, the numerical results obtained for an interior
frame by SAFE are compared with the experimental results and the EFM results
due to uniformly distributed load.

The computational model uses an 8 x 8 mesh of elements per panel, as shown in
Figure 12-3. The mesh contains grid lines at the column centerlines as well as the
edges of drop panels and interior column capitals. The slab thickness is increased
to 2.5 inches over the drop panels. A thickness of 4.5 inches is used to
approximately model the interior capitals. Short deep beams are used to model
the edge column capitals. In this model, the slab is modeled using plate elements
and the columns are modeled as point supports with vertical and rotational
stiffnesses. A stiffness coefficient of 4.91 (K. = 4.91Elc / Ic) is used in the
calculation of the support flexural stiffness based on a column height of 21.375
inches, measured from the mid-depth of the slab to the support center. Due to the
presence of capitals, columns are treated as non-prismatic. Shallow and deep
beams are defined on the edges with properties derived from their cross-section
geometry.

The test problems use two different concrete moduli of elasticity, Ec = 2100ksi
and Ec = 3700 ksi for the beams and slab. However, both test problems are
modeled in SAFE with concrete modulus of elasticity of 2100 ksi. This affects
the slab, beam, and column stiffness since the distribution of moment depends on
the relative stiffness.

EXAMPLE 12 - 1
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Figure 12-1 University of Illinois Flat Slab Tests F2 and F3

The model is analyzed for uniform load. To obtain maximum factored moments
in an interior design frame, the slab is divided into two interior and two exterior
design frames spanning in the X direction (E-W direction). Because of
symmetry, results are shown for X strips only. An interior design frame consists
of one column strip and half of each adjacent middle strip.
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Figure 12-3 SAFE Mesh (8 x 8 per mesh)

GEOMETRY, PROPERTIES AND LOADING

Concrete strength:

¢/= 2.76 ksi (Test F2)
¢’= 3.76 ksi (Test F3)

Yield strength of slab reinforcement:

fy = 49 ksi (Test F2)
fy = 54 ksi (Test F3)
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Modulus of elasticity:
Ec= 2100 ksi (Test F2)
Ec = 3700 ksi (Test F3)
Poisson’s ratio:
v= 0.2

Loading:
Total uniform design load, w = 280 psf

TECHNICAL FEATURES OF SAFE TESTED
» Calculation frame moments.

REsuULTS COMPARISON

Table 12-1 shows the comparison of the SAFE results for moments in an interior
frame with the experimental and EFM results for both structures F2 and F3. The
experimental and EFM results are all obtained from Corley and Jirsa (1970).

Table 12-1 Comparison of Measured and Computer Moments

Moments in an Interior Design Frame (M / W1 *)

End Span End Span
(Shallow Beam Side) Middle Span (Deep Beam Side)
Method M M M M M M M M M
TEST F2 0.025 | 0.042 | 0.068 | 0.062 | 0.029 | 0.061 | 0.065 | 0.038 | 0.025
TEST F3 0.029 | 0.038 | 0.057 | 0.055 | 0.023 | 0.058 | 0.060 | 0.034 | 0.024
EFM 0.021 | 0.044 | 0.057 | 0.050 | 0.026 | 0.049 | 0.057 | 0.044 | 0.021

SAFE

(Shallow Beam Side) 0.026 | 0.042 | 0.067 | 0.058 | 0.025 | 0.057 | 0.066 | 0.042 | 0.024

SAFE

. 0.026 | 0.041 | 0.066 | 0.057 | 0.024 | 0.057 | 0.066 | 0.042 | 0.024
(Deep Beam Side)

* Wy = 35.0 k-ft
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Moments are compared at the edge of column capitals. Table 12-1 shows that the
SAFE and the EFM results are in excellent agreement. In general, the measured
positive moments appear to be lower than the SAFE and EFM values.

COMPUTER FILE: S12.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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EXAMPLE 13

University of Illinois Two-Way Slab Test T1

PROBLEM DESCRIPTION

This example models the slab structure tested at the University of Illinois by
Gamble, Sozen, and Siess (1969). The structure is a two-way slab, 1.5 inches
thick, in which each panel is supported along all four edges by beams, as shown
in Figure 13-1. The structure consists of nine 5-foot x 5-foot panels arranged 3 x
3. The edge beams extend 2.75 inches below the soffit of the slab and the interior
beams have an overall depth of 5 inches. The corner columns are 4 inches x 4
inches and the interior columns are 6 inches x 6 inches. Edge columns are 4
inches x 6 inches with the longer dimension parallel to the slab edge. A typical
section of the slab and details are shown in Figure 13-2. The moments in an
interior design frame due to uniform loads obtained from SAFE are compared
with the corresponding experimental results and the numerical values obtained
from the EFM.

The computational model uses a 6 x 6 mesh of elements per panel, as shown in
Figure 13-3. Grid lines are defined at column faces as well as the column
centerlines. The slab is modeled using the plate elements available in SAFE. The
columns are modeled as supports with both vertical and rotational stiffnesses. A
stiffness coefficient of 8.0 is used in the calculation of support flexural stiffnesses
based on a column height of 15.875 inches, measured from the mid-depth of the
slab to the support center. The column is assumed to be infinitely rigid over the
full depth of the beams framing into it. The value of 8.0 is 75% of the figure
obtained from Table 6.2 of ACI Committee 340 (1997) to approximately account
for the pinned end condition at the column base. In order to account for rigidity
of the slab-column joint, the portion of slab occupying the column area is
modeled as rigid by using a special stiff area element. Edge beam properties are
derived from their cross-section geometries.

To obtain maximum factored moments in an interior design frame, the slab is
divided into two interior and two exterior design frames spanning in the
X direction (E-W direction). Because of double symmetry, comparison is
confined to X strips only. An interior design frame consists of one column strip
and half of each adjacent middle strip.
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Figure 13-1 University of Illinois Two-Way Slab Example T1

GEOMETRY, PROPERTIES AND LOADING

Concrete strength f = 3 ksi
Yield strength of reinforcements f, = 42 Kksi
Modulus of elasticity Ec = 3000 ksi
Poisson’s ratio v = 0.2

Loading: Total uniform load w = 150 psf
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Figure 13-2 Sections and Details of Slab T1
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Figure 13-3 SAFE Mesh of Slab T1 (6 x 6 per panel)

TECHNICAL FEATURES OF SAFE TESTED

» Calculation frame moments and comparison with experimental and FEM
results.

RESULTS COMPARISON

Table 13.-1 shows the comparison of the moments in an interior design frame
obtained numerically from SAFE with the experimental results and the EFM
results. The experimental and EFM results are all obtained from Corley and Jirsa
(1970).
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Table 13-1 Comparison of Measured and Computer Moments

SAFE

Moments in an Interior Desigh Frame ( M/ Wl *)
Exterior Span Middle Span
Method M ™M M M M M
TestT1 0.043 0.046 0.079 0.071 0.036 0.071
EFM 0.035 0.047 0.079 0.066 0.034 0.066
SAFE 0.044 0.049 0.071 0.061 0.041 0.061

* Wl = 18.75 k-ft

The negative design moments reported are at the face of columns. The
comparison is excellent. The minor discrepancy is attributed to the loss of
stiffness due to the development of cracks and the difficulty in measuring strains
accurately at desired locations.

COMPUTER FILE: S13.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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University of Illinois Two-Way Slab Test T2

PROBLEM DESCRIPTION

This example models the slab structure tested at the University of Illinois by
Vanderbilt, Sozen, and Siess (1969). The structure is a two-way slab arranged in
3 x 3 panels in which each panel is supported along all four edges by beams, as
shown in Figure 14-1. The structure consists of nine 1.5-inch thick 5-foot x 5-
foot panels. The edge beams and the interior beams extend 1.5 inches below the
soffit of the slab. The corner columns are 4 inches x 4 inches and the interior
columns are 6 inches x 6 inches. Edge columns are 4 inches x 6 inches with the
longer dimension parallel to the slab edge. A typical section of the slab and
details is shown in Figure 14-2.

The computational model uses a 6 x 6 mesh of elements per panel, as shown in
Figure 14-3. Grid lines are defined at column faces as well as the column
centerlines. The slab is modeled using plate elements and the columns are
modeled as supports with both vertical and rotational stiffnesses. A stiffness
coefficient of 6.33 is used in the calculation of support flexural stiffnesses based
on a column height of 13.125 inches, measured from the mid-depth of the slab to
the support center. The column stiffness is assumed to be infinitely rigid over the
full depth of the beams framing into it. The value of 6.33 is 75% of the figure
obtained from Table A7 of Portland Cement Association (1990) to approximately
account for the pinned end condition at the column base. In order to account for
rigidity of the slab-column joint, the portion of slab occupying the column area is
modeled as rigid by using a special stiff area element. Edge beam properties are
derived from their cross-section geometries.

To obtain maximum factored moments in an interior design frame, the slab is
divided into two interior and two exterior design frames spanning in the X
direction (E-W direction). An interior design frame consists of one column strip
and half of each adjacent middle strip.

GEOMETRY, PROPERTIES AND LOADING

Concrete strength o = 3 ksi
Yield strength of reinforcement  f, = 47.6 ksi
Modulus of elasticity Ec = 3000 Kksi
Poisson’s ratio v = 02

Loading: Total uniform load w = 139 psf

EXAMPLE 14 - 1
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Figure 14-1 University of Illinois Two-Way Floor Slab T2
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Figure 14-2 Sections and Details of Floor Slab T2

EXAMPLE 14 - 3



CJSi

Software Verification Mirovsionsfiee
PROGRAM NAME:  SAFE
REVISION NO.: 0

OO ONNO

)
=|

()
T

()

1

@

|

.

=

=t

wt

3

-
—it

Figure 14-3 SAFE Mesh of Slab T2 (6 x 6 per panel)

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of frame forces and comparison with experimental and FEM
results.

REsuULTS COMPARISON

Table 14-1 shows the comparison of the moments in an interior design frame
obtained numerically from SAFE with the experimental results and the EFM
results. The experimental and EFM results are all obtained from Corley and Jirsa
(1970).
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Table 14-1 Comparison of Measured and Computer Moments

SAFE
0

Moments in an Interior Design Frame (M / WI; *)
Exterior Span Middle Span
Method M *M M M *M Y
TESTT1 0.036 0.056 0.069 0.061 0.045 0.061
EFM 0.046 0.044 0.074 0.066 0.034 0.066
SAFE 0.046 0.047 0.067 0.060 0.039 0.060

* W, = 17.375 Kip-ft

The negative design moments reported are at the face of columns. The
comparison is excellent except for the negative exterior moments where the
experimental results are lower than both the SAFE and the EFM results. The
discrepancy is attributed not only to the loss of stiffness due to the development
of cracks, but also to the difficulty in taking accurate strain measurements at

desired locations.

COMPUTER FILE: S14.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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Temperature Loading

PROBLEM DESCRIPTION

In SAFE, two types of temperature loads can be applied to slab elements: an
overall change in temperature or a temperature gradient across the slab thickness.
This example tests each of these temperature loading methods using a 10-inch-
deep x 12-inch-wide concrete slab. The slab is restrained in four different ways,
and different temperature loads are applied and analyzed using SAFE. The results
are compared to hand calculations and summarized in Table 15-1.

PROGRAM NAME: SAFE
REVISION NO.: 0

Temp, T1 =100 degrees, F, Temp, T2 = 0 degrees, F, Span = 24 ft

Case 1l

Case 2

Case 3

Case 4

Temp, T1
TJm mlm Find Slab Force, F11
Fixed Temp, T1 Fixed
Temp, T1 B
| | Find Reaction, RB
. -
Fixed Temp, T2
Pinned
Temp, T1
JIL | Find Midspan Displacement, Z
Pinned Temp, T2 _fﬁz
Pinned
Temp, T1
TJm | Find Free End Displacement, Z
Fixed Temp, T2 Free
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107

12"

-
d

Cross-Section
Figure 1 One-Way Slab

GEOMETRY, PROPERTIES AND LOADING

Slab thickness h = 10 in

Slab width b = 12 in

Clear span L = 288 in
Concrete strength f, = 4,000 psi
Modulus of elasticity Ec = 3,605 Ksi
Poisson’s ratio v = 0.001

Temp, T1 T1 = 100 degrees, F
Temp, T2 T2 = 0 degrees, F

TECHNICAL FEATURES OF SAFE TESTED
» Temperature and Temperature Gradient Loading

RESULTS COMPARISON
The force, reaction, or displacements are found using the SAFE program for the
cases described previously. The SAFE values were then compared to the
independent hand calculations and summarized in Table 15-1.
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Table 15-1 Comparison of Results
INDEPENDEN SAFE DIFFEREN
CASE AND FEATURE TESTED T RESULTS RESULTS CE

Case 1, Force, F11 (k/ft) 237.93 237.95 0.01%
Case 2, Reaction, RB (k) 1.033 1.032 0.09%
Case 3, Mid-Span Deflection, (in) 0.570 0.570 0.00%
Case 4, Free-End Displacement, (in) -2.281 -2.281 0.00%

COMPUTER FILES: S15a.FDB, S15b.FDB, S15c.FDB, S15d.FDB

CONCLUSION

COMMENT

The SAFE results show an exact or nearly exact comparison with the

independent hand-calculated results.

In Case 4, a stiffness modifier of 100 for V13 and V23 is used to avoid shear

deformation in plate.

The vertical offset of a slab can have a significant effect on the thermal loading
results. Therefore, it is recommended that users turn off the option to ignore the
vertical offsets when temperature loading is considered in a model (see the Run
menu > Ignore Vertical Offsets in Non P/T Models command).
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CALCULATIONS:

Design Parameters: T1 =100, T2=0, h=10, L =24 ft (288 in), b = 36, ¢ = 5.5E-06

Case 1:

Slab Force, F11=gtAE = 0.0000055(100)(10 x12)(3605) = 237.93 k/ft

Case 2:
Reaction, RB :i'f(Tz—Tl) 12 3Ele
2hL 2hL

(T2-T1) From Roark and Young, p. 107

_ 3(3605)(1000)(0.0000055) (100) =1.033 kips

2(10)(288)
Case 3:
Deflection, Z =~ (T2-T1)L2 = 2000005 _100) ogg)2 05702in  Roark..., p. 108
8h 8(L0)
Case 4.
. —0.0000055

Deflection, Z :;—E(TZ—Tl) L (~100)(288)° =2.281in  Roark..., p. 108

2(10)
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EXAMPLE 16

Cracked Slab Analysis

CRACKED ANALYSIS METHOD

The moment curvature diagram shown in Figure 16-1 depicts a plot of the
uncracked and cracked conditions, %, State 1, and, ¥, State 2, for a reinforced

beam or slab. Plot A-B-C-D shows the theoretical moment versus curvature of a
slab or beam. The slope of the moment curvature between points A and B
remains linearly elastic until the cracking moment, Mr, is reached. The increase
in moment curvature between B-C at the cracking moment, Mr, accounts for the
introduction of cracks to the member cross-section. The slope of the moment
curvature between point C-D approaches that of the fully cracked condition, ¥,

State 2, as the moment increases.

Since the moments vary along the span of a slab or beam, it is generally not
accurate to assign the same cracked section effective moment of inertia along the
entire length of a span. A better approach and the one recently added to the SAFE
program is to account for the proper amount of curvature for each distinct finite
element of the slab or beam that corresponds to the amount of moment being
applied to that element. After the moment curvatures are known for each
element, the deflections can be calculated accordingly.

This verification example will compare the results from Example 8.4, Concrete
Structures, Stresses and Deformations, Third Edition, A Ghali, R Favre and M
Elbadry, pages 285-289, with the results obtained from SAFE. Both the
calculations and the SAFE analysis use the cracked analysis methodology
described in the preceding paragraphs.

PROBLEM DESCRIPTION

The slab used in this example has dimensions b = 0.3 m and h = 0.6 m. The slab
spans 8.0 m and has an applied load of 17.1 KN/m.

EXAMPLE 16 - 1
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Curvature, ¥

Figure 16-1 Moment versus curvature for a reinforced slab member

Figure 16-2 One-Way Slab
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GEOMETRY, PROPERTIES AND LOADING

Slab thickness h = 0.65 m
Slab width b = 03 m
Clear span L = 80 m
Concrete Ultimate Strengthh | = 30 MPa
Concrete cracking strength f, = 25 MPa
Modulus of elasticity, Conc. Es = 30 GPa
Modulus of elasticity, Steel Ec = 200 GPa
Poisson’s ratio v = 0.2
Uniform load W= 17.1 KN/m
Creep coefficient p(tt,) = 2.5

Free shrinkage e (tty) = —250E-6

Note: The concrete cracking strength of f, = 2.5 MPa was used in this example
using the Run menu > Cracking Analysis Option command.

TECHNICAL FEATURES OF SAFE TESTED
» Cracked Slab Analysis

REsSULTS COMPARISON
SAFE calculated the displacements using a Nonlinear Cracked Load Case (see
Figure 16-1). The first nonlinear load case was calculated without creep and
shrinkage effects and the second nonlinear load case included creep and
shrinkage effects. Table 16-1 shows the results obtained from SAFE compared
with the referenced example.

Table 16-1 Comparison of Results

INDEPENDENT SAFE DIFFERE
CASE AND FEATURE TESTED RESULTS RESULTS NCE
M|d_—Span Displacement No Creep / 14.4 mm 13.55 mm 5.90%
Shrinkage (m)
M|d.—Span Displacement with Creep / 23.9 mm 2451 mm 2510
Shrinkage (m)
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CoOMPUTER FILES: S16.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

CALCULATIONS:

Design Parameters: Es =200 GPa, Ec.=30GPa, h=0.65m, b=0.3m,
As = 1080 mm?, As’=270 mm?, Center of reinf. at 0.05 m
Span = 8.0 m, Uniform Load = 17.1 KN/m

As'

0.60m

As

I —

. ro.%m«‘ “

0.30m

Slab Section

Figure 16-3 Slab Cross-Section

Case 1 — Nonlinear cracked slab analysis without creep and shrinkage

1.1 Transformed Uncracked Section Properties:
Area, A = 0.2027m?
Y =0.319m
I, transformed = 7.436E-03 m*

1.2 Transformed Cracked Section Properties:
Area, A =0.2027 m?
C=0.145m
I, cracked = 1.809E-03 m*

EXAMPLE 16 - 4
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1.3 Cracked Bending Moment, Mr = 23.3E-03 x 2.5 x 10E6 = 58.3 KN-m

M, )’ 58.3)
1.4 Interpolation coefficient, £ =1-4 g,| —- | =1-1.0 —— | =0.82
M 136
where g, =1.0 and g, =1.0
1.5 Curvature:

Statel: Uncracked
136E-06

| = 5 =610E-06/m
30x10° x 7.436E-03
State2: Fully Cracked
136E-00 = 2506E-06/m

>~ 30x10° x1.809E-03
Interpolated curvature:

¥, =(1-¢)¥,+¢(¥,)= (1-0.82)(6L0E-06/m)+0.82(2506E-06) = 2157E-06/m

1.6 Slab Curvature:

Cracked Zone

H
—
R

E - - — I _,,.f"" .r""""F

=

: Scale

o}

“ 1 E-06/m
Mean Curvature y c t
Over Entire Span 2506 ean Lurvalure

In Cracked Zone

Figure 16-4 Span-Curvature Diagram

1.7 Deflection:
By assuming a parabolic distribution of curvature across the entire span (see the
Mean Curvature over Entire Span plot in Figure 16-4), the deflection can be
calculated as,

EXAMPLE 16 - 5
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2

Deflection = 0.002157%><10><1000 =14.4 mm (See Table 16-1)

Case 2 — Nonlinear cracked slab analysis with creep and shrinkage

2.1 Aged adjusted concrete modulus,

Ec(tt,)= Eoll) 3009 n5p,
1+ Xop(t,t,) 1+0.8(2.5)

Where X (t,t,)=0.8 (SAFE Program Default), ¢(t.t,)=2.5 (aging coefficient, see
Figure 16-5 below)

2.2 Age-adjusted transformed section in Statel:
A =0.2207 m?
NA =0.344m from top of slab

1, =8.724x10°m*

y. =-0.020m, distance from top of slab to the centroid of the concrete area
A. =0.1937m?, area of concrete

I, =6.937x10°m*, moment of inertia of A. about NA

2= le _3534x10°m?
A
-3
K, = ITC = M =0.795, curvature reduction factor
| 8.724x10

2.3 Age adjusted transformed section in State2:
A2 =0.0701m?
NA =0.233m from top of slab
1, =4.277x10°m*
y. =—0.161m, distance from top of slab to the centroid of the concrete area

EXAMPLE 16 - 6
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A. =0.0431m?, area of concrete
I =1.190x10° m*, moment of inertia of A. about NA

2= le _27.62x10°m?

l. 1.190x10°°

© 4.277x10°°

K, =

=0.278

—I|0 (;'>|

2.4 Changes in curvature due to creep and shrinkage:
State 1, Change in curvature between period t,to t,

ety =< oft) (t) 1 ()5 o t1) %5

Cc C

=0.795| 2.5 61O><10’6+8><10’6L204 +(—250><10*6)L2073
35.34x10 35.34x10

=1299x10°/m

The curvature at time t (State 1)
7, (t)= (610+1299)x10°/m =1909x10°/m

State 2, Change in curvature between period t,to t,

Deltay = K[fﬂ(t,to)[w (to)+é (to)f—ij + s (t'to)gi—i}

c C

=0.278] 2.5 2506><10‘6+222><10’6L61_3 +(—250><1o-6)L61_3
27.62x10 27.62x10

=1248x10°°/m

The curvature at time t (State 2)
7, (t)= (2506 +1248)><10‘6/ m =3754x10"°/m

Interpolated curvature:
¥, =(1-)#,(t)+ ¢ (%, (t))= (1-0.91)(1909x10"°) +0.91(3754x10°) =3584x10°/m
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2.5 Deflection at center at time, t:
By assuming a parabolic distribution of curvature across the entire span, the

deflection can be calculated as,
2

Deflection = 0.003584%x10x1000 =23.90mm (See Table 16-1)

2.6 The Load Case Data form for Nonlinear Long-Term Cracked Analysis:
The Creep Coefficient and Shrinkage Strain values must be user defined. For this
example, a shrinkage strain value of —250E-6 was used. Note that the value is input
as a positive value.

B Load Case Data - Nonlinear Static

Load Case Mame Load Case Data Motes Load Case Type

|CRACKED_CS odify/S how Mates.. |Static V| [ Design... ]

Initial Conditiohs
(%) e Initial Conditiong - Start fam Unstressed State

() Continue from State at End of Monlinear Case

Analyziz Type

() Linear
() Monlinear (o Uplift)

() Mowlinear [Cracked)
(%) Morlinear [Long Term Cracked)
Creep Coefficient El

Shrinkage Strain 0.00025

Loads Applied

Load Mame Scale Factar

-

0K ] [ Cancel ]

Figure 16-5 Load Case Data form for Nonlinear Long-Term Cracked Analysis
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Crack Width Analysis

The crack width, wy, is calculated using the methodology described in the
Eurocode EN 1992-1-1:2004, Section 7.3.4, which makes use of the following
expressions:

1)

)

Wi =St max (Ssm _gcm) (eq. 7.8)
where
Sr.max IS the maximum crack spacing

esm 1S the mean strain in the reinforcement under the relevant combination
of loads, including the effect of imposed deformations and taking into
account the effects of tension stiffening. Only the additional tensile
strain beyond the state of zero strain of the concrete at the same level
is considered.

eem 1S the mean strain in the concrete between cracks
€sm — &cm May be calculated from the expression

Gs — kt 1:ct7,ef'f(1+ O('epp.eff)

pp,eff O;
€ —Em =E >0.6— eq. 7.9
E E (¢ )

S S

where

os IS the stress in the tension reinforcement assuming a cracked section.
For pretensioned members, s may be replaced by Acs, the stress
variation in prestressing tendons from the state of zero strain of the
concrete at the same level.

oe Istheratio Ec/Ecm
Ppeff 1S As [ Aceff

Ap’ and Acerr; Ap' is the area of tendons within Acerr, and Acesr IS the area of
tension concrete surrounding the reinforcing.

EXAMPLE 17 -1
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ke is a factor dependent on the duration of the load
ke = 0.6 for short term loading
ke = 0.4 for long-term loading

(3) In situations where bonded reinforcement is fixed at reasonably close
centers within the tension zone [spacing < 5(c + ¢ / 2)], the maximum final
crack spacing may be calculated from

Srmax = KsC + KikaKad/ pp eff (eq. 7.11)
where

¢ is the bar diameter. Where a mixture of bar diameters is used in a
section, an equivalent diameter, ¢eq, Should be used. For a section with
n1 bars of diameter ¢1 and n2 bars of diameter ¢», the following equation
should be used:

Ny + N5
=—=z'c eq. 7.12
& N, + Ny, (e )
where

c isthe cover to the longitudinal reinforcement

ki is a coefficient that takes into account the bond properties of the bonded
reinforcement:

0.8 for high bond bars

1.6 for bars with an effectively plain surface (e.g., prestressing

tendons)

ka2 is a coefficient that takes into account the distribution of strain:
0.5 for bending
1.0 for pure tension

ks and ks are recommended as 3.4 and 0.425 respectively. See the
National Annex for more information.

For cases of eccentric tension or for local areas, intermediate values of k»
should be used that may be calculated from the relation:

ko= (g1 + €2) / 2¢1 (eqg. 7.13)

where €1 is the greater and ¢ is the lesser tensile strain at the boundaries of
the section considered, assessed on the basis of a cracked section.
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PROBLEM DESCRIPTION

The purpose of this example is to verify that the crack width calculation
performed by SAFE is consistent with the methodology described above. Hand
calculations using the Eurocode EN 1992-1-1:2004, Section 7.3.4 are shown
below as well as a comparison of the SAFE and hand calculated results.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9,754 mm, as shown in Figure 17-1, and is
the same slab used to validate the Eurocode PT design (see design verification
example Eurocode 2-04 PT-SL-001). To test the crack width calculation, seven
#5 longitudinal bars have been added to the slab. The total area of mild steel
reinforcement is 1,400mm?. Currently, SAFE will account for some of the PT
effects. SAFE accounts for the PT effects on the moments and reinforcing
stresses but the tendon areas are not considered effective to resist cracking.

Prestressing tendon, Ap
; Mild Steel, As —/ / 929 mm
\_________3!/"— f g/ ° L’ 254 mm

25 mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 17-1 One-Way Slab
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, was added to the A-

Strip. The loads are as follows:

Loads: Dead = self weight

GEOMETRY, PROPERTIES AND LOADING

Thickness
Effective depth
Clear span

Concrete strength

Yield strength of steel
Prestressing, ultimate
Prestressing, effective

Area of Prestress (single strand)
Concrete unit weight

Modulus of elasticity

Modulus of elasticity

Poisson’s ratio

Dead load

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the reported crack widths.

RESULTS COMPARISON
Table 1 shows the comparison of the SAFE crack widths to those calculated by

hand.

Wq

254
229
9754

30

400
1862
1210
198
23.56
25000
200,000
0

self

mm
mm
mm

MPa
MPa
MPa
MPa

KN/m?

N/mm?
N/mm3

KN/m?
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Table 1 Comparison of Results
INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE
Crack Widths (mm) 0.151mm 0.161mm 6.62%

COMPUTER FILE: S17.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
f’c = 30MPa fou = 1862 MPa
fy = 400MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi =1490 MPa

fe =1210 MPa

Prestressing tendon, Ap
Mild Steel, As —
; ’ / / 229 mm

\_______-L—’—‘ f g/ ° E’ 254 mm
\ 4
25 mm
y Length, L =9754 mm 914 mm
¢ d
Elevation Section

Loads:
Dead, self-wt = 0.254 m x 23.56 kKN/m®=5.984 kN/m? (D)

®=5.984 KN/m? x 0.914 m = 5.469 kKN/m
wly _

Ultimate Moment, M, =5 " 5.469 x (9.754)%/8 = 65.0 KN-m

Reinforcing steel stress, ¢ = 207N / mm?* (calculated but not reported by SAFE)

EXAMPLE 17 - 6
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Check of Concrete Stresses at Midspan:

¥ Crack Width

Load Casedload Combination
(%) Load Case |DEAD l\:-‘

() Load Combination |

Crack Location

(%) 5lab Baottom Face () Slab Top Face

EC2 - 2004 Parameters

Effective Concrete Rupture Strength 1.744374 Mdmmz2
Parameter kt 4

Parameter k1

Parameter k2 5

Parameter k3 4

Parameter k4 0.425

Direction 1 - Clear Cover

2
2

Direction 1 - Equivalent Bar Diameter

2
2

Direction 2 - Clear Cover

2
2

Direction 2 - Equivalent Bar Diameter

2
2

Scaling
&) Automatic
() User Defined Scale

Contour Range

Minirnum

2
2

I awirnum

2
2

=== w|[o =]
oo o f i f
w = |m e

@ ||@| @ ||

Reset Defaults

[ Apply ] [ Cloze ]

Figure 17-1 Settings used for this example

EXAMPLE 17 -7
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Calculation of Crack Width:

W, =S (Ssm — &

~ ~r,max

where
f
G — kt el (1+aepp,eff )
Eq —Eqy = Pt >0.6—, where
ES ES
Pper = AS/ A, =1.53mm’ /mm/(60mm?* / mm)
pyor =0.026
2
206N /mm? —0.4 - THNIMMT 4 g6 056)) 206
£ —Eqy = 0.026 >06
199948 199948
e —¢&,. =0.0009 >0.0006

Sr max = KsC+ k1k2k4<1>/pp,eff = 3.4(19.0mm) + 0.8(0.5)(0.425)15.8mm 10.026
=168mm

Total crack width, w, =s, . (&, — &, )=168mm(0.0009) = 0.151mm

EXAMPLE 17 - 8
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EXAMPLE ACI 318-14 PT-SL 001
Design Verification of Post-Tensioned Slab using the ACI 318-14 code

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 10
inches thick by 36 inches wide and spans 32 feet, as shown in shown in Figure 1.
A 36-inch-wide design strip was centered along the length of the slab and was
defined as an A-Strip. B-strips were placed at each end of the span perpendicular
to the Strip-A (the B-Strips are necessary to define the tendon profile). A tendon,
with two strands having an area of 0.153 square inches each, was added to the A-
Strip. The self weight and live loads were added to the slab. The loads and post-
tensioning forces are shown below. The total factored strip moments, required
area of mild steel reinforcement, and slab stresses are reported at the mid-span of
the slab. Independent hand calculations were compared with the SAFE results
and summarized for verification and validation of the SAFE results.

Loads: Dead = self weight, Live = 100psf

ol

Prestressing tendon, Ap
; Mild Steel, As —}

d
10"

i |

1"

Length, L=32"-0" (384in) 36"

F

L
F 3
b

Elevation Section

EXAMPLE ACI 318-14 PT-SL 001 - 1
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Figure 1 One-Way Slab

GEOMETRY, PROPERTIES AND LOADING

Thickness, T
Effective depth, d
Clear span, L
Concrete strength, f
Yield strength of steel, f,
Prestressing, ultimate fo
Prestressing, effective f,
Area of Prestress (single strand), A,
Concrete unit weight, We
Modulus of elasticity, Ec
Modulus of elasticity, Es
Poisson’s ratio, %
Dead load, Wq
Live load, wi

TECHNICAL FEATURES OF SAFE TESTED

10 in
9 in
384 in
4,000 psi
60,000 psi
270,000 psi
175,500 psi
0.153 sqgin
0.150 pcf
3,600  ksi
29,000 ksi
0

self psf
100  psf

> Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live and post-tensioning

loads.

EXAMPLE ACI 318-14 PT-SL 001 - 2
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REsuULTS COMPARISON

Table 1 Comparison of Results

PROGRAM NAME:
REVISION NO.:

SAFE
0

The SAFE total factored moments, required mild steel reinforcing and slab
stresses are compared to the independent hand calculations in Table 1.

INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE
Factored moment,
. _ 1429.0 1428.3 0.05%
Mu (Ultimate) (k-in)
Area of Mild St'eel req'd, 220 290 0.00%
As (sg-in)
Transfer Conc. Stress, top 0
(D+PT)), ksi -0.734 -0.735 0.14%
Transfer Conc. Stress, bot 0
(D+PT), ksi 0.414 0.414 0.00%
Normal Conc. Stress, top 0
(D+L+PT5), ksi -1.518 -1.519 0.07%
Normal Conc. Stress, bot 0
(D+L+PTr), ksi 1.220 1.221 0.08%
Long-Term Conc. Stress, 0
top (D+0.5L+PTre)), ksi -1.134 -1.135 0.09%
Long-Term Conc. Stress, 0
bot (D+0.5L+PT(), ksi 0.836 0.837 0.12%

CoMPUTER FILE: ACI 318-14 PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE ACI 318-14 PT-SL 001 - 3
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CALCULATIONS:

Design Parameters:

¢=0.9
Mild Steel Reinforcing Post-Tensioning
f = 4000 psi fi = 216.0 ksi
fy = 60,000 psi Stressing Loss = 27.0 ksi
Long-Term Loss =  13.5ksi
fi = 189.0 ksi
fe = 175.5Kksi

Prestressing tendon, Ap
H_. Mild Steel, As —/
e —

Length, L=32".0" {384in) 36"

=9y
10”

r |
i
el

1!!

L J

[ Y

Elevation Section

Loads:
Dead, self-wt = 10 /12 ft x 0.150 kcf = 0.125 ksf (D) x 1.2 = 0.150 ksf (Dy)
Live, 0.100 ksf (L) x 1.6 = 0.160 ksf (L)
Total =0.225 ksf (D+L) 0.310 ksf (D+L)ult

®=0.225 ksf x 3 ft = 0.675 KiIf, o, = 0.310 ksf x 3ft =0.930 klf

2
Ultimate Moment, M, = %: 0.310 kIf x 322/8 = 119.0 k-ft = 1429.0 k-in

EXAMPLE ACI 318-14 PT-SL 001 - 4
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Ultimate Stress in strand, f,; = f,z +10000+ 3(;00 (span-to-depth ratio > 35)
Pr
=175,500+10,000 + 4,000
300(0.000944)

=199, 624 psi < 205,500 psi

Ultimate force in PT, F,, . = A, (f.)=2(0.153)(199.62) = 61.08 kips
Ultimate force in RC, F, . = A (f), =2.00(assumed)(60.0) =120.0 kips

Total Ultimate force, F =61.08+120.0 =181.08 kips

ult,Total

Fult,TotaI _ 18108

= =1.48in
0.85f'ch 0.85(4)(36)

Stress block depth, a =

Ultimate moment due to PT, M, oy = Fy o7 (d —%j;zﬁ = 61.08(9—%](0.9) = 454.1k-in

Net ultimate moment, M, =M, — M, o =1429.0-454.1=974.9 k-in

o 974.9

a) 1.48
fld=2| 09(60)9-"""
¢V( 2) ( )( 2)

Note: The required area of mild steel reinforcing was calculated from an assumed amount of
steel. Since the assumed value and the calculated value are not the same a second iteration can be
performed. The second iteration changes the depth of the stress block and the calculated area of
steel value. Upon completion of the second iteration the area of steel was found to be 2.21in?

=2.18in?

Required area of mild steel reinforcing, A, =

EXAMPLE ACI 318-14 PT-SL 001 - 5
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Check of Concrete Stresses at Mid-Span:
Initial Condition (Transfer), load combination (D + L + PTi) = 1.0D + 1.0PT,

The stress in the tendon at transfer = jacking stress — stressing losses = 216.0 — 27.0
=189.0 ksi
The force in the tendon at transfer, = 189.0(2)(0.153) = 57.83Kkips

Moment due to dead load, M, =0.125(3)(32)° /8 = 48.0 k-ft =576 k-in
Moment due to PT, M, = F.;, (sag) =57.83(4 in) = 231.3 k-in

Mp—M,; _-57.83  576.0-2313

S 10(36) " 600
f =-0.161+0.5745
f =—0.735(Comp)max, 0.414(Tension)max

Stress in concrete, f = FZ' + . where S =600 in®

Normal Condition, load combinations: (D + L + PT¢) = 1.0D + 1.0L + 1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’/8 = 48.0 k-ft = 576 k-in

Moment due to dead load, M, =0.100(3)(32)’ /8 = 38.4 k-ft = 461 k-in

Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in
Fen . Mo, —M,; _ 5370  1037.0-214.8

A S - 10(36) 600
f =—0.149+1.727+0.358

f =-1.518(Comp) max,1.220(Tension) max

Stress in concrete for (D + L+ PTE), f =

Long-Term Condition, load combinations: (D + 0.5L + PTgr)) =1.0D + 0.5L + 1.0PT¢

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’ /8 = 48.0 k-ft = 576 k-in
Moment due to dead load, M, =0.100(3)(32)° /8 = 38.4 k-ft = 460 k-in
Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in

EXAMPLE ACI 318-14 PT-SL 001 - 6
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Stress in concrete for (D + 0.5L + PTr)),
. For, N Mp.os. —Mpr _ -53.70 N 806.0-214.8
A S 10(36) 600
f =-0.149+0.985

f =—-1.134(Comp) max, 0.836(Tension) max

EXAMPLE ACI 318-14 PT-SL 001 - 7
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EXAMPLE ACI 318-14 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the beam flexural design in SAFE. The
load level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by ACI 318-14.

= The average shear stress in the beam falls below the maximum shear stress
allowed by ACI 318-14, requiring design shear reinforcement.

A simple-span, 20-foot-long, 12-inch-wide, and 18-inch-deep T beam with a
flange 4 inches thick and 24 inches wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size is
specified as 6 inches. The beam is supported by columns without rotational
stiffnesses and with very large vertical stiffness (1 x 10%° kip/in).

The beam is loaded with symmetric third-point loading. One dead load (DL02)
case and one live load (LL30) case, with only symmetric third-point loads of
magnitudes 3, and 30 Kips, respectively, are defined in the model. One load
combination (COMB30) is defined using the ACI 318-14 load combination
factors of 1.2 for dead load and 1.6 for live load. The model is analyzed for both
of these load cases and the load combination.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results and found to be
identical. After completing the analysis, the design is performed using the ACI
318-14 code in SAFE and also by hand computation. Table 1 shows the
comparison of the design longitudinal reinforcement. Table 2 shows the
comparison of the design shear reinforcement.

EXAMPLE ACI 318-14 RC-BM-001 - 1
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gy
B

500 mm

E—
i

‘P’ 300 mm '4—

Beam Section

O
l«— T

l«——

_
. Z

1=—— 2000 mm ——pt—— 2000 mm——r<=——2000 mm——p

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE ACI 318-14 RC-BM-001 - 2



s

COMPUTERS & STRUCTURES INC. SOftWare Verification
PROGRAM NAME: SAFE
REVISION NO.: 0

GEOMETRY, PROPERTIES AND LOADING

Clear span I = 240 in
Overall depth h = 18 in
Flange thickness ds = 4 in
Width of web bw = 12 in
Width of flange, bt = 24 in
Depth of tensile reinf. de = 3 in
Effective depth d = 15 in
Depth of comp. reinf. da = 3 in
Concrete strength fe = 4,000 psi
Yield strength of steel fy, = 60,000 psi
Concrete unit weight We = 0 pcf
Modulus of elasticity Ec = 3,600 Kksi
Modulus of elasticity Es = 29,000 ksi
Poisson’s ratio v = 0.2

Dead load Pa = 2 kips
Live load P = 30  kips

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the beam
with the moments obtained by the analytical method. They match exactly for this
problem. Table 1 also shows the comparison of the design reinforcement.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sqg-in)
Moment
Method (k-in) As*
SAFE 4032 5.808
Calculated 4032 5.808

A min = 0.4752 sg-in

EXAMPLE ACI 318-14 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-in/ft)
Shear Force (kip) SAFE Calculated
50.40 0.592 0.592

CompuUTER FILE: ACI 318-14 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE ACI 318-14 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design

The following quantities are computed for all the load combinations:
¢=0.9
Ag = 264 sg-in
Asmin = 0.0018Ag = 0.4752 sg-in

f/ — 4000

j: 0.85
000

B :0.85—0.05(

. __ 0003
™ " 0.003+0.005

Qo = PiCrax = 4.78125 in
As = min[As,min, (4/3) As,required] = mln[04752, (4/3)5804] =0.4752 Sq-in

d =5.625in

CoMB30
Py = (1.2Pg + 1.6P) = 50.4 k

M :%I = 4032 k-in

u

The depth of the compression block is given by:

2[M
azd_ Jar- ML o6 (@>ds)
0.85f ¢ b,

Calculation for As is performed in two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cw. Ct is given by:

Ci = 0.85f¢ (br —bw) ds =163.2 k
The portion of My that is resisted by the flange is given by:

My = Cs (d —d?sj(p =1909.44 k-in

EXAMPLE ACI 318-14 RC-BM-001 - 5
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Therefore, the area of tensile steel reinforcement to balance flange compression
is:

Muf -
Aq = —— = 27200sg-in
fy(d_ds/z)q)

The balance of the moment to be carried by the web is given by:
Mw = My— My = 2122.56 k-in

The web is a rectangular section with dimensions bw and d, for which the design
depth of the compression block is recalculated as

2M .
an = d— [d?-—=—™ __ =45409in (a1 <a
1 \/ 0.85 fcr(ﬂbw ( 1 max)
The area of tensile steel reinforcement to balance the web compression is then
given by:
M .
Az = e = 3.0878 sg-in

a
@fy[d—zlj@

The area of total tensile steel reinforcement is then given by:

As = Asl + Asz =5.808 Sq'in

Shear Design

The following quantities are computed for all of the load combinations:
¢ = 075

Check the limit of /¥, :
Jf, =63.246 psi < 100 psi

The concrete shear capacity is given by:
oVe= @2 Jf bud = 17.076k

The maximum shear that can be carried by reinforcement is given by:

EXAMPLE ACI 318-14 RC-BM-001 - 6
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oVs = 8. f bud = 68.305k
The following limits are required in the determination of the reinforcement:
(o Vc/2) = 8.538k
(¢ Ve + ¢ 50 byd) 23.826 k
Vinax = @ Vc+o@Vs = 85381k

Given Vy, Ve and Vmax, the required shear reinforcement in area/unit length for
any load combination is calculated as follows:

If Vo < (Vel2) o,
AL,
s
else if (Vo/2) ¢ < Vu < (@Ve + ¢ 50 bud),
A, _50b,
s f

y

else if (pVc + @ 50 bwd) < Vu < @ Vimax
i — (Vu _(Pvc)

S of,d
else if Vy > ¢ Vimax,
a failure condition is declared.
For each load combination, the Py and V, are calculated as follows:
Po. = 1.2P4+ 1.6P;

Vi =Py
(COMB30)
Pa = 2k
P =30k
Po, = 504k
Vu = 50.4K, (oVc + ¢ 50 bwd) < Vi < @ Vimax

e\ - .
Ao N=9Vo) g 04937 sg-in/in or 0.592 sg-in/ft
S of .d

EXAMPLE ACI 318-14 RC-BM-001 - 7
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EXAMPLE ACI 318-14 RC-PN-001

Slab Punching Shear Design

PROBLEM DESCRIPTION

1

®

24'

®

24'

©

24'

PROGRAM NAME: SAFE
REVISION NO.: 0

The purpose of this example is to verify slab punching shear design in SAFE.

The numerical example is a flat slab that has three 24-foot-long spans in each
direction, as shown in Figure 1.

®

1

y—

.

18

E;

e

20 | _— 10" thick flat slab

|I13

l14

10
|

I15

11

(_{|_—"Columns are 12" x 36"

with long side parallel
to the Y-axis, typical

12

J— Concrete Properties
Unit weight = 150 pcf
f'c = 4000 psi

Loading
DL = Self weight + 20 psf

8 'l LL = 80 psf

Figure 1: Flat Slab For Numerical Example

EXAMPLE ACI 318-14 RC-PN-001 - 1
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The slab overhangs the face of the column by 6 inches along each side of the
structure. The columns are typically 12 inches wide by 36 inches long, with the
long side parallel to the Y-axis. The slab is typically 10 inches thick. Thick plate
properties are used for the slab.

The concrete has a unit weight of 150 pcf and an f'c of 4000 psi. The dead load
consists of the self weight of the structure plus an additional 20 psf. The live load
is 80 psf.

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress, and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE punching shear capacity, shear stress
ratio, and D/C ratio with the punching shear capacity, shear stress ratio and D/C
ratio obtained by the analytical method. They match exactly for this example.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (ksi) (ksi) D/C ratio
SAFE 0.192 0.158 1.21
Calculated 0.193 0.158 1.22

CoMPUTER FILE: ACI 318-14 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE ACI 318-14 RC-PN-001 - 2
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HAND CALCULATION

PROGRAM NAME: SAFE
REVISION NO.: 0

Hand Calculation for Interior Column Using SAFE Method

d=[(10-1)+(10-2)]/2=8.5"
Refer to Figure 2.
bo=44.5+20.5+44.5 + 20.5 = 130"

20.5"
Y
N Critical section for
4.25" ’ el 6 ’ 4.5 punching shear shown
‘ dashed.
Apceao}-____B
Column ! Side 2 : o
1 I —
1 1
1
13 ol 18"
o ol
10 =l X
(%] n
: | > : > |445"
. 1 1
Center of column is 1 -
point (x1, y1). Set : :
this equal to (0,0). ' PR -
! ! 4.25"
[ Sided4 _ _ _,
D

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE ACI 318-14 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for
punching shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical
section for punching shear, as identified in Figure 2.

Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -10.25 0 10.25 0 N.A.
y2 0 22.25 0 -22.25 N.A.
L 445 20.5 445 20.5 bo =130
d 8.5 8.5 8.5 8.5 N.A.
Ld 378.25 174.25 378.25 174.25 1105

Ldx2 -3877.06 0 3877.06 0 0

Ldy» 0 3877.06 0 —-3877.06 0

stzLdXZ— 0 o

Ld 1105
Ld

ys=z y2_ 0 _gn
Ld 1105

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the “Sum” column.

Item Side 1 Side 2 Side 3 Side 4 Sum

L 445 20.5 445 20.5 N.A.

d 8.5 8.5 8.5 8.5 N.A.

X2 - X3 -10.25 0 10.25 0 N.A.

Y2 -3 0 22.25 0 -22.25 N.A.

Parallel to Y-AXis X-axis Y-AXis X-axis N.A.

Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.
Ixx 64696.5 86264.6 64696.5 86264.6 301922.3
Iyy 39739.9 7151.5 39739.9 7151.5 93782.8

Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:
Vu=189.45k
7v,My, =—156.39 k-in

YosMy; = 91.538 k-in

EXAMPLE ACI 318-14 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = —10.25 and y, = 22.25, thus:
18945  156.39[93782.8(22.25-0) - (0)(~10.25-0) |
Y 13085 (301922.3)(93782.8) - (0)°
91.538[301922.3(-10.25-0) - (0)(22.25-0) |
(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 — 0.0100 = 0.1499 ksi at point A

At the point labeled B in Figure 2, x4 = 10.25 and y4 = 22.25, thus:

 189.45  156.39]93782.8(22.25-0)-(0)(10.25-0) |

V., =
° 13085 (301922.3)(93782.8) - (0)°
91.538[ 301922.3(10.25 - 0) - (0)(22.25-0) ]

(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 + 0.0100 = 0.1699 ksi at point B

At the point labeled C in Figure 2, x4 = 10.25 and ys4 = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0)—(0)(10.25-0) |

U=
130¢8.5 (301922.3)(93782.8) - (0)°
91.538] 301922.3(10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) - (0)°
vu = 0.1714 + 0.0115 + 0.0100 = 0.1930 ksi at point C

At the point labeled D in Figure 2, x4 = —10.25 and ys = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0) - (0)(-10.25-0) |

U=
130¢8.5 (301922.3)(93782.8)—(0)*
91.538[ 301922.3(—10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) —(0)°
vu = 0.1714 + 0.0115 - 0.0100 = 0.1729 ksi at point D

EXAMPLE ACI 318-14 RC-PN-001 - 5
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Point C has the largest absolute value of vy, thus Vmax = 0.1930 ksi

The shear capacity is calculated based on the smallest of ACI 318-14 equations 11-34,
11-35 and 11-36 with the by and d terms removed to convert force to stress.

0.75 (2 + 4 j /4000

36/12

Ve = =0.158 ksi in accordance with equation 11-34
1000
0.75 (401;3'5 + 2} J4000
Ve = =0.219 ksi in accordance with equation 11-35
1000
QVc = 0.75 .11);)0 /4000 _ 0.190 ksi in accordance with equation 11-36

Equation 11-34 yields the smallest value of | gvc = 0.158 ksi|and thus this is the shear
capacity.

wo_ 0.193:1.22
@Vc 0.158

Shear Ratio =

EXAMPLE ACI 318-14 RC-PN-001 - 6
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EXAMPLE ACI 318-14 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 6 inches thick and spans 12 feet between walls.
The slab is modeled using thin plate elements. The walls are modeled as line
supports. The computational model uses a finite element mesh, automatically
generated by SAFE. The maximum element size is specified to be 36 inches. To
obtain factored moments and flexural reinforcement in a design strip, one one-
foot-wide strip is defined in the X-direction on the slab, as shown in Figure 1.

1 Simply

Simply bsupported

;
supporied :4 f2ftspan
]
1

|
edge atwall | EEdQHtWHH
________\ Free edge :/ +
| I I1ftdesgnstrp
: Free edge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL80) and one live load case (LL100) with uniformly
distributed surface loads of magnitudes 80 and 100 psf, respectively, are defined
in the model. A load combination (COMB100) is defined using the ACI 318-14
load combination factors, 1.2 for dead loads and 1.6 for live loads. The model is
analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed in accordance with ACI 318-14 using SAFE
and also by hand computation. Table 1 shows the comparison of the moments
and design reinforcements computed using the two methods.

GEOMETRY, PROPERTIES AND LOADING
Thickness T,h = 6 in

EXAMPLE ACI 318-14 RC-SL-001 - 1
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Depth of tensile reinf.

Effective depth
Clear span

Concrete strength

Yield strength of steel

Concrete unit wei

ght

Modulus of elasticity
Modulus of elasticity

Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

o
I n

B
I mnnn

<
I

Wd
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

144 in

4,000 psi
60,000 psi

3,600 ksi
29,000 ksi

80 psf
100 psf

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Strip Reinforcement Area (sg-in)
Load Moment
Level Method (k-in) As*
SAFE 55.22 0.213
Medium
Calculated 55.22 0.213

A¢min = 0.1296 sg-in

CoMPUTER FILE: ACI 318-14 RC-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATION
The following quantities are computed for the load combination:
¢=0.9
b=121in
Asmin = 0.0018bh = 0.1296 sg-in

pr= 0.85—0.05(—f°'_4000j =0.85
1000
c = 0.003
™ 0.003+0.005

amax = P1Cmax = 1.59375 in

For the load combination, w and My are calculated as follows:
w = (1.2wg + 1.6w;) b/ 144

_wi?
"8
As = min[Asmin, (4/3) Asrequired] = Min[0.1296, (4/3)2.11] = 0.1296 sg-in

d=1.875in

M

COMB100
wa = 80 psf
we = 100 psf
w = 21.33 Ib/in

Mu—strip = 55.22 k-in
Mu—design = 55.629 k-in
The depth of the compression block is given by:

g g A _ i
a=d d 0.3128 in < amax

0.85f ¢ b
The area of tensile steel reinforcement is then given by:
M .
A, =———— =0.213 sg-in > Asmin

a
“v(‘"z]

As = 0.2114 sg-in

EXAMPLE ACI 318-14 RC-SL-001 - 3
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EXAMPLE ACI 318-11 PT-SL 001
Design Verification of Post-Tensioned Slab using the ACI 318-11 code

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 10
inches thick by 36 inches wide and spans 32 feet, as shown in shown in Figure 1.
A 36-inch-wide design strip was centered along the length of the slab and was
defined as an A-Strip. B-strips were placed at each end of the span perpendicular
to the Strip-A (the B-Strips are necessary to define the tendon profile). A tendon,
with two strands having an area of 0.153 square inches each, was added to the A-
Strip. The self weight and live loads were added to the slab. The loads and post-
tensioning forces are shown below. The total factored strip moments, required
area of mild steel reinforcement, and slab stresses are reported at the mid-span of
the slab. Independent hand calculations were compared with the SAFE results
and summarized for verification and validation of the SAFE results.

Loads: Dead = self weight , Live = 100psf

ol

Prestressing tendon, Ap
; Mild Steel, As —}

d
10"

i |

1"

Length, L=32"-0" (384in) 36"

F

L
F 3
b

Elevation Section

EXAMPLE ACI 318-11 PT-SL 001 - 1
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Figure 1 One-Way Slab

GEOMETRY, PROPERTIES AND LOADING

Thickness, T
Effective depth, d
Clear span, L
Concrete strength, f
Yield strength of steel, f,
Prestressing, ultimate fo
Prestressing, effective f,
Area of Prestress (single strand), A,
Concrete unit weight, We
Modulus of elasticity, Ec
Modulus of elasticity, Es
Poisson’s ratio, %
Dead load, Wq
Live load, wi

TECHNICAL FEATURES OF SAFE TESTED

10 in
9 in
384 in
4,000 psi
60,000 psi
270,000 psi
175,500 psi
0.153 sqgin
0.150 pcf
3,600  ksi
29,000 ksi
0

self psf
100  psf

> Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live and post-tensioning

loads.

EXAMPLE ACI 318-11 PT-SL 001 - 2
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REsuULTS COMPARISON

Table 1 Comparison of Results

PROGRAM NAME:
REVISION NO.:

SAFE
0

The SAFE total factored moments, required mild steel reinforcing and slab
stresses are compared to the independent hand calculations in Table 1.

INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE
Factored moment,
. _ 1429.0 1428.3 0.05%
Mu (Ultimate) (k-in)
Area of Mild St'eel req'd, 220 290 0.00%
As (sg-in)
Transfer Conc. Stress, top 0
(D+PT)), ksi -0.734 -0.735 0.14%
Transfer Conc. Stress, bot 0
(D+PT), ksi 0.414 0.414 0.00%
Normal Conc. Stress, top 0
(D+L+PT5), ksi -1.518 -1.519 0.07%
Normal Conc. Stress, bot 0
(D+L+PTr), ksi 1.220 1.221 0.08%
Long-Term Conc. Stress, 0
top (D+0.5L+PTre)), ksi -1.134 -1.135 0.09%
Long-Term Conc. Stress, 0
bot (D+0.5L+PT(), ksi 0.836 0.837 0.12%

CoMPUTER FILE: ACI 318-11PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE ACI 318-11 PT-SL 001 - 3
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CALCULATIONS:

Design Parameters:

¢=0.9
Mild Steel Reinforcing Post-Tensioning
f = 4000 psi fi = 216.0 ksi
fy = 60,000 psi Stressing Loss = 27.0 ksi
Long-Term Loss =  13.5ksi
fi = 189.0 ksi
fe = 175.5Kksi

Prestressing tendon, Ap
H_. Mild Steel, As —/
e —

Length, L=32".0" {384in) 36"

=9y
10”

r |
i
el

1!!

L J

[ Y

Elevation Section

Loads:
Dead, self-wt = 10 /12 ft x 0.150 kcf = 0.125 ksf (D) x 1.2 = 0.150 ksf (Dy)
Live, 0.100 ksf (L) x 1.6 = 0.160 ksf (L)
Total =0.225 ksf (D+L) 0.310 ksf (D+L)ult

®=0.225 ksf x 3 ft = 0.675 KiIf, o, = 0.310 ksf x 3ft =0.930 klf

2
Ultimate Moment, M, = %: 0.310 kIf x 322/8 = 119.0 k-ft = 1429.0 k-in

EXAMPLE ACI 318-11 PT-SL 001 - 4
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Ultimate Stress in strand, f,; = f,z +10000+ 3(;00 (span-to-depth ratio > 35)
Pr
=175,500+10,000 + 4,000
300(0.000944)

=199, 624 psi < 205,500 psi

Ultimate force in PT, F,, . = A, (f.)=2(0.153)(199.62) = 61.08 kips
Ultimate force in RC, F, . = A (f), =2.00(assumed)(60.0) =120.0 kips

Total Ultimate force, F =61.08+120.0 =181.08 kips

ult,Total

Fult,TotaI _ 18108

= =1.48in
0.85f'ch 0.85(4)(36)

Stress block depth, a =

Ultimate moment due to PT, M, oy = Fy o7 (d —%j;zﬁ = 61.08(9—%](0.9) = 454.1k-in

Net ultimate moment, M, =M, — M, o =1429.0-454.1=974.9 k-in

o 974.9

a) 1.48
fld=2| 09(60)9-"""
¢V( 2) ( )( 2)

Note: The required area of mild steel reinforcing was calculated from an assumed amount of
steel. Since the assumed value and the calculated value are not the same a second iteration can be
performed. The second iteration changes the depth of the stress block and the calculated area of
steel value. Upon completion of the second iteration the area of steel was found to be 2.21in?

=2.18in?

Required area of mild steel reinforcing, A, =

EXAMPLE ACI 318-11 PT-SL 001 - 5



s

Software Verification Mimtrln)
PROGRAM NAME:  SAFE
REVISION NO.: 0

Check of Concrete Stresses at Mid-Span:
Initial Condition (Transfer), load combination (D + L + PTi) = 1.0D + 1.0PT,

The stress in the tendon at transfer = jacking stress — stressing losses = 216.0 — 27.0
=189.0 ksi
The force in the tendon at transfer, = 189.0(2)(0.153) = 57.83Kkips

Moment due to dead load, M, =0.125(3)(32)° /8 = 48.0 k-ft =576 k-in
Moment due to PT, M, = F.;, (sag) =57.83(4 in) = 231.3 k-in

Mp—M,; _-57.83  576.0-2313

S 10(36) " 600
f =-0.161+0.5745
f =—0.735(Comp)max, 0.414(Tension)max

Stress in concrete, f = FZ' + . where S =600 in®

Normal Condition, load combinations: (D + L + PT¢) = 1.0D + 1.0L + 1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’/8 = 48.0 k-ft = 576 k-in

Moment due to dead load, M, =0.100(3)(32)’ /8 = 38.4 k-ft = 461 k-in

Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in
Fen . Mo, —M,; _ 5370  1037.0-214.8

A S - 10(36) 600
f =—0.149+1.727+0.358

f =-1.518(Comp) max,1.220(Tension) max

Stress in concrete for (D + L+ PTE), f =

Long-Term Condition, load combinations: (D + 0.5L + PTgr)) =1.0D + 0.5L + 1.0PT¢

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’ /8 = 48.0 k-ft = 576 k-in
Moment due to dead load, M, =0.100(3)(32)° /8 = 38.4 k-ft = 460 k-in
Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in

EXAMPLE ACI 318-11 PT-SL 001 - 6
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Stress in concrete for (D + 0.5L + PTr)),
. For, N Mp.os. —Mpr _ -53.70 N 806.0-214.8
A S 10(36) 600
f =-0.149+0.985

f =—-1.134(Comp) max, 0.836(Tension) max

EXAMPLE ACI 318-11 PT-SL 001 - 7
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EXAMPLE ACI 318-11 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the beam flexural design in SAFE. The
load level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by ACI 318-11.

= The average shear stress in the beam falls below the maximum shear stress
allowed by ACI 318-11, requiring design shear reinforcement.

A simple-span, 20-foot-long, 12-inch-wide, and 18-inch-deep T beam with a
flange 4 inches thick and 24 inches wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size is
specified as 6 inches. The beam is supported by columns without rotational
stiffnesses and with very large vertical stiffness (1 x 10%° kip/in).

The beam is loaded with symmetric third-point loading. One dead load (DL02)
case and one live load (LL30) case, with only symmetric third-point loads of
magnitudes 3, and 30 Kips, respectively, are defined in the model. One load
combination (COMB30) is defined using the ACI 318-11 load combination
factors of 1.2 for dead load and 1.6 for live load. The model is analyzed for both
of these load cases and the load combination.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results and found to be
identical. After completing the analysis, the design is performed using the ACI
318-11 code in SAFE and also by hand computation. Table 1 shows the
comparison of the design longitudinal reinforcement. Table 2 shows the
comparison of the design shear reinforcement.

EXAMPLE ACI 318-11 RC-BM-001 - 1
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gy
B

500 mm

E—
i

‘P’ 300 mm '4—

Beam Section

O
l«— T

l«——

_
. Z

1=—— 2000 mm ——pt—— 2000 mm——r<=——2000 mm——p

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span I = 240 in
Overall depth h = 18 in
Flange thickness ds = 4 in
Width of web bw = 12 in
Width of flange, bt = 24 in
Depth of tensile reinf. de = 3 in
Effective depth d = 15 in
Depth of comp. reinf. da = 3 in
Concrete strength fe = 4,000 psi
Yield strength of steel fy, = 60,000 psi
Concrete unit weight We = 0 pcf
Modulus of elasticity Ec = 3,600 Kksi
Modulus of elasticity Es = 29,000 ksi
Poisson’s ratio v = 0.2

Dead load Pa = 2 kips
Live load P = 30  kips

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the beam
with the moments obtained by the analytical method. They match exactly for this
problem. Table 1 also shows the comparison of the design reinforcement.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sqg-in)
Moment
Method (k-in) As*
SAFE 4032 5.808
Calculated 4032 5.808

A min = 0.4752 sg-in

EXAMPLE ACI 318-11 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-in/ft)
Shear Force (kip) SAFE Calculated
50.40 0.592 0.592

CompuUTER FILE: ACI 318-11 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE ACI 318-11 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design

The following quantities are computed for all the load combinations:
¢=0.9
Ag = 264 sg-in
Asmin = 0.0018Ag = 0.4752 sg-in

f/ — 4000

j: 0.85
000

B :0.85—0.05(

. __ 0003
™ " 0.003+0.005

Qo = PiCrax = 4.78125 in
As = min[As,min, (4/3) As,required] = mln[04752, (4/3)5804] =0.4752 Sq-in

d =5.625in

CoMB30
Py = (1.2Pg + 1.6P) = 50.4 k

M :%I = 4032 k-in

u

The depth of the compression block is given by:

2[M
azd_ Jar- ML o6 (@>ds)
0.85f ¢ b,

Calculation for As is performed in two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cw. Ct is given by:

Ci = 0.85f¢ (br —bw) ds =163.2 k
The portion of My that is resisted by the flange is given by:

My = Cs (d —d?sj(p =1909.44 k-in

EXAMPLE ACI 318-11 RC-BM-001 - 5
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Therefore, the area of tensile steel reinforcement to balance flange compression
is:

Muf -
Aq = —— = 27200sg-in
fy(d_ds/z)q)

The balance of the moment to be carried by the web is given by:
Mw = My— My = 2122.56 k-in

The web is a rectangular section with dimensions bw and d, for which the design
depth of the compression block is recalculated as

2M .
an = d— [d?-—=—™ __ =45409in (a1 <a
1 \/ 0.85 fcr(ﬂbw ( 1 max)
The area of tensile steel reinforcement to balance the web compression is then
given by:
M .
Az = e = 3.0878 sg-in

a
@fy[d—zlj@

The area of total tensile steel reinforcement is then given by:

As = Asl + Asz =5.808 Sq'in

Shear Design

The following quantities are computed for all of the load combinations:
¢ = 075

Check the limit of /¥, :
Jf, =63.246 psi < 100 psi

The concrete shear capacity is given by:
oVe= @2 Jf bud = 17.076k

The maximum shear that can be carried by reinforcement is given by:

EXAMPLE ACI 318-11 RC-BM-001 - 6
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oVs = 8. f bud = 68.305k
The following limits are required in the determination of the reinforcement:
(o Vc/2) = 8.538k
(¢ Ve + ¢ 50 byd) 23.826 k
Vinax = @ Vc+o@Vs = 85381k

Given Vy, Ve and Vmax, the required shear reinforcement in area/unit length for
any load combination is calculated as follows:

If Vo < (Vel2) o,
AL,
s
else if (Vo/2) ¢ < Vu < (@Ve + ¢ 50 bud),
A, _50b,
s f

y

else if (pVc + @ 50 bwd) < Vu < @ Vimax
i — (Vu _(Pvc)

S of,d
else if Vy > ¢ Vimax,
a failure condition is declared.
For each load combination, the Py and V, are calculated as follows:
Po. = 1.2P4+ 1.6P;

Vi =Py
(COMB30)
Pa = 2k
P =30k
Po, = 504k
Vu = 50.4K, (oVc + ¢ 50 bwd) < Vi < @ Vimax

e\ - .
Ao N=9Vo) g 04937 sg-in/in or 0.592 sg-in/ft
S of .d

EXAMPLE ACI 318-11 RC-BM-001 - 7
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EXAMPLE ACI 318-11 RC-PN-001

Slab Punching Shear Design

PROBLEM DESCRIPTION

1

®

24'

®

24'

©

24'

PROGRAM NAME: SAFE
REVISION NO.: 0

The purpose of this example is to verify slab punching shear design in SAFE.

The numerical example is a flat slab that has three 24-foot-long spans in each
direction, as shown in Figure 1.

®

1

y—

.

18

E;

e

20 | _— 10" thick flat slab

|I13

l14

10
|

I15

11

(_{|_—"Columns are 12" x 36"

with long side parallel
to the Y-axis, typical

12

J— Concrete Properties
Unit weight = 150 pcf
f'c = 4000 psi

Loading
DL = Self weight + 20 psf

8 'l LL = 80 psf

Figure 1: Flat Slab For Numerical Example

EXAMPLE ACI 318-11 RC-PN-001 - 1
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The slab overhangs the face of the column by 6 inches along each side of the
structure. The columns are typically 12 inches wide by 36 inches long, with the
long side parallel to the Y-axis. The slab is typically 10 inches thick. Thick plate
properties are used for the slab.

The concrete has a unit weight of 150 pcf and an f'c of 4000 psi. The dead load
consists of the self weight of the structure plus an additional 20 psf. The live load
is 80 psf.

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress, and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE punching shear capacity, shear stress
ratio, and D/C ratio with the punching shear capacity, shear stress ratio and D/C
ratio obtained by the analytical method. They match exactly for this example.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (ksi) (ksi) D/C ratio
SAFE 0.192 0.158 1.21
Calculated 0.193 0.158 1.22

CoMPUTER FILE: ACI 318-11 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.
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Hand Calculation for Interior Column Using SAFE Method

d=[(10-1)+(10-2)]/2=8.5"
Refer to Figure 2.
bo=44.5+20.5+44.5 + 20.5 = 130"

20.5"
Y
N Critical section for
4.25" ’ el 6 ’ 4.5 punching shear shown
‘ dashed.
Apceao}-____B
Column ! Side 2 : o
1 I —
1 1
1
13 ol 18"
o ol
10 =l X
(%] n
: | > : > |445"
. 1 1
Center of column is 1 -
point (x1, y1). Set : :
this equal to (0,0). ' PR -
! ! 4.25"
[ Sided4 _ _ _,
D

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE ACI 318-11 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for
punching shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical
section for punching shear, as identified in Figure 2.

Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -10.25 0 10.25 0 N.A.
y2 0 22.25 0 -22.25 N.A.
L 445 20.5 445 20.5 bo =130
d 8.5 8.5 8.5 8.5 N.A.
Ld 378.25 174.25 378.25 174.25 1105

Ldx2 -3877.06 0 3877.06 0 0

Ldy» 0 3877.06 0 —-3877.06 0

stzLdXZ— 0 o

Ld 1105
Ld

ys=z y2_ 0 _gn
Ld 1105

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the “Sum” column.

Item Side 1 Side 2 Side 3 Side 4 Sum

L 445 20.5 445 20.5 N.A.

d 8.5 8.5 8.5 8.5 N.A.

X2 - X3 -10.25 0 10.25 0 N.A.

Y2 -3 0 22.25 0 -22.25 N.A.

Parallel to Y-AXis X-axis Y-AXis X-axis N.A.

Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.
Ixx 64696.5 86264.6 64696.5 86264.6 301922.3
Iyy 39739.9 7151.5 39739.9 7151.5 93782.8

Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:
Vu=189.45k
7v,My, =—156.39 k-in

YosMy; = 91.538 k-in

EXAMPLE ACI 318-11 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = —10.25 and y, = 22.25, thus:
18945  156.39[93782.8(22.25-0) - (0)(~10.25-0) |
Y 13085 (301922.3)(93782.8) - (0)°
91.538[301922.3(-10.25-0) - (0)(22.25-0) |
(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 — 0.0100 = 0.1499 ksi at point A

At the point labeled B in Figure 2, x4 = 10.25 and y4 = 22.25, thus:

 189.45  156.39]93782.8(22.25-0)-(0)(10.25-0) |

V., =
° 13085 (301922.3)(93782.8) - (0)°
91.538[ 301922.3(10.25 - 0) - (0)(22.25-0) ]

(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 + 0.0100 = 0.1699 ksi at point B

At the point labeled C in Figure 2, x4 = 10.25 and ys4 = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0)—(0)(10.25-0) |

U=
130¢8.5 (301922.3)(93782.8) - (0)°
91.538] 301922.3(10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) - (0)°
vu = 0.1714 + 0.0115 + 0.0100 = 0.1930 ksi at point C

At the point labeled D in Figure 2, x4 = —10.25 and ys = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0) - (0)(-10.25-0) |

U=
130¢8.5 (301922.3)(93782.8)—(0)*
91.538[ 301922.3(—10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) —(0)°
vu = 0.1714 + 0.0115 - 0.0100 = 0.1729 ksi at point D

EXAMPLE ACI 318-11 RC-PN-001 - 5
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Point C has the largest absolute value of vy, thus Vmax = 0.1930 ksi

The shear capacity is calculated based on the smallest of ACI 318-11 equations 11-34,
11-35 and 11-36 with the by and d terms removed to convert force to stress.

0.75 (2 + 4 j /4000

36/12

Ve = =0.158 ksi in accordance with equation 11-34
1000
0.75 (401;3'5 + 2} J4000
Ve = =0.219 ksi in accordance with equation 11-35
1000
QVc = 0.75 .11);)0 /4000 _ 0.190 ksi in accordance with equation 11-36

Equation 11-34 yields the smallest value of | gvc = 0.158 ksi|and thus this is the shear
capacity.

wo_ 0.193:1.22
@Vc 0.158

Shear Ratio =

EXAMPLE ACI 318-11 RC-PN-001 - 6
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EXAMPLE ACI 318-11 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 6 inches thick and spans 12 feet between walls.
The slab is modeled using thin plate elements. The walls are modeled as line
supports. The computational model uses a finite element mesh, automatically
generated by SAFE. The maximum element size is specified to be 36 inches. To
obtain factored moments and flexural reinforcement in a design strip, one one-
foot-wide strip is defined in the X-direction on the slab, as shown in Figure 1.

1 Simply

Simply bsupported

;
supporied :4 f2ftspan
]
1

|
edge atwall | EEdQHtWHH
________\ Free edge :/ +
| I I1ftdesgnstrp
: Free edge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL80) and one live load case (LL100) with uniformly
distributed surface loads of magnitudes 80 and 100 psf, respectively, are defined
in the model. A load combination (COMB100) is defined using the ACI 318-11
load combination factors, 1.2 for dead loads and 1.6 for live loads. The model is
analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed in accordance with ACI 318-11 using SAFE
and also by hand computation. Table 1 shows the comparison of the moments
and design reinforcements computed using the two methods.

GEOMETRY, PROPERTIES AND LOADING
Thickness T,h = 6 in

EXAMPLE ACI 318-11 RC-SL-001 - 1
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Depth of tensile reinf.

Effective depth
Clear span

Concrete strength

Yield strength of steel

Concrete unit wei

ght

Modulus of elasticity
Modulus of elasticity

Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

o
I n

B
I mnnn

<
I

Wd
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

144 in

4,000 psi
60,000 psi

3,600 ksi
29,000 ksi

80 psf
100 psf

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Strip Reinforcement Area (sg-in)
Load Moment
Level Method (k-in) As*
SAFE 55.22 0.213
Medium
Calculated 55.22 0.213

A¢min = 0.1296 sg-in

CoMPUTER FILE: ACI 318-11 RC-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATION
The following quantities are computed for the load combination:
¢=0.9
b=121in
Asmin = 0.0018bh = 0.1296 sg-in

pr= 0.85—0.05(—f°'_4000j =0.85
1000
c = 0.003
™ 0.003+0.005

amax = P1Cmax = 1.59375 in

For the load combination, w and My are calculated as follows:
w = (1.2wg + 1.6w;) b/ 144

_wi?
"8
As = min[Asmin, (4/3) Asrequired] = Min[0.1296, (4/3)2.11] = 0.1296 sg-in

d=1.875in

M

COMB100
wa = 80 psf
we = 100 psf
w = 21.33 Ib/in

Mu—strip = 55.22 k-in
Mu—design = 55.629 k-in
The depth of the compression block is given by:

g g A _ i
a=d d 0.3128 in < amax

0.85f ¢ b
The area of tensile steel reinforcement is then given by:
M .
A, =———— =0.213 sg-in > Asmin

a
“v(‘"z]

As = 0.2114 sg-in

EXAMPLE ACI 318-11 RC-SL-001 - 3
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EXAMPLE ACI 318-08 PT-SL 001
Design Verification of Post-Tensioned Slab using the ACI 318-08 code

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 10
inches thick by 36 inches wide and spans 32 feet, as shown in shown in Figure 1.
A 36-inch-wide design strip was centered along the length of the slab and was
defined as an A-Strip. B-strips were placed at each end of the span perpendicular
to the Strip-A (the B-Strips are necessary to define the tendon profile). A tendon,
with two strands having an area of 0.153 square inches each, was added to the A-
Strip. The self weight and live loads were added to the slab. The loads and post-
tensioning forces are shown below. The total factored strip moments, required
area of mild steel reinforcement, and slab stresses are reported at the mid-span of
the slab. Independent hand calculations were compared with the SAFE results
and summarized for verification and validation of the SAFE results.

Loads: Dead = self weight , Live = 100psf

ol

Prestressing tendon, Ap
; Mild Steel, As —}

d
10"

i |

1"

Length, L=32"-0" (384in) 36"

F

L
F 3
b

Elevation Section

EXAMPLE ACI 318-08 PT-SL 001 - 1
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Figure 1 One-Way Slab

GEOMETRY, PROPERTIES AND LOADING

Thickness, T
Effective depth, d
Clear span, L
Concrete strength, f
Yield strength of steel, f,
Prestressing, ultimate fo
Prestressing, effective f,
Area of Prestress (single strand), A,
Concrete unit weight, We
Modulus of elasticity, Ec
Modulus of elasticity, Es
Poisson’s ratio, %
Dead load, Wq
Live load, wi

TECHNICAL FEATURES OF SAFE TESTED

10 in
9 in
384 in
4,000 psi
60,000 psi
270,000 psi
175,500 psi
0.153 sqgin
0.150 pcf
3,600  ksi
29,000 ksi
0

self psf
100  psf

> Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live and post-tensioning

loads.

EXAMPLE ACI 318-08 PT-SL 001 - 2
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REsuULTS COMPARISON

Table 1 Comparison of Results

PROGRAM NAME:
REVISION NO.:

SAFE
0

The SAFE total factored moments, required mild steel reinforcing and slab
stresses are compared to the independent hand calculations in Table 1.

INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE
Factored moment,
. _ 1429.0 1428.3 0.05%
Mu (Ultimate) (k-in)
Area of Mild St'eel req'd, 220 290 0.00%
As (sg-in)
Transfer Conc. Stress, top 0
(D+PT)), ksi -0.734 -0.735 0.14%
Transfer Conc. Stress, bot 0
(D+PT), ksi 0.414 0.414 0.00%
Normal Conc. Stress, top 0
(D+L+PT5), ksi -1.518 -1.519 0.07%
Normal Conc. Stress, bot 0
(D+L+PTr), ksi 1.220 1.221 0.08%
Long-Term Conc. Stress, 0
top (D+0.5L+PTre)), ksi -1.134 -1.135 0.09%
Long-Term Conc. Stress, 0
bot (D+0.5L+PT(), ksi 0.836 0.837 0.12%

CoMPUTER FILE: ACI 318-05PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.
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CALCULATIONS:

Design Parameters:

¢=0.9
Mild Steel Reinforcing Post-Tensioning
f = 4000 psi fi = 216.0 ksi
fy = 60,000 psi Stressing Loss = 27.0 ksi
Long-Term Loss =  13.5ksi
fi = 189.0 ksi
fe = 175.5Kksi

Prestressing tendon, Ap
H_. Mild Steel, As —/
e —

Length, L=32".0" {384in) 36"

=9y
10”

r |
i
el

1!!

L J

[ Y

Elevation Section

Loads:
Dead, self-wt = 10 /12 ft x 0.150 kcf = 0.125 ksf (D) x 1.2 = 0.150 ksf (Dy)
Live, 0.100 ksf (L) x 1.6 = 0.160 ksf (L)
Total =0.225 ksf (D+L) 0.310 ksf (D+L)ult

®=0.225 ksf x 3 ft = 0.675 KiIf, o, = 0.310 ksf x 3ft =0.930 klf

2
Ultimate Moment, M, = %: 0.310 kIf x 322/8 = 119.0 k-ft = 1429.0 k-in

EXAMPLE ACI 318-08 PT-SL 001 - 4
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Ultimate Stress in strand, f,; = f,z +10000+ 3(;00 (span-to-depth ratio > 35)
Pr
=175,500+10,000 + 4,000
300(0.000944)

=199, 624 psi < 205,500 psi

Ultimate force in PT, F,, . = A, (f.)=2(0.153)(199.62) = 61.08 kips
Ultimate force in RC, F, . = A (f), =2.00(assumed)(60.0) =120.0 kips

Total Ultimate force, F =61.08+120.0 =181.08 kips

ult,Total

Fult,TotaI _ 18108

= =1.48in
0.85f'ch 0.85(4)(36)

Stress block depth, a =

Ultimate moment due to PT, M, oy = Fy o7 (d —%j;zﬁ = 61.08(9—%](0.9) = 454.1k-in

Net ultimate moment, M, =M, — M, o =1429.0-454.1=974.9 k-in

o 974.9

a) 1.48
fld=2| 09(60)9-"""
¢V( 2) ( )( 2)

Note: The required area of mild steel reinforcing was calculated from an assumed amount of
steel. Since the assumed value and the calculated value are not the same a second iteration can be
performed. The second iteration changes the depth of the stress block and the calculated area of
steel value. Upon completion of the second iteration the area of steel was found to be 2.21in?

=2.18in?

Required area of mild steel reinforcing, A, =

EXAMPLE ACI 318-08 PT-SL 001 - 5
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Check of Concrete Stresses at Mid-Span:
Initial Condition (Transfer), load combination (D + L + PTi) = 1.0D + 1.0PT,

The stress in the tendon at transfer = jacking stress — stressing losses = 216.0 — 27.0
=189.0 ksi
The force in the tendon at transfer, = 189.0(2)(0.153) = 57.83Kkips

Moment due to dead load, M, =0.125(3)(32)° /8 = 48.0 k-ft =576 k-in
Moment due to PT, M, = F.;, (sag) =57.83(4 in) = 231.3 k-in

Mp—M,; _-57.83  576.0-2313

S 10(36) " 600
f =-0.161+0.5745
f =—0.735(Comp)max, 0.414(Tension)max

Stress in concrete, f = FZ' + . where S =600 in®

Normal Condition, load combinations: (D + L + PT¢) = 1.0D + 1.0L + 1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’/8 = 48.0 k-ft = 576 k-in

Moment due to dead load, M, =0.100(3)(32)’ /8 = 38.4 k-ft = 461 k-in

Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in
Fen . Mo, —M,; _ 5370  1037.0-214.8

A S - 10(36) 600
f =—0.149+1.727+0.358

f =-1.518(Comp) max,1.220(Tension) max

Stress in concrete for (D + L+ PTE), f =

Long-Term Condition, load combinations: (D + 0.5L + PTgr)) =1.0D + 0.5L + 1.0PT¢

Tendon stress at normal = jacking — stressing — long-term = 216.0 — 27.0 — 13.5 = 175.5 ksi
The force in tendon at Normal, = 175.5(2)(0.153) = 53.70 kips

Moment due to dead load, M, =0.125(3)(32)’ /8 = 48.0 k-ft = 576 k-in
Moment due to dead load, M, =0.100(3)(32)° /8 = 38.4 k-ft = 460 k-in
Moment due to PT, M, = Fop, (5ag) =53.70(4 in) = 214.8 k-in

EXAMPLE ACI 318-08 PT-SL 001 - 6
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Stress in concrete for (D + 0.5L + PTr)),
. For, N Mp.os. —Mpr _ -53.70 N 806.0-214.8
A S 10(36) 600
f =-0.149+0.985

f =—-1.134(Comp) max, 0.836(Tension) max

EXAMPLE ACI 318-08 PT-SL 001 - 7
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EXAMPLE ACI 318-08 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the beam flexural design in SAFE. The
load level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by ACI 318-08.

= The average shear stress in the beam falls below the maximum shear stress
allowed by ACI 318-08, requiring design shear reinforcement.

A simple-span, 20-foot-long, 12-inch-wide, and 18-inch-deep T beam with a
flange 4 inches thick and 24 inches wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size is
specified as 6 inches. The beam is supported by columns without rotational
stiffnesses and with very large vertical stiffness (1 x 10%° kip/in).

The beam is loaded with symmetric third-point loading. One dead load (DL02)
case and one live load (LL30) case, with only symmetric third-point loads of
magnitudes 3, and 30 Kips, respectively, are defined in the model. One load
combination (COMB30) is defined using the ACI 318-08 load combination
factors of 1.2 for dead load and 1.6 for live load. The model is analyzed for both
of these load cases and the load combination.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results and found to be
identical. After completing the analysis, the design is performed using the ACI
318-08 code in SAFE and also by hand computation. Table 1 shows the
comparison of the design longitudinal reinforcement. Table 2 shows the
comparison of the design shear reinforcement.

EXAMPLE ACI 318-08 RC-BM-001 - 1
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gy
B

500 mm

E—
i

‘P’ 300 mm '4—

Beam Section

O
l«— T

l«——

_
. Z

1=—— 2000 mm ——pt—— 2000 mm——r<=——2000 mm——p

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span I = 240 in
Overall depth h = 18 in
Flange thickness ds = 4 in
Width of web bw = 12 in
Width of flange, bt = 24 in
Depth of tensile reinf. de = 3 in
Effective depth d = 15 in
Depth of comp. reinf. da = 3 in
Concrete strength fe = 4,000 psi
Yield strength of steel fy, = 60,000 psi
Concrete unit weight We = 0 pcf
Modulus of elasticity Ec = 3,600 Kksi
Modulus of elasticity Es = 29,000 ksi
Poisson’s ratio v = 0.2

Dead load Pa = 2 kips
Live load P = 30  kips

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the beam
with the moments obtained by the analytical method. They match exactly for this
problem. Table 1 also shows the comparison of the design reinforcement.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sqg-in)
Moment
Method (k-in) As*
SAFE 4032 5.808
Calculated 4032 5.808

A min = 0.4752 sg-in

EXAMPLE ACI 318-08 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-in/ft)
Shear Force (kip) SAFE Calculated
50.40 0.592 0.592

CompuUTER FILE: ACI 318-08 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE ACI 318-08 RC-BM-001 - 4



s

COMPUTERS & STRUCTURES INC. SOftWare Verification
PROGRAM NAME: SAFE
REVISION NO.: 0

HAND CALCULATION

Flexural Design

The following quantities are computed for all the load combinations:
¢=0.9
Ag = 264 sg-in
Asmin = 0.0018Ag = 0.4752 sg-in

f/ — 4000

j: 0.85
000

B :0.85—0.05(

. __ 0003
™ " 0.003+0.005

Qo = PiCrax = 4.78125 in
As = min[As,min, (4/3) As,required] = mln[04752, (4/3)5804] =0.4752 Sq-in

d =5.625in

CoMB30
Py = (1.2Pg + 1.6P) = 50.4 k

M :%I = 4032 k-in

u

The depth of the compression block is given by:

2[M
azd_ Jar- ML o6 (@>ds)
0.85f ¢ b,

Calculation for As is performed in two parts. The first part is for balancing the
compressive force from the flange, Cs, and the second part is for balancing the
compressive force from the web, Cw. Ct is given by:

Ci = 0.85f¢ (br —bw) ds =163.2 k
The portion of My that is resisted by the flange is given by:

My = Cs (d —d?sj(p =1909.44 k-in

EXAMPLE ACI 318-08 RC-BM-001 - 5
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Therefore, the area of tensile steel reinforcement to balance flange compression
is:

Muf -
Aq = —— = 27200sg-in
fy(d_ds/z)q)

The balance of the moment to be carried by the web is given by:
Mw = My— My = 2122.56 k-in

The web is a rectangular section with dimensions bw and d, for which the design
depth of the compression block is recalculated as

2M .
an = d— [d?-—=—™ __ =45409in (a1 <a
1 \/ 0.85 fcr(ﬂbw ( 1 max)
The area of tensile steel reinforcement to balance the web compression is then
given by:
M .
Az = e = 3.0878 sg-in

a
@fy[d—zlj@

The area of total tensile steel reinforcement is then given by:

As = Asl + Asz =5.808 Sq'in

Shear Design

The following quantities are computed for all of the load combinations:
¢ = 075

Check the limit of /¥, :
Jf, =63.246 psi < 100 psi

The concrete shear capacity is given by:
oVe= @2 Jf bud = 17.076k

The maximum shear that can be carried by reinforcement is given by:

EXAMPLE ACI 318-08 RC-BM-001 - 6
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oVs = 8. f bud = 68.305k
The following limits are required in the determination of the reinforcement:
(o Vc/2) = 8.538k
(¢ Ve + ¢ 50 byd) 23.826 k
Vinax = @ Vc+o@Vs = 85381k

Given Vy, Ve and Vmax, the required shear reinforcement in area/unit length for
any load combination is calculated as follows:

If Vo < (Vel2) o,
AL,
s
else if (Vo/2) ¢ < Vu < (@Ve + ¢ 50 bud),
A, _50b,
s f

y

else if (pVc + @ 50 bwd) < Vu < @ Vimax
i — (Vu _(Pvc)

S of,d
else if Vy > ¢ Vimax,
a failure condition is declared.
For each load combination, the Py and V, are calculated as follows:
Po. = 1.2P4+ 1.6P;

Vi =Py
(COMB30)
Pa = 2k
P =30k
Po, = 504k
Vu = 50.4K, (oVc + ¢ 50 bwd) < Vi < @ Vimax

e\ - .
Ao N=9Vo) g 04937 sg-in/in or 0.592 sg-in/ft
S of .d

EXAMPLE ACI 318-08 RC-BM-001 - 7
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EXAMPLE ACI 318-08 RC-PN-001

Slab Punching Shear Design

PROBLEM DESCRIPTION

1

®

24'

®

24'

©

24'

PROGRAM NAME: SAFE
REVISION NO.: 0

The purpose of this example is to verify slab punching shear design in SAFE.

The numerical example is a flat slab that has three 24-foot-long spans in each
direction, as shown in Figure 1.

®

1

y—

.

18

E;

e

20 | _— 10" thick flat slab

|I13

l14

10
|

I15

11

(_{|_—"Columns are 12" x 36"

with long side parallel
to the Y-axis, typical

12

J— Concrete Properties
Unit weight = 150 pcf
f'c = 4000 psi

Loading
DL = Self weight + 20 psf

8 'l LL = 80 psf

Figure 1: Flat Slab For Numerical Example
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The slab overhangs the face of the column by 6 inches along each side of the
structure. The columns are typically 12 inches wide by 36 inches long, with the
long side parallel to the Y-axis. The slab is typically 10 inches thick. Thick plate
properties are used for the slab.

The concrete has a unit weight of 150 pcf and an f'c of 4000 psi. The dead load
consists of the self weight of the structure plus an additional 20 psf. The live load
is 80 psf.

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress, and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE punching shear capacity, shear stress
ratio, and D/C ratio with the punching shear capacity, shear stress ratio and D/C
ratio obtained by the analytical method. They match exactly for this example.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (ksi) (ksi) D/C ratio
SAFE 0.192 0.158 1.21
Calculated 0.193 0.158 1.22

ComMPUTER FILE: ACI 318-08 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE ACI 318-08 RC-PN-001 - 2
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HAND CALCULATION
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Hand Calculation for Interior Column Using SAFE Method

d=[(10-1)+(10-2)]/2=8.5"
Refer to Figure 2.
bo=44.5+20.5+44.5 + 20.5 = 130"

20.5"
Y
N Critical section for
4.25" ’ el 6 ’ 4.5 punching shear shown
‘ dashed.
Apceao}-____B
Column ! Side 2 : o
1 I —
1 1
1
13 ol 18"
o ol
10 =l X
(%] n
: | > : > |445"
. 1 1
Center of column is 1 -
point (x1, y1). Set : :
this equal to (0,0). ' PR -
! ! 4.25"
[ Sided4 _ _ _,
D

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE ACI 318-08 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for
punching shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical
section for punching shear, as identified in Figure 2.

Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -10.25 0 10.25 0 N.A.
y2 0 22.25 0 -22.25 N.A.
L 445 20.5 445 20.5 bo =130
d 8.5 8.5 8.5 8.5 N.A.
Ld 378.25 174.25 378.25 174.25 1105

Ldx2 -3877.06 0 3877.06 0 0

Ldy» 0 3877.06 0 —-3877.06 0

stzLdXZ— 0 o

Ld 1105
Ld

ys=z y2_ 0 _gn
Ld 1105

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the “Sum” column.

Item Side 1 Side 2 Side 3 Side 4 Sum

L 445 20.5 445 20.5 N.A.

d 8.5 8.5 8.5 8.5 N.A.

X2 - X3 -10.25 0 10.25 0 N.A.

Y2 -3 0 22.25 0 -22.25 N.A.

Parallel to Y-AXis X-axis Y-AXis X-axis N.A.

Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.
Ixx 64696.5 86264.6 64696.5 86264.6 301922.3
Iyy 39739.9 7151.5 39739.9 7151.5 93782.8

Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:
Vu=189.45k
7v,My, =—156.39 k-in

YosMy; = 91.538 k-in

EXAMPLE ACI 318-08 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = —10.25 and y, = 22.25, thus:
18945  156.39[93782.8(22.25-0) - (0)(~10.25-0) |
Y 13085 (301922.3)(93782.8) - (0)°
91.538[301922.3(-10.25-0) - (0)(22.25-0) |
(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 — 0.0100 = 0.1499 ksi at point A

At the point labeled B in Figure 2, x4 = 10.25 and y4 = 22.25, thus:

 189.45  156.39]93782.8(22.25-0)-(0)(10.25-0) |

V., =
° 13085 (301922.3)(93782.8) - (0)°
91.538[ 301922.3(10.25 - 0) - (0)(22.25-0) ]

(301922.3)(93782.8) - (0)°
vy =0.1714 — 0.0115 + 0.0100 = 0.1699 ksi at point B

At the point labeled C in Figure 2, x4 = 10.25 and ys4 = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0)—(0)(10.25-0) |

U=
130¢8.5 (301922.3)(93782.8) - (0)°
91.538] 301922.3(10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) - (0)°
vu = 0.1714 + 0.0115 + 0.0100 = 0.1930 ksi at point C

At the point labeled D in Figure 2, x4 = —10.25 and ys = —22.25, thus:

| 189.45  156.39]93782.8(-22.25-0) - (0)(-10.25-0) |

U=
130¢8.5 (301922.3)(93782.8)—(0)*
91.538[ 301922.3(—10.25 - 0) — (0)(-22.25-0) |

(301922.3)(93782.8) —(0)°
vu = 0.1714 + 0.0115 - 0.0100 = 0.1729 ksi at point D

EXAMPLE ACI 318-08 RC-PN-001 - 5
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Point C has the largest absolute value of vy, thus Vmax = 0.1930 ksi

The shear capacity is calculated based on the smallest of ACI 318-08 equations 11-34,
11-35 and 11-36 with the bg and d terms removed to convert force to stress.

0.75 (2 + 4 j /4000

36/12

Ve = =0.158 ksi in accordance with equation 11-34
1000
0.75 (40 85, 2} J4000
Ve = 130 =0.219 ksi in accordance with equation 11-35
1000
QVc = 0.75 .11);)0 /4000 _ 0.190 ksi in accordance with equation 11-36

Equation 11-34 yields the smallest value of | gvc = 0.158 ksi|and thus this is the shear
capacity.

wo_ 0.193:1.22
@Vc 0.158

Shear Ratio =

EXAMPLE ACI 318-08 RC-PN-001 - 6
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EXAMPLE ACI 318-08 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 6 inches thick and spans 12 feet between walls.
The slab is modeled using thin plate elements. The walls are modeled as line
supports. The computational model uses a finite element mesh, automatically
generated by SAFE. The maximum element size is specified to be 36 inches. To
obtain factored moments and flexural reinforcement in a design strip, one one-
foot-wide strip is defined in the X-direction on the slab, as shown in Figure 1.

1 Simply

Simply bsupported

;
supporied :4 f2ftspan
]
1

|
edge atwall | EEdQHtWHH
________\ Free edge :/ +
| I I1ftdesgnstrp
: Free edge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL80) and one live load case (LL100) with uniformly
distributed surface loads of magnitudes 80 and 100 psf, respectively, are defined
in the model. A load combination (COMB100) is defined using the ACI 318-08
load combination factors, 1.2 for dead loads and 1.6 for live loads. The model is
analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed in accordance with ACI 318-08 using SAFE
and also by hand computation. Table 1 shows the comparison of the moments
and design reinforcements computed using the two methods.

GEOMETRY, PROPERTIES AND LOADING
Thickness T,h = 6 in

EXAMPLE ACI 318-08 RC-SL-001 - 1
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Depth of tensile reinf.

Effective depth
Clear span

Concrete strength

Yield strength of steel

Concrete unit wei

ght

Modulus of elasticity
Modulus of elasticity

Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

o
I n

B
I mnnn

<
I

Wd
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

144 in

4,000 psi
60,000 psi

3,600 ksi
29,000 ksi

80 psf
100 psf

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Strip Reinforcement Area (sg-in)
Load Moment
Level Method (k-in) As*
SAFE 55.22 0.213
Medium
Calculated 55.22 0.213

A¢min = 0.1296 sg-in

ComMPUTER FILE: ACI 318-08 RC-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE ACI 318-08 RC-SL-001 - 2
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HAND CALCULATION
The following quantities are computed for the load combination:
¢=0.9
b=121in
Asmin = 0.0018bh = 0.1296 sg-in

pr= 0.85—0.05(—f°'_4000j =0.85
1000
c = 0.003
™ 0.003+0.005

amax = P1Cmax = 1.59375 in

For the load combination, w and My are calculated as follows:
w = (1.2wg + 1.6w;) b/ 144

_wi?
"8
As = min[Asmin, (4/3) Asrequired] = Min[0.1296, (4/3)2.11] = 0.1296 sg-in

d=1.875in

M

COMB100
wa = 80 psf
we = 100 psf
w = 21.33 Ib/in

Mu—strip = 55.22 k-in
Mu—design = 55.629 k-in
The depth of the compression block is given by:

g g A _ i
a=d d 0.3128 in < amax

0.85f ¢ b
The area of tensile steel reinforcement is then given by:
M .
A, =———— =0.213 sg-in > Asmin

a
“v(‘"z]

As = 0.2114 sg-in

EXAMPLE ACI 318-08 RC-SL-001 - 3
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EXAMPLE AS 3600-09 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel reinforcing strength for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE AS 3600-09 PT-SL-001 - 1



s

Software Verification Mimtrln)
PROGRAM NAME:  SAFE
REVISION NO.: 0

A 914-mm-wide design strip is centered along the length of the slab and is defined
as an A-Strip. B-Strips have been placed at each end of the span, perpendicular to
Strip-A (the B-Strips are necessary to define the tendon profile). A tendon with
two strands, each having an area of 99 mm?, has been added to the A-Strip. The
self weight and live loads were added to the slab. The loads and post-tensioning
forces are as follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations were compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness, T,h = 254 mm
Effective depth, d = 229 mm
Clear span, L = 9754 mm
Concrete strength, © = 30 MPa
Yield strength of steel, fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of prestress (single tendon), Ay = 198 mm?
Concrete unit weight, we = 23.56 KN/m?®
Concrete modulus of elasticity, E. = 25000 N/mm?
Rebar modulus of elasticity, Es = 200,000 N/mm3
Poisson’s ratio, \Y = 0

Dead load, Wy = self KN/m?
Live load, w = 4,788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing and slab stresses with the independent hand calculations.

EXAMPLE AS 3600-09 PT-SL-001 - 2



CJi

COMPUTERS & STRUCTURES INC.

Software Verification

PROGRAM NAME:  SAFE
REVISION NO.: 0
Table 1 Comparison of Results
INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE

Factored moment,

. 156.12 156.14 0.01%
Mu (Ultimate) (kN-m)
Area of Mild Steel req'd, As 16.55 16.59 0.24%
(sg-cm)
Transfer Conc. Stress, top
(0.8D+1.15PT)), MPa ~3.500 —3.498 0.06%
Transfer Conc. Stress, bot o
(0.8D+1.15PTi), MPa 0.950 0.948 0.21%
Normal Conc. Stress, top o
(D+L+PT¢), MPa -10.460 -10.465 0.10%
Normal Conc. Stress, bot o
(D+L+PTF), MPa 8.402 8.407 0.05%
Long-Term Conc. Stress, top o
(D+0.5L+PTr0), MPa -7.817 -7.817 0.00%
Long-Term Conc. Stress, bot o
(D+0.5L+PTrw), MPa 5.759 5.759 0.00%

CoMPUTER FILE: AS 3600-09 PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE AS 3600-09 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
f’c = 30MPai fou= 1862 MPa
fy = 400MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss= 94 MPa
fi = 1490 MPa

fe= 1210 MPa

$=0.80
a,=1.0-0.003f " =0.91>0.85, Use a, =0.85
»=1.0-0.003f ", =0.91>0.85, Use =0.85
a,., = k,d = 0.85%0.36%229 = 70.07 mm

Prestressing tendon, Ap
; Mil I, As —
ild Steel, As / ZCimm
T 4,_____—;—/-—'— f 31. —w  254mm

Length, L = 9754 mm 914 mm

Elevation Section

Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m3=5.984 kN/m? (D) x 1.2 = 7.181 kKN/m? (Dy)
Live, 4.788 KN/m? (L) x 1.5 = 7.182 KN/m? (L)
Total =10.772 kN/m? (D+L) = 14.363 kN/m? (D+L)ult

@=10.772 kN/m? x 0.914m = 9.846 kN/m, @, = 14.363 kN/m? x 0.914m = 13.128 kN/m

2
Ultimate Moment, M, :%: 13.128 x (9.754)%/8 = 156.12 kN-m

EXAMPLE AS 3600-09 PT-SL-001 - 4
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f'cb,d

C Yef ¥'P

300A,

30(914)(229)
300(198)

—1386 MPa < f. +200=1410 MPa

Ultimate Stress in strand, f,q = fz +70+

=1210+70+

Ultimate force in PT, F,, »; = A, (fo) =197.4(1386)/1000 = 273.60 kN
Total Ultimate force, F,, 1., =273.60+560.0=833.60 kN

2M
0.85f", #b

*

Stress block depth, a=d —\/d2 —~

2(159.12) _
0.85(30000)(0.80)(0.914)

:0.229—\/0.2292 - 40.90

Ultimate moment due to PT,

Mucer = Fuger (d _%j¢ = 273-60(229—
Net ultimate moment, M, =M, — M, or =156.1-45.65=110.45 kKN-m

40.90

j(o.so) 1000 = 45.65 kN-m

Required area of mild steel reinforcing,
A - M, 110.45

¢fy(d—2j 0.80(400000)(0.229—

(1e6) =1655 mm?

0.04090j

Check of Concrete Stresses at Midspan:
Initial Condition (Transfer), load combination (0.8D+1.15PT;) = 0.80D+0.0L+1.15PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to PT, M, = F,;, (sag) = 257.4(102 mm),/1000 = 26.25 kN-m

For , Mp—M,r _ (1.15)(-257.4) |, (0.80)65.04(1.15)26.23
A S 0.254(0.914) 0.00983
where S = 0.00983m?

Stress in concrete, f =

f =-1.275+2.225 MPa
f =-3.500(Comp) max, 0.950(Tension) max

EXAMPLE AS 3600-09 PT-SL-001 - 5
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Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF

Tendon stress at Normal = jacking — stressing — long-term = 1490 — 186 — 94= 1210 MPa
The force in tendon at Normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m
Moment due to PT, M, = F,;, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m

Stress in concrete for (D+L+PTg),

‘i For , Mp, —M,; 2388 | 117.08-24.37
A S 0.254(0.914)  0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTr)) = 1.0D+0.5L+1.0PTF

Tendon stress at Normal = jacking — stressing — long-term =1490 — 186 — 94 = 1210 MPa
The force in tendon at Normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to dead load, M, =4.788(0.914)(9.754)* /8 =52.04 kKN-m
Moment due to PT, M, = F,;, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m

Stress in concrete for (D+0.5L+PTr)),

¢ _Fon  Mpuos — My 2389 | 91.06-24.33

A S T 0254(0914)  0.00983
f =—1.029+6.788

f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE AS 3600-09 PT-SL-001 - 6
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EXAMPLE AS 3600-09 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by AS 3600-09.

= The average shear stress in the beam is below the maximum shear stress
allowed by AS 3600-09, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements automatically generated by SAFE. The maximum element size has been
specified to be 200 mm. The beam is supported by columns without rotational
stiffnesses and with very large vertical stiffness (1 x 1022 kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL30) and one live load case (LL130), with only symmetric third-point loads of
magnitudes 30, and 130 KN, respectively, are defined in the model. One load
combinations (COMB130) is defined using the AS 3600-09 load combination
factors of 1.2 for dead load and 1.5 for live load. The model is analyzed for both
of these load cases and the load combination.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results and found to be
identical. After completing the analysis, the design is performed using the AS
3600-09 code in SAFE and also by hand computation. Table 1 shows the
comparison of the design longitudinal reinforcements. Table 2 shows the
comparison of the design shear reinforcements.

EXAMPLE AS 3600-09 RC-BM-001 - 1
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oy
B S

500 mm

E—
i

‘# 300 mm '4—

Beam Section

o
)

l«————

_
. 7

1=—— 2000 mm ——t—— 2000 mm——p~<——2000 mm——p

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pao = 30 kN
Live load, P = 130 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the design reinforcement comparison.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)
Method Moment (kN-m) As*
SAFE 462 33.512
Calculated 462 33.512
A{.» =3.00 sg-cm

EXAMPLE AS 3600-09 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. A,
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
231 12.05 12.05

CompUTER FILE: AS 3600-09 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

¢=0..8
a,=1.0-0.003f', =0.91>0.85, Use o, =0.85
y=1.05-0.007f "', =0.84 <0.85, Use y =0.84

A = 7K, 0 =0.84 ¢0.36 » 425 = 128.52 mm

2
f!
At min =y (Ej <1 h,d, Where
d) f

for L- and T-Sections with the web in tension:

b D b 1/4
oy, =0.20+| ——1 (0.4—5—0.18J20.20 —| =0.2378
b D b,

W

!

2
f
Ast.min =0.2378(§J fct,f b

sy

=0.2378 » (500/425)? » 0.6 » SQRT(30)/460 » 300*425

= 299.8 sqg-mm
comB130
N* = (1.2Ng + 1.5N;) = 231kN
M~ =N—I =462 KN-m

The depth of the compression block is given by:

a=d— |@?—— M ~100.755 mm (a > D)
0851 4b,

The compressive force developed in the concrete alone is given by:

The first part is for balancing the compressive force from the flange, Ct, and the
second part is for balancing the compressive force from the web, Cw, 2. Ct is
given by:

EXAMPLE AS 3600-09 RC-BM-001 - 5
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C, =085f" (b, —b, )xmin(D,,a,,, )= 765 kN

C
Therefore, A, = f—f and the portion of M" that is resisted by the flange is given by:
sy

M., = 4C, (d —%j: 229.5 kN-m

C
A, = f—f = 1663.043 s¢-mm

sy

Again, the value for ¢is 0.80 by default. Therefore, the balance of the
moment, M” to be carried by the web is:

M,, =M" — M, = 462 — 229.5 = 232.5

The web is a rectangular section of dimensions bw and d, for which the design
depth of the compression block is recalculated as:

a=d— [d2——Mw__ _ 1915118 mm
0.85f ¢ b,

If a1 < amax, the area of tension reinforcement is then given by:

Mo =1688.186 sq-mm

ey

A, =A, +A,=3351.23 sg-mm = 33.512 sg-cm

Shear Design
The shear force carried by the concrete, Vi, is calculated as:

w0

e
Vuc = ﬂlﬂzﬁsbwdof 'cv |:bA§jt :| =0 kN

where,

fr,=(f")"=3.107 N/mm? < 4MPa

EXAMPLE AS 3600-09 RC-BM-001 - 6
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d
=1.116——2-|>1.1=1.2925, =landfz=1
B l( 1000) pe B3

The shear force is limited to a maximum of:
V, mx =0.2F' bd, = 765KkN

Given V*, Vue, and Vumax, the required shear reinforcement is calculated as
follows, where, ¢, the strength reduction factor, is 0.7.

If V' <@V, /2,

Av _ 0, if D <750 mm, otherwise Asv.min Shall be provided.
s

If ¢Vu.min <V* < ¢Vu.max!

A (Vg
s ¢fyd,cotd,’

and greater than Asy.min, defined as:

A min _ (0_35b_WJ =0.22826 sg-mm/mm = 228.26 sq-mm/m

S sy. f

6 = the angle between the axis of the concrete compression strut and the
longitudinal axis of the member, which varies linearly from 30

degrees when V=@V min to 45 degrees when V'=¢ Vymax = 35.52
degrees

If V' > ¢V, afailure condition is declared.

For load combination, the N" and V" are calculated as follows:
N* = 1.2Ng + 1.5N;

V: =N
(COMB130)

Ng = 30 kips

Ni = 130 kips

N* = 231 kN

EXAMPLE AS 3600-09 RC-BM-001 - 7
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N* = 231 kN, (¢Vu.min <V* S¢Vu.max1)

A, (Voo

= , =1.205 sg-mm/mm or 12.05 sq-cm/m
s ¢fy¢d,cotd,

EXAMPLE AS 3600-09 RC-BM-001 - 8
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EXAMPLE AS 3600-09 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m -@ ® © @0.3 m

8m 8m 8m B
0.6<1
@) i i N

| _— 0.25 m thick flat slab

»

: -

® i } '
|| —Columnsare0.3mx0.9m

with long side parallel

8m to the Y-axis, typical
@ o | i ¥ .
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 |¥ X % T l| | LL = 4.0 kN/m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m, with the long side parallel
to the Y-axis. The slab is typically 0.25-m thick. Thick plate properties are used
for the slab.

EXAMPLE AS 3600-09 RC-PN-001 - 1
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The concrete has a unit weight of 24 kN/m? and a f'c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress, and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio,
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid Point B-2

Shear Stress | Shear Capacity | D/C ratio

Method (N/mm?) (N/mm?)
SAFE 1.811 1.086 1.67
Calculated 1.811 1.086 1.67

CoMPUTER FILE: AS 3600-09 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE AS 3600-09 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

dom = [(250 — 26) + (250 — 38)] / 2 =218 mm
Refer to Figure 2.
U =518+1118 + 1118 + 518 = 3272 mm

ax =518 mm
ay=1118 mm
518 Note: All dimensions in millimeters
Y " .
N Critical section for
109 | 150 | 150 ’109 punching shear shown
‘ / dashed.
A B
Column """ <2
| | 109
1 1
1 1
1
| N cg: 450
1o k=]l X
10 2]
: > 1118
: % 1 -
Center of column is | ! 450
point (x1, y1). Set | :
this equal to (0,0). ! !
| . : 109
e e = Side4__ __,
D c

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at grid line B-2:
V" =1126.498 kN
Mv2 = -51.991 KN-m
Myz = 45.723 KN-m

EXAMPLE AS 3600-09 RC-PN-001 - 3
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The maximum design shear stress is computed along the major and minor axis of column

separately:
v =Y 104 M,
ud,,, 8V ad,,

v  1126.498010° ol 14 327251.991e10°
X 3272218 801126.49810°¢1118218

v =1579 ¢1.0774 = 1.7013 N/mm?

max, X

1126.498 ¢10° [ 3272 045.72310° j
= ol 1+

v =
e 3272218 801126.498¢10° ¢518¢218

v . =1.579 ¢1.1470 = 1.811 N/mm? (Govern)

max,Y —

The largest absolute value of Vmax= 1.811 N/mm?

The shear capacity is calculated based on the smallest of AS 3600-09 equation 11-35,
with the dom and u terms removed to convert force to stress.

0.17(1+£j¢,/f;
B
0.34¢p.[f!

AS 9.2.3(a) yields the smallest value of | ¢ f,, = 1.086 N/mm?, and thus this is the shear
capacity.

¢ ., =min = 1.803N/mm? in accordance with AS 9.2.3(a)

o _ 1.811 _167

pf, 1.086

Shear Ratio =

EXAMPLE AS 3600-09 RC-PN-001 - 4
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EXAMPLE AS 3600-2009 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

‘ Simply
Simply T 1'
' Lsupported
supported g 4mspan
I
I

|
edge atwall edge atwall

. f
I
_______B: Free edge !/ +
v I l1m design strip
_---_-E Free edge : f

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa), with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5KPa) is defined using the AS 3600-
2009 load combination factors, 1.2 for dead loads and 1.5 for live loads. The
model is analyzed for both load cases and the load combinations.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design is performed using the AS 3600-2009 code using SAFE and also
by hand computation. Table 1 shows the comparison of the design
reinforcements computed using the two methods.

EXAMPLE AS 3600-2009 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h = 150
dc = 25
d = 125
Ih, It = 4000
fc = 30
fy = 460
We = 0
Ec = 25000
Es = 2x10°
v = 0
Wqg = 4.0
w = 5.0

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

RESULTS COMPARISON

mm
mm
mm
mm

MPa
MPa
N/m?
MPa
MPa

kPa
kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strip (sq-cm)
Load Moment
Level Method (KN-m) As*
SAFE 24.597 5.58
Medium
Calculated 24.600 5.58

Al i = 370.356

sg-mm

ComMPUTER FILE: AS 3600-2009 RC-SL-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE AS 3600-2009 RC-SL-001 - 2
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HAND CALCULATION
The following quantities are computed for the load combination:

¢=0.8

b = 1000 mm

a,=1.0-0.003f', =0.91>0.85, Use a, =0.85
7 =1.05-0.007f"', =0.84 <0.85, Use y=0.84

A = K, d = 0.84¢0.36°125 = 37.80 mm

For the load combination, w and M are calculated as follows:
w = (1.2wg + 1.5w) b

2
_ wi;

MU
8

h 2 fc‘tf
A =0.24| — : —bh for flat slabs

sy, f

hY fis
Asmin=0'24 i ! bd
- (d) f

sy, f
= 0.24+(150/125)%0.6sSQRT(30)/4601000+150
= 370.356 sg-mm

COMB100
wg =4.0 kPa
wy =5.0 kPa
w  =12.3 kN/m

M—strip* = 24.6 KN-m
M-design* = 24.633 kN-m

The depth of the compression block is given by:

*

a=d- [d? —L =10.065 mm < amax
0.85f'. ¢b

EXAMPLE AS 3600-2009 RC-SL-001 - 3
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The area of tensile steel reinforcement is then given by:

*

M

A=—r—
a
(o3

As = 5.57966 sg-cm

= 557.966 sg-mm > As min

EXAMPLE AS 3600-2009 RC-SL-001 - 4
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EXAMPLE AS 3600-01 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel reinforcing strength for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE AS 3600-01 PT-SL-001 - 1
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A 914-mm-wide design strip is centered along the length of the slab and is defined
as an A-Strip. B-Strips have been placed at each end of the span, perpendicular to
Strip-A (the B-Strips are necessary to define the tendon profile). A tendon with
two strands, each having an area of 99 mm?, has been added to the A-Strip. The
self-weight and live loads were added to the slab. The loads and post-tensioning
forces are as follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the midspan of the slab. Independent hand calculations
were compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness, T,h = 254 mm
Effective depth, d = 229 mm
Clear span, L = 9754 mm
Concrete strength, © = 30 MPa
Yield strength of steel, fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of prestress (single tendon), Ay = 198 mm?
Concrete unit weight, we = 23.56 KN/m?®
Concrete modulus of elasticity, E. = 25000 N/mm?
Rebar modulus of elasticity, Es = 200,000 N/mm3
Poisson’s ratio, \Y = 0

Dead load, Wy = self KN/m?
Live load, w = 4,788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing and slab stresses with the independent hand calculations.

EXAMPLE AS 3600-01 PT-SL-001 - 2
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bot (D+0.5L+PTrw), MPa

PROGRAMNAME:  SAFE
REVISION NO.: 0
Table 1 Comparison of Results
reature Testep | MEEEIENT | Uit | PIFFERENCE
Factored moment,
Mu (Ultimate) (kN-m) 156.12 10044 -
ﬁge(as gfc'\r/rl:;d Steel req'd, 16.55 16.59 0.24%
(O8D+L15PT). M | 3500 o8 | oo
03D+ L15PT). MPa | 0950 0948 e
DrLsPT Pa | cioas0 | -to4ss | 00%
Py NPa 8.402 i .
e I e e
Long-Term Conc. Stress, 5 759 5.759 0.00%

CoOMPUTER FILE: AS 3600-01 PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE AS 3600-01 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:
Post-Tensioning

fpu = 1862 MPa

Mild Steel Reinforcing

f’c = 30MPai
fy = 400MPa foy = 1675 MPa
Stressing Loss = 186 MPa
Long-Term Loss= 94 MPa
fi = 1490 MPa
fe= 1210 MPa
¢=0.80

y =[0.85-0.007(f',-28)]= 0.836
a,,, = 7k,d =0.836*0.4*229 = 76.5 mm

Prestressing tendon, Ap
; Mil I, As —
ild Steel, As / Ziimm

—— 4_________;—/-"_ f g e | v [254mm
N
25mm
y Length, L = 9754 mm ’] 914 mm
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m3=5.984 kN/m? (D) x 1.2 = 7.181 kKN/m? (Dy)

4.788 KN/m? (L) x 1.5 = 7.182 KN/m? (L)
=10.772 kN/m? (D+L) = 14.363 kN/m? (D+L)ult

Live,
Total

@=10.772 kN/m? x 0.914m = 9.846 kN/m, @, = 14.363 kN/m? x 0.914m = 13.128 kN/m

2
Ultimate Moment, M, :%: 13.128 x (9.754)%/8 = 156.12 kN-m

EXAMPLE AS 3600-01 PT-SL-001 - 4
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f'cb,d

C Yef ¥'P

300A,

30(914)(229)
300(198)

—1386 MPa < f. +200=1410 MPa

Ultimate Stress in strand, f,q = fz +70+

=1210+70+

Ultimate force in PT, F,, »; = A, (fo) =197.4(1386)/1000 = 273.60 kN
Total Ultimate force, F,, 1., =273.60+560.0=833.60 kN

2M
0.85f", #b

*

Stress block depth, a=d —\/d2 —~

2(159.12) _
0.85(30000)(0.80)(0.914)

:0.229—\/0.2292 - 40.90

Ultimate moment due to PT,

Mucer = Fuger (d _%j¢ = 273-60(229—
Net ultimate moment, M, =M, —M o =156.1-45.65=110.45 kKN-m

40.90

j(o.so) 1000 = 45.65 kN-m

Required area of mild steel reinforcing,
A - M, 110.45

¢fy(d—2j 0.80(400000)(0.229—

(1e6) =1655 mm?

0.04090j

Check of Concrete Stresses at Midspan:
Initial Condition (Transfer), load combination (0.8D+1.15PT;) = 0.80D+0.0L+1.15PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to PT, M, = F,;, (sag) = 257.4(102 mm),/1000 = 26.25 kN-m

For , Mp—M,r _ (1.15)(-257.4) |, (0.80)65.04-(1.15)26.23
A S 0.254(0.914) 0.00983
where S = 0.00983m?

Stress in concrete, f =

f =-1.275+2.225 MPa
f =-3.500(Comp) max, 0.950(Tension) max

EXAMPLE AS 3600-01 PT-SL-001 - 5



s

Software Verification Mimtrln)
PROGRAM NAME:  SAFE
REVISION NO.: 0

Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF

Tendon stress at Normal = jacking — stressing — long-term = 1490 — 186 — 94= 1210 MPa
The force in tendon at Normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m
Moment due to PT, M, = F,;, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m

Stress in concrete for (D+L+PTg),

‘i For , Mp, —Mp; 2388 | 117.08-24.37
A~ S 0.254(0.914)  0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTr)) = 1.0D+0.5L+1.0PTF

Tendon stress at Normal = jacking — stressing — long-term =1490 — 186 — 94 = 1210 MPa
The force in tendon at Normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to dead load, M, =4.788(0.914)(9.754)* /8 =52.04 kN-m
Moment due to PT, M, = F,;, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m

Stress in concrete for (D+0.5L+PTr)),

fo For N Mop.os. —Mp; —238.9 + 91.06-24.33

A S T 0254(0914)  0.00983
f =—1.029+6.788

f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE AS 3600-01 PT-SL-001 - 6
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EXAMPLE AS 3600-01 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by AS 3600-01.

= The average shear stress in the beam is below the maximum shear stress
allowed by AS 3600-01, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1 x 102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL30) and one live load case (LL130), with only symmetric third-point loads of
magnitudes 30, and 130 KN, respectively, are defined in the model. One load
combinations (COMB130) is defined using the AS 3600-01 load combination
factors of 1.2 for dead load and 1.5 for live load. The model is analyzed for both
of these load cases and the load combination.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results and found to be
identical. After completing the analysis, the design is performed using the AS
3600-01 code in SAFE and also by hand computation. Table 1 shows the
comparison of the design longitudinal reinforcements. Table 2 shows the
comparison of the design shear reinforcements.

EXAMPLE AS 3600-01 RC-BM-001 - 1
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oy
B S

500 mm

E—
i

‘# 300 mm '4—

Beam Section

o
)

l«————

_
. 7

1=—— 2000 mm ——t—— 2000 mm——p~<——2000 mm——p

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE AS 3600-01 RC-BM-001 - 2
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pa = 30 kN
Live load, P = 130 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the design reinforcement comparison.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Method Moment (kN-m) As*
SAFE 462 33.512
Calculated 462 33.512

A i = 3.92 sg-cm

EXAMPLE AS 3600-01 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. A,
Reinforcement Area, —

S
(sgq-cm/m)
Shear Force (kN) SAFE Calculated
231 12.05 12.05

CompUTER FILE: AS 3100-01 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

¢=0.8
y =[0.85-0.007(f',-28)]= 0.836
&, = 7k,d =0.836+0.4 + 425 = 142.12 mm

2
D fu
in =0.22| —
Ast.mm (dJ fsy Ac

0.22 » (500/425)% » 0.6 » SQRT(30)/460 » 180,000
391.572 sg-mm

comB130
N* = (1.2Ng + 1.5Np) = 231kN
M” :NTI = 462 kN-m

The depth of the compression block is given by:

a=d- |@—— M ~100.755 mm (a > D)
0.851", b,

The compressive force developed in the concrete alone is given by:

The first part is for balancing the compressive force from the flange, Ct, and the
second part is for balancing the compressive force from the web, Cy, 2. Cs is
given by:

C, =085f" (b, —b, )xmin(D,,a,,, )= 765 kN

C
Therefore, A, = f—f and the portion of M" that is resisted by the flange is given by:
sy

M, —¢C, (d —WJ = 229.5 KN-m

EXAMPLE AS 3600-01 RC-BM-001 - 5



s

Software Verification Mimtrln)
PROGRAM NAME:  SAFE
REVISION NO.: 0
Cf
A = T = 1663.043 sg-mm

sy

Again, the value for ¢is 0.80 by default. Therefore, the balance of the
moment, M” to be carried by the web is:

M,, = M" — M, = 462 — 229.5 = 232.5

The web is a rectangular section of dimensions bw and d, for which the design
depth of the compression block is recalculated as:

a=d— [d2——Mw__ _ 1915118 mm
0.85f ¢ b,

If a1 < amax, the area of tension reinforcement is then given by:

Ma =1688.186 sq-mm

R

A, = A, +A,,=3351.23 sg-mm = 33.512 sg-cm

Shear Design
The shear force carried by the concrete, V., is calculated as:

R
Vuc = ﬁlﬂzﬂSdeo{%t—;C} = O kN

d
where, 8, =11 1.6 -
pi-1o-S

Soj >1.1=1.2925, fo=1andfz=1

The shear force is limited to a maximum of:
V, max =0.2F".bd, =765 kN

Given V*, Vue, and Vumax, the required shear reinforcement is calculated as
follows, where, ¢, the strength reduction factor, is 0.7.

If V" <oV, /2,

A

=0, if D <750 mm, otherwise Asv.min Shall be provided.

EXAMPLE AS 3600-01 RC-BM-001 - 6
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If ¢Vu.min <V* < ¢Vu.max1

A (Vo)
s ¢fyd,cotd,’

and greater than Asy.min, defined as:

_Asvs-min = (0.35 b ] = 0.22826 sg-mm/mm = 228.26 sg-mm/m

sy. f

6 = the angle between the axis of the concrete compression strut and the
longitudinal axis of the member, which varies linearly from 30
degrees when V*=@Vymin to 45 degrees when V*=¢ Vymax = 35.52
degrees

If V7 > ¢V, afailure condition is declared.

For load combination, the N" and V" are calculated as follows:

*

N° = 1.2Ng+ 1.5N;

* *

V' =N
(COMB130)
Ng = 30 kips
Ni = 130 kips
“ = 231kN

*

231 kN, (Vg min <V~ <V, maxs)

A, (Vo)

= , =1.205 sg-mm/mm or 12.05 sq-cm/m
s ¢fy¢d,cotd,

EXAMPLE AS 3600-01 RC-BM-001 - 7
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EXAMPLE AS 3600-01 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m -@ ® © @0.3 m

8m 8m 8m B
0.6<1
@) i i N

| _— 0.25 m thick flat slab

»

: -

® i } '
|| —Columnsare0.3mx0.9m

with long side parallel

8m to the Y-axis, typical
@ o | | ¥ .
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 |¥ X % T l| | LL = 4.0 kN/m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m, with the long side parallel
to the Y-axis. The slab is typically 0.25-m thick. Thick plate properties are used
for the slab.

EXAMPLE AS 3600-01 RC-PN-001 - 1
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The concrete has a unit weight of 24 kN/m® and a f'c of 30 N/mm?. The dead
load consists of the self weight of the structure plus an additional 1 kKN/m?. The
live load is 4 KN/m?.

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress, and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio,
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid Point B-2

Shear Stress | Shear Capacity | D/C ratio

Method (N/mm?) (N/mm?)
SAFE 1.811 1.086 1.67
Calculated 1.811 1.086 1.67

CoMPUTER FILE: AS 3600-01 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE AS 3600-01 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

dom = [(250 — 26) + (250 — 38)] / 2 =218 mm
Refer to Figure 2.
U =518+1118 + 1118 + 518 = 3272 mm

ax =518 mm
ay=1118 mm
518 Note: All dimensions in millimeters
Y " .
N Critical section for
109 | 150 | 150 ’109 punching shear shown
‘ / dashed.
A B
Column """ <2
| | 109
1 1
1 1
1
| N cg: 450
1o k=]l X
10 2]
: > 1118
: % 1 -
Center of column is | ! 450
point (x1, y1). Set | :
this equal to (0,0). ! !
| . : 109
e e = Side4__ __,
D c

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at grid line B-2:
V" =1126.498 kN
Mv2 = -51.991 KN-m
Myz = 45.723 KN-m

EXAMPLE AS 3600-01 RC-PN-001 - 3
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The maximum design shear stress is computed along the major and minor axis of column

separately:
v =Y 104 M,
ud,,, 8V ad,,

v  1126.498010° ol 14 327251.991e10°
X 3272218 801126.49810°¢1118218

v =1579 ¢1.0774 =1.7013 N/mm?

max, X

1126.498 ¢10° [ 3272 045.72310° j
= ol 1+

v =
e 3272218 801126.498¢10° ¢518¢218

v . =1.579 ¢1.1470 = 1.811 N/mm? (Govern)

max,Y —

The largest absolute value of Vmax= 1.811 N/mm?

The shear capacity is calculated based on the smallest of AS 3600-01 equation 11-35,
with the dom and u terms removed to convert force to stress.

0.17(1+£j¢,/f;
B
0.34¢p.[f!

AS 9.2.3(a) yields the smallest value of | ¢ f,, = 1.086 N/mm?, and thus this is the shear
capacity.

¢ ., =min = 1.803N/mm? in accordance with AS 9.2.3(a)

o _ 1.811 _167

pf, 1086

Shear Ratio =

EXAMPLE AS 3600-01 RC-PN-001 - 4
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EXAMPLE AS 3600-2001 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

| Simply
Simply T 1u
. Lsupported
supported > inspan ledge atwall
edge atwall :
4 ! Free edge !/ +

v I l1m design strip
>_-_-_-

X : Freeedge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa), with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the AS 3600-
2001 load combination factors, 1.2 for dead loads and 1.5 for live loads. The
model is analyzed for both load cases and the load combinations.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design is performed using the AS 3600-2001 code using SAFE and also
by hand computation. Table 1 shows the comparison of the design
reinforcements computed using the two methods.

EXAMPLE AS 3600-2001 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h = 150
dc = 25
d = 125
Ih, It = 4000
fc = 30
fy = 460
We = 0
Ec = 25000
Es = 2x10°
v = 0
Wqg = 4.0
w = 5.0

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

RESULTS COMPARISON

mm
mm
mm
mm

MPa
MPa
N/m?
MPa
MPa

kPa
kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strip (sq-cm)
Load Moment
Level Method (KN-m) As*
SAFE 24.597 5.58
Medium
Calculated 24.600 5.58

Al min = 282.9 sg-mm

ComMpPUTER FILE: AS 3600-2001 RC-SL-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE AS 3600-2001 RC-SL-001 - 2
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HAND CALCULATION
The following quantities are computed for the load combination:

¢=0.8

b = 1000 mm

y =[0.85-0.007(f',-28)]= 0.836

&, = K,d = 0.8360.4+125 = 41.8 mm

For the load combination, w and M are calculated as follows:
w = (1.2wg + 1.5w) b

M = wl?
! 8
DY f
- =0.22| — bd
Ast.mm [dj fsy
= 0.22¢(150/125)2+0.6eSQRT(30)/460100+125
= 282.9 sqg-mm
COMB100
wyg =4.0 kPa
wi =5.0 kPa
w =12.3 kN/m

M-strip* = 24.6 KN-m
M—design* = 24.633 kN-m

The depth of the compression block is given by:

a=d— [d2—— M ~10.065 mm < amex
0851 gb

The area of tensile steel reinforcement is then given by:

*

M

A, =————  =557.966 sg-mm > As min
a
“[o-3)

EXAMPLE AS 3600-2001 RC-SL-001 - 3
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As = 5.57966 sg-cm

EXAMPLE AS 3600-2001 RC-SL-001 - 4
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EXAMPLE BS 8110-97 PT-SL-001

Post-Tensioned Slab Design

PROBLEM DESCRIPTION

SAFE
0

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ /

229 mm

— = 3 &

Length, L = 9754 mm

-

_~ 254 mm

914 mm

Elevation

Section

Figure 1 One-Way Slab

=

25 mm

EXAMPLE BS 8110-97 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, was added to the A-
Strip. The self-weight and live loads were added to the slab. The loads and post-
tensioning forces are as follows.

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the midspan of the slab. Independent hand calculations
have been compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight we = 23.56 kN/m?
Modulus of elasticity Ec = 25000 N/mm?
Modulus of elasticity Es = 200,000 N/mm3
Poisson’s ratio \Y = 0

Dead load Wy = self kN/m?
Live load w = 4,788 kN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

EXAMPLE BS 8110-97 PT-SL-001 - 2
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Table 1 Comparison of Results

INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE

Factored moment,

174.4 174.4 0.00%
Mu (Ultimate) (kN-m) °
Area of Mild Steel req'd, 19.65 19.79 0.71%
As (sg-cm) ' ' 70
Transfer Conc. Stress, top 0
(D+PT), MPa -5.058 -5.057 0.02%
Transfer Conc. Stress, bot 0
(D+PT), MPa 2.839 2.839 0.00%
Normal Conc. Stress, top 0
(D+L+PT5), MPa -10.460 -10.465 0. 50%
Normal Conc. Stress, bot 0
(D+L+PT¢), MPa 8.402 8.407 0.06%

COMPUTER FILE: BS 8110-97 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE BS 8110-97 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fcu = 30 MPa fpu = 1862 MPa
fy = 400 MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa

fe = 1210 MPa

Prestressing tendon, Ap
Mild Steel, As —
; ’ / 229 mm

e "— S A

Y, steel = 1.15
¥, concrete = 1.50

g
25 mm
Length, L = 9754 mm ’I 914 mm
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 kKN/m® = 5.984 kN/m? (D) x 1.4 = 8.378 kN/m? (Dy)
Live, = 4.788 kKN/m? (L) x 1.6 = 7.661 KN/m? (Ly)

Total

10.772 kKN/m? (D+L) = 16.039 kN/m?2 (D+L)ult

®=10.772 kKN/m? x 0.914m = 9.846 kN/m, @, = 16.039 kN/m? x 0.914m = 14.659 kN/m

wl? _

Ultimate Moment, M, = 14.659 x (9.754)%/8 = 174.4 KN-m

f A
Ultimate Stress in strand, f , = f . L 10008 17w
e d f_bd

L 7000 (. 1862(198)
9.754/0.229\" ' 30(914)(229)
~1358 MPa<0.7f , =1303 MPa

=1210

EXAMPLE BS 8110-97 PT-SL-001 - 4
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K factor used to determine the effective depth is given as:

M___ 1744 =0.1213 < 0.156

~ f,bd?  30000(0.914)(0.229)°

Z= d[0.5+ ‘/0.25—%] <0.95d =192.2 mm

Ultimate force in PT, F,, . = A, (fys) =197.4(1303)/1000 = 257.2KN

Ultimate moment due to PT, M, o = F,, o (2)/ 7 =257.2(0.192)/1.15 = 43.00 kN-m

Net Moment to be resisted by As, M, =M, —M_;
=174.4-43.00 =131.40 KN-m

The area of tensile steel reinforcement is then given by:

M yer 1314 2
= = 1e6) =1965 mm
A oer f,z  0.87(400)(192)

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,
Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = For, (sag) = 257.4(102mm)/1000 = 26.25 kN-m
Stress in concrete, f = #r+ Mo ~Mer _ =257:4 _ 65.04-26.23
A S 0.254(0.914)  0.00983

where $S=0.00983m?
f =-1.109+3.948 MPa

f =-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF
Tendon stress at Normal = jacking — stressing — long-term = 1490 — 186 — 94= 1210 MPa
The force in tendon at Normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m
Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kKN-m

EXAMPLE BS 8110-97 PT-SL-001 - 5
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Stress in concrete for (D+L+PTE),
- Fory N Mp, —Mpy _ —2388 | 117.08-24.37

A S 0.254(0.914)  0.00983
f =-1.029+9.431

f =-10.460(Comp) max, 8.402(Tension) max

EXAMPLE BS 8110-97 PT-SL-001 - 6
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EXAMPLE BS 8110-97 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by BS 8110-97.

= The average shear stress in the beam is below the maximum shear stress
allowed by BS 8110-97, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1 x 10%° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20 and 80 KN, respectively, are defined in the model. One load
combinations (COMB80) is defined using the BS 8110-97 load combination
factors of 1.4 for dead loads and 1.6 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the BS 8110-97 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE BS 8110-97 RC-BM-001 - 1



s

Software Verification Ky
PROGRAM NAME:  SAFE
REVISION NO.: 0

I |
jm \; A%ijm
-
= 300 ——

Beam Section

o
o

<«

%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE BS 8110-97 RC-BM-001 - 2
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GEOMETRY, PROPERTIES AND LOADING

Clear span I
Overall depth h
Flange thickness ds
Width of web bw
Width of flange, bt
Depth of tensile reinf. de
Effective depth d
Depth of comp. reinf. d
Concrete strength fe
Yield strength of steel fy
Concrete unit weight We
Modulus of elasticity Ec
Modulus of elasticity Es
Poisson’s ratio v
Dead load Pd
Live load P

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

PROGRAM NAME: SAFE
REVISION NO.: 0

6000 mm
500 mm
100 mm
300 mm
600 mm

75  mm
425 mm
75  mm
30 MPa
460 MPa
0 kN/md
25x10°  MPa
2x108  MPa
0.2
20 kN
80 kN

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 Also shows the design reinforcement comparison.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Method Moment (kN-m) As*
SAFE 312 20.90
Calculated 312 20.90

A min = 195.00 sg-mm

EXAMPLE BS 8110-97 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sgq-cm/m)
Shear Force (kN) SAFE Calculated
156 6.50 6.50

CompUTER FILE: BS 8110-97 RCBM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE BS 8110-97 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

s, steel = 1.15
¥, concrete = 1.50

A i =0.0013b,h

=195.00 sg-mm
COMB80
P = (1.4Pd + 16Pt) =156 kN
M”* :N—I =312 kN-m

The depth of the compression block is given by:

K= Lz =0.095963 < 0.156

f,b,d

cu

Then the moment arm is computed as:

z=d {0.5+ 1/0.25—%} <0.95d = 373.4254 mm

The depth of the neutral axis is computed as:
= L (d—-12) =114.6102 mm
0.45

And the depth of the compression block is given by:
a=0.9x = 103.1492 mm > hy

The ultimate resistance moment of the flange is given by:

_oer fo (bs — b, )¢ (d—0.5h; ) = 150.75 kN-m

c

M

The moment taken by the web is computed as:

EXAMPLE BS 8110-97 RC-BM-001 - 5
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M, =M—-M, =161.25kN-m

and the normalized moment resisted by the web is given by:

Kw = Lz =0.0991926 < 0.156
f.,b,d

cu ~w

If Kw < 0.156 (BS 3.4.4.4), the beam is designed as a singly reinforced concrete
beam. The reinforcement is calculated as the sum of two parts: one to balance
compression in the flange and one to balance compression in the web.

zZ= d{0.5+ JO.ZS—%J <0.95d =371.3988 mm

M, M,

A = : + ; =2090.4 sg-mm
“*(d-05h,) Yz
s Vs

Shear Design

V:Lﬁvmax =1.2235 MPa
b, d

w

Vmax = Min(0.8/ f_, , 5 MPa) = 4.38178 MPa
The shear stress carried by the concrete, Ve, is calculated as:

b %
v, - 0.79kk, (100Asj (400} — 0.3568 MPa
i bd d

ky is the enhancement factor for support compression,
and is conservatively takenas 1.

% %
ke = (f—] =1.06266, 1 <kz < (ﬂ)
25 25

Ym = 1.25

10A 415
bd

EXAMPLE BS 8110-97 RC-BM-001 - 6
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()
d

However, the following limitations also apply:

015< 10A 3
bd

(2
d

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Given v, v, and Vmax, the required shear reinforcement is calculated as follows:

Ifv<(v.+0.4)
A _ 0.4b,,
s, 087f,

If (Ve + 0.4) <V < Vinax
&: (V_Vc)bw
S, 0.87f,

If v > vimax, a failure condition is declared.

(COMB80)
Ps = 20kN
P = 80kN
V = 156 kN

A _ M = 0.64967 sqg-mm/mm = 649.67 sg-mm/m
s, 087f,

\
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EXAMPLE BS 8110-97 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION

0.3

0.6 m

The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

m —@ @ @ @0.3 m

8m 8m 8m |

®

8m

i - i N

| _— 0.25 m thick flat slab

»

©,

L T |
1] —Columns are 0.3 m x0.9m

with long side parallel

8m to the Y-axis, typical
@ il i i N— Concrete Properties
Unit weight =24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % i - LL = 4.0 kN/m
0.6m | |

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25-m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a fo, of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m2. The live
load is 4 KN/m?.

EXAMPLE BS 8110-97 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON
Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity | D/C ratio

Method (N/mm?) (N/mm?)
SAFE 1.105 0.625 1.77
Calculated 1.105 0.625 1.77

CoMPUTER FILE: BS 8110-97 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE BS 8110-97 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—38)]/2 = 218 mm

Refer to Figure 2.
u = 954+ 1554 + 954 + 1554 = 5016 mm

954 Note: All dimensions in millimeters
Y . .
N\ Critical section for
327 ’150 150’ 327 punching shear shown
‘ ‘ / dashed.
Ao B
Column r Side2 !
| | 327
1 o—N
1
AN o1 450
1B =] X
)] 7]
| B ' = | 1554
/:/ 1
Center of column is —, : 450
point (x1, y1). Set | L
this equal to (0,0). ! | 327
I Side 4 I
i 1)
D C

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:
V =1126.498 kN
M2 =51.9908 kN-m
M3z = 45.7234 KN-m

EXAMPLE BS 8110-97 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

V 1.5MX
Vg y =—| T+ (BS 3.7.7.3)
" ud Vy

. _ 1126.498010° Los 1.551.9908 ¢ 10°
X 5016218 | 1126.49810° e 954

1.5M
Veff y :i f + y
7 ud VX

1126.49810° 1.5045.7234¢10°
Vet y = 1.0+ 3
5016218 1126.49810° «1554

j =1.1049 (Govern)

J:1.0705

The largest absolute value of v = 1.1049 N/mm?

The shear stress carried by the concrete, Ve, is calculated as:
% %
v, - 0.79kk, (100Asj (400) — 0.3568 MPa
Y bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

% bE
ko= [Ju]”=[20Y°21 0627 > 1.0 0K
25 25
=125

%
(%) =1.16386 > 1 OK.

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Areas of reinforcement at the face of column for the design strips are as
follows:

As in Strip Layer A = 9494.296 mm?
As in Strip Layer B = 8314.486 mm?

EXAMPLE BS 8110-97 RC-PN-001 - 4
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Average As = (9494.296+8314.486)/2 = 8904.391 mm?

%= 100 » 8904.391/(8000  218) = 0.51057

0.79¢1.01.0627
VC = [ ]
1.25

(0.51057)" ¢1.16386 = 0.6247 MPa

BS 3.7.7.3 yields the value of | v = 0.625 N/mm?, and thus this is the shear capacity.

Shear Ratio = w_ 1.1049 =1.77
v 0.6247

EXAMPLE BS 8110-97 RC-PN-001 - 5
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EXAMPLE BS 8110-97 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

I'mspan

S
$
¢
!
Free edge !/

I - : Freeedge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the BS 8110-97
load combination factors, 1.4 for dead loads and 1.6 for live loads. The model is
analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design was performed using the BS 8110-97 code by SAFE and also
by hand computation. Table 1 shows the comparison of the design
reinforcements computed by the two methods.

EXAMPLE BS 8110-97 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

B
I I T | ]|

<
11

Wq
Wi

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

REsuULTS COMPARISON

150 mm
25 mm
125 mm
4000 mm

30 MPa
460 MPa
0 N/md
25000 MPa
2x10° MPa

4.0 kPa
5.0 kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strip (sg-cm)
Load Moment

Level Method (KN-m) As*
SAFE 27.197 5.853

Medium
Calculated 27.200 5.850

A¢ min = 162.5 sg-mm

EXAMPLE BS 8110-97 RC-SL-001 - 2
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CompUTER FILE: BS 8110-97 RC-SL-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE BS 8110-97 RC-SL-001 - 3
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HAND CALCULATION
The following quantities are computed for the load combination:

m, steel =1.15
Jm, concrete = 1.50
b = 1000 mm

For the load combination, w and M are calculated as follows:
w = (1.4wg + 1.6w) b

v
8
Asmin = 0.0013bwd
=162.5 sg-mm
ComMB100
wg = 4.0 kPa
w = 5.0 kPa
w = 13.6 KN/m

M-strip = 27.2 KN-m
M—design = 27.2366 KN-m
The depth of the compression block is given by:

M
fo,bd?

cu

K= =0.05810 < 0.156

The area of tensile steel reinforcement is then given by:

Z= d(0.5+ ‘/0.25—%} <0.95d =116.3283

M
0.87fyz

A = = 585.046 sg-mm > As min

As = 5.850 sg-cm

EXAMPLE BS 8110-97 RC-SL-001 - 4
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EXAMPLE CSA A23.3-14 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE CSA A23.3-14 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads were added to the slab. The loads and post-
tensioning forces are as follows:

Loads: Dead = self weight,  Live = 4.788 KN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the midspan of the slab. Independent hand calculations
have been compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength 'c = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 2356 KN/m3
Modulus of elasticity Ec = 25000 N/mm3
Modulus of elasticity Es = 200,000 N/mm3
Poisson’s ratio v = 0

Dead load Wy = self  KN/m?
Live load wi = 4788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

EXAMPLE CSA A23.3-14 PT-SL-001 - 2
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REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

Table 1 Comparison of Results

reature Testep | NEEEITENT | pauirs | PIFFERENCE

Factored moment,

Mu (Ultimate) (kN-m) 159.4 1594 0-00%
ﬁge(asgfcl\r/rl]i;d Steel req’d, 16.25 16.32 0.43%
'(I'Sir;s_llile;r hCAc;r;c. Stress, top _5.058 _5.057 -0.02%
'(I'Sir;s_llile;r hCAc;r;c. Stress, bot 2 839 2.839 0.00%
D-LePTo NiPa ¢ | 10480 | 10465 | 0.05%
P Pa 8.402 i o
ootota s | 7| wr [ oo
tasia s | o | e | ows

COMPUTER FILE: CSA A23.3-14 PT-SL-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE CSA A23.3-14 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fcu = 3OMPa fpu = 1862 I\/IPa
fy =400MPa foy= 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa

fe =1210 MPa

¢ =0.65, ¢ =0.85

ou = 0.85-0.0015f'c > 0.67 = 0.805
B1=0.97 - 0.0025f'c > 0.67 = 0.895

Prestressing tendon, Ap
; Mild Steel, As —
i eel, As / ZCimm

\__,___,__&/-——‘ % g/ ° 254 mm

)

25 mm
y Length, L =9754 mm ’I 914 mm
Al
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m®= 5.984 kN/m? (D) x 1.25 = 7.480 kN/m? (Dy)
Live, = 4.788 KN/m? (L) x 1.50 = 7.182 kN/m? (L.)

Total = 10.772 KN/m? (D+L) = 14.662 kN/m?2 (D+L)ult

@=10.772 KN/m? x 0.914m = 9.846 KN/m, @, = 16.039 kN/m? x 0.914m = 13.401 kN/m

2
Ultimate Moment, M :%: 13.401 x (9.754)%/8 = 159.42 kN-m

EXAMPLE CSA A23.3-14 PT-SL-001 - 4
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8000
-

Ultimate Stress in strand, f, = f d, —cy)

pe
0

o _BATa tAAT,  0.9(197)(1347)+0.85(1625)(400)
U agf Bb  0.805(0.65)(30.0)(0.895)(914)

fop :1210+M(229—61.66) =1347 MPa
P 9754

=61.66 mm

Depth of the compression block, a, is given as:

Stress block depth, a=d—,|d? __M
o, f'. 4. b

=0.229- \/0.2292 -

2(159.42) _
0.805(30000)(0.65)(0.914)

55.18

Ultimate force in PT, F,, . = A, (fys) =197(1347)/1000 = 265.9 kN
Ultimate moment due to PT,

55.18

M =Fypr (d —%j¢ = 265.9(0.229—Tj(0.85) = 45.52 KN-m

ult,PT

Net Moment to be resisted by As, M., =M, - M,
=159.42-45.52 =113.90 kN-m

The area of tensile steel reinforcement is then given by:

My 113.90

A os7h,s 55.18)

(1e6) =1625 mm?
0.87(400)(229—2

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

EXAMPLE CSA A23.3-14 PT-SL-001 - 5
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Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to PT, M, = F,, (sag) = 257.4(102 mm),/1000 = 26.25 kN-m

Mp—Mpy _ 2574 | 65.04-2623
S 0.254(0.914) 0.00983
where S = 0.00983m?

. F
Stress in concrete, f =21+

f =-1.109+3.948 MPa
f =—-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, Mp; = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+L+PTF),
¢ _Fon (Mo, ~My 2388 117.08-24.37
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTr)) = 1.0D+0.5L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+0.5L+PTr)),
- For, N Mpose —Mpr _ —238.9 N 91.06-24.33
A S 0.254(0.914)  0.00983

f =-1.029+6.788
f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE CSA A23.3-14 PT-SL-001 - 6
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EXAMPLE CSA A23.3-14 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by CSA A23.3-14.

= The average shear stress in the beam is below the maximum shear stress
allowed by CSA A23.3-14, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1 x 10%° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL30) and one live load case (LL100) with only symmetric third-point loads of
magnitudes 30, and 100 kN, respectively, are defined in the model. One load
combinations (COMBZ100) is defined using the CSA A23.3-14 load combination
factors of 1.25 for dead loads and 1.5 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the CSA A23.3-14 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE CSA A23.3-14 RC-BM-001 - 1
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I |
—AM\; 410—OALWISOO?mm

.

— 300 mm ’4— +

Beam Section

o
o

<«

%
_

1——2000 mm ——p—t—— 2000 MMmM——p=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE CSA A23.3-14 RC-BM-001 - 2
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pa = 30 kN
Live load, P = 100 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the design reinforcement comparison.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Method Moment (kN-m) As*
SAFE 375 25.844
Calculated 375 25.844

A¢ min = 535.82 sg-m

EXAMPLE CSA A23.3-14 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sgq-cm/m)
Shear Force (kN) SAFE Calculated
187.5 12.573 12.573

CoMPUTER FILE: CSA A23.3-14 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE CSA A23.3-14 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

¢ = 0.65 for concrete

¢ = 0.85 for reinforcement

02yt bw h = 357.2 sg-mm

As,min =

y
ou = 0.85-0.0015f"c >0.67 =0.805
B1=0.97 - 0.0025f'c > 0.67 =0.895

Cph = 700 d = 256.46 mm

700+,

ap = fiCp = 229.5366 mm
As = min[As,min, (4/3) As,required] = mln[3572, (4/3)2445] =357.2 Sg-mm

COMB100

M :ﬂ = 375 kN-m
3
Mt = 375 kKN-m

The depth of the compression block is given by:
Ci =a,f;(b; —h,)min(h,a,)=7245kN
Cf¢c . - - . .
Therefore, A, = T4 and the portion of M that is resisted by the flange is given

yrs

by:

EXAMPLE CSA A23.3-14 RC-BM-001 - 5
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C f ¢c _
A, = =1204.411 sg-mm
f,d,

M, =C, (d —Mj@ = 176.596 kN-m

Therefore, the balance of the moment, Ms to be carried by the web is:
Miw = Ms — M5 = 198.403 KN-m

The web is a rectangular section with dimensions by and d, for which the design
depth of the compression block is recalculated as:

—d—\/dZ—ZM—“” =114.5745
a, = : =114 mm
alfc

cTw

If a1 < ap, the area of tension reinforcement is then given by:

M fw
=1379.94 sg-mm

A=
&
wto-3)

As = A1 + As2 = 2584.351 sg-mm

Shear Design
The basic shear strength for rectangular section is computed as,

¢ = 0.65 for shear

A= {1.00, for normal density concrete

d, is the effective shear depth. It is taken as the greater of 0.9d or 0.72h =
382.5 mm (governing) or 360 mm.

S,. =300 if minimum transverse reinforcement

M /d, +V; +0.5N,
&, = and ¢, <0.003
2E.A)

EXAMPLE CSA A23.3-14 RC-BM-001 - 6
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po_ 040 | 1300 0000

(1+1500¢,) (1000+S,,)

V, =g, 28,/ b,d, =29.708 kN
V. e = 0.25¢, f' b, d = 621.56 kN

6 =50

A _ (\/f -V, )tan @

- =1.2573 mmé/mm = 12.573 cm?/m.
S ¢s fytdv
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EXAMPLE CSA A23.3-14 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8 m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @0.3 m

8m 8m 8m

0.6 m

| _— 0.25 m thick flat slab

O, i | |
1] —Columns are 0.3 m x0.9m

with long side parallel

8m to the Y-axis, typical
O, L] i | §— Concrete Properties
Unit weight = 24 kKN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
(D=— X 5 g LL=40kwm
Tod | |
0.6 m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a f ’c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?,

EXAMPLE CSA A23.3-14 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.792 1.127 1.59
Calculated 1.792 1.127 1.59

CoMPUTER FILE: CSA A23.3-14 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE CSA A23.3-14 RC-PN-001 - 2
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Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—38)]/2 = 218 mm

Refer to Figure 2.
bo =518+ 1118 + 1118 + 518 = 3272 mm

518

Note: All dimensions in millimeters

Y
N\ Critical section for
109 | 150 | 150 |109 punching shear shown
| / dashed.
A B
Column it e
: Side 2 : 109
1 1
1 1
1
| & 2: 450
(=] k=l X
1N (%]
: > 1118
: ﬁ 1 -
Center of column is | ! 450
point (x1, y1). Set : !
this equal to (0,0). ! !
I . " 109
. Side4 _ __,

Yva=1- =0.495
2 /1118
1+ = |, |——
3 518

]/vszl— 1 =0.312
2 518
1+ = |, ——
3/)\V1118

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE CSA A23.3-14 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for punching
shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical section for

punching shear as identified in Figure 2.

Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -259 0 259 0 N.A.
y2 0 559 0 -559 N.A.
L 1118 518 1118 518 bo = 3272
d 218 218 218 218 N.A.
Ld 243724 112924 243724 112924 713296

Ldxz -63124516 0 63124516 0 0

Ldy> 0 63124516 0 -63124516 0

Z Ldx2 0
X3 = = =
Ld 713296
y3=ZLdyz= 0 =0mm
Ld 713296

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the "Sum™ column.

Item Side 1 Side 2 Side 3 Side 4 Sum

L 1118 518 1118 518 N.A.

d 218 218 218 218 N.A.

X2 — X3 —259 0 259 0 N.A.

y2— Y3 0 559 0 —559 N.A.

Parallel to Y-AXis X-axis Y-AXis X-axis N.A.

Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.
Ixx 2.64E+10 3.53E+10 2.64E+10 3.53E+10 1.23E+11
lyy 1.63E+10 2.97E+09 1.63E+10 2.97E+09 3.86E+10

Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:

Vi = 1126.498 kN

YvaMr2 =-25.725 KN-m

Yv3Miz=14.272 KN-m

EXAMPLE CSA A23.3-14 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = 259 and ys = 559, thus:
 1126.498010° _25.725 ¢10°[3.86 010" (559 — 0) — (0)(~259 - 0)] N
3272218 (1.2310")(3.8610") —(0)°
14.272 10°[1.23 010" (-259 — 0) — (0)(559 — 0)]
(1.2310")(3.8610") —(0)°

vi=1.5793 —0.1169 - 0.0958 = 1.3666 N/mm? at point A

At the point labeled B in Figure 2, x4 = 259 and ys = 559, thus:
 1126.49810° _25.725 ¢10°[3.86 10" (559 — 0) — (0)(259 — 0)] N
3272218 (1.23¢10')(3.86 010") — (0)?
14.272 10°[1.23 10" (259 — 0) — (0)(559 — 0)]
(1.23¢10")(3.8610') — (0)*

vi=1.5793 —0.1169 + 0.0958 =1.5582 N/mm? at point B

At the point labeled C in Figure 2, x4 = 259 and y4 = —559, thus:

_1126.498010°  25.725#10°[3.86#10'°(-559 — 0) — (0)(259 - 0)] .
3272218 (1.23¢10')(3.86 010") — (0)*
14.272 10°[1.23010" (259 — 0) — (0)(-559 — 0)]
(1.23¢10")(3.86¢10) — (0)°

vi=1.5793 +0.1169 + 0.0958 = 1.792 N/mm? at point C

At the point labeled D in Figure 2, x4 = —259 and y4 = —559, thus:

| _1126.498¢10° _ 25.72510°[3.86 10 (-559 - 0) — (0)(~259 - 0)]
3272218 (1.23010')(3.86 010™°) — (0)’
14.272 ¢10°[1.23 010" (—259 — 0) — (0)(~559 — 0)]
(1.23¢10")(3.8610™) — (0)?

vi=1.5793 +0.1169 — 0.0958 = 1.6004 N/mm? at point D

Point C has the largest absolute value of vy, thus Vmax = 1.792 N/mm?

EXAMPLE CSA A23.3-14 RC-PN-001 - 5
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The shear capacity is calculated based on the minimum of the following three limits:

2
(142 ]0.194F7
¢(+ﬂ)

c

Vv, =min{ g, [0.19+ Oésd j/l fl 1.127 N/mm? in accordance with CSA 13.3.4.1

0

$,0.381 /1"

CSA 13.3.4.1 yields the smallest value of
capacity.

v, = 1.127 N/mm?|, and thus this is the shear

Shear Ratio = o ng =1.59

ov, 1.127

\

EXAMPLE CSA A23.3-14 RC-PN-001 - 6
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EXAMPLE CSA A23.3-14 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

I - : Freeedge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the CSA A23.3-
14 load combination factors, 1.25 for dead loads and 1.5 for live loads. The
model is analyzed for these load cases and load combinations.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed using the CSA A23.3-14 code by SAFE and
also by hand computation. Table 1 show the comparison of the design
reinforcements computed using the two methods.

EXAMPLE CSA A23.3-14 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h = 150 mm
dc = 25 mm
d = 125 mm
I, 1 = 4000 mm
fe = 30 MPa
fsy = 460 MPa
We = 0 N/md
Ec = 25000 MPa
Es = 2x10° MPa
Y = 0

Wq = 40 kPa
Wi = 5.0 kPa

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip the moments obtained by the hand computation method. Table 1 also shows
the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strlp (Sq_cm)
Load Moment
Level Method (KN-m) As*

SAFE 25.00 5.414

Medium
Calculated 25.00 5.528

A min = 357.2 sg-mm

EXAMPLE CSA A23.3-14 RC-SL-001 - 2
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CoMmPUTER FILE: CSA A23.3-14 RC-SL-001.FDB

CONCLUSION
The SAFE results show a very close comparison with the independent results.

EXAMPLE CSA A23.3-14 RC-SL-001 - 3
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HAND CALCULATION

The following quantities are computed for the load combination:
¢ = 0.65 for concrete
@ = 0.85 for reinforcement

O'Zf‘/E bw h = 357.2 sg-mm
y

As,min =

b = 1000 mm
o1 = 0.85-0.0015f": >0.67 =0.805
B1=0.97 - 0.0025f'c >0.67 =0.895

700
700+,

d =75.43 mm

Ch =

ap = fitp=67.5 mm
For the load combination, w and M are calculated as follows:
w = (1.25wg + 1.5wy) b

2
_ wi;

MU
8

As = min[As,min, (4/3) As,required] = mln[3572, (4/3)54063] =357.2 Sg-mm

= 0.22¢(150/125)2+0.6+SQRT(30)/460+100#125

= 282.9 sqg-mm
COMB100
wg = 4.0kPa
wt = 5.0kPa
w =125kN/m

Mf-strip = 25.0 KN-m
Mf—design = 25.529 kN-m
The depth of the compression block is given by:

EXAMPLE CSA A23.3-14 RC-SL-001 - 4
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2IM
_ﬁ =13.769 mm < amax
al f Ic ¢cb

The area of tensile steel reinforcement is then given by:

AS:—
a
¢s fy(d _2)

As = 5.528 sg-cm

=552.77 sq-mm > As min

EXAMPLE CSA A23.3-14 RC-SL-001 - 5
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EXAMPLE CSA A23.3-04 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8 m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @0.3 m

8m 8m 8m

0.6 m

| _— 0.25 m thick flat slab

O, i | |
1] —Columns are 0.3 m x0.9m

with long side parallel

8m to the Y-axis, typical
O, L] i | §— Concrete Properties
Unit weight = 24 kKN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
(D=— X 5 g LL=40kwm
Tod | |
0.6 m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a f ’c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?,

EXAMPLE CSA A23.3-04 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.792 1.127 1.59
Calculated 1.792 1.127 1.59

CoMPUTER FILE: CSA A23.3-04 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE CSA A23.3-04 RC-PN-001 - 2
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Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—38)]/2 = 218 mm

Refer to Figure 2.
bo =518+ 1118 + 1118 + 518 = 3272 mm

518

Note: All dimensions in millimeters

Y
N\ Critical section for
109 | 150 | 150 |109 punching shear shown
| / dashed.
A B
Column it e
: Side 2 : 109
1 1
1 1
1
| & 2: 450
(=] k=l X
1N (%]
: > 1118
: ﬁ 1 -
Center of column is | ! 450
point (x1, y1). Set : !
this equal to (0,0). ! !
I . " 109
. Side4 _ __,

Yva=1- =0.495
2 /1118
1+ = |, |——
3 518

]/vszl— 1 =0.312
2 518
1+ = |, ——
3/)\V1118

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE CSA A23.3-04 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for punching
shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical section for

punching shear as identified in Figure 2.

Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -259 0 259 0 N.A.
y2 0 559 0 -559 N.A.
L 1118 518 1118 518 bo = 3272
d 218 218 218 218 N.A.
Ld 243724 112924 243724 112924 713296

Ldxz -63124516 0 63124516 0 0

Ldy> 0 63124516 0 -63124516 0

Z Ldx2 0
X3 = = =
Ld 713296
y3=ZLdyz= 0 =0mm
Ld 713296

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the "Sum™ column.

Item Side 1 Side 2 Side 3 Side 4 Sum

L 1118 518 1118 518 N.A.

d 218 218 218 218 N.A.

X2 — X3 —259 0 259 0 N.A.

y2— Y3 0 559 0 —559 N.A.

Parallel to Y-AXis X-axis Y-AXis X-axis N.A.

Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.
Ixx 2.64E+10 3.53E+10 2.64E+10 3.53E+10 1.23E+11
lyy 1.63E+10 2.97E+09 1.63E+10 2.97E+09 3.86E+10

Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:

Vi = 1126.498 kN

YvaMr2 =-25.725 KN-m

Yv3Miz=14.272 KN-m

EXAMPLE CSA A23.3-04 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = 259 and ys = 559, thus:
 1126.49810° _25.725 ¢10°[3.86 010" (559 — 0) — (0)(~259 - 0)] N
3272218 (1.2310")(3.8610") —(0)*
14.272 10°[1.23 010" (-259 — 0) — (0)(559 — 0)]
(1.2310")(3.86010") —(0)°

vi=1.5793 —0.1169 - 0.0958 = 1.3666 N/mm? at point A

At the point labeled B in Figure 2, x4 = 259 and ys = 559, thus:
 1126.498010° _25.725 ¢10°[3.86 10" (559 — 0) — (0)(259 - 0)] N
3272218 (1.23¢10')(3.86 010") — (0)?
14.272 10°[1.23 10" (259 — 0) — (0)(559 — 0)]
(1.23¢10")(3.8610') — (0)*

vi=1.5793 —0.1169 + 0.0958 =1.5582 N/mm? at point B

At the point labeled C in Figure 2, x4 = 259 and y4 = —559, thus:

_1126.498010°  25.725#10°[3.86#10'°(-559 — 0) — (0)(259 - 0)] .
3272218 (1.23¢10')(3.86010") — (0)*
14.272 10°[1.23010" (259 — 0) — (0)(-559 — 0)]
(1.23¢10")(3.86¢10) — (0)°

vi=1.5793 +0.1169 + 0.0958 = 1.792 N/mm? at point C

At the point labeled D in Figure 2, x4 = —259 and y4 = —559, thus:

. _1126.498010° _ 25.72510°[3.86 10 (-559 - 0) — (0)(-259 - 0)]
3272218 (1.23010')(3.86 010™°) — (0)’
14.272 ¢10°[1.23 010" (—259 — 0) — (0)(~559 — 0)]
(1.23¢10")(3.8610™) — (0)?

vi=1.5793 +0.1169 — 0.0958 = 1.6004 N/mm? at point D

Point C has the largest absolute value of vy, thus Vmax = 1.792 N/mm?

EXAMPLE CSA A23.3-04 RC-PN-001 - 5
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The shear capacity is calculated based on the minimum of the following three limits:

2
142 ]0.194F7
¢(+ﬂJ

c

Vv, =min{ g, (0.19+ Oésd )/1 fl 1.127 N/mm? in accordance with CSA 13.3.4.1

0

$,0.381 1"

CSA 13.3.4.1 yields the smallest value of
capacity.

v, = 1.127 N/mm?|, and thus this is the shear

Shear Ratio = o ng =1.59

ov, 1.127

\
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EXAMPLE CSA 23.3-04 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE CSA 23.3-04 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads were added to the slab. The loads and post-
tensioning forces are as follows:

Loads: Dead = self weight,  Live = 4.788 KN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the midspan of the slab. Independent hand calculations
have been compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength 'c = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 2356 KN/m3
Modulus of elasticity Ec = 25000 N/mm3
Modulus of elasticity Es = 200,000 N/mm3
Poisson’s ratio v = 0

Dead load Wy = self  KN/m?
Live load wi = 4788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

EXAMPLE CSA 23.3-04 PT-SL-001 - 2
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RESULTS COMPARISON
Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

Table 1 Comparison of Results

reature Testep | MEETIENT | it | PIFFERENCE

Factored moment,

Mu (Ultimate) (kN-m) 159.4 1594 0-00%
ﬁge(asgfcl\r/rl]i;d Steel req’d, 16.25 16.32 0.43%
'(I'Sir;s_llile;r hCAc;r;c. Stress, top _5.058 _5.057 0.02%
'(I'Sir;s_ltle;r hCAc;r;c. Stress, bot 2 839 2.839 0.00%
DrLsPT hPa | cioas0 | -04s5 | 005%
Py NiPa 8.402 i o
e I e e
lasiay s | o | e | ows

COMPUTER FILE: CSA A23.3-04 PT-SL-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE CSA 23.3-04 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fcu = 3OMPa fpu = 1862 I\/IPa
fy =400MPa foy= 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa

fe =1210 MPa

¢ =0.65, ¢ =0.85

ou = 0.85-0.0015f'c > 0.67 = 0.805
B1=0.97 - 0.0025f'c > 0.67 = 0.895

Prestressing tendon, Ap
; Mild Steel, As —
i eel, As / ZCimm

\__,___,__&/-——‘ % g/ ° 254 mm

)

25 mm
y Length, L =9754 mm ’I 914 mm
Al
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m3=5.984 kN/m? (D) x 1.25 = 7.480 kN/m? (Dy)
Live, = 4.788 KN/m? (L) x 1.50 = 7.182 kN/m? (L.)

Total = 10.772 KN/m? (D+L) = 14.662 kN/m?2 (D+L)ult

@=10.772 kKN/m? x 0.914m = 9.846 kN/m, @, = 16.039 kN/m? x 0.914m = 13.401 kN/m

2
Ultimate Moment, M, :%: 13.401 x (9.754)%/8 = 159.42 kN-m

EXAMPLE CSA 23.3-04 PT-SL-001 - 4
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8000
-

Ultimate Stress in strand, f, = f d, —cy)

pe
0

o _BATa tAAT,  0.9(197)(1347)+0.85(1625)(400)
U agf Bb  0.805(0.65)(30.0)(0.895)(914)

fop :1210+M(229—61.66) =1347 MPa
P 9754

=61.66 mm

Depth of the compression block, a, is given as:

Stress block depth, a=d—,|d? __M
o, f'. 4. b

=0.229- \/0.2292 -

2(159.42) _
0.805(30000)(0.65)(0.914)

55.18

Ultimate force in PT, F,, . = A, (fys) =197(1347)/1000 = 265.9 kN
Ultimate moment due to PT,

55.18

M =Fypr (d —%j¢ = 265.9(0.229—Tj(0.85) = 45.52 KN-m

ult,PT

Net Moment to be resisted by As, M., =M, - M,
=159.42-45.52 =113.90 kN-m

The area of tensile steel reinforcement is then given by:

My 113.90

A os7h,s 55.18)

(1e6) =1625 mm?
0.87(400)(229—2

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

EXAMPLE CSA 23.3-04 PT-SL-001 - 5
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Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to PT, M, = F,, (sag) = 257.4(102 mm),/1000 = 26.25 kN-m

Mp—Mpy _ 2574 | 65.04-2623
S 0.254(0.914) 0.00983
where S = 0.00983m?

. F
Stress in concrete, f =21+

f =-1.109+3.948 MPa
f =-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, Mp; = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+L+PTg),
¢ _Fon (Mo, ~My 2388 117.08-24.37
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTr)) = 1.0D+0.5L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+0.5L+PTr)),
- For, N Mpose —Mpr _ —238.9 N 91.06-24.33
A S 0.254(0.914)  0.00983

f =-1.029+6.788
f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE CSA 23.3-04 PT-SL-001 - 6
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EXAMPLE CSA A23.3-04 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by CSA A23.3-04.

= The average shear stress in the beam is below the maximum shear stress
allowed by CSA A23.3-04, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1 x 10%° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL30) and one live load case (LL100) with only symmetric third-point loads of
magnitudes 30, and 100 kN, respectively, are defined in the model. One load
combinations (COMBZ100) is defined using the CSA A23.3-04 load combination
factors of 1.25 for dead loads and 1.5 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the CSA A23.3-04 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE CSA A23.3-04 RC-BM-001 - 1
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I |
—AM\; 410—OALWISOO?mm

b

— 300 mm ’4— +

Beam Section

o
o

<«

%
_

1——2000 mm ——p—t—— 2000 MMmM——p=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pao = 30 kN
Live load, P = 100 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the design reinforcement comparison.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Method Moment (kN-m) As*
SAFE 375 25.844
Calculated 375 25.844

A¢ min = 535.82 sg-m

EXAMPLE CSA A23.3-04 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
187.5 12.573 12.573

CoMpPUTER FILE: CSA A23.3-04 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

¢ = 0.65 for concrete

¢ = 0.85 for reinforcement

02yt bw h = 357.2 sg-mm

As,min =

y
ou = 0.85-0.0015f"c >0.67 =0.805
B1=0.97 - 0.0025f'c > 0.67 =0.895

Cph = 700 d = 256.46 mm

700+,

ap = fiCp = 229.5366 mm
As = min[As,min, (4/3) As,required] = mln[3572, (4/3)2445] =357.2 Sg-mm

COMB100

M :ﬂ = 375 kN-m
3
Mt = 375 kKN-m

The depth of the compression block is given by:
Ci =a,f;(b; —h,)min(h;,a,)=7245kN
Cf¢c . - - . .
Therefore, A, = T4 and the portion of M that is resisted by the flange is given

y7rs

by:
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C f ¢c _
A, = =1204.411 sg-mm
f,d,

M, =C, (d —wj@ = 176.596 kN-m

Therefore, the balance of the moment, Ms to be carried by the web is:
Miw = Ms — M5 = 198.403 KN-m

The web is a rectangular section with dimensions by and d, for which the design
depth of the compression block is recalculated as:

—d—\/dZ—ZM—“” =114.5745
a, = : =114 mm
alfc

cTw

If a1 < ap, the area of tension reinforcement is then given by:

M fw
=1379.94 sg-mm

A=
&
wto-3)

As = A1 + As2 = 2584.351 sg-mm

Shear Design
The basic shear strength for rectangular section is computed as,

¢ = 0.65 for shear

A= {1.00, for normal density concrete

d, is the effective shear depth. It is taken as the greater of 0.9d or 0.72h =
382.5 mm (governing) or 360 mm.

S,. =300 if minimum transverse reinforcement

M /d, +V; +0.5N,
&, = and ¢, <0.003
2E.A)

EXAMPLE CSA A23.3-04 RC-BM-001 - 6
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g 040 | 1300 0000

(1+1500¢,) (1000+S,,)

V, =¢,28,/fb,d, =29.708 kN
V, e = 0.25¢, f'.b,d = 621.56 kN

6 =50

A _ (\/f -V, )tan @

- =1.2573 mmé/mm = 12.573 cm?/m.
S ¢s fytdv
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EXAMPLE CSA A23.3-04 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

1 8imply
fmospan bsupported
: P! edge atwall

t
Free edge '/ +

l1 m design strip
! Freeedge ; f

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5KPa) is defined using the CSA A23.3-
04 load combination factors, 1.25 for dead loads and 1.5 for live loads. The
model is analyzed for these load cases and load combinations.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed using the CSA A23.3-04 code by SAFE and
also by hand computation. Table 1 show the comparison of the design
reinforcements computed using the two methods.

EXAMPLE CSA A23.3-04 RC-SL-001 - 1



Software Verification

s

COMPUTERS & STRUCTURES INC.

PROGRAM NAME:  SAFE
REVISION NO.: 0

GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h = 150 mm
dc = 25 mm
d = 125 mm
I, 1 = 4000 mm
fe = 30 MPa
fsy = 460 MPa
We = 0 N/md
Ec = 25000 MPa
Es = 2x10° MPa
Y = 0

Wq = 40 kPa
Wi = 5.0 kPa

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip the moments obtained by the hand computation method. Table 1 also shows
the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strlp (Sq_cm)
Load Moment
Level Method (KN-m) As*

SAFE 25.00 5.414

Medium
Calculated 25.00 5.528

A min = 357.2 sg-mm

EXAMPLE CSA A23.3-04 RC-SL-001 - 2
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CompPUTER FILE: CSA A23.3-04 RC-SL-001.FDB

CONCLUSION
The SAFE results show a very close comparison with the independent results.
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HAND CALCULATION

The following quantities are computed for the load combination:
¢ = 0.65 for concrete
@ = 0.85 for reinforcement

O'Zf‘/E bw h = 357.2 sg-mm
y

As,min =

b = 1000 mm
o1 = 0.85-0.0015f": >0.67 =0.805
B1=0.97 - 0.0025f'c >0.67 =0.895

700
700 +f,

d =75.43 mm

Ch =

ap = fitp=67.5 mm
For the load combination, w and M are calculated as follows:
w = (1.25wg + 1.5wy) b

2
_ wi;

MU
8

As = min[As,min, (4/3) As,required] = mln[3572, (4/3)54063] =357.2 Sg-mm

= 0.22¢(150/125)2+0.6+SQRT(30)/460+100#125

= 282.9 sqg-mm
COMB100
wg = 4.0kPa
wt = 5.0kPa
w =125kN/m

Mf-strip = 25.0 KN-m
Mf—design = 25.529 kN-m
The depth of the compression block is given by:

EXAMPLE CSA A23.3-04 RC-SL-001 - 4
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2IM
_ﬁ =13.769 mm < amax
al f Ic ¢cb

The area of tensile steel reinforcement is then given by:

AS:—
a
¢s fy(d _2)

As = 5.528 sg-cm

=552.77 sq-mm > As min

EXAMPLE CSA A23.3-04 RC-SL-001 - 5
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EXAMPLE Eurocode 2-04 PT-SL-001

Post-Tensioned Slab Design

PROBLEM DESCRIPTION

SAFE
0

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ /

229 mm

— = 3 &

Length, L = 9754 mm

-

_~ 254 mm

914 mm

Elevation

Section

Figure 1 One-Way Slab

=

25 mm

EXAMPLE Eurocode 2-04 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, was added to the A-
Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations were compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength ' = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 23.56 KN/m?
Modulus of elasticity Ec = 25000 N/mm?
Modulus of elasticity Es = 200,000 N/mm?
Poisson’s ratio v = 0

Dead load Wy = self KN/m?
Live load wi = 4788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with independent hand calculations.

EXAMPLE Eurocode 2-04 PT-SL-001 - 2
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Table 1 Comparison of Results

Factored moment, 166.41 166.41 0.00%
Mu (Ultimate) (kN-m)

Z'I;T;s-;? ﬁ(l)ar;c. Stress, top _5.057 _5.057 0.00%
'(rlgirlﬂsr ﬁcl:))r;c. Stress, bot 2839 2.839 0.00%
DT Pa 10460 10498 o
O Pa .02 B0 o
Br05LPTr. Pa 7817 e o
DroSLePT ) WPa 5759 5759 no

Table 2 Comparison of Design Moments and Reinforcements

Reinforcement Area
(sq-cm)
Design Moment
National Annex Method (KN-m) Ast
CEN Default, Norway, SAFE 166.41 15.39
Slovenia and Sweden | -0, ated 166.41 15.36
SAFE 166.41 15.89
Finland , Singapore and UK

Calculated 166.41 15.87

SAFE 166.41 15.96

Denmark

Calculated 166.41 15.94

COMPUTER FILE: EUROCODE 2-04 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
f’c = 30MPa fou = 1862 MPa
fy = 400MPa foy = 1675 MPa

Stressing Loss = 186 MPa

Long-Term Loss = 94 MPa
fi =1490 MPa
fe =1210 MPa

I, steel = 1.15

7, concrete = 1.50

n=1.0 for fo <50 MPa
A =0.8 for f <50 MPa

Prestressing tendon, Ap
Mild Steel, As —
; ' / 229 mm

\___——-———-;/"_‘ * J/. C 254 mm

)

25 mm
Length, L =9754 mm 914 mm

_
- 4

Elevation Section

Loads:

Dead, self-wt = 0.254 m x 23.56 kN/m®= 5.984 kN/m? (D) x 1.35 = 8.078 KN/m? (Dy)

Live, 4.788 KN/m? (L) x 1.50 = 7.182 KN/m? (L)
10.772 KN/m? (D+L) = 15.260 kN/m? (D+L)ult

Total

©=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 15.260 kN/m? x 0.914 m = 13.948 kN/m

2
Ultimate Moment, M, :%: 13.948x(9.754)° /8 = 165.9 kN-m

EXAMPLE Eurocode 2-04 PT-SL-001 - 4
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Ultimate Stress in strand, f.; = fi. +7000d (1—1.361:*"”0‘5]/

CK

=1210+7000(229) [1—1.36 1862(198)) /(9754)
30(914)(229)

~1361MPa
Ultimate force in PT, F, o1 = As( fos) = 2(99)(1361)/1000 = 269.5 kN

CEN Default, Norway, Slovenia and Sweden:
Design moment M = 166.4122 kKN-m

Compression block depth ratio:m = —

e
3 166.4122
(0.914)(0.229)° (1)(30000/1.50)
Required area of mild steel reinforcing,
w=1-+1-2m = 1-,/1-2(0.1736) =0.1920

A =g TMaPd | o0 LEOTLOOIN229) | _5aqq ey
a f 400/1.15

=0.1736

yd

1361
o = Ay | ———— |+ A, = 2311 mm°
AEqulvTotaI AP [400/115J AS
A = 2311—198(ﬂj =1536 mm®
400/1.15

Finland, Singapore and UK:
Desigh moment M = 166.4122 kN-m

Compression block depth ratio: m =

2

e
3 166.4122
(0.914)(0.229)* (0.85)(30000/1.50)
Required area of mild steel reinforcing,
w=1-+1-2m =1-,/1-2(0.2042) = 0.23088

=0.2042

EXAMPLE Eurocode 2-04 PT-SL-001 - 5
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Aequivrotal = @ niubd |_ 0.23088( 08530/ 1'5)(914)(229)j = 2362 mm?
flq 400/1.15

1361
= ——= |+ A =2362 mm?
AEquwTotaI AP (400/115J AS
A, =2362-198 1861 ) _ 1587 mm?
400/1.15
Denmark:

Design moment M = 166.4122 kKN-m

Compression block depth ratio: m =

2

d nfcd
166.4122

~(0.914)(0.229)" (1.0)(30000/1.45)
Required area of mild steel reinforcing,

®w=1-~1-2m =1-,/1-2(0.1678) = 0.1849

Aot = © nfabd | 0g 49(1.0(30 /1.45)(914)(229)j 2402 mim?
f, 400/1.20

=0.1678

1361
400/1.2

AEquivTotaI = AP [ j"’ AS = 2402 mm?

1361
00/1.2

Check of Concrete Stresses at Midspan:

A = 2402—198[4 j =1594 mm?

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754) /8 = 65.04 kN-m

Moment due to PT, M, = Fop, (sag) = 257.4(102 mm)/1000 = 26.25 kN-m
Stress in concrete, f = Fon  Mp—Mpy | 2574, 6504-26.23
A S 0.254(0.914)  0.00983

EXAMPLE Eurocode 2-04 PT-SL-001 - 6
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where S = 0.00983m?

f =-1.109+3.948 MPa
f =—-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTr) = 1.0D+1.0L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term=1490 — 186 — 94 = 1210 MPa
The force in tendon at normal = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+L+PTF),
¢ For, N Mp,, —Mpr 23838 i117.08—24.37
A S 0.254(0.914)  0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTrq)) = 1.0D+0.5L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754) /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kKN-m
Stress in concrete for (D+0.5L+PTr)),
¢_Fon  Mpgs —Mpr 2389 91.06-24.33
A S 0.254(0.914)  0.00983

f =-1.029+6.788
f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE Eurocode 2-04 PT-SL-001 - 7
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EXAMPLE Eurocode 2-04 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by Eurocode 2-04.

= The average shear stress in the beam is below the maximum shear stress
allowed by Eurocode 2-04, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading One dead load case
(DL30) and one live load case (LL130) with only symmetric third-point loads of
magnitudes 30, and 130 kN, respectively, are defined in the model. One load
combinations (COMB130) is defined using the Eurocode 2-04 load combination
factors of 1.35 for dead loads and 1.5 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Eurocode 2-04 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE Eurocode 2-04 RC-BM-001 - 1
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Beam Section

o
o

<«

%
_
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Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fa = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pao = 30 kN
Live load, P = 130 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

EXAMPLE Eurocode 2-04 RC-BM-001 - 3
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Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area
Moment (sg-cm)
National Annex Method | (kN-m) As*

CEN Default, Norway, Slovenia SAFE 4rl 31.643
and Sweden Calculated | 471 31.643

SAFE 471 32.98

Finland , Singapore and UK
Calculated 471 32.98
SAFE 471 32.83
Denmark
Calculated 471 32.83

A¢ min = 2.09 sg-cm

Table 2 Comparison of Shear Reinforcements

Reinforcement Area , i
Shear S
Force (sg-cm/m)
National Annex Method (kN) As*
CEN Default, Norway, SAFE 2355 6.16
Slovenia and Sweden Calculated | 235.5 6.16
SAFE 235.5 6.16
Finland , Singapore and UK
Calculated 235.5 6.16
SAFE 235.5 6.42
Denmark

Calculated 235.5 6.42

COMPUTER FILE: Eurocode 2-04 RC-BM-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE Eurocode 2-04 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design

The following quantities are computed for both of the load combinations:

s =115
fcd = 0(‘c-: fck /yc
fyd = fyk /Ys

n=1.0 for fe <50 MPa

A=0.8 for fe <50 MPa

A min = O.ZG%bd = 208.73 sg-mm

yk

A \min = 0.0013b,,h = 195.00 sg-mm

For CEN Default, Norway, Slovenia and Sweden—COMB130:

Y, steel = 1.15
7, concrete — 1.50
Occ = 1.0

The depth of the compression block is given by:

M 471e10°

m= =
bd’nf, 600e425°e1.0e1.0030/1.5

=0.217301

For reinforcement with fyx < 500 MPa, the following values are used:
ki1=0.44

ko = ks = 1.25(0.6 + 0.0014/ecy2) = 1.25
ois assumed to be 1

G) _ 97K for fu <50 MPa = 0.448
lim 2

EXAMPLE Eurocode 2-04 RC-BM-001 - 5



s

COMPUTERS & STRUCTURES INC.

Software Verification

PROGRAM NAME:  SAFE

REVISION NO.: 0
m, = /1(5] 1—%% = 0.20417
d lim 2 d lim

a;“mz/z(lj ~1-1-2m,_ =0.3584
lim

amax = @imd = 152.32 mm

w=1 —J1-2m =0.24807
a=wd =105.4299 mm < amax

(bf —bw)hfﬂ fe

A, = ; = 1500 sg-mm

yd

h
M, = A, fyd[d —é} 225 kN-m

M1 =M — M2z = 246 KN-m

My 42269896 < min

m =
Y b, d% fy
@, =1-./1-2m, =0.2610678

A, =, {’”fdﬂ} = 1664.304 sg-mm

yd

As = As1 + As2 = 3164.307 sg-mm

For Singapore and UK—COMB130:
i, steel = 1.15

¥, concrete = 1.50
Occ — 0.85
The depth of the compression block is given by:

6
m-—M___ 47110 = 0.255648
bd“nf, 600e425°1.000.85¢30/1.5

For reinforcement with fyx < 500 MPa, the following values are used:

k1: 0.40

EXAMPLE Eurocode 2-04 RC-BM-001 - 6
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kz = (0.6 + 0.0014/gc2) = 1.00

Jdis assumed to be 1

(gj _d-k for fox <50 MPa = 0.60
lim 2

oA(3),[5), |ome

wan/’tGJ ~1-/1-2m_ =0.48
lim

amax = @imd =204 mm
w=1 —J1-2m =0.300923
a=wd =127.8939 mm < amax

b —b, )h¢n f
Aszz( =) = 1275 sqg-mm

h
M,=A, fyd[d —éj =191.25 kN-m

My =M — M2 =279.75 KN-m

m = = 0.30368 < mim
bwd n fcd

w, =1-,1-2m, =0.37339
f.b,d
A, = a’l[nd—:l

flg

1,00 985230 (5004425

= 0.37339 1.5 = 2023.307 sg-mm
400

As = As1 + As2 = 3298.31 sg-mm

For Finland—COMB130:
Y, steel = 1.15

EXAMPLE Eurocode 2-04 RC-BM-001 - 7
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¥, concrete = 1.50
Occ — 0.85
The depth of the compression block is given by:
M 471e10°

= 0.255648

M bd?T,  600e425 e1.0085030/15
For reinforcement with fyx < 500 MPa, the following values are used:

ki=0.44

ko =1.10

Jdis assumed to be 1

(gj _d-k for fo« <50 MPa = 0.5091
lim 2

oA(3),[5), |ome

wan/’tGJ —1-1-2m, =0.40728
lim

Amax = @imd = 173.094 mm
wo=1 —/1-2m =0.300923
a=wnd =127.8939 mm < amax

_ (bf _bw)hfﬂ fe
‘e f

= 1275 sg-mm
yd

h
M,=A, fyd[d —éj =191.25 kN-m

My =M — M2 =279.75 KN-m

m = = 0.30368 < mim
bwd n fcd

o, =1—J1-2m, = 0.37339

f.b,d
A= a)l|:77 : :l

fl

EXAMPLE Eurocode 2-04 RC-BM-001 - 8
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100 0.8530

= 0.37339

©300e 425

400

As = As1 + Asz = 3298.31 sg-mm

For Denmark—COMB130:
Y, steel = 1.20

¥, concrete — 1.45
Olcc = 1.0

PROGRAM NAME: SAFE
REVISION NO.: 0

= 2023.307 sq-mm

The depth of the compression block is given by:

M 471010°

= 0.210058

m p— p—
bd’nf, 600e425°e1.0e1.0030/1.45

For reinforcement with fyx < 500 MPa, the following values are used:

ki=0.44

k2 = ks = 1.25(0.6 + 0.0014/gci2) = 1.25

ois assumed to be 1

d

2

(ij _ 97K for fu <50 MPa = 0.448
lim

m, = /1(5] 1—%% = 0.20417
d lim 2 d lim

X

“’“m:’{aj =1-,1-2m, =0.3584
lim

amax = @imd = 152.32 mm
owo=1 —/1-2m=0.238499

a=wnd =101.3620 mm < amax

_ (bf —bw)hfﬂ fea
t f

yd

=1619.19 sg-mm

EXAMPLE Eurocode 2-04 RC-BM-001 - 9
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h
M, = A, fyd[d —é} 232.76 kN-m

M1 =M — M2 = 238.24 kN-m

=5 2021250 <mim
bwd n fcd

o, =1-/1-2m, =0.241715

A, = w{—” f;d b,d } = 1663.37 sg-mm

yd

As = As1 + Asz = 3282.56 sg-mm

Shear Design
For CEN Default, Finland, Singapore, Slovenia and UK
Cpq. =0.18/y,=0.18/1.5=0.12

For Denmark
Croc = 0.18/;/C =0.18/1.45=0.124

For Sweden and Norway
Cpae =0.15/y,=0.15/1.5=10.10

k=1+, /% =1.686 <2.0 with d in mm

p1=0.0
Gy =NEd/ﬂ <0.2f, =0.0 MPa

For CEN Default, Denmark, Norway, Singapore, Slovenia, Sweden and
UK:

v, =0.035k¥2f "> = 0.419677
For Finland:
v . =0.035k**f ¥*=0.271561

Viege = [CRd'Ck(lOOpl fu )]/3 + klacp]bwd = 34.62 kN for Finland

EXAMPLE Eurocode 2-04 RC-BM-001 - 10
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Vrge = [CRdvck(loop1 fy )]/3 + klacp}bwd =53.5 kN for all other NA

Ocw = 1
fck —

v, =06 1-—< |=0.528
250

z=0.9d =382.5 mm
0 is taken as 1.

ab,zv f,

_ cw™w

Rd max = = 1253.54 kN for Denmark
’ cotd+tand

ab,zv f,

_ cw™w

Rd max = =1211.76 kN for all other NA
’ cotd+tand

VRdc < VEd < VRdmax (QOVern)

Computing the angle using vy, :

235.5¢10°
S e a———
0.9¢425300

VEd
0.2f, (- f,/250)

6 =0.5sin" 2.0522 =11.43°

0.230(1—30/250)

=2.0522

6 =0.5sin*

21.8° <@ < 45°, therefore use 6 =21.8°
A%w _ VEde

s f,qcotd

A, _ 2.0522e300
s 460/1.20e2.5

= 0.64243 sg-mm/m = 6.42 sg-cm/m for Denmark

A, 2.0522e300
s 460/1.152.5

= 0.61566 sg-mm/m = 6.16 sg-cm/m for all other NA

EXAMPLE Eurocode 2-04 RC-BM-001 - 11
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EXAMPLE EUROCODE 2-04 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

O.Sm@

8m

®

8m

©

8m

@0.3 m

0.6m

@

F

y—

| _— 0.25 m thick flat slab

"

8m /
9, Iﬂ ! '
|| ——Columns are 0.3 m x 0.9 m

with long side parallel

8m to the Y-axis, typical
2 L - i #— Concrete Properties
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % , lll LL = 4.0 KN/m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. Thick plate properties are used for the slab.

The concrete has a unit weight of 24 kN/m3 and a f'c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE EUROCODE 2-04 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

National Annex Shear Shear

Stress Capacity D/C

Method (N/mm?) (N/mm?) ratio

CEN Default, Norway, SAFE 1.100 0.578 1.90
Slovenia and Sweden

Calculated 1.099 0.578 1.90

Finland, Singapore and UK SAFE 1.100 0.5796 1.90

Calculated 1.099 0.5796 1.90

Denmark SAFE 1.100 0.606 1.82

Calculated 1.099 0.606 1.81

CompUTER FILE: EUROCODE 2-04 RC-PN-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE EUROCODE 2-04 RC-PN-001 - 2
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Hand Calculation for Interior Column using SAFE Method
d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 2.

Ur = U = 2300 + 20900 + 2e1e436 = 5139.468 mm

1172 Note: All dimensions in millimeters
AY Critical section for
punching shear
436 |150Q| 15Q| 436 shown dashed.
Column e RN
4 Side 2 \ 436
| coll N
EE g: 450
| © n
[ > : }X 1772
I
|
Center of columnis ™ | f’
point (x1, y1). Set \ /
this equal to (0,0). No__Sidea _.7 436
D
C

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:

VEd = 1112.197 kN

koMEeq2 = 41.593 kN-
ksMeg3 = 20.576 kN-

m

m

EXAMPLE EUROCODE 2-04 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

Ve, = Vet |14 KoMl | KsMeg sl (EC2 6.4.4(2))
Ud VEdWl,Z VEdWl,3

2

W, =%+ 6,C, +4c,d +16d2 + 27dc,

2
W, :%+3000900+403000218+1602182 + 27218900

W,, =2,929,744.957 mm?

900°

W, =3 +9000300+4¢900218+16218 + 277 ¢ 218300

W,, =2,271,104.319 mm?

=Vﬂ{l+ KoM gq Uy + ksMEd,sul:I

Ed

uld VEdW1,2 VEdW1,3

v = 1112.197 ¢10° 1+ 41.593010° 5139.468 N 20.576010° ©5139.468
® " 5139.468218 1112.197 ¢10° @ 2929744.957 1112.197 ¢10° ¢ 2271104.319
Vg, =1.099 N/mm?

Thus Vimax = 1.099 N/mm? |

For CEN Default, Finland, Norway, Singapore, Slovenia, Sweden and UK:
Cprq. =0.18/y,=0.18/1.5=0.12 (EC26.4.4)
For Denmark:
Cpac =0.18/y,=0.18/1.45=0.124 (EC26.4.4)

The shear stress carried by the concrete, Vra,c, IS calculated as:

VRd,c - |:CRd,ck (100101 fck )1/3 + klo-cp:| (EC2 644)
with a minimum of:

VRd,c = (Vmin + klo-cp) (ECZ 644)

EXAMPLE EUROCODE 2-04 RC-PN-001 - 4
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k=1+, f% <2.0=1.9578 (EC26.4.4(1))

ki =0.15. (EC26.2.2(1))

A 1
= == <0.02
A= od s

w

Area of reinforcement at the face of column for design strip are as follows:

For CEN Default, Norway, Slovenia and Sweden:
As in Strip Layer A = 9204.985 mm?
As in Strip Layer B = 8078.337 mm?

Average As = (9204.985+8078.337)/2 = 8641.661 mm?
p1= 8641.661/(8000e218) = 0.004955 < 0.02

For Finland, Singapore and UK:
As in Strip Layer A = 9319.248 mm?
As in Strip Layer B = 8174.104 mm?

Average As = (9319.248 +8174.104)/2 = 8746.676 mm?
p1= 8746.676/(8000218) =0.005015 < 0.02

For Denmark:
A in Strip Layer A = 9606.651 mm?
As in Strip Layer B = 8434.444 mm?

Average As = (9606.651+8434.444)/2 = 9020.548 mm?
p1= 9020.548/(8000218) =0.005172 < 0.02

EXAMPLE EUROCODE 2-04 RC-PN-001 - 5
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For CEN Default, Denmark, Norway, Singapore, Slovenia, Sweden and UK:

Vo = 0.035k¥? £,%% = 0.035(1.9578)™ (30)

For Finland:

Vi = 0.035k2° £, %% = 0.035(1.9578)"" (30)

For CEN Default, Norway, Slovenia and Sweden:

Vago = 0.12 ¢1.9578(100 + 0004955 30)"° +.0 | = 0.5777 N/mm?

For Finland, Singapore, and UK:

Vag.o =|0.1201.9578(100 ¢ 0.005015 ¢ 30)** + 0] = 0.5796 N/mm?

For Denmark:

Vag o =|0.124 ¢1.9578(100  0.005015 ¢ 30)** + 0] = 0.606 N/mm?

For CEN Default, Norway, Slovenia and Sweden:

0.525 N/mm?

0.3000 N/mm?

Shear Ratio = ™ = 1092 _

= =1.90
Vg, 05777

For Finland, Singapore and UK:

Shear Ratio = ™ = 1.092 =1.90

Vego 0.5796

For Denmark:

V max _ 1092=181
Veg. 0606

Shear Ratio =

EXAMPLE EUROCODE 2-04 RC-PN-001 - 6
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EXAMPLE Eurocode 2-04 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

;
i Y

ed g imspan > .
I

S

$

wall | 6
! Free edge !/

I - : Freeedge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMBS5KPa) is defined using the Eurocode 2-
04 load combination factors, 1.35 for dead loads and 1.5 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. These moments are
identical. After completing the analysis, design is performed using the Eurocode
2-04 code by SAFE and also by hand computation. Table 1 shows the
comparison of the design reinforcements computed by the two methods.

EXAMPLE Eurocode 2-04 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.
Effective depth

Clear span

Concrete strength
Yield strength of steel
Concrete unit weight
Modulus of elasticity
Modulus of elasticity
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

Wq
Wi

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

REsuULTS COMPARISON

150
25
125
4000

30
460

25000
2x10°

4.0
5.0

mm
mm
mm
mm

MPa
MPa
N/m?
MPa
MPa

kPa
kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip the moments obtained by the hand computation method. Table 1 also shows
the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Reinforcement Area

_ (sq-cm)
Strip Moment
National Annex Method (KN-m) As*

CEN Default, Norway, SAFE 25.797 5.400
Slovenia and Sweden | 1. jated 25.800 5.400
Finland , Singapore and SAFE 25.797 5.446
UK Calculated 25.800 5.446

Denmark SAFE 25.797 5.626

EXAMPLE Eurocode 2-04 RC-SL-001 - 2
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Calculated

25.800

5.626

A min = 204.642 sg-mm

CoOMPUTER FILE: Eurocode 2-04 RC-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE Eurocode 2-04 RC-SL-001 - 3




CJi

Software Verification Mirovsionsfiee
PROGRAM NAME:  SAFE
REVISION NO.: 0

HAND CALCULATION
The following quantities are computed for the load combination:

n=1.0 for fe <50 MPa
A=0.8 for f <50 MPa
b =1000 mm
For the load combination, w and M are calculated as follows:
w = (1.35wq + 1.5w¢) b

M = W
8
0.0013b,d
Asmin =MaX 1 6 56 fom 1,
yk
= 204.642 sg-mm
COMB100
wg = 4.0 kPa
wy = 5.0 kPa
w =129 kN/m

M.strip = 25.8 KN-m
M.design= 25.8347 kN-m

For CEN Default, Norway, Slovenia and Sweden:

I, steel = 1.15
7, concrete = 1.50
occ = 1.0
The depth of the compression block is given by:
M 25.8347 ¢10°

m=—o = B =0.08267
bd“;f, 1000125 e1.001.0¢30/1.5

EXAMPLE Eurocode 2-04 RC-SL-001 - 4
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For reinforcement with fyx < 500 MPa, the following values are used:
ki=0.44

ko = ks = 1.25(0.6 + 0.0014/ecu2) = 1.25
Jdis assumed to be 1

G) _ 97K for fu <50 MPa = 0.448
lim 2

meA5)[-303). o

®=1-+1-2m =0.08640

A = a)[m;@;bd] = 540.024 sg-mm > As min

yd

As = 5.400 sg-cm

For Singapore and UK:
m, steel = 1.15

¥, concrete = 1.50
Occ = 0.85:

The depth of the compression block is given by:

oM 25.8347 ¢10°
bd’nf, 1000e125°e1.000.85¢30/1.5

-3 4[5, |0

G) _9=Ki for fo <50 MPa = 0.60
lim 2

=0.097260

For reinforcement with fyx < 500 MPa, the following values are used:
k1=0.40

ko= (0.6 + 0.0014/ecu) = 1.00

EXAMPLE Eurocode 2-04 RC-SL-001 - 5
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ois assumed to be 1

w=1-41-2m =0.10251

AS — a)[nf;di] =544.61 sg-mm > As min

yd

As = 5.446 sg-cm

For Finland:
I, steel = 1.15
Jn, concrete = 1.50
occ = 0.85:
The depth of the compression block is given by:
M 25.8347 10°

=0.097260

m= =
bd’nf, 1000e125°e1.000.85¢30/1.5

m, = /1(1] {1—1(% } = 032433
d lim 2 d lim

Gj _ 97K for fu <50 MPa = 05091
lim 2

For reinforcement with fyx < 500 MPa, the following values are used:
ki=0.44
kx=1.1
ks =1.25(0.6 + 0.0014/ecy2) = 1.25
olis assumed to be 1

w=1-41-2m =0.10251

A - a{’ﬁ{ﬂJ = 544.61 sg-mm > Aqmin

yd

As = 5.446 sg-cm

EXAMPLE Eurocode 2-04 RC-SL-001 - 6
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For Denmark:

I, steel = 1.20
¥, concrete = 1.45
occ = 1.0
The depth of the compression block is given by:
M 25.8347 ¢10°

=0.0799153

m= =
bd’nf, 1000e125*e1.001.0¢30/1.5

i[5 e

G) _ 9K oy <50 MPa = 0.448
lim 2

For reinforcement with fyx < 500 MPa, the following values are used:
ki=0.44
k2 = ks = 1.25(0.6 + 0.0014/ecu2) = 1.25

Sis assumed to be 1

®w=1-+1-2m =0.08339

A = a{m;@ﬁ] = 562.62 sg-mm > As min

yd

As = 5.626 sg-cm

EXAMPLE Eurocode 2-04 RC-SL-001 - 7
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EXAMPLE Hong Kong CP-04 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / 299 mm
V‘ * g/ ° E’ 254 mm
4

25 mm

Length, L =9754 mm 914 mm

-~

Elevation Section

Figure 1 One-Way Slab

EXAMPLE Hong Kong CP-04 PT-SL-001 - 1
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To ensure one-way action Poisson’s ratio is taken to be zero. A 254-mm-wide
design strip is centered along the length of the slab and has been defined as an
A-Strip. B-strips have been placed at each end of the span, perpendicular to Strip-
A (the B-Strips are necessary to define the tendon profile). A tendon with two
strands, each having an area of 99 mm?, was added to the A-Strip. The self weight
and live loads were added to the slab. The loads and post-tensioning forces are as
follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement and
slab stresses are reported at the midspan of the slab. Independent hand calculations
were compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength fe = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 2356 KN/m?
Modulus of elasticity Ec = 25000 N/mm3
Modulus of elasticity Es = 200,000 N/mm?
Poisson’s ratio \Y% = 0

Dead load Wy = self  KN/m?
Live load W= 4,788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

> Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with independent hand calculations.

EXAMPLE Hong Kong CP-04 PT-SL-001 - 2
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Table 1 Comparison of Results

FEATURE TESTED 'N%EEPSEU'\I'_?';NT RSSAL'J:LET < | DIFFERENCE

Factored moment,

MU (KN-m) 174.4 174.4 0.00%
2;68: r?]fz)'v'"d Steel req'd, 19.65 19.79 0.35%
(TS":‘L';,STfsr wonc. Stress, top ~5.056 -5.056 0.00%
(TS":‘L’;,STfsr l\CACF’,r;C' Stress, bot 2.836 2.839 0.11%
(NS’ITEIL%:S?K/'IPS;GSS' top ~10.547 ~10.465 0.77%
(NS’JTJ?I'DTC:)’?&PS;GSS' top 8.323 8.407 1.01%

COMPUTER FILE: HONG KoNG CP-04 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fc= 30 MPa fou = 1862 MPa
fy = 400 MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa
fe = 1210 MPa

Prestressing tendon, Ap
; Mild Steel, As —
i eel, As / / ZCimm

\________L——— f 3/. - 254 mm

i, steel = 1.15
¥, concrete = 1.50

25 mm
Length, L = 9754 mm ’I 914 mm
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m®= 5.984 kN/m? (D) x 1.4 = 8.378 kN/m? (Dy)
Live, = 4.788 kKN/m? (L) x 1.6 = 7.661 KN/m? (L)

Total = 10.772 kN/m? (D+L) = 16.039 kN/m? (D+L)ult

®=10.772 KN/m? x 0.914 m = 9.846 kKN/m, @, = 16.039 KN/m? x 0.914 m = 14.659 kN/m

2
Ultimate Moment, M, :%: 14.659x(9.754)° /8 = 174.4 kN-m

EXAMPLE Hong Kong CP-04 PT-SL-001 - 4
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f A
Ultimate Stress in strand, f , = f . L0008 g7 T
P ®1/d f bd
1210, 7000 (. 1862(198)
9.754/0.229 30(914)(229)

=1358 MPa<0.7f, =1303 MPa

K factor used to determine the effective depth is given as:

M 1744 01213 <0.156
f.bd?  30000(0.914)(0.229)

Z= d[0.5+ 1/0.25—%} <0.95d =192.2 mm

Ultimate force in PT, F,, . = A, (fys) =197.4(1303)/1000 = 257.2 KN

Ultimate moment due to PT, M, o = F, 01 (2)/ 7 =257.2(0.192)/1.15 = 43.00 KN-m

Net Moment to be resisted by As, M =M, —M,;
=174.4-43.00 =131.40 KN-m

The area of tensile steel reinforcement is then given by:

M 13140
0.87f,z  0.87(400)(192)

A, (1e6) =1965mm?

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(2)(99)/1000 = 258.2 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = F;, (sag) = 258.2(101.6 mm)/1000 = 26.23 kN-m

Stress in concrete, f = FX' My Mpp  -2882 | 6504 | 26.23

S~ S 0.254(0.914)  0.00983 0.00983
where S = 0.00983 m?3

f =-1.112+6.6166+2.668 MPa
f =-5.060(Comp) max, 2.836(Tension) max

EXAMPLE Hong Kong CP-04 PT-SL-001 - 5
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Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(2)(99)/1000 = 239.5 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m
Moment due to PT, M,; = F,, (sag) = 239.5(101.6 mm)/1000 = 24.33 kN-m

Stress in concrete for (D+L+PTg),

¢ _Fon My My 2582  117.08 2433

A S S 0.254(0.914)  0.00983  0.00983
f =-1.112+11.910+2.475

f =-10.547(Comp) max, 8.323(Tension) max

EXAMPLE Hong Kong CP-04 PT-SL-001 - 6
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EXAMPLE HONG KONG CP-04 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by Hong Kong CP 2004.

= The average shear stress in the beam is below the maximum shear stress
allowed by Hong Kong CP 2004, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20, and 80 kN, respectively, are defined in the model. One load
combinations (COMB80) is defined using the Hong Kong CP 2004 load
combination factors of 1.4 for dead loads and 1.6 for live loads. The model is
analyzed for both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Hong Kong CP 2004 code in SAFE and also by hand computation. The
design longitudinal reinforcements are compared in Table 1. The design shear
reinforcements are compared in Table 2.

EXAMPLE HONG KONG CP-04 RC-BM-001 - 1
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I |
jm \; AJ%Linmm
-
= s00mm ——

Beam Section

o
o

<«

%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange Thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10®8 MPa
Poisson’s ratio, v = 0.2

Dead load, Pe = 20 kN
Live load, P = 80 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
» Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)
Moment
Method (kN-m) As*
SAFE 312 20.904
Calculated 312 20.904

A min = 195.00 sg-mm

EXAMPLE HONG KONG CP-04 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
156 6.50 6.50

ComMpPUTER FILE: Hong Kong CP-04 RC-BM-001.FDB

CONCLUSION

The SAFE results show an approximate comparison with the independent results.
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

s, steel = 1.15
¥, concrete = 1.50

A min = 0.0013b,h

= 195.00 sg-mm
COMB80
P = (1.4Pg + 1.6Pt) =156 kN
M =N - 310 knem

The depth of the compression block is given by:

K=—"__ 0095963 <0.156

f,b,d

cu

Then the moment arm is computed as:

z=d {0.5+ ‘/0.25—%} <0.95d = 373.4254 mm

The depth of the neutral axis is computed as:
X = L (d-2)=114.6102 mm
0.45

And the depth of the compression block is given by:
a=0.9x = 103.1492 mm > hy

The ultimate resistance moment of the flange is given by:

_oer fo (bs — b, )¢ (d—0.5h; ) = 150.75 kN-m

c

M

EXAMPLE HONG KONG CP-04 RC-BM-001 - 5
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The moment taken by the web is computed as:
M,=M-M, =161.25 kN-m
and the normalized moment resisted by the web is given by:
MW
f b, d?

cu ~w

Kw = = 0.0991926 < 0.156

If Kw < 0.156 (BS 3.4.4.4), the beam is designed as a singly reinforced concrete
beam. The reinforcement is calculated as the sum of two parts: one to balance
compression in the flange and one to balance compression in the web.

Z= d(0.5+ 1/0.25—%) <0.95d =371.3988 mm

M, M

A = +—" =2090.4 sg-mm
f f
“Y(d-05h,) Yz
7s 7s
Shear Design
V= v <V, = 1.2235 MPa
b, d

w

Vmax = Min(0.8 /f_, , 5 MPa) = 4.38178 MPa

The shear stress carried by the concrete, v, is calculated as:

% b
. = 079Kk, (100Asj (400)  0.3568 MPa
Ve bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

y %
0 = [f_ = 1.06266, 1 < kz < (@j
o 25

=125

10A 415
bd

EXAMPLE HONG KONG CP-04 RC-BM-001 - 6
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()
d

However, the following limitations also apply:

015< 10A 5
bd

(2
d

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Given v, v, and Vmax, the required shear reinforcement is calculated as follows:

If v<(vc+0.4),
A, _ 04b,
s, 0.87f,

If (ve + 0.4) <V < Vimax,
A, _(v-ve )b,
s, 087f,

If v > vmax, a failure condition is declared.

(COMB80)

Pas = 20kN

Pi = 80kN

V = 156 kN

LV ,
v = ﬁ= 20 MPa (gsve < v < ¢sVimax)
Ay =w = 0.64967sg-mm/mm = 6.50 sq-cm/m
s, 087f,

EXAMPLE HONG KONG CP-04 RC-BM-001 - 7
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EXAMPLE Hong Kong CP-04 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @0.3 m

8m 8m 8m

0.6m

@ = ; —

| _— 0.25 m thick flat slab
8m /
® T ' '
|| —Columns are 0.3 m x 0.9 m

with long side parallel

"

8m to the Y-axis, typical
@ il - | Ji— Concrete Properties ,
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % i - LL = 4.0 KN/m
0.6m | |

Figure 1. Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a fo, of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE Hong Kong CP-04 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.105 0.625 1.77
Calculated 1.105 0.625 1.77

COMPUTER FILE: HONG KoNG CP-04 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE Hong Kong CP-04 RC-PN-001 - 2



s

COMPUTERS & STRUCTURES INC. S OftWare Ve rifi Cati O n
PROGRAM NAME: SAFE
REVISION NO.: 0

HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 1.
u = 954+ 1554 + 954 + 1554 = 5016 mm

954 Note: All dimensions in millimeters
Y . .
N\ Critical section for
327 ’150 150| 327 punching shear shown
‘ | / dashed.
Ao B
Column r Side2
| | 327
1 N
1
1 mi 450
- B 3
7} n X
| B ' = | 1554
/Il/ 1
Center of column is —, : 450
point (x1, y1). Set | | ——
this equal to (0,0). ! | 327
I Side 4 I
i 1)
D C

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:
V=1126.498 kN
M2 = 51.9908 kN-m
M3 = 45.7234 kN-m

EXAMPLE Hong Kong CP-04 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

1.5M
Veff X =i f + X
" ud Vy

1126.49810° 1.551.9908¢10°
Vi x = 1.0+ 3
’ 5016218 1126.498 ¢10° ¢ 954

1.5M
Veff y :i f + y
7 ud VX

1126.49810° 1.5045.7234¢10°
Vet y = 1.0+ 3
5016218 1126.49810° «1554

j =1.1049 (Govern)

J:1.0705

The largest absolute value of v = 1.1049 N/mm?

The shear stress carried by the concrete, Ve, is calculated as:
% %
v, - 0.79kk, (100Asj (400) — 0.3568 MPa
Y bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

% bE
ko= [Ju]”=[20Y°21 0627 > 1.0 0K

25 25
=125

%
(%) =1.16386 > 1 OK.

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Area of reinforcement at the face of column for design strip are as follows:
As in Strip Layer A = 9494.296 mm?
A in Strip Layer B = 8314.486 mm?

EXAMPLE Hong Kong CP-04 RC-PN-001 - 4
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Average As = (9494.296 +8314.486)/2 = 8904.391 mm?
%= 1008904.391/(8000# 218) = 0.51057

~0.791.001.0627

v, ot «(0.51057) " 1.16386 = 0.6247 MPa

BS 3.7.7.3 yields the value of| v =0.625 N/mm2|, and thus this is the shear capacity.

vu  1.1049

Shear Ratio=—= =1.77
v 0.6247

EXAMPLE Hong Kong CP-04 RC-PN-001 - 5
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EXAMPLE Hong Kong CP-04 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

1.5imply

3

! imosoan Fsupported
supported < p Pl edge atwall
edge atwall | |

. f
\! Free edge '/ +

I l1m design strip
_"___E Free edge : f

Figure 1 Plan View of One-Way Slab

Simply

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the Hong Kong
CP-04 load combination factors, 1.4 for dead loads and 1.6 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design is performed using the Hong Kong CP-04 code by SAFE and
also by hand computation. Table 1 shows the comparison of the design
reinforcements computed using the two methods.

EXAMPLE Hong Kong CP-04 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

TECHNICAL FEATURES OF SAFE TESTED

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength

Yield strength of steel
Concrete unit weight
Modulus of elasticity
Modulus of elasticity

Poisson’s ratio

Dead load
Live load

T,h

In, I1

AL
I

Wd
Wi

» Calculation of flexural reinforcement

» Application of minimum flexural reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

150
25
125
4000

30
460

25000
2x10°

4.0
5.0

mm
mm
mm
mm

MPa
MPa
N/m?3
MPa
MPa

kPa
kPa

Reinforcement

Strip Area (sg-cm)
Load Moment
Level Method (KN-m) As*
SAFE 27.197 5.853
Medium
Calculated 27.200 5.842

A¢min = 162.5 sg-mm

EXAMPLE Hong Kong CP-04 RC-SL-001 - 2
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CompPUTER FILE: Hong Kong CP-04 RC-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATION
The following quantities are computed for the load combination:

m, steel =1.15

Jm, concrete  — 1.50
b = 1000 mm

For the load combination, the w and M are calculated as follows:
w = (1.4wg + 1.6wy) b

v
8
Asmin = 0.0013bwd
=162.5 sg-mm

ComMB100

wg =4.0 kPa

wt =5.0 kPa

w =13.6 kN/m

M-strip = 27.2 KN-m
M—design = 27.2366 KN-m
The depth of the compression block is given by:

M
fo,bd?

cu

K= =0.05810 < 0.156

The area of tensile steel reinforcement is then given by:

Z= d(0.5+ ‘/0.25—%} <0.95d =116.3283

M
0.87fyz

A = = 585.046 sg-mm > As min

As = 5.850 sg-cm

EXAMPLE Hong Kong CP-04 RC-SL-001 - 4
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EXAMPLE Hong Kong CP-2013 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE Hong Kong CP-2013 PT-SL-001 - 1
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To ensure one-way action Poisson’s ratio is taken to be zero. A 254-mm-wide
design strip is centered along the length of the slab and has been defined as an
A-Strip. B-strips have been placed at each end of the span, perpendicular to Strip-
A (the B-Strips are necessary to define the tendon profile). A tendon with two
strands, each having an area of 99 mm?, was added to the A-Strip. The self weight
and live loads were added to the slab. The loads and post-tensioning forces are as
follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement and
slab stresses are reported at the midspan of the slab. Independent hand calculations
were compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength fe = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 2356 KN/m?
Modulus of elasticity Ec = 25000 N/mm3
Modulus of elasticity Es = 200,000 N/mm?
Poisson’s ratio \Y% = 0

Dead load Wy = self  KN/m?
Live load W= 4,788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

> Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with independent hand calculations.

EXAMPLE Hong Kong CP-2013 PT-SL-001 - 2
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Table 1 Comparison of Results

FEATURE TESTED 'N%EEPSEU'\I'_?';NT RSSAL'J:LET < | DIFFERENCE

Factored moment,

MU (KN-m) 174.4 174.4 0.00%
2;68: r?]fz)'v'"d Steel req'd, 19.65 19.79 0.35%
(TS":‘L';,STfsr wonc. Stress, top ~5.056 -5.056 0.00%
(TS":‘L’;,STfsr l\CACF’,r;C' Stress, bot 2.836 2.839 0.11%
(NS’ITEIL%:S?K/'IPS;GSS' top ~10.547 ~10.465 0.77%
(NS’JTJ?I'DTC:)’?&PS;GSS' top 8.323 8.407 1.01%

COMPUTER FILE: HONG KoNG CP-13 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fc= 30 MPa fou = 1862 MPa
fy = 400 MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa
fe = 1210 MPa

Prestressing tendon, Ap
; Mild Steel, As —
i eel, As / / ZCimm

\________L——— f 3/. - 254 mm

i, steel = 1.15
¥, concrete = 1.50

25 mm
Length, L = 9754 mm ’I 914 mm
Elevation Section
Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m®= 5.984 kN/m? (D) x 1.4 = 8.378 kN/m? (Dy)
Live, = 4.788 kKN/m? (L) x 1.6 = 7.661 KN/m? (L)

Total = 10.772 kN/m? (D+L) = 16.039 kN/m? (D+L)ult

®=10.772 KN/m? x 0.914 m = 9.846 kKN/m, @, = 16.039 KN/m? x 0.914 m = 14.659 kN/m

2
Ultimate Moment, M, :%: 14.659x(9.754)° /8 = 174.4 kN-m

EXAMPLE Hong Kong CP-2013 PT-SL-001 - 4
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f A
Ultimate Stress in strand, f , = f . L0008 17w
P ®1/d f bd
1210, 7000 (. 1862(198)
9.754/0.229 30(914)(229)

=1358 MPa<0.7f, =1303 MPa

K factor used to determine the effective depth is given as:

M 1784 01213 <0.156
f.bd?  30000(0.914)(0.229)

Z= d[0.5+ 1/0.25—%] <0.95d =192.2 mm

Ultimate force in PT, F,, . = A, (fy5) =197.4(1303)/1000 = 257.2 KN

Ultimate moment due to PT, M, oy = F, 01 (2)/ 7 =257.2(0.192)/1.15 = 43.00 KN-m

Net Moment to be resisted by As, M., =M, —M,;
=174.4-43.00 =131.40 KN-m

The area of tensile steel reinforcement is then given by:

M 13140
0.87f,z  0.87(400)(192)

A, (1e6) =1965mm?

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(2)(99)/1000 = 258.2 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = F;, (sag) = 258.2(101.6 mm)/1000 = 26.23 kN-m

Stress in concrete, f = FX' My Mpr  -2882 | 6504 | 26.23

S~ S 0.254(0.914) 0.00983 0.00983
where S = 0.00983 m?3

f =-1.112+6.6166+ 2.668 MPa
f =-5.060(Comp) max, 2.836(Tension) max

EXAMPLE Hong Kong CP-2013 PT-SL-001 - 5
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Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(2)(99)/1000 = 239.5 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m
Moment due to PT, M,; = F,, (sag) = 239.5(101.6 mm)/1000 = 24.33 kN-m

Stress in concrete for (D+L+PTg),

¢ _Fon My My 2582  117.08 2433

A S S 0.254(0.914)  0.00983  0.00983
f =-1.112+11.910+2.475

f =-10.547(Comp) max, 8.323(Tension) max

EXAMPLE Hong Kong CP-2013 PT-SL-001 - 6
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EXAMPLE HONG KONG CP-2013 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by Hong Kong CP 2013.

= The average shear stress in the beam is below the maximum shear stress
allowed by Hong Kong CP 2013, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20, and 80 kN, respectively, are defined in the model. One load
combinations (COMB80) is defined using the Hong Kong CP 2013 load
combination factors of 1.4 for dead loads and 1.6 for live loads. The model is
analyzed for both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Hong Kong CP 2013 code in SAFE and also by hand computation. The
design longitudinal reinforcements are compared in Table 1. The design shear
reinforcements are compared in Table 2.

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 1
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I |
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-
= s00mm ——

Beam Section
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%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange Thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10®8 MPa
Poisson’s ratio, v = 0.2

Dead load, Pe = 20 kN
Live load, P = 80 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
» Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)
Moment
Method (kN-m) As*
SAFE 312 20.904
Calculated 312 20.904

A min = 195.00 sg-mm

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sgq-cm/m)
Shear Force (kN) SAFE Calculated
156 6.50 6.50

ComMpPUTER FILE: Hong Kong CP-13 RC-BM-001.FDB

CONCLUSION

The SAFE results show an approximate comparison with the independent results.

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

s, steel = 1.15
¥, concrete = 1.50

A min = 0.0013b,h

= 195.00 sg-mm
COMB80
P = (1.4Pg + 1.6Pt) =156 kN
M =N - 310 knem

The depth of the compression block is given by:

K=—"__ 0095963 <0.156

f,b,d

cu

Then the moment arm is computed as:

z=d {0.5+ ‘/0.25—%} <0.95d = 373.4254 mm

The depth of the neutral axis is computed as:
X = L (d-2)=114.6102 mm
0.45

And the depth of the compression block is given by:
a=0.9x = 103.1492 mm > hy

The ultimate resistance moment of the flange is given by:

_oer fo (bs — b, )¢ (d—0.5h; ) = 150.75 kN-m

c

M

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 5
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The moment taken by the web is computed as:
M,=M-M, =161.25 kKN-m
and the normalized moment resisted by the web is given by:
Mw
f b, d?

cu ~w

Kw = = 0.0991926 < 0.156

If Kw < 0.156 (BS 3.4.4.4), the beam is designed as a singly reinforced concrete
beam. The reinforcement is calculated as the sum of two parts: one to balance
compression in the flange and one to balance compression in the web.

zZ= d(0.5+ 1/0.25—%) <0.95d =371.3988 mm

M, M

A = +—" =2090.4 sg-mm
f f
“¥(d-05h,) Yz
7s 7s
Shear Design
V= v <V, = 1.2235 MPa
b, d

w

Vmax = Min(0.8 /f_, , 5 MPa) = 4.38178 MPa

The shear stress carried by the concrete, v, is calculated as:

% b
. = 078Kk, (100A5j (400)  0.3568 MPa
Ve bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

y %
0 = [f_ = 1.06266, 1 < kz < (@j
o 25

=125

10A 415
bd

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 6
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()
d

However, the following limitations also apply:

015< 10A 5
bd

(2
d

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Given v, v, and Vmax, the required shear reinforcement is calculated as follows:

If v<(vc+0.4),
A, _ 04b,
s, 0.87f,

If (ve + 0.4) <V < Vimax,
A, _(v-ve )b,
s, 087f,

If v > vmax, a failure condition is declared.

(COMB80)

Pas = 20kN

Pi = 80kN

V = 156 kN

LV ,
v = ﬁ= 20 MPa (gsve < v < ¢sVimax)
Ay =w = 0.64967sg-mm/mm = 6.50 sq-cm/m
s, 087f,

EXAMPLE HONG KONG CP-2013 RC-BM-001 - 7
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EXAMPLE Hong Kong CP-2013 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @0.3 m

8m 8m 8m

0.6m

@ = ; —

| _— 0.25 m thick flat slab
8m /
® T ' '
|| —Columns are 0.3 m x 0.9 m

with long side parallel

"

8m to the Y-axis, typical
@ il - | Ji— Concrete Properties ,
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % i - LL = 4.0 KN/m
0.6m | |

Figure 1. Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a fo, of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE Hong Kong CP-2013 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.105 0.625 1.77
Calculated 1.105 0.625 1.77

COMPUTER FILE: HONG KONG CP-13 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE Hong Kong CP-2013 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 1.
u = 954+ 1554 + 954 + 1554 = 5016 mm

954 Note: All dimensions in millimeters
Y . .
N\ Critical section for
327 ’150 150| 327 punching shear shown
‘ | / dashed.
Ao B
Column r Side2
| | 327
1 N
1
1 mi 450
- B 3
7} n X
| B ' = | 1554
/Il/ 1
Center of column is —, : 450
point (x1, y1). Set | | ——
this equal to (0,0). ! | 327
I Side 4 I
i 1)
D C

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:
V=1126.498 kN
M2 = 51.9908 kN-m
M3 = 45.7234 kN-m

EXAMPLE Hong Kong CP-2013 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

1.5M
Veff X =i f + X
" ud Vy

1126.49810° 1.551.9908¢10°
Vi x = 1.0+ 3
’ 5016218 1126.498¢10° ¢ 954

1.5M
Veff y :i f + y
7 ud VX

1126.49810° 1.5045.7234¢10°
Vet y = 1.0+ 3
5016218 1126.49810° «1554

J =1.1049 (Govern)

J:1.0705

The largest absolute value of v = 1.1049 N/mm?

The shear stress carried by the concrete, Ve, is calculated as:
% %
v, - 0.79kk, (100Asj (400) — 0.3568 MPa
Y bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

% bE
ko= [Ju]”=[20Y°21 0627 > 1.0 0K

25 25
=125

%
(%) =1.16386 > 1 OK.

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Area of reinforcement at the face of column for design strip are as follows:
As in Strip Layer A = 9494.296 mm?
A in Strip Layer B = 8314.486 mm?

EXAMPLE Hong Kong CP-2013 RC-PN-001 - 4
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Average As = (9494.296 +8314.486)/2 = 8904.391 mm?
%= 1008904.391/(8000# 218) = 0.51057

~0.791.001.0627

v, ot «(0.51057) " 1.16386 = 0.6247 MPa

BS 3.7.7.3 yields the value of| v =0.625 N/mm2|, and thus this is the shear capacity.

vu  1.1049

Shear Ratio=—= =1.77
v 0.6247

EXAMPLE Hong Kong CP-2013 RC-PN-001 - 5
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EXAMPLE Hong Kong CP-2013 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

1.5imply

3

! imosoan Fsupported
supported < p Pl edge atwall
edge atwall | |

. f
\! Free edge '/ +

I l1m design strip
_"___E Free edge : f

Figure 1 Plan View of One-Way Slab

Simply

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the Hong Kong
CP-04 load combination factors, 1.4 for dead loads and 1.6 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design is performed using the Hong Kong CP-04 code by SAFE and
also by hand computation. Table 1 shows the comparison of the design
reinforcements computed using the two methods.

EXAMPLE Hong Kong CP-2013 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

TECHNICAL FEATURES OF SAFE TESTED

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength

Yield strength of steel
Concrete unit weight
Modulus of elasticity
Modulus of elasticity

Poisson’s ratio

Dead load
Live load

T,h

In, I1

AL
I

Wd
Wi

» Calculation of flexural reinforcement

» Application of minimum flexural reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

150
25
125
4000

30
460

25000
2x10°

4.0
5.0

mm
mm
mm
mm

MPa
MPa
N/m?3
MPa
MPa

kPa
kPa

Reinforcement

Strip Area (sg-cm)
Load Moment
Level Method (KN-m) As*
SAFE 27.197 5.853
Medium
Calculated 27.200 5.842

A¢min = 162.5 sg-mm

EXAMPLE Hong Kong CP-2013 RC-SL-001 - 2
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CompPUTER FILE: Hong Kong CP-13 RC-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATION
The following quantities are computed for the load combination:

m, steel =1.15

Jm, concrete  — 1.50
b = 1000 mm

For the load combination, the w and M are calculated as follows:
w = (1.4wg + 1.6wy) b

v
8
Asmin = 0.0013bwd
=162.5 sg-mm

ComMB100

wg =4.0 kPa

wt =5.0 kPa

w =13.6 kN/m

M-strip = 27.2 KN-m
M—design = 27.2366 KN-m
The depth of the compression block is given by:

M
fo,bd?

cu

K= =0.05810 < 0.156

The area of tensile steel reinforcement is then given by:

Z= d(0.5+ ‘/0.25—%} <0.95d =116.3283

M
0.87fyz

A = = 585.046 sg-mm > As min

As = 5.850 sg-cm

EXAMPLE Hong Kong CP-2013 RC-SL-001 - 4
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EXAMPLE IS 456-00 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE IS 456-00 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows:

Loads: Dead = self weight,  Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations were compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength 'c = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fou = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 2356 kN/m?d
Modulus of elasticity Ec = 25000 N/mm?
Modulus of elasticity Es = 200,000 N/mm?3
Poisson’s ratio v = 0

Dead load Wy = self kN/m?
Live load wi = 4788 kN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

EXAMPLE IS 456-00 PT-SL-001 - 2
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Table 1 Comparison of Results

Factored moment,

Mu (Ultimate) (kN-m) 1750 17505 009
ﬁge(asgfcl\r/rl]i;d Steel req'd, 19.53 19.768 1.22%
'(I'Sir;s_llile;r I\C/Ic;r;c. Stress, top _5.058 _5.057 0.02%
'(I'Sir;s_llile;r I\C/Ic;r;c. Stress, bot 2839 2.839 0.00%
D-LePTo NiPa ¢ | 10480 | 10465 | 0.05%
i T 8.402 o o

COMPUTER FILE: IS 456-00 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE IS 456-00 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
fox = 30MPa fou = 1862 MPa
fy = 400MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa

fi = 1490 MPa
fe =1210 MPa
% =115
a=0.36

f, -~ 250
p=042 Xmx_053-0.05-2 if  250<f, <415MPa
d 165

Yumex _ 0 484
d

Prestressing tendon, Ap
; Mil I, As —
ild Steel, As / ZCimm
e S— T & | L Bsamm

Length, L = 9754 mm 914 mm

Elevation Section

Loads:
Dead, self-wt = 0.254 m x 23.56 kN/m®=5.984 kN/m? (D) x 1.50 = 8.976 kN/m? (D.)
Live, =4.788 kN/m? (L) x 1.50 = 7.182 kN/m? (Ly)
Total =10.772 KN/m? (D+L) = 16.158 KN/m? (D+L)ult

®=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 16.158 KN/m? x 0.914 m = 14.768 kN/m

2
Ultimate Moment, M, :%: 14.768x(9.754)° /8 = 175.6 kN-m

EXAMPLE IS 456-00 PT-SL-001 - 4
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Ultimate Stress in strand, f,; =from Table 11: f,= 1435 MPa

Ultimate force in PT, F, oy = As( fos) =197.4(1435)/1000 = 283.3 kN

Compression block depth ratio: m= ZL
bd“a f,

175.6

= ) =0.3392
(0.914)(0.229)" (0.36)(30000)
Required area of mild steel reinforcing,
%, _1-y1-4pm _1-y1-4(0.42)(03392) _ o o0, o Xumo _ (404
d 23 2(0.42) d

The area of tensile steel reinforcement is then given by:
2=d {1— ﬁ%} = 229(1-0.42(0.4094)) =189.6 mm

M 175.6
=t = 1e6) = 2663 mm’
(f,/7,)z (400/1.15)189.6( ) o

NET

As = Agr A (%] = 2663—198(%) =1953 mm?

y

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = Fop, (sag) = 257.4(102 mm) /1000 = 26.25 kN-m
Stress in concrete, fofen Mo—Mp 2574  65.04-26.23
A S 0.254(0.914)  0.00983

where $S=0.00983m?
f =-1.109+3.948 MPa

f =—5.058(Comp) max, 2.839(Tension) max

EXAMPLE IS 456-00 PT-SL-001 - 5
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Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr
Tendon stress at normal = jacking — stressing — long-term=1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN
Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kKN-m
Stress in concrete for (D+L+PTE),
¢ _Fon (Mo, —My 2388 117.08-24.37
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

EXAMPLE IS 456-00 PT-SL-001 - 6
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EXAMPLE IS 456-00 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress block extends below the flange but remains within the balanced
condition permitted by IS 456-2000.

= The average shear stress in the beam is below the maximum shear stress
allowed by IS 456-2000, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20, and 80 kN, respectively, are defined in the model. One load
combinations (COMB80) is defined using the 1S 456-2000 load combination
factors of 1.5 for dead loads and 1.5 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. The moment and
shear force are identical. After completing the analysis, design is performed
using the IS 456-2000 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE IS 456-00 RC-BM-001 - 1
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I |
jm \; A%ijm
-
= 300 ——

Beam Section

o
o

<«

%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE IS 456-00 RC-BM-001 - 2
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange Thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10®8 MPa
Poisson’s ratio, v = 0.2

Dead load, Pe = 20 kN
Live load, P = 80 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
» Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

Table 1 shows the comparison of SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)
Moment
Method (kN-m) As*
SAFE 312 21.13
Calculated 312 21.13

A min = 235.6 sg-mm

EXAMPLE IS 456-00 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sgq-cm/m)
Shear Force (kN) SAFE Calculated
156 7.76 7.73

CoMPUTER FILE: IS 456-00 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE IS 456-00 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:
Jm, steel = 1.15
7, concrete = 1.50
a = 0.36
B =042
min = gbd = 235.6 sg-mm

y

COMB80
P = (1.4P4 + 1.6P) =156 kN
M =N~ 310 knem
3
0.53 i f, <250 MPa
f —250

0.53-0.05- if 250 < f, <415MPa

Xymax _ 165

d f, 415

0.48-0.02- = I 415<f, <500 MPa
0.46 if f, > 500 MPa

Xumax _ () 4666
d

The normalized design moment, m, is given by

MU
m=——>"'—
b,d2a f,

M = 312x10°%(600 « 4252 « 0.36  30) = 0.26656

D
[Tf} 100/425 = 0.23529

EXAMPLE IS 456-00 RC-BM-001 - 5
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X, _1-y1-4pm - (305848 > [&]
d 23 d

7 =0.15x, +0.65D, if D, >0.2d =84.49781

M, =0.45f, (b, —b, )y, (d —%“j = 130.98359 kN-m

Mw = My — Mt. = 181.0164 KN-m

X X
Muw,single = aferbwd? u,crlnax |:1— S u;:r]nax :| =233.233 < M

:# = 0.309310
b,d%a

X, _1-y1-4/m - 036538

d 25

m

Shear Design
W= Yo o 1.2235
bd

Tmax = 3.5 for M30 concrete
k=1.0
o=1 if P, <0, Under Tension

%: 0.15as0.15< % <3
bd bd

N
(L“j =1.0466
25
7. =0.29 From Table 19 of IS 456:2000 code
Tcd = k5Tc =0.29
7ed +0.4 =0.69

EXAMPLE IS 456-00 RC-BM-001 - 6
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The required shear reinforcement is calculated as follows:

|f Ted T 04 < 7 < Tc,max;,

ﬁz(rv—z'cd)b

=7.73 sg-cm/m
S 0.87 f,

v

EXAMPLE IS 456-00 RC-BM-001 - 7
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EXAMPLE IS 456-00 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @0.3 m

8m 8m 8m

0.6m

@ = ; —

| _— 0.25 m thick flat slab
8m /
® T ' '
|| —Columns are 0.3 m x 0.9 m

with long side parallel

"

8m to the Y-axis, typical
@ il - | Ji— Concrete Properties ,
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % i - LL = 4.0 KN/m
0.6m | |

Figure 1. Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m?® and a f'c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE IS 456-00 RC-PN-001 - 1



s

Software Verification Ky
PROGRAM NAME:  SAFE
REVISION NO.: 0

TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON
Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained in SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.792 1.141 1.57
Calculated 1.792 1.141 1.57

CoMPUTER FILE: IS 456-00 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE IS 456-00 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 1.
bo =518+ 1118 + 1118 + 518 = 3272 mm

518 Note: All dimensions in millimeters
Y - .
7\ Critical section for
109| 150 | 150 |109 punching shear shown
| | / dashed.
) N B
Column r :
: Side 2 : 109
1 1
1 1
1
2 N
1 n [2]] X
~N
! > . > 1118
Center of column is /:/ : 450
point (x1, y1). Set | :
this equal to (0,0). ! :
| ____Sides____| 109
D c

Figure 2: Interior Column, Grid B-2 in SAFE Model

Yva=1- 1 =0.495

[2) (1118

1+ = |, |——

3 518
]/v3=1— 1 =0.312

2 518

1+ = |, ——

3/V1118

The coordinates of the center of the column (X1, y1) are taken as (0, 0).

EXAMPLE IS 456-00 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for punching

shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical section for
punching shear as identified in Figure 2.
Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -259 0 259 0 N.A.
y2 0 559 0 -559 N.A.
L 1118 518 1118 518 bo = 3272
d 218 218 218 218 N.A.
Ld 243724 112924 243724 112924 713296
Ldxz —63124516 0 63124516 0 0
Ldy> 0 63124516 0 -63124516 0
Z Ldx2 0
X3 = = =
Ld 713296
y3=ZLdyz= 0 =0mm
Ld 713296

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, Ivy and Ixy

are given in the "Sum™ column.

Item Side 1 Side 2 Side 3 Side 4 Sum
L 1118 518 1118 518 N.A.
d 218 218 218 218 N.A.

X2 — X3 —259 0 259 0 N.A.

Y2 — V3 0 559 0 —559 N.A.
Parallel to Y-AXis X-axis Y-AXis X-axis N.A.
Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.

Ixx 2.64E+10 3.53E+10 2.64E+10 3.53E+10 1.23E+11
lyy 1.63E+10 2.97E+09 1.63E+10 2.97E+09 3.86E+10
Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:

Vu = 1126.498 kN

Yva Myz = —25.725 kN-m

Yvs Mus = 14.272 KN-m

EXAMPLE IS 456-00 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = —259 and y4 = 559, thus:
 1126.498¢10°  25.725010°|3.86910* (559 — 0) - (0)(-259-0) | N
3272218 (1.23010%)(3.86010°) - (0)*
14.27210°[1.23010" (-259 - 0) - (0)(559 - 0) |
(1.23010")(3.86010°) - (0)°
vu =1.5793 —0.1169 - 0.0958 = 1.3666 N/mm? at point A

At the point labeled B in Figure 2, x4 = 259 and y4 = 559, thus:
 1126.498410° 25.725¢10°|3.86+10" (559 - 0) - (0)(259-0) ] N
3272218 (1.23010%)(3.86010°) - (0)°
14.27210° [1.23010" (259 - 0) - (0)(559 - 0) |
(1.23010")(3.86010") - (0)’
vu= 1.5793 —0.1169 +0.0958 =1.5582 N/mm? at point B

At the point labeled C in Figure 2, x4 = 259 and y4 = —559, thus:
| 1126.498010° 25.725¢10°[ 3.8610° (-559 - 0) - (0)(259 - 0) |
T 3272218 (1.23010")(3.86010°) - (0)°
14.27210°[1.23010" (259 - 0) - (0)(-559 - 0) ]
(1.2310)(3.86010°) —(0)°
vu=1.5793 +0.1169 +0.0958 = 1.792 N/mm?2 at point C

At the point labeled D in Figure 2, x4 = —259 and ys = -559, thus:

| 1126.498¢10°  25.72510° 3.86 010" (—559 — 0) — (0)(-259 - 0) |
32720218 (1.23010")(3.86010°) —(0)’
14.272010°[1.23010" (-259 — 0) - (0)(-559 - 0) |
(1.23010)(3.86010°)—(0)°
vu=1.5793 +0.1169 — 0.0958 = 1.6004 N/mm? at point D

Point C has the largest absolute value of vy, thus Vmax = 1.792 N/mm?

EXAMPLE IS 456-00 RC-PN-001 - 5
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The shear capacity is calculated based on the minimum of the following three limits:

ks= 0.5+ 5 <1.0 =0.833 (IS 31.6.3.1)
= 0.25 = 1.127 N/mm? (IS 31.6.3.1)
Ve = ks 7= 1.141 N/mm? (IS 31.6.3.1)

CSA 13.3.4.1 yields the smallest value of
capacity.

v, = 1.141 N/mm?, jnd thus this is the shear

Shear Ratio = w_ ﬂ =157
\Y; 1.141

c

EXAMPLE IS 456-00 RC-PN-001 - 6
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EXAMPLE IS 456-00 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the 1S 456-00
load combination factors, 1.5 for dead loads and 1.5 for live loads. The model is
analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design was performed using the IS 456-00 code by SAFE and also by
hand computation. Table 1 shows the comparison of the design reinforcements
computed using the two methods.

EXAMPLE IS 456-00 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h

In, 1

< m
w
(|

Wq
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

150 mm
25 mm
125 mm
4000 mm

30 MPa
460 MPa
0 N/md
25000 MPa
2x10%° MPa

4.0 kPa
5.0 kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Strip Reinforcement Area (sq-cm)
Load Moment
Level Method (KN-m) As* As
SAFE 26.997 5.830
Medium
Calculated 27.000 5.830

A min = 230.978 sg-mm

EXAMPLE IS 456-00 RC-SL-001 - 2
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CoMPUTER FILE: IS 456-00 RC-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE IS 456-00 RC-SL-001 - 3
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HAND CALCULATION

The following quantities are computed for the load combination:

%=1.15
7% = 1.50
a=0.36
B=0.42
b = 1000 mm

For the load combination, w and M are calculated as follows:
w = (1.5wg + 1.5w¢) b

M = W
8
A% min — 085 bd
’ fy
=230.978 sg-mm
COMB100
wg = 4.0 kPa
wi = 5.0 kPa
w =13.5kN/m

M-strip = 27.0 kN-m

M_design = 27.0363 kKN-m

0.53 if f, <250 MPa

N |0-53-005 fyl_éso if 250< f, <415MPa
O lo4s—002 " ;:15 if 415< f, <500 MPa
0.46 if f, >500 MPa

EXAMPLE IS 456-00 RC-SL-001 - 4
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Xmex _ 0 466
d
The depth of the compression block is given by:
_ M u
bd *af
=0.16

% 1-y1-4pm
d 28

The area of tensile steel reinforcement is given by:

= 0.1727488 < X%

7= {1—ﬂ%}. = 115.9307 mm

A = ( My 583,027 sg-mm > Asmin

f, /}/S) z
As = 5.830 sg-cm

EXAMPLE IS 456-00 RC-SL-001 - 5
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EXAMPLE Italian NTC 2008 PT-SL-001

Post-Tensioned Slab Design

PROBLEM DESCRIPTION

SAFE
0

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ /

229 mm

— = 3 &

Length, L = 9754 mm

-

_~ 254 mm

914 mm

Elevation

Section

Figure 1 One-Way Slab

=

25 mm

EXAMPLE Italian NTC 2008 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, was added to the A-
Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations were compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength ' = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight We = 23.56 KN/m?
Modulus of elasticity Ec = 25000 N/mm?
Modulus of elasticity Es = 200,000 N/mm?
Poisson’s ratio v = 0

Dead load Wy = self KN/m?
Live load wi = 4788 KN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with independent hand calculations.

EXAMPLE Italian NTC 2008 PT-SL-001 - 2
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Table 1 Comparison of Results
INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE

Factored moment,

, 165.9 165.9 0.00%
Mu (Ultimate) (kN-m)
Transfer Conc. Stress, top o
(D+PT), MPa -5.057 -5.057 0.00%
Transfer Conc. Stress, bot o
(D+PT), MPa 2.839 2.839 0.00%
Normal Conc. Stress, top o
(D+L+PTF), MPa -10.460 -10.465 0.05%
Normal Conc. Stress, bot o
(D+L+PTE), MPa 8.402 8.407 0.06%
Long-Term Conc. Stress, top o
(D+0.5L+PTr()), MPa -7.817 -7.817 0.00%
Long-Term Conc. Stress, bot o
(D+0.5L+PTr1), MPa 5.759 5.759 0.00%

Table 2 Comparison of Design Moments and Reinforcements

Reinforcement Area (sq-cm)

Method | Design Moment (kN-m) As*
SAFE 165.9 16.39
Calculated 165.9 16.29

CoMPUTER FILE: ITALIAN NTC 2008 PT-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE Italian NTC 2008 PT-SL-001 - 3
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
f’c = 30MPa fou = 1862 MPa
fy = 400MPa foy = 1675 MPa

Stressing Loss = 186 MPa

Long-Term Loss = 94 MPa
fi =1490 MPa
fe =1210 MPa

I, steel = 1.15

7, concrete = 1.50

n=1.0 for fo <50 MPa
A =0.8 for fe <50 MPa

Prestressing tendon, Ap
Mild Steel, As —
; ' / 229 mm

\___——-———-;/"_‘ * J/. C 254 mm

)

25 mm
Length, L =9754 mm 914 mm

_
- 4

Elevation Section

Loads:

Dead, self-wt = 0.254 m x 23.56 kN/m®= 5.984 kN/m? (D) x 1.35 = 8.078 kKN/m? (Dy)

Live, 4.788 KN/m? (L) x 1.50 = 7.182 KN/m? (L)
10.772 kKN/m? (D+L) = 15.260 kN/m? (D+L)ult

Total

®=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 15.260 kN/m? x 0.914 m = 13.948 kN/m

2
Ultimate Moment, M, :%: 13.948x(9.754)° /8 = 165.9 kN-m

EXAMPLE Italian NTC 2008 PT-SL-001 - 4
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Ultimate Stress in strand, f,; = fi. +7000d (1—1.361:*"”0‘5]/

CK
_1210+7000(229)| 1-1.36-002U98) | Jig754)
30(914)(229)
=1361MPa

Ultimate force in PT, F, oy = As( fos) = 2(99)(1361)/1000 = 269.5 kN

Design moment M = 165.9 kKN-m

Compression block depth ratio:m = ———

d 77fcd
165.9

~(0.914)(0.229)" (1)(30000/1.50)
Required area of mild steel reinforcing,

w=1-+1-2m = 1-,/1-2(0.1731) =0.1914

Acoiro = 0| TP =o.1914(1(3°’ 15)914)(229)]:2303 mm?
f, 400/1.15

=0.1731

1366
AEquivTotaI = AP (m] + AS =2311 I’nl’n2

A, =2303-198 1361 =1629 mm?
400

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M., = Fop, (sag) = 257.4(102 mm)/1000 = 26.25 kN-m
Stress in concrete, f = e+ Mo “Mer __ —257.4 | 65.04-26.23
A S 0.254(0.914)  0.00983

where S = 0.00983m?

EXAMPLE Italian NTC 2008 PT-SL-001 - 5
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f =-1.109+3.948 MPa
f =-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term=1490 — 186 — 94 = 1210 MPa
The force in tendon at normal = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, Mg, = Fop, (sag) = 238.9(102 mm) /1000 = 24.37 kN-m
Stress in concrete for (D+L+PTE),
¢ _Fen Mo, -M, 2388  117.08-2437
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTr)) = 1.0D+0.5L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754) /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm) /1000 = 24.37 kN-m
Stress in concrete for (D+0.5L+PTr)),
- For, N Moose —Mpr _ —238.9 N 91.06 —24.33
A S 0.254(0.914)  0.00983

f =-1.029+6.788
f =—7.817(Comp) max, 5.759(Tension) max

EXAMPLE Italian NTC 2008 PT-SL-001 - 6
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EXAMPLE ltalian NTC 2008 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by Italian NTC 2008.

= The average shear stress in the beam is below the maximum shear stress
allowed by Italian NTC 2008, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading One dead load case
(DL30) and one live load case (LL130) with only symmetric third-point loads of
magnitudes 30, and 130 kN, respectively, are defined in the model. One load
combinations (COMB130) is defined using the Italian NTC 2008 load
combination factors of 1.35 for dead loads and 1.5 for live loads. The model is
analyzed for both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Italian NTC 2008 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE Italian NTC 2008 RC-BM-001 - 1
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I |
jm \; AJ%Linmm
-
= s00mm ——

Beam Section

o
o

<«

%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fa = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pa = 30 kN
Live load, P = 130 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

EXAMPLE Italian NTC 2008 RC-BM-001 - 3
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Table 1 Comparison of Moments and Flexural Reinforcements

Moment Reinforcement Area (sq-cm)
Method (KN-m) At
SAFE 471 31.643
Calculated 471 31.643

A¢ min = 2.09 sg-cm

Table 2 Comparison of Shear Reinforcements

. A,
Reinforcement Area, —

S
Shear Force (sq-cm/m)
Method (kN) As*
SAFE 2355 6.16
Calculated 235.5 6.16

CoMPUTER FILE: Italian NTC 2008 RC-BM-001.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

Flexural Design

The following quantities are computed for both of the load combinations:

s =115
fcd = 0(‘c-: fck /yc
fyd = fyk /Ys

n=1.0 for fe <50 MPa

A=0.8 for fe <50 MPa

A min = O.ZG%bd = 208.73 sg-mm

yk

A \min = 0.0013b,,h = 195.00 sg-mm

i, steel = 1.15
¥, concrete = 1.50
Olcc = 1.0

The depth of the compression block is given by:

oM 471010°
bd’nf, 600e425°e1.0e1.0030/1.5

=0.217301

For reinforcement with fyx < 500 MPa, the following values are used:
ki=0.44
ko = ks = 1.25(0.6 + 0.0014/gci2) = 1.25
olis assumed to be 1

(gj = Sk for fok <50 MPa = 0.448
lim 2

EXAMPLE Italian NTC 2008 RC-BM-001 - 5
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m, = /1(5] 1—%% = 0.20417
d lim 2 d lim

a;“mz/z(lj ~1-1-2m,_ =0.3584
lim

amax = @imd = 152.32 mm

w=1 —J1-2m =0.24807
a=wd =105.4299 mm < amax

(bf —bw)hfﬂ fe

A, = ; = 1500 sg-mm

yd

h
M, = A, fyd[d —é} 225 kN-m

M1 =M — M2z = 246 KN-m

My 42269896 < min

m =
Y b, d% fy
@, =1-./1-2m, =0.2610678

A, =, {’”fdﬂ} = 1664.304 sg-mm

yd

As = As1 + As2 = 3164.307 sg-mm

Shear Design
Cpq. =0.18/y,=0.18/1.5=0.12

k=1+ /% =1.686<2.0 withd in mm

p1=0.0
6, =Ng /A <02 f, =0.0 MPa

v, =0.035k¥2f "*=0.419677

EXAMPLE Italian NTC 2008 RC-BM-001 - 6
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VRd,c = [CRd,ck(loopl fck )1/3 + klo-cp :I de =53.5 kN

Ocw = 1
fck —

v, =06/ 1-—% |=0528
250

z=0.9d =382.5 mm
0 is taken as 1.

ab,zv, f,

cw™w

cotd+tand

Rd,max —

=1211.76 kN

VR de < VEd < VRd,max (gOVern)
Computing the angle using vy, :

235.5¢10°

Vgg =——————— =2.0522
0.9¢425300

VEd
0.2f, (- f,/250)

2.0522
0.2#30(1-30/250)

6 =0.5sin*

6 =0.5sin™"

21.8°< @ < 45°, therefore use 8 =21.8°

A%w _ VEd bW

s fcotd

A, _ 2.0522300
s 460/1.152.5

=1143°

= 0.61566 sg-mm/m = 6.16 sg-cm/m

EXAMPLE Italian NTC 2008 RC-BM-001 - 7
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EXAMPLE Italian NTC 2008 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

O.Sm@

8m

®

8m

©

8m

@0.3 m

0.6m

@

F

y—

| _— 0.25 m thick flat slab

"

8m /
9, Iﬂ ! '
|| ——Columns are 0.3 m x 0.9 m

with long side parallel

8m to the Y-axis, typical
2 L - i #— Concrete Properties
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m
Y Loading
DL = Self weight + 1.0 kN/m?
@ 5 I% X % , lll LL = 4.0 KN/m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. Thick plate properties are used for the slab.

The concrete has a unit weight of 24 kN/m3 and a f'c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE Italian NTC 2008 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

RESULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.100 0.578 1.90
Calculated 1.099 0.578 1.90

COMPUTER FILE: ITALIAN NTC 2008 RC-PN-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE ltalian NTC 2008 RC-PN-001 - 2
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Hand Calculation for Interior Column using SAFE Method
d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 2.

Ur = U = 2300 + 20900 + 2e1e436 = 5139.468 mm

1172 Note: All dimensions in millimeters
AY Critical section for
punching shear
436 |150Q| 15Q| 436 shown dashed.
Column e RN
4 Side 2 \ 436
| coll N
EE g: 450
| © n
[ > : }X 1772
I
|
Center of columnis ™ | f’
point (x1, y1). Set \ /
this equal to (0,0). No__Sidea _.7 436
D
C

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:

VEd = 1112.197 kN

koMEeq2 = 41.593 kN-
ksMeg3 = 20.576 kN-

m

m

EXAMPLE Italian NTC 2008 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

:Vﬂ 14 kzMEd,zul n ksMEd,sul

v EC26.4.4(2
= Ud VEdWl,Z VEdWl,3 ( ( ))
G
W, =T, +4c,d +16d°* + 2zdc,
9007 2
W, :T+3000900+403000218+160218 + 27218900
W, , =2,929,744.957 mm?
9002 ,
W, =3 +9000300+49000218+160218° + 277218300
W,, =2,271,104.319 mm?
Ve, :Vﬂ 1+ KoM gq Uy + KsM g 5Us
Ud VEdWl,Z VEdW1,3
v = 1112.197 ¢10° 1+ 41.593¢10° ¢5139.468 N 20.57610° ©5139.468
® " 5139.468218 1112.197 ¢10° @ 2929744.957 1112.197 ¢10° ¢ 2271104.319

Vg, =1.099 N/mm?

Thus Vimax = 1.099 N/mm? |

Cprq. =0.18/y,=0.18/1.5=0.12 (EC26.4.4)
The shear stress carried by the concrete, Vrd,c, is calculated as:
Ve =| Crack (100, Ty )" +k0p | (EC2 6.4.4)
with a minimum of:
VRd,c = (Vmin + klo-cp) (ECZ 644)
k=1+ /% <2.0=1.9578 (EC26.4.4(1))
ki =0.15. (EC26.2.2(1))

EXAMPLE ltalian NTC 2008 RC-PN-001 - 4



s

vy Software Verification
PROGRAMNAME: ~ SAFE
REVISION NO.: 0
- Asl <
= == <0.02
P b, d

w

Area of reinforcement at the face of column for design strip are as follows:

As in Strip Layer A = 9204.985 mm?
A in Strip Layer B = 8078.337 mm?

Average As = (9204.985+8078.337)/2 = 8641.661 mm?
pL= 8641.661/(8000218) = 0.004955 < 0.02

Vo =0.035k%7 £, 2 = 0,035(1.9578)"” (30)"* = 0.525 N/mm?

Vage = 0.12 ¢1.9578(100 + 0.004955¢30)"* +0 | = 0.5777 N/mm?

Shear Ratio= ™ = 1099 _ g9

Vego 05777

EXAMPLE Italian NTC 2008 RC-PN-001 - 5
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EXAMPLE Italian NTC 2008 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

;
i Y

ed g imspan > .
I

S

$

wall | 6
! Free edge !/

I - : Freeedge ; ?

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the Italian NTC
2008 load combination factors, 1.35 for dead loads and 1.5 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. These moments are
identical. After completing the analysis, design is performed using the Italian
NTC 2008 code by SAFE and also by hand computation. Table 1 shows the
comparison of the design reinforcements computed by the two methods.

EXAMPLE Italian NTC 2008 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.
Effective depth

Clear span

Concrete strength
Yield strength of steel
Concrete unit weight
Modulus of elasticity
Modulus of elasticity
Poisson’s ratio

Dead load
Live load

B
I I T | ]|

<
11

Wq
Wi

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural reinforcement
> Application of minimum flexural reinforcement

REsuULTS COMPARISON

150 mm
25 mm
125 mm
4000 mm
30 MPa
460 MPa
0 N/md
25000 MPa
2x10° MPa
0
4.0 kPa
5.0 kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip the moments obtained by the hand computation method. Table 1 also shows

the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Strip Moment

Reinforcement Area (sq-cm)

Method (KN-m) As*
SAFE 25.797 5.400
Calculated 25.800 5.400

A min = 204.642 sg-mm

CoMPUTER FILE: Italian NTC 2008 RC-SL-001.FDB

CONCLUSION

The SAFE results show an acceptable comparison with the independent results.

EXAMPLE ltalian NTC 2008 RC-SL-001 - 2
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HAND CALCULATION
The following quantities are computed for the load combination:

n=1.0 for fe <50 MPa
A=0.8 for f <50 MPa
b =1000 mm
For the load combination, w and M are calculated as follows:
w = (1.35wq + 1.5w¢) b

W
8
0.0013b,d
Asmin =MaX3 ) o6 fom 1
yk
= 204.642 sg-mm
COMB100
wg = 4.0 kPa
wy = 5.0 kPa
w =129 kN/m

M.strip = 25.8 KN-m
M.design= 25.8347 kN-m

I, steel = 1.15
Jn, concrete = 1.50
occ = 0.85:
The depth of the compression block is given by:
M 25.8347 «10°

=0.097260

m= =
bd’nf, 1000e125*¢1.000.85¢30/1.5

ORI ONRD
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G) _ 9K for fu< 50 MPa = 0.60
lim 2

For reinforcement with fyx < 500 MPa, the following values are used:
ki=10.40
ko = (0.6 + 0.0014/gc2) = 1.00
olis assumed to be 1

w=1-41-2m =0.10251

AS = a{m:?;bd] =544.61 Sg-mm > As.min

yd

As = 5.446 sg-cm
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EXAMPLE NZS 3101-06 PT-SL-001

Post-Tensioned Slab Design

PROBLEM DESCRIPTION

SAFE
0

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 915 mm wide and spans 9754 mm as, shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ /

229 mm

— = 3 &

Length, L = 9754 mm

-

_~ 254 mm

914 mm

Elevation

Section

Figure 1 One-Way Slab

=

25 mm

EXAMPLE NZS 3101-06 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows:

Loads: Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the midspan of the slab. Independent hand calculations
were compared with the SAFE results and summarized for verification and
validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T,h = 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand) A, = 198 mm?
Concrete unit weight we = 23.56 kN/m?
Modulus of elasticity Ec = 25000 N/mm?
Modulus of elasticity Es = 200,000 N/mm?
Poisson’s ratio \Y = 0

Dead load Wy = self kN/m?
Live load wi = 4.788 kN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads.

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

EXAMPLE NZS 3101-06 PT-SL-001 - 2
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Table 1 Comparison of Results

FEATURE TESTED 'N%EEPSEU'\II_?';NT RSSAL'J:LET o | DIFFERENCE

Factored moment,

MU (Uimate) (kN.m) 156.12 156.14 0.01%
ﬁgeé gfc'\r’r'gd Steel req'd, 14.96 15.08 0.74%
(TST;,STfsr wonc. Stress, top -5.058 -5.057 0.02%
(TST;,STfsr l\CACF’,r;C' Stress, bot 2.839 2.839 0.00%
(NS’ITEIL%?&PS;%S' top ~10.460 ~10.465 0.05%
(NS’JTJ?I'DTC:)’?&PS;‘ESS' bot 8.402 8.407 0.06%
T Core e | o | ram | owow
T e Stes | o | s | oo

COMPUTER FILE: NZS 3101-06 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing Post-Tensioning
f’c= 30MPa fou = 1862 MPa
fy =400MPa foy = 1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi = 1490 MPa
fe =1210 MPa
¢ = 0.85

a, =0.85 for f. <55MPa
B, =085 for f, <30,

G =—c d=2147
&+ 1, /E

Amax — O.?Sﬁle =136.8 mm

Prestressing tendon, Ap
; Mild Steel, As —
i eel, As / / ZCimm
\____,__—3!/—'— f 3/ ° 254 mm

25 mm

Length, L = 9754 mm 914 mm

Elevation Section

Loads:
Dead, self-wt = 0.254 m x 23.56 KN/m®=5.984 kN/m? (D) x 1.2 = 7.181kN/m? (D.)

Live, = 4,788 KN/m? (L) x 1.5 = 7.182 kN/m? (L.)
Total = 10.772 KN/m? (D+L) = 14.363 kN/m? (D+L)ult

®=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 14.363 KN/m? x 0.914 m = 13.128 kN/m

EXAMPLE NZS 3101-06 PT-SL-001 - 4
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2
wl;

Ultimate Moment, M, = g =13.128 x (9.754)%/8 = 156.12 kN-m

f'c
300,
30
300(0.00095)
=1385 MPa < f.. +200 =1410 MPa

Ultimate Stress in strand, f,q = fz +70+

=1210+70+

Ultimate force in PT, F,y pr = As ( as ) = 2(99)(1385)/1000 = 274.23 kN

*

2M
af'. ¢b

Stress block depth, a=d - [d*-

2(156.12)

(1e3) = 37.48 mm
0.85(30000)(0.85)(0.914)

=0.229- \/0.2292 -

Ultimate moment due to PT,
a 37.48
Muier = Fucer (d —5)415 = 274.23(229—7)(0.85)/1000 =49.01 KN-m

Net ultimate moment, M, =M, —M, o =156.1-49.10 =107.0 KN-m

Required area of mild steel reinforcing,
M 107.0
AS —

net

a =
gf,(d —5) 0.85(400000)(0.229—

(1e6) =1496 mm®

0.03748j

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses =1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304 (197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = Fop, (sag) = 257.4(102 mm)/1000 = 26.25 kN-m
Stress in concrete, f = Fen + Mo —Mer _ 2574 + 65.04-26.23
A S 0.254(0.914) 0.00983

where S = 0.00983m?

EXAMPLE NZS 3101-06 PT-SL-001 - 5
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f =-1.109+3.948MPa
f =—-5.058(Comp) max, 2.839(Tension) max

Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr
Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN
Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kN-m
Stress in concrete for (D+L+PTg),
¢ _Fon (Mo, —My 2388 117.08-24.37
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

Long-Term Condition, load combinations: (D+0.5L+PTrq)) = 1.0D+0.5L+1.0PTF

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN
Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to live load, M, = 4.788(0.914)(9.754)° /8 =52.04 KN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm) /1000 = 24.37 kN-m
Stress in concrete for (D+0.5L+PTr)),
- For, N Mo.ose —Mpr _ —238.9 N 91.06 —24.33
A S 0.254(0.914)  0.00983

f =-1.029+6.788
f =-7.817(Comp) max, 5.759(Tension) max

EXAMPLE NZS 3101-06 PT-SL-001 - 6
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EXAMPLE NZS 3101-06 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by NZS 3101-06.

= The average shear stress in the beam is below the maximum shear stress
allowed by NZS 3101-06, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1 x 102° kN/m).

The beam is loaded with symmetric third-point loading One dead load case
(DL50) and one live load case (LL130) with only symmetric third-point loads of
magnitudes 50, and 130 kN, respectively, are defined in the model. One load
combinations (COMB130) is defined with the NZS 3101-06 load combination
factors of 1.2 for dead loads and 1.5 for live loads. The model is analyzed for
both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the NZS 3101-06 code in SAFE and also by hand computation. Table 1
shows the comparison of the design longitudinal reinforcements. Table 2 shows
the comparison of the design shear reinforcements.

EXAMPLE NZS 3101-06 RC-BM-001 - 1
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I |
jm \; A%ijm
-
= 300 ——

Beam Section

o
o

<«

%
_

1—— 2000 mm ——p—t—— 2000 MMmM——=r<t——2000 Mm———

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design
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GEOMETRY, PROPERTIES AND LOADING

Clear span, I = 6000 mm
Overall depth, h = 500 mm
Flange Thickness, ds = 100 mm
Width of web, bw = 300 mm
Width of flange, bt = 600 mm
Depth of tensile reinf., de = 75  mm
Effective depth, d = 425 mm
Depth of comp. reinf., da = 75  mm
Concrete strength, fo = 30 MPa
Yield strength of steel, fy = 460 MPa
Concrete unit weight, We = 0 kN/md
Modulus of elasticity, Ec = 25x10° MPa
Modulus of elasticity, Es = 2x10® MPa
Poisson’s ratio, v = 0.2

Dead load, Pao = 50 kN
Live load, P = 130 kN

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
> Application of minimum flexural and shear reinforcement

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)
Moment
Method (kN-m) As*
SAFE 510 35.046
Calculated 510 35.046

A¢min = 535.82 sg-m

EXAMPLE NZS 3101-06 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. AV
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
255 14.962 14.89

CompPUTER FILE: NZS 3101-06 RC-BM-001.FDB

CONCLUSION

The SAFE results show an acceptable close comparison with the independent

results.
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HAND CALCULATION

Flexural Design

The following quantities are computed for the load combination:
¢ = 0.85
a, =0.85 for f; <55MPa
£, =0.85 for f <30,

G, =——=—d =240.56 mm
g+ 1, /E

amax = 0.75/1Cpb= 153.36 mm

Ve ) 53582
As,min = max Y Sg-mm
1.4i =136.96
fy
= 535.82 sg-mm

COMB130
N* = (1.2Ng + 1.5Ny) = 255 kN

M*:N—I =510 KN-m

The depth of the compression block is given by:

2[M”
a=d—,[d? —‘.— =105.322 mm (a > Ds)
o fod,by

The compressive force developed in the concrete alone is given by:
Cs is given by:
C =ay i (br b, )h; =765 kN

EXAMPLE NZS 3101-06 RC-BM-001 - 5
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C * - - - -
Therefore, As1 = f—f and the portion of M that is resisted by the flange is given
y

by:

M} =C, [d —d—Zquﬁb = 243.84375 kN-m

C
A= f—f = 1663.043 sg-mm
y

Therefore, the balance of the moment, M", to be carried by the web is:
My = M" — M"1= 510 — 243.84375 = 266.15625 kN-m

The web is a rectangular section with dimensions by and d, for which the depth of
the compression block is recalculated as:

*

a=d- d? —ZM—W =110.7354 mm < amax
o fepb,

If a1 < amax (NZS 9.3.8.1), the area of tension reinforcement is then given by:

*

As2 = M. = 1841.577 sq-mm

&
¢bfy{d 2)

As = As1 + Asz = 3504.62 sg-mm

Shear Design
The basic shear strength for rectangular section is computed as,

= {0.07 +10 bAsd } Jf. =0.3834

f. <50 MPa, and
0.08/f. = 0.438 MPa< 1< 0.2,/f. =1.095 MPa

Ve = kaka v = 0.438 where (kq=1.0, ka=1.0)
The average shear stress is limited to a maximum limit of,

Vmax = mln{OZf;, 8 MPa}: min{6, 8} = 6 MPa

EXAMPLE NZS 3101-06 RC-BM-001 - 6
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The shear reinforcement is computed as follows:
If V' < (v, /2) or h < max(300 mm, 0.5bw)
A
— =0 (NZS 9.3.9.4.13)
S
If ¢s(v,/2) < V' < v,
A 1 b
— = /fl = NZS 9.3.9.4.15
s 16 \/i f ( )
If gve < V' < dsvinax, (NZS 9.3.9.4.2)
i: (V* - svc)
S ¢, f,d

If v' > vinax, a failure condition is declared.

For the load combination, the N* and V" are calculated as follows:

*

N° = 1.2Ng + 1.5N;
. _V
1% =
b, d
(COMB130)
Ng = 50 kips
Ni = 130 kips
V" = 255kN
.V .
Vv = ﬁ: 2.0 MPa (@Vc <y < @Vmax)
vV =gV )b
A :(;+)W = 1.489 sg-mm/mm = 1489 sq-mm/m
S
s 'yt

EXAMPLE NZS 3101-06 RC-BM-001 - 7
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EXAMPLE NZS 3101-06 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8 m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @/0-3 m

8m 8m 8m

0.6 m

®

: /

® L. T | —
] —Columns are 0.3 m x 0.9 m

with long side parallel

i i B

| _— 0.25 m thick flat slab

gm to the Y-axis, typical
@ L] | i ¥— Concrete Properties
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m Y
Loading
DL = Self Weigzht + 1.0 KN/m?
@ = |% X % i jl— LL=40kN/m
| |

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a f'c of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE NZS 3101-06 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.792 1.141 1.57
Calculated 1.792 1.141 1.57

CoMPUTER FILE: NZS 3101-06 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(259-26)+(250—-38)]/2 = 218 mm

Refer to Figure 2.
bo =518+ 1118 + 1118 + 518 = 3272 mm

518 Note: All dimensions in millimeters
Y
N\ Critical section for
109 150 | 150 |109 punching shear shown
| / dashed.
A Ao ____ B
Column r -
1 1
1 1
1
1 ml 450
s P 3 «
(%] 0
i | : % |18
Center of column is /:/ \ 450
point (x1, y1). Set | :
this equal to (0,0). ! :
| Side 4 ! 109
[» I c

Figure 2: Interior Column, Grid B-2 in SAFE Model

]/v2=1— 1 =0.495

2\ 118
14+ 2] 218
3)\ 518
1
“1- ~0312
ye _+(2j 518
3)\V1118

The coordinates of the center of the column (x1, y1) are taken as (0, 0).

EXAMPLE NZS 3101-06 RC-PN-001 - 3
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The following table is used for calculating the centroid of the critical section for punching

shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical section for
punching shear as identified in Figure 2.
Item Side 1 Side 2 Side 3 Side 4 Sum
X2 -259 0 259 0 N.A.
y2 0 559 0 -559 N.A.
L 1118 518 1118 518 bo = 3272
d 218 218 218 218 N.A.
Ld 243724 112924 243724 112924 713296
Ldxz —63124516 0 63124516 0 0
Ldy> 0 63124516 0 -63124516 0
Z Ldx2 0
X3 = = =
Ld 713296
y3=ZLdyz= 0 =0mm
Ld 713296

The following table is used to calculate Ixx, Ivy and Ixy. The values for Ixx, Ivy and Ixy

are given in the "Sum™ column.

Item Side 1 Side 2 Side 3 Side 4 Sum
L 1118 518 1118 518 N.A.
d 218 218 218 218 N.A.

X2 — X3 —259 0 259 0 N.A.

Y2 — V3 0 559 0 —559 N.A.
Parallel to Y-AXis X-axis Y-AXis X-axis N.A.
Equations 5b, 6b, 7 5a, 6a, 7 5b, 6b, 7 5a, 6a, 7 N.A.

Ixx 2.64E+10 3.53E+10 2.64E+10 3.53E+10 1.23E+11
lyy 1.63E+10 2.97E+09 1.63E+10 2.97E+09 3.86E+10
Ixy 0 0 0 0 0

From the SAFE output at Grid B-2:

Vu = 1126.498 kN

Yva Myz = —25.725 kN-m

Yvs Mus = 14.272 KN-m

EXAMPLE NZS 3101-06 RC-PN-001 - 4
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At the point labeled A in Figure 2, x4 = —259 and y4 = 559, thus:
 1126.498¢10°  25.725¢10°|3.86910* (559 - 0) - (0)(-259 - 0) | N
3272218 (1.23010")(3.86 010 ) - (0)*
14.27210° [1.23010" (-259 - 0) - (0)(559 - 0) |
(1.23010")(3.86010°) - (0)°
vu =1.5793 —0.1169 - 0.0958 = 1.3666 N/mm? at point A

At the point labeled B in Figure 2, x4 = 259 and y4 = 559, thus:
 1126.498410°  25.725¢10°3.86 010" (559 - 0) - (0)(259-0) ] N
3272218 (1.23010%)(3.86010°) - (0)°
14.27210° [1.23010" (259 - 0) - (0)(559 - 0) |
(1.23010")(3.86010") - (0)’
vu= 1.5793 —0.1169 +0.0958 =1.5582 N/mm? at point B

At the point labeled C in Figure 2, x4 = 259 and y4 = —559, thus:
| 1126.498010° 25.725¢10°[ 3.8610° (-559 - 0) - (0)(259 - 0) |
T 3272218 (1.23010")(3.86010°) - (0)°
14.27210°[1.23010" (259 - 0) - (0)(-559 - 0) ]
(1.2310)(3.86010°) —(0)°
vu=1.5793 +0.1169 +0.0958 = 1.792 N/mm?2 at point C

At the point labeled D in Figure 2, x4 = —259 and ys = —559, thus:

| 1126.498¢10°  25.72510° 3.86 010" (—559 — 0) — (0)(-259 - 0) |
32720218 (1.23010")(3.86010°) —(0)’
14.272010°[1.23010" (-259 — 0) - (0)(-559 - 0) |
(1.23010)(3.86010°)—(0)°
vu=1.5793 +0.1169 — 0.0958 = 1.6004 N/mm? at point D

Point C has the largest absolute value of vy, thus Vmax = 1.792 N/mm?

EXAMPLE NZS 3101-06 RC-PN-001 - 5
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The shear capacity is calculated based on the smallest of NZS 3101-06, with the b, and u
terms removed to convert force to stress.

Hlbe ol

B
@V, = min %[u "Sd j(ﬁ«/ f7 = 1.141N/mm2 per (NZS 12.7.3.2)
0
N
59 fc
3
NZS 12.7.3.2 yields the smallest value of |(/)VV =1.141 N/mm2,|and thus this is the shear
capacity.
Shear Ratio = = 1.192 =1.57
pv, 1141

EXAMPLE NZS 3101-06 RC-PN-001 - 6
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EXAMPLE NZS 3101-06 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

' Simply
Simply ! 1
SUpported g dm span bsupported

-
edge atwall vedge atwall

i I
________\ Free edge '/ *
I I1mdesignstrip
______ : Free edge ; f

Figure 1 Plan View of One-Way Slab

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 kN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the NZS 3101-
06 load combination factors, 1.2 for dead loads and 1.5 for live loads. The model
is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
analysis, design is performed using the NZS 3101-06 code by SAFE and also by
hand computation. Table 1 shows the comparison of the design reinforcements
computed using the two methods.

EXAMPLE NZS 3101-06 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h

In, I1

AL
I

Wd
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

150
25
125
4000

30
460

25000
2x10°8

4.0
5.0

mm
mm
mm
mm

MPa
MPa
N/m?
MPa
MPa

kPa
kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

Reinforcement Area

Strip (Sq-cm)
Load Moment
Level Method (KN-m) As*
SAFE 24.597 5.238
Medium
Calculated 24.6 5.238

A¢ min = 380.43 sg-mm

EXAMPLE NZS 3101-06 RC-SL-001 - 2
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CompUTER FILE: NZS 3101-06 RC-SL-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

The following quantities are computed for the load combination:

¢ = 0.85
b = 1000 mm
a, =0.85 for f. <55MPa

B, =0.85 for ! <30,

b 4 =70.7547

Cp=—
P &+ 1, /E

Amax — O.?Sﬂle: 45.106 mm

For the load combination, w and M™ are calculated as follows:

w=(1.2wg + 1.5W) b

M = wl?
Y8
Jfe
b,d =372.09 sg-mm
As min — max !
’ b,d
14 ¢ =380.43 sg-mm
y
= 380.43 sg-mm
COMB100
wg = 4.0 kPa
wi = 5.0 kPa
w =123 kN/m

M*-strip = 24.6 kN-m
M*-design = 24.6331 kN-m
The depth of the compression block is given by:

a=d- dz—ﬂL =9.449 mm < amax
ot b

EXAMPLE NZS 3101-06 RC-SL-001 - 4
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The area of tensile steel reinforcement is then given by:

*

M

Tefecd)

=523.799 sg-mm > As min

As = 5.238 sg-cm

EXAMPLE NZS 3101-06 RC-SL-001 - 5
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EXAMPLE Singapore CP 65-99 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE Singapore CP 65-99 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows.

Loads:  Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations are compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T, h= 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength fe = 30 MPa
Yield strength of steel fy = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand)  Ap = 198 mm?
Concrete unit weight We = 2356 kN/m?
Modulus of elasticity Ec = 25000 N/mm?3
Modulus of elasticity Es = 200,000 N/mm?3
Poisson’s ratio v = 0

Dead load Wy = self  kN/m?2
Live load wi = 4.788 KkN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

EXAMPLE Singapore CP 65-99 PT-SL-001 - 2
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Table 1 Comparison of Results

INDEPENDENT SAFE
FEATURE TESTED RESULTS RESULTS DIFFERENCE

Factored moment,

174.4 174.4 0.00%
Mu (Ultimate) (kN-m) °
Area of Mild Steel req'd, 19.65 19.79 0.71%
As (sg-cm) ' ' 70
Transfer Conc. Stress, top 0
(D+PT), MPa -5.058 -5.057 0.02%
Transfer Conc. Stress, bot 0
(D+PT), MPa 2.839 2.839 0.00%
Normal Conc. Stress, top 0
(D+L+PT5), MPa -10.460 -10.465 0. 50%
Normal Conc. Stress, bot 0
(D+L+PT¢), MPa 8.402 8.407 0.06%

COMPUTER FILE: SINGAPORE CP 65-99 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing

f'’c= 30MPa
fy = 400MPa
i, steel = 1.15

¥, concrete — 1.50

Post-Tensioning
fpu = 1862 MPa
foy =1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi =1490 MPa

fe =1210 MPa

Prestressing tendon, Ap

—

\_______L___‘

Length, L =9754 mm

-~

Elevation

Loads:

Mild Steel, As —
Hd Steel, As ] 229 mm
* }Z ° _ 254 mm
\
25 mm
’] 914 mm
Section

Dead, self-wt = 0.254 m x 23.56 kN/m® = 5.984 kN/m? (D) x 1.4= 8.378 KN/m? (Dy)

Live,

= 4788 KN/m? (L) x 1.6 = 7.661 KN/m? (L.

Total = 10.772 kN/m? (D+L) = 16.039 kN/m? (D+L)ult

@=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 16.039 KN/m? x 0.914 m = 14.659 kN/m

2
=ﬂ:

Ultimate Moment, M,

14.659 x (9.754)%/8 = 174.4 KN-m

EXAMPLE Singapore CP 65-99 PT-SL-001 - 4
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f A
Ultimate Stress in strand, f , = f . L0008 g 7w
e d f_bd

1210, 7000 [, . 1862(198)
9754/ 229 30(914)(229)

=1358 MPa<0.7f, =1303 MPa

K factor used to determine the effective depth is given as:

K=_M = 1744 _=0.1213 < 0.156
f_bd® ~ 30000(0.914)(0.229)

Z= d{0.5+ ‘/0.25—%] <0.95d =192.2 mm

Ultimate force in PT, F,, pr = Av(fos) = 2(99)(1303)/1000 = 258.0 kN

Ultimate moment due to PT,
My pr = Fucpr (2)/ 7 =258.0(0.192)/1.15= 43.12 kN-m
Net Moment to be resisted by As,
Myer = My — Mg,
=174.4—-43.12=131.28 KN-m

The area of tensile steel reinforcement is then given by:

A=Mer o BB 6965 mm?
0.87f,z  0.87(400)(192)

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304 (197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, M, = Fop, (sag) = 257.4(102 mm) /1000 = 26.25 kN-m
Stress in concrete, foFen  Mo=Mey —2574 |, 65.04-26.23
A S 0.254(0.914)  0.00983

where S = 0.00983m?
f =-1.109+3.948 MPa

f =-5.058(Comp) max, 2.839(Tension) max

EXAMPLE Singapore CP 65-99 PT-SL-001 - 5
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Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, = 4.788(0.914)(9.754)° /8 =52.04 KN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm) /1000 = 24.37 kN-m
Stress in concrete for (D+L+PTF),
. For, N Mp, —M,; 23838 i117.08—24.37
A S 0.254(0.914)  0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

EXAMPLE Singapore CP 65-99 PT-SL-001 - 6
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EXAMPLE SINGAPORE CP 65-99 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by Singapore CP 65-99.

= The average shear stress in the beam is below the maximum shear stress
allowed by Singapore CP 65-99, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20, and 80 kN, respectively, are defined in the model. One load
combinations (COMB80) is defined with the Singapore CP 65-99 load
combination factors of 1.4 for dead loads and 1.6 for live loads. The model is
analyzed for both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Singapore CP 65-99 code in SAFE and also by hand computation.
Table 1 shows the comparison of the design longitudinal reinforcements. Table 2
shows the comparison of the design shear reinforcements.

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 1
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I |
jm \; AJ%Linmm
-
= 300 ——

Beam Section

o
o

<«

%
_

1——2000 mm ——p—t—— 2000 MM——p=r<t——2000 Mm——p—

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 2



s

COMPUTERS & STRUCTURES INC.

Software Verification

GEOMETRY, PROPERTIES AND LOADING

Clear span,
Overall depth,
Flange Thickness,
Width of web,
Width of flange,

Depth of tensile reinf.,

Effective depth,

Depth of comp. reinf.,

Concrete strength,

Yield strength of steel,
Concrete unit weight,
Modulus of elasticity,
Modulus of elasticity,

Poisson’s ratio,

Dead load,
Live load,

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
» Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

ds
bw
bt
de

dl

6000
500
100
300
600

75
425
75

30
460

25x10°
2x108
0.2

20
80

PROGRAM NAME: SAFE
REVISION NO.: 0

mm
mm
mm
mm
mm
mm
mm
mm

MPa
MPa
KN/m?
MPa
MPa

kN
kN

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Moment
Method (kN-m) As*
SAFE 312 20.904
Calculated 312 20.904

A¢ min = 195.00 sg-mm

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. A,
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
156 6.50 6.50

CompUTER FILE: SINGAPORE CP 65-99 RC-002.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 4
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:

¥, steel =1.15
Y, concrete = 1.50
A, min =0.0013b,h

=195.00 sg-mm

COomB80
P = (14Pd + 16Pt) =156 kN

M*:N—I = 312 KN-m

The depth of the compression block is given by:

_ Lz = 0.095963 < 0.156
f b, d

Then the moment arm is computed as:

z=d {0.5+ ‘/0.25—%} <0.95d = 373.4254 mm

The depth of the neutral axis is computed as:

X = L (d-2)=114.6102 mm
0.45
And the depth of the compression block is given by:

a=0.9x=103.1492 mm > hy

The ultimate resistance moment of the flange is given by:
0.67

M, = fo, (by =b, )h; (d —0.5h; ) =150.75 kN-m

c

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 5
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The moment taken by the web is computed as:
M,=M-M, =161.25 kN-m

And the normalized moment resisted by the web is given by:
MW
f b, d?

cu ~w

Kw = =0.0991926 < 0.156

If Kw < 0.156 (BS 3.4.4.4), the beam is designed as a singly reinforced concrete
beam. The reinforcement is calculated as the sum of two parts: one to balance
compression in the flange and one to balance compression in the web.

Z:d(0.5+,/0.25—%]£0.95d = 371.3988 mm

M; M
A = +3 % =2090.4 sg-mm

f
7:(d—0.5hf) }/—:z

Shear Design

V=L£Vmax =1.2235 MPa
b,d

w

Vmax = Min(0.8 ./ f_, , 5 MPa) = 4.38178 MPa

The shear stress carried by the concrete, v, is calculated as:

% b
. = 079Kk, (100Asj (400) _ 0.3568 MPa
Ve bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

y %
o = [f_ = 106266, L <k» < (@j
o5 25

=125

10A _ 515
bd

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 6
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()
d

However, the following limitations also apply:

015< 10A 5
bd

2
d

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Given v, v, and Vmax, the required shear reinforcement is calculated as follows:

If v<(vc+0.4),
A 0.4b,,
s, 087f,
If (Vc + 04) <V < Vmax,
&: (V_Vc)bw
s, 0871,

If v > vmax, a failure condition is declared.

(COMB8O)
Ps = 20 kN
P = 80kN
V = 156 kN
J:%H:ZOW%(¢w<VS¢WM

A =w = 0.64967sg-mm/mm = 6.50 sg-cm/m
s, 087f,

EXAMPLE SINGAPORE CP 65-99 RC-BM-001 - 7
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EXAMPLE Singapore CP 65-99 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @/0-3 m

8m 8m 8m

0.6 m

®

: /

® L. T | —
] —Columns are 0.3 m x 0.9 m

with long side parallel

i i B

| _— 0.25 m thick flat slab

-

gm to the Y-axis, typical
@ L] | i ¥— Concrete Properties
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m Y
Loading
DL = Self Weigzht + 1.0 KN/m?
@ = |% X % i jl— LL=40kN/m
| |

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m? and a fo, of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE Singapore CP 65-99 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.105 0.625 1.77
Calculated 1.105 0.620 1.77

CoMPUTER FILE: SINGAPORE CP 65-99 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.

EXAMPLE Singapore CP 65-99 RC-PN-001 - 2
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—-38)]/2 = 218 mm

Refer to Figure 1.
u = 954+ 1554 + 954 + 1554 = 5016 mm

954 Note: All dimensions in millimeters
Y
N\ Critical section for
327 ’150 150’ 327 punching shear shown
‘ ‘ / dashed.
A ___do____ B
Column :_ Side2
! : 327
1 1
1
1 ™l
- 3 450
10 (2] \X
1 | > + —> 1554
e '
Center of column is —, : 450
point (x1, y1). Set | :
this equal to (0,0). ! | 327
L____Sidea_ ___|
D c

Figure 2: Interior Column, Grid B-2 in SAFE Model

From the SAFE output at Grid B-2:
V=1126.498 kN
M2 =51.9908 kN-m
M3z = 45.7234 KN-m

EXAMPLE Singapore CP 65-99 RC-PN-001 - 3
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Maximum design shear stress in computed in along major and minor axis of column:

V 1.5MX
Vg y =—| T+ (CP 3.7.7.3)
" ud Vy

1126.49810° 1.551.9908¢10°
Vi x = 1.0+ 3
’ 5016218 1126.498¢10° ¢ 954

1.5M
Veff y :i f + y
7 ud VX

1126.49810° 1.5045.7234¢10°
Vet y = 1.0+ 3
5016218 1126.49810° «1554

J =1.1049 (Govern)

J:1.0705

The largest absolute value of v = 1.1049 N/mm?

The shear stress carried by the concrete, Ve, is calculated as:
% %
v, - 0.79kk, (100Asj (400) — 0.3568 MPa
Y bd d

k1 is the enhancement factor for support compression,
and is conservatively takenas 1 .

% bE
ko= [Ju]”=[20Y°21 0627 > 1.0 0K

25 25
=125

%
(%) =1.16386 > 1 OK.

fcu < 40 MPa (for calculation purposes only) and As is the area of tension
reinforcement.

Area of reinforcement at the face of column for design strip are as follows:
As in Strip Layer A = 9494.296 mm?

As in Strip Layer B = 8314.486 mm?

Average As = (9494.296+8314.486)/2 = 8904.391 mm?

EXAMPLE Singapore CP 65-99 RC-PN-001 - 4
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%2 100 « 8904.391/(8000  218) = 0.51057

~ 0.79#1.001.0627

Vv, ot ¢(0.51057)" ¢1.16386 = 0.6247 MPa

BS 3.7.7.3 yields the value of |v = 0.625 N/mm2|and thus this is the shear capacity.

Shear Ratio = w_ 1.1049 =1.77
v 0.6247

EXAMPLE Singapore CP 65-99 RC-PN-001 - 5
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EXAMPLE Singapore CP 65-99 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

1 1.30mply

! bsupported
el i imospan ,

I

!

. t
________\ Free edge '/ +
v I l1 m design strip
I : Freeedge : f

Figure 1 Plan View of One-Way Slab

P! e dge atwall

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 KN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the Singapore
CP 65-99 load combination factors, 1.4 for dead loads and 1.6 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed using the Singapore CP 65-99 code by SAFE
and also by hand computation. Table 1 shows the comparison of the design
reinforcements computed by the two methods.

EXAMPLE Singapore CP 65-99 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load

TECHNICAL FEATURES OF SAFE TESTED

steel
ght
city
city

T,h

In, I1

AL
no

Wd
Wi

» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

150 mm
25 mm
125 mm
4000 mm

30 MPa
460 MPa
0 N/md
25000 MPa
2x10° MPa

4.0 kPa
5.0 kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strip (sg-cm)
Load Moment

Level Method (KN-m) As*
SAFE 27.197 5.853

Medium
Calculated 27.200 5.850

A min = 162.5 sg-mm

EXAMPLE Singapore CP 65-99 RC-SL-001
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CoMPUTER FILE: Singapore CP 65-99 RC-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.

EXAMPLE Singapore CP 65-99 RC-SL-001 - 3



Software Verification

CJi

COMPUTERS & STRUCTURES INC.

PROGRAM NAME:
REVISION NO.:

SAFE
0

HAND CALCULATION

The following quantities are computed for all the load combinations:

m, steel =1.15

Jm, concrete = 1.50
b =1000 mm

For each load combination, the w and M are calculated as follows:

w = (1.4wg + 1.6w) b

_wlf
8

A, i = 0.0013b,,d

M

=162.5 sg-mm
COMB100
wg = 4.0 kPa
wi = 5.0 kPa
w = 13.6 kN/m

M.strip = 27.2 KN-m
M.design = 27.2366 KN-m
The depth of the compression block is given by:

K= M__ 0.05810 < 0.156

fbd?

cu

The area of tensile steel reinforcement is then given by:

Z= d{0.5+ ‘/0.25—%] <0.95d =116.3283

M

A =871,z

= 585.046 sg-mm > As min

As = 5.850 sg-cm

EXAMPLE Singapore CP 65-99 RC-SL-001 - 4
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EXAMPLE Turkish TS 500-2000 PT-SL-001
Post-Tensioned Slab Design

PROBLEM DESCRIPTION

The purpose of this example is to verify the slab stresses and the required area of
mild steel strength reinforcing for a post-tensioned slab.

A one-way, simply supported slab is modeled in SAFE. The modeled slab is 254
mm thick by 914 mm wide and spans 9754 mm, as shown in shown in Figure 1.

Prestressing tendon, Ap
; Mild Steel, As —/ / Ziimm
V‘ % }( ° ~ w _ 254mm

Length, L = 9754 mm 914 mm

Elevation Section

Figure 1 One-Way Slab

EXAMPLE Turkish TS 500-2000 PT-SL-001 - 1
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A 254-mm-wide design strip is centered along the length of the slab and has been
defined as an A-Strip. B-strips have been placed at each end of the span,
perpendicular to Strip-A (the B-Strips are necessary to define the tendon profile).
A tendon with two strands, each having an area of 99 mm?, has been added to the
A-Strip. The self weight and live loads have been added to the slab. The loads and
post-tensioning forces are as follows.

Loads:  Dead = self weight, Live = 4.788 kN/m?

The total factored strip moments, required area of mild steel reinforcement, and
slab stresses are reported at the mid-span of the slab. Independent hand
calculations are compared with the SAFE results and summarized for verification
and validation of the SAFE results.

GEOMETRY, PROPERTIES AND LOADING

Thickness T, h= 254 mm
Effective depth d = 229 mm
Clear span L = 9754 mm
Concrete strength fok = 30 MPa
Yield strength of steel fw = 400 MPa
Prestressing, ultimate fu = 1862 MPa
Prestressing, effective fe = 1210 MPa
Area of Prestress (single strand)  Ap = 198 mm?
Concrete unit weight We = 2356 kN/m?
Modulus of elasticity Ec = 25000 N/mm?3
Modulus of elasticity Es = 200,000 N/mm?3
Poisson’s ratio v = 0

Dead load Wy = self  kN/m?2
Live load wi = 4.788 KkN/m?

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of the required flexural reinforcement
» Check of slab stresses due to the application of dead, live, and post-tensioning
loads

RESULTS COMPARISON

Table 1 shows the comparison of the SAFE total factored moments, required mild
steel reinforcing, and slab stresses with the independent hand calculations.

EXAMPLE Turkish TS 500-2000 PT-SL-001 - 2
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Table 1 Comparison of Results

Factored moment,

Mu (Ultimate) (kN-m) Lra L o-00%
ﬁgeé S.fcmd Steel req'd, 14.88 14.90 0.13%
'(I'Sir;s_llile;r I\C/Ic;r;c. Stress, top _5.058 _5.057 0.02%
'(I'Sir;s_llile;r I\C/Ic;r;c. Stress, bot 2839 2.839 0.00%
(DrLsPTo pa | 710460 | 10465 | 0.50%
Py NPa 8.402 e o

COMPUTER FILE: TURrKISH TS 500-2000 PT-SL-001.FDB

CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATIONS:

Design Parameters:

Mild Steel Reinforcing

fo = 30MPa
fi = 400MPa
i, steel = 1.15

¥, concrete — 1.50

Post-Tensioning
fpu = 1862 MPa
foy =1675 MPa

Stressing Loss = 186 MPa
Long-Term Loss = 94 MPa
fi =1490 MPa

fe =1210 MPa

Prestressing tendon, Ap

—

\_______L___‘

Length, L =9754 mm

-~

Elevation

Loads:

Mild Steel, As —
nd Steel, A ] 229 mm
* }Z ° _ 254 mm
\
25 mm
’] 914 mm
Section

Dead, self-wt = 0.254 m x 23.56 kN/m® = 5.984 kN/m? (D) x 1.4= 8.378 KN/m? (Dy)

Live,

=_4,788 KN/m? (L) x 1. 7.661 KN/m? (L.

Total = 10.772 kN/m? (D+L) = 16.039 kN/m? (D+L)ult

@=10.772 KN/m? x 0.914 m = 9.846 kN/m, @, = 16.039 KN/m? x 0.914 m = 14.659 kN/m

2
_wl_

Ultimate Moment, M

14.659 x (9.754)%/8 = 174.4 KN-m

EXAMPLE Turkish TS 500-2000 PT-SL-001 - 4
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Ultimate Stress in strand, f,, = f , +7000d [1—1.36%}/

CK

_1210+7000(229)| 1-1.36-002U9%8) | Jig754)
30(914)(229)
=1361MPa

Ultimate force in PT, F, pr = Ao (fos) = 2(99)(1361)/1000 = 269.5 kN

Stress block depth, a=d — [d? __2Mq
0.85f, b

=0.229- \/0.2292

2(174.4)

- (1e3) =55.816 mm
0.85(20000)(0.914)

Ultimate moment due to PT,

M Fiier (d —gj = 269.5(229—55'216j/LOOO =54.194 KN-m

ult,PT —

Net ultimate moment, M, =M, — M o1 =174.4-54.194 =120.206 kN-m
Required area of mild steel reinforcing,

M., 120.206 ¢10°

- c4 Toq ~ 14884 mm?
f, (d —a) (400)(229— ' j
2 2

As:

K factor used to determine the effective depth is given as:
M 174.4

K = =
f_bd? ~ 30000/1.5(0.914)(0.229)°

Z= d[0.5+ 1/0.25—%] <0.95d =192.2 mm

Ultimate force in PT, F,, . = A (fos) =2(99)(1303)/1000 = 258.0 kN

=0.1819 <0.156

Ultimate moment due to PT,
M pr = Fuepr (2)/ 7 =258.0(0.192)/1.15=43.12 kN-m
Net Moment to be resisted by As,

EXAMPLE Turkish TS 500-2000 PT-SL-001 - 5
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MNET = Mu - MPT

=174.4-43.12 =131.28 KN-m

The area of tensile steel reinforcement is then given by:

Myer __ 13128 )
= = 1e6) =1965 mm
A fuz . 0.87(400)(192)

Check of Concrete Stresses at Midspan:

Initial Condition (Transfer), load combination (D+PT;) = 1.0D+0.0L+1.0PT,

Tendon stress at transfer = jacking stress — stressing losses = 1490 — 186 = 1304 MPa
The force in the tendon at transfer, = 1304(197.4)/1000 = 257.4 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m

Moment due to PT, Mg, = Fop, (sag) = 257.4(102 mm)/1000 = 26.25 kN-m
Stress in concrete, foFon Mo Moy —2574 | 65.04-26.23
A S 0.254(0.914)  0.00983

where S = 0.00983m?
f =-1.109+3.948 MPa

f =-5.058(Comp) max, 2.839(Tension) max
Normal Condition, load combinations: (D+L+PTg) = 1.0D+1.0L+1.0PTr

Tendon stress at normal = jacking — stressing — long-term = 1490 — 186 — 94 = 1210 MPa
The force in tendon at normal, = 1210(197.4)/1000 = 238.9 kN

Moment due to dead load, M, =5.984(0.914)(9.754)° /8 = 65.04 kN-m
Moment due to live load, M, =4.788(0.914)(9.754)° /8 =52.04 kN-m

Moment due to PT, M, = Fop, (sag) = 238.9(102 mm)/1000 = 24.37 kKN-m
Stress in concrete for (D+L+PTE),
¢ _Fon (Mo, ~My 2388 117.08-24.37
A S 0.254(0.914) 0.00983

f =-1.029+9.431
f =-10.460(Comp) max, 8.402(Tension) max

EXAMPLE Turkish TS 500-2000 PT-SL-001 - 6
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EXAMPLE Turkish TS 500-2000 RC-BM-001
Flexural and Shear Beam Design

PROBLEM DESCRIPTION

The purpose of this example is to verify slab flexural design in SAFE. The load
level is adjusted for the case corresponding to the following conditions:

= The stress-block extends below the flange but remains within the balanced
condition permitted by TS 500-2000.

= The average shear stress in the beam is below the maximum shear stress
allowed by TS 500-2000, requiring design shear reinforcement.

A simple-span, 6-m-long, 300-mm-wide, and 500-mm-deep T-beam with a
flange 100 mm thick and 600 mm wide is modeled using SAFE. The beam is
shown in Figure 1. The computational model uses a finite element mesh of frame
elements, automatically generated by SAFE. The maximum element size has
been specified to be 200 mm. The beam is supported by columns without
rotational stiffnesses and with very large vertical stiffness (1x102° kN/m).

The beam is loaded with symmetric third-point loading. One dead load case
(DL20) and one live load case (LL80) with only symmetric third-point loads of
magnitudes 20, and 80 kN, respectively, are defined in the model. One load
combinations (COMBS80) is defined with the Turkish TS 500-2000 load
combination factors of 1.4 for dead loads and 1.6 for live loads. The model is
analyzed for both of these load cases and the load combinations.

The beam moment and shear force are computed analytically. The total factored
moment and shear force are compared with the SAFE results. These moment and
shear force are identical. After completing the analysis, design is performed
using the Turkish TS 500-2000 code in SAFE and also by hand computation.
Table 1 shows the comparison of the design longitudinal reinforcements. Table 2
shows the comparison of the design shear reinforcements.

EXAMPLE Turkish TS 500-2000 RC-BM-001 - 1
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I |
jm \; A%ijm
-
= 300 ——

Beam Section

o
o

<«

%
_

1——2000 mm ——p—t—— 2000 MM——p=r<t——2000 Mm——p—

Shear Force

PL/3

Bending Moment

Figure 1 The Model Beam for Flexural and Shear Design

EXAMPLE Turkish TS 500-2000 RC-BM-001 - 2



s

COMPUTERS & STRUCTURES INC.

Software Verification

GEOMETRY, PROPERTIES AND LOADING

Clear span,
Overall depth,
Flange Thickness,
Width of web,
Width of flange,

Depth of tensile reinf.,

Effective depth,

Depth of comp. reinf.,

Concrete strength,

Yield strength of steel,
Concrete unit weight,
Modulus of elasticity,
Modulus of elasticity,

Poisson’s ratio,

Dead load,
Live load,

TECHNICAL FEATURES OF SAFE TESTED

» Calculation of flexural and shear reinforcement
» Application of minimum flexural and shear reinforcement

REsuULTS COMPARISON

ds
bw
bt
de

dl

f'ck

PROGRAM NAME: SAFE

REVISION NO.: 0
6000 mm
500 mm
100 mm
300 mm
600 mm
75  mm
425 mm
75  mm
30 MPa
460 MPa
0 kN/md
25x10° MPa
2x102  MPa
0.2
20 kN
80 kN

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the analytical method. They match exactly
for this problem. Table 1 also shows the comparison of design reinforcements.

Table 1 Comparison of Moments and Flexural Reinforcements

Reinforcement Area (sg-cm)

Moment
Method (kN-m) As*
SAFE 312 20.244
Calculated 312 20.244

A min = 325.9 sg-mm

EXAMPLE Turkish TS 500-2000 RC-BM-001 - 3
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Table 2 Comparison of Shear Reinforcements

. A,
Reinforcement Area, —

S
(sg-cm/m)
Shear Force (kN) SAFE Calculated
156 4.19 4.19

CoMPUTER FILE: TURKISH TS 500-2000 RC-002.FDB

CONCLUSION

The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION

Flexural Design
The following quantities are computed for all the load combinations:
i, steel =1.15
¥, concrete — 1.50
f, 30

fy="=—=20
Ymc 15
f
. =_yk=4_60=400
Yus 1.15
C, = £aEs d =255 mm
EEs + fiy

amax = 0.85k,c, = 177.7 mm

where,  k, =0.85-0.006( f, —25)=0.82, 0.70<k, <0.85

AS ) :O'8fctd

bd =325.9mm?

yd

0.35,/f
Where fctd — wo_ 0315\5/%
¥ me .

=1.278

COMB80
Py = (1.4P¢ + 1.6Pg) = 156 kN

M, :NTdI = 312 kN-m

The depth of the compression block is given by:

d2 _ 2|Md|

a=d- Sl L1
0.85f b

=79.386 mm < 100 mm

since a < amax,

EXAMPLE Turkish TS 500-2000 RC-BM-001 - 5
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a=d- /dz‘og\ﬂﬁ (TS7.1)
' cd

6
a=425- J4252 _20312010° _ 79.387 mm
0.85 20600

If a <amax (TS 7.1), the area of tensile steel reinforcement is then given by:

My, 312010°

A = = —9 3 - 2024:36 mm*, and
f (d —aj 400(425— : j
2 2

Shear Design
Ps = 20 kN
P = 80kN
V = 156 kN

The shear force is limited to a maximum of,
V. =0.22f A, = 561 kN

The nominal shear strength provided by concrete is computed as:

ctd ~'w

V, =0.65fb,d [1+%J: 105.9 kN, where N, =0

V. =0.8V, =84.73 kN

The shear reinforcement is computed as follows:

IfV, <V,
2
(ﬂj _ 0,349~ 0.2876 ™™ (TS 8.1.5, Eqn 8.6)
S Juin fde mm
IfV, <V, <V

EXAMPLE Turkish TS 500-2000 RC-BM-001 - 6
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_ 2
A:w - (V]f \(;°) 0419 ':‘n“r"n (TS 8.1.4, Eqn 8.5)
ywd
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EXAMPLE Turkish TS 500-2000 RC-PN-001
Slab Punching Shear Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab punching shear design in SAFE

The numerical example is a flat slab that has three 8-m spans in each direction, as
shown in Figure 1.

0.3m @ @ @ @/0-3 m

8m 8m 8m

0.6 m

®

8 m /
O, it T |
] —Columns are 0.3 m x 0.9 m

with long side parallel

i i B

| _— 0.25 m thick flat slab

-

gm to the Y-axis, typical
@ L | i ¥— Concrete Properties
Unit weight = 24 kN/m
f'c = 30 N/mm?
8m Y
Loading
DL = Self Weigzht + 1.0 KN/m?
@ = |% X % , l|| LL = 4.0 kN/m

Figure 1: Flat Slab for Numerical Example

The slab overhangs beyond the face of the column by 0.15 m along each side of
the structure. The columns are typically 0.3 m x 0.9 m with the long side parallel
to the Y-axis. The slab is typically 0.25 m thick. Thick plate properties are used
for the slab.

The concrete has a unit weight of 24 kN/m3 and a f of 30 N/mm?. The dead load
consists of the self weight of the structure plus an additional 1 kN/m?. The live
load is 4 KN/m?.

EXAMPLE Turkish TS 500-2000 RC-PN-001 - 1
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TECHNICAL FEATURES OF SAFE TESTED
» Calculation of punching shear capacity, shear stress and D/C ratio.

REsuULTS COMPARISON

Table 1 shows the comparison of the punching shear capacity, shear stress ratio
and D/C ratio obtained from SAFE with the punching shear capacity, shear stress
ratio and D/C ratio obtained by the analytical method. They match exactly for
this problem.

Table 1 Comparison of Design Results for Punching
Shear at Grid B-2

Shear Stress | Shear Capacity
Method (N/mm?) (N/mm?) D/C ratio
SAFE 1.690 1.278 1.32
Calculated 1.690 1.278 1.32

CoMPUTER FILE: TuRrKIsH TS 500-2000 RC-PN-001.FDB

CONCLUSION
The SAFE results show an exact comparison with the independent results.
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HAND CALCULATION
Hand Calculation For Interior Column Using SAFE Method

d =[(250-26)+(250—-38)]/2 = 218 mm
bo =518+ 1118 + 1118 + 518 = 3272 mm

518 Note: All dimensions in millimeters
Y - .
N\ Critical section for
109 150 | 150 |109 punching shear shown
| / dashed.
Ao B
Column r -
: Side 2 : 109
1 1
1 1
1
! ol 450
0 i o «
(2 2]
~
! > . > 1118
Center of column is /:/ : 450
point (x1, y1). Set | :
this equal to (0,0). ! !
| ____Sidea_ | 19
D C

Figure 2: Interior Column, Grid B-2 in SAFE Model

1

ne=1-———==0.595
1118
1+, |—/—
518
773=1—;=0.405
518
1+, ———
1118

The coordinates of the center of the column (x1, y1) are taken as (0, 0).

The following table is used for calculating the centroid of the critical section for punching
shear. Side 1, Side 2, Side 3, and Side 4 refer to the sides of the critical section for
punching shear as identified in Figure 2.
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Item Side 1 Side 2 Side 3 Side 4 Sum
X2 —259 0 259 0 N.A.
y2 0 559 0 -559 N.A.
L 1118 518 1118 518 bo = 3272
d 218 218 218 218 N.A.
Ld 243724 112924 243724 112924 713296
Ldx» —-63124516 0 63124516 0 0
Ldy, 0 63124516 0 —63124516 0
z Ldxz
X3 = = =
Ld 713296
Z Ldy-
ys= = =0mm
Ld 713296

The following table is used to calculate Ixx, lyy and Ixy. The values for Ixx, lyy and Ixy
are given in the "Sum" column.

Item Side 1 Side 2 Side 3 Side 4 Sum
L 1118 518 1118 518 N.A.
d 218 218 218 218 N.A.

X2 — X3 —259 0 259 0 N.A.

Y2 — V3 0 559 0 -559 N.A.
Parallel to Y-AXis X-axis Y-AXis X-axis N.A.
Equations 5b, 6b 5a, 6a 5b, 6b 5a, 6a N.A.

Ixx 5.43E+07 6.31E+07 2.64E+10 3.53E+10 1.23E+11
Iyy 6.31E+07 1.39E07 1.63E+10 2.97E+09 3.86E+10

From the SAFE output at Grid B-2:

Vg= 1126.498 kN

0.47Mg2 = -8.4226 kN-m
0.47M g3 = 10.8821 KN-m

Maximum design shear stress in computed in along major and minor axis of column:

Viod

Vo

:@

0.4M y5,0,d

0.4M ,, ,u.d

Vdem,2

Vdem,3

(TS 8.3.1)

At the point labeled A in Figure 2, x4 = —259 and y4 = 559, thus:

EXAMPLE Turkish TS 500-2000 RC-PN-001 - 4
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1126.49810° 8.423¢10°[3.86010" (559 -0) |
T 32724218 (1.2310")(3.86010°)
10.882¢10°[1.23010" (~259 - 0) |
(1.23¢10")(3.8610)
vu = 15793 —0.0383 - 0.0730 = 1.4680 N/mm? at point A

At the point labeled B in Figure 2, x4 = 259 and y4 = 559, thus:
,, _1126.498010° 8.423+10° [3.8610"(559-0) |
3272218 (1.2310")(3.86#10%)
10.8821¢10°[1.23010" (259 - 0) |
(1.23¢10")(3.86¢10")
vu = 1.5793 —0.0383 +0.0730 =1.614 N/mm? at point B

At the point labeled C in Figure 2, x4 = 259 and y4 = —559, thus:
| 1126.498010° 8.42310°3.8610"°(-559 - 0) |
3272218 (1.23¢10")(3.86010%)
10.88210° [1.23010" (259 - 0) |
(1.23¢10")(3.86010%)
vu = 1.5793 + 0.0383 +0.0730 = 1.690 N/mm? at point C

At the point labeled D in Figure 2, x4 = —259 and ys = -559, thus:
| 1126.498¢10° 8.423010°[3.86#10" (~559 - 0) ]
3272218 (1.23010")(3.86010%)
10.8821010°[1.23¢10" (259 - 0) |
(1.23010")(3.86010%)
vu =1.5793 +0.383 —0.0730 = 1.5446 N/mm? at point D

Point C has the largest absolute value of vy, thus Vmax = 1.690 N/mm?

EXAMPLE Turkish TS 500-2000 RC-PN-001 - 5
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The concrete punching shear stress capacity of a section with punching shear
reinforcement is limited to:

Vor = g =0.35 o /7 (TS 8.3.1)
Vpr = g =0.354/30/1.5=1.278 N/mm?

Shear Ratio = Vel _ @ =1.32

. 1278
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EXAMPLE Turkish TS 500-2000 RC-SL-001
Slab Flexural Design

PROBLEM DESCRIPTION
The purpose of this example is to verify slab flexural design in SAFE.

A one-way, simple-span slab supported by walls on two opposite edges is
modeled using SAFE. The slab is 150 mm thick and spans 4 meters between
walls. The walls are modeled as pin supports. The computational model uses a
finite element mesh, automatically generated by SAFE. The maximum element
size is specified as 0.25 meters. To obtain factored moments and flexural
reinforcement in a design strip, one one-meter wide strip is defined in the X-
direction on the slab, as shown in Figure 1.

1 1.30mply

! bsupported
el i imospan ,

I

!

. t
________\ Free edge '/ +
v I l1 m design strip
I : Freeedge : f

Figure 1 Plan View of One-Way Slab

P! e dge atwall

One dead load case (DL4KPa) and one live load case (LL5KPa) with uniformly
distributed surface loads of magnitudes 4 and 5 KN/m?, respectively, are defined
in the model. A load combination (COMB5kPa) is defined using the Turkish TS
500-2000 load combination factors, 1.4 for dead loads and 1.6 for live loads. The
model is analyzed for both load cases and the load combination.

The slab moment on a strip of unit width is computed analytically. The total
factored strip moments are compared with the SAFE results. After completing
the analysis, design is performed using the Turkish TS 500-2000 code by SAFE
and also by hand computation. Table 1 shows the comparison of the design
reinforcements computed by the two methods.

EXAMPLE Turkish TS 500-2000 RC-SL-001 - 1
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GEOMETRY, PROPERTIES AND LOADING

Thickness

Depth of tensile reinf.

Effective depth
Clear span

Concrete strength
Yield strength of
Concrete unit wei
Modulus of elasti
Modulus of elasti
Poisson’s ratio

Dead load
Live load
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city
city
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» Calculation of flexural reinforcement
» Application of minimum flexural reinforcement

REsuULTS COMPARISON

150 mm
25 mm
125 mm
4000 mm

30 MPa
460 MPa
0 N/md
25000 MPa
2x10° MPa

4.0 kPa
5.0 kPa

Table 1 shows the comparison of the SAFE total factored moments in the design
strip with the moments obtained by the hand computation method. Table 1 also
shows the comparison of the design reinforcements.

Table 1 Comparison of Design Moments and Reinforcements

_ Reinforcement Area
Strip (sg-cm)
Load Moment

Level Method (KN-m) As*
SAFE 27.197 5.760

Medium
Calculated 27.200 5.760

A min = 162.5 sg-mm

EXAMPLE Turkish TS 500-2000 RC-SL-001
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CONCLUSION
The SAFE results show an acceptable comparison with the independent results.
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HAND CALCULATION
The following quantities are computed for all the load combinations:

m, steel =1.15
Y, concrete = 1.50
L= o — 30 -20
Yoe 1.5
f
o = Yk 460 — 400
Yms 1.15
C, = £ Es d =75 mm
EuEs + fyd

Admax — O.85klcb =52.275 mm
where,  k =0.85-0.006(f, —25)=0.82, 0.70 <k <0.85

A in = %bd =325.9mm?

yd

Where f, = =1.278

0.35/f, 0.351/30
1.5

¥ me

For each load combination, the w and M are calculated as follows:
w = (1.4wqg + 1.6w) b

M = W
8
COMB100
wg = 4.0 kPa
wi = 5.0 kPa
w = 13.6 KN/m

M.strip = 27.2 KN-m
M.design = 27.2366 kKN-m
The depth of the compression block is given by:
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The depth of the compression block is given by:

2|M
a=d- dz—A (TS 7.1)
0.85f b
[ ] [ ] 6
a=125—\/1252— 2#27.2366+10 =13.5518 mm
0.85¢ 201000

If a < amax (TS 7.1), the area of tensile steel reinforcement is then given by:

6
A = My _ 21.236610 576 mm?

i (d —a) 400(125— 13'5518]
2 2
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CONCLUSIONS

The conclusions are presented separately for analysis, reinforced concrete beam and slab
design, and post-tensioned slab design in the following subsections.

ANALYSIS

The SAFE verification and validation example problems for analysis show Acceptable
comparison with the independent solutions. The accuracy of the SAFE results for certain
examples depends on the discretization of the area objects. For those examples, as the
discretization is refined, the solution becomes more accurate.

DESIGN

The design results for flexural and shear design for reinforced concrete beams; flexural
design for reinforced concrete and post-tensioned slab and stress checks for post-
tensioned slabs show exact comparison with hand calculations.

MESHING OF AREA ELEMENTS

It is important to adequately mesh area elements to obtain satisfactory results. The art of
creating area element models includes determining what constitutes an adequate mesh. In
general, meshes should always be two or more elements wide. Rectangular elements give
the best results and the aspect ratio should not be excessive. A tighter mesh may be
needed in areas where the stress is high or the stress is changing quickly.

When reviewing results, the following process can help determine if the mesh is
adequate. Pick a joint in a high stress area that has several different area elements
connected to it. Review the stress reported for that joint for each of the area elements. If
the stresses are similar, the mesh likely is adequate. Otherwise, additional meshing is
required. If you choose to view the stresses graphically when using this process, be sure
to turn off the stress averaging feature when displaying the stresses.

CONCLUSIONS -1
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