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5.1 INTRODUCTION

The empirical approximation of the time-dependent characteristics of flat slabs is relevant in order
to suggest a suitable method for acceptable deflection prediction. The previous chapters have
discussed the various influences on flat slab deflection; the empirical methods available for
deflection prediction; the limits of the empirical methods concerning deflection prediction for lightly
reinforced slabs and finally; a finite element model which can potentially simulate the occurrence of
cumulative cracking. Chapter 3 also proposed an alternative deflection prediction approach as a

product from the discussions in Chapters 2 and 3.

For testing the hypothesis of the proposed finite element model and the alternative deflection
prediction method, a series of experimental tests are required with which the calculated deflections
may be compared. An experimental study was conducted by Gilbert and Guo (2005) to record flat
slab deflections over time. These results were used as the basis for all the deflection comparisons in

this chapter.

This chapter thoroughly presents the slab specimens and data obtained from the experimental
study, as done by Gilbert and Gou (2005). The experimental data is compared with the calculated
deflections obtained from the various design standard methods as well as the deflections obtained
from the finite element models. More details are also discussed on the procedure followed to obtain
the proposed finite element model. The actual and allowable span/depth ratios (L/d ratios) for each
slab specimen is calculated and compared, as it is presented by the various design standards. The

chapter concludes by presenting the findings for each slab specimen.
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5.2 DIScUSSION ON RECORDED EXPERIMENTAL DATA

5.2.1 Gilbert and Guo’s (2005) Experimental Program

The experimental program by Gilbert and Guo (2005), involved the testing of seven large-scale
reinforced concrete flat slabs (S1 to S7) under sustained, uniformly distributed, transverse, service
loads for periods up to 750 days. The instantaneous and time-dependent deflections were recorded
throughout the period of loading, together with the extent and distribution of cracks, concrete
surface strains, and the variation with time of the external reaction forces. Numerous companion
specimens were also tested to determine the material properties and deformation characteristic of
the concrete used in the slabs, including the compressive strength, the flexural strength the elastic

modulus, the creep coefficient, and the shrinkage strain.

Each slab had an overall plan dimension of 6.2 x 7.2 m and was continuous over two 3.0 m spans in
each orthogonal direction. Each slab was supported on nine 200 x 200 x 1250 mm long columns

below the slab. A typical plan view is shown in Figure 5-1.
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Figure 5-1: Plan of each slab and dial gauge locations (no. 1 to 16) (Gilbert and Guo, 2005).

Each slab cantilevered over the external columns at the northern and southern edges by 600 mm,

but at the eastern and western edges there was no overhanging. The supporting columns were
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either fixed at their base through pad footings connected to the laboratory floor or pinned at their

base.

Several parameters were varied from slab to slab to determine their influence on the long-term
behaviour. The slab loading history, slab exposure, slab thickness, column support conditions, slab
reinforcement layout and test period were varied over the different specimens. A summary of the

variables for each specimen is presented in Table 5-1.
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Table 5-1: Details for each slab specimen as designated by Gilbert and Guo (2005).

DL [kP
v N [kPal Stab Wetted UDL [kPa] Cycles of Wetting and Drying
8.66 A
. . 5.55 572
Slab Exposure and Loading History 240
: 2.40
14 169 279 301 433 512 14 100 25 1 >
Concrete Age [days] Concrete Age [days]
Slab Thickness 100 mm 100 mm
Column Support Conditions Pinned Fixed
Reinforcement Layout | |

Age at First Loading 14 days 14 days
Test Period 512 days 470 days

UDL [kPa] UDT kPl
A 8.39
. . 5.26
Slab Exposure and Loading History ‘ 216
2.16 ‘ i
14 28 387 599 15 Corcrete A e
Concrete Age [days] oncrete Age [days]
Slab Thickness 90 mm 90 mm
Column Support Conditions | |
Reinforcement Layout Fixed Fixed

Age at First Loading 14 days 15 days
Test Period 599 days 776 days




Table 5-1: (Continued).
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UDL [kPa] UDL [kPa]
A
8.39 A
1 5.57
Slab Exposure and Loading History 2.16 216
1415 47 14 508 >
Conerete Age [days] Concrete Age [days]
Slab Thickness 90 mm 90 mm
Column Support Conditions | Il

Reinforcement Layout Fixed Pinned
Age at First Loading 14 days 14 days
Test Period 747 days 508 days

UDL [kPa]
A
5.26
Slab Exposure and Loading History 2.16
14 508
Concrete Age [days]
Slab Thickness 90 mm
Column Support Conditions Il
Reinforcement Layout Fixed
Age at First Loading 14 days
Test Period 508 days
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One of two different steel reinforcement layouts, designated in Table 5-2 as either | or I, was used in

each slab. The reinforcement details are illustrated in Figure 5-2 and Figure 5-3.
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Figure 5-3: Slab and column Section 1-1 for slab specimens (Gilbert and Guo, 2005).

Each slab was reinforced with 10 mm deformed bars (Y10) in four layers (two in the bottom and two
in the top slab). The bars placed in the east-west direction were located in the first and fourth layers
(that is closest to the bottom and top surfaces, respectively) and the bars in the north-south

direction were placed in the second and third layers.
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For each slab, all supporting columns contained four 16 mm longitudinal bars (Y16) with 10 mm
transverse ties at 150 mm centres and the clear concrete cover to the nearest steel bar at all

concrete surfaces in the slabs and columns was 8 mm and 30 mm, respectively.

The columns for specimens S1 and S6 were pinned at their base, with all external columns mounted
on rollers (to eliminate, as far as possible, in-plane restraint imposed by the columns to drying
shrinkage in the slab). The central column was also pinned, but fixed in position at its base. For
specimen S2, S3, S4, S5, and S7, all exterior columns were fixed at their base through 700 x 700 x 300
mm pad footings, while the central column C5 was fixed in position only at its base. The pad footings
were fixed to the laboratory floor via embedded reinforcement bars. After the footings were cast,
timber formwork was constructed for the slab-column system and the reinforcement placed and
tied within the forms. The concrete for both the column and the slab was cast and the top surface of
the slab levelled and finished with steel trowels. Each slab was covered with wet hessian and plastic
sheets within 4 hours of casting and kept under moist conditions to eliminate early drying shrinkage
until the formwork was removed at an age of between 10 and 14 days. The formwork props were

kept in place under the slab to support its self-weight until the test loading was applied.

A number of companion cylinders and prisms were cast together with each slab specimen and were
used to measure the properties of the concrete throughout the period of testing. Measured
properties included the compressive strength, the elastic modulus, the flexural tensile strength, and
the creep coefficient. Also measured was the time-dependent development of drying shrinkage
strain. The companion specimens were standard cylinders (either 150 or 100 mm diameter) and
prisms with dimensions of 100 x 100 x 150 mm. The companion specimens were kept in the

laboratory and exposed to the same curing and drying conditions as the slab specimens.

The measured cylinder compressive strength f', elastic modulus E, and the flexural tensile strength
f. for the concrete at ages 14 days and 28 days (average over four specimens for each batch) are
given in Table 5-2. The average yield stress for the reinforcement is f, = 650 MPa and its elastic
modulus is Es = 219.0 MPa. All materials properties were determined in accordance with the relevant

ASTM Standard (Gilbert and Guo, 2005).
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Table 5-2: Concrete properties at 14 and 28 days for experimental slabs (Gilbert and Guo, 2005).

Concrete E. [GPa] f'. [MPa] f, [MPa]

Batch no. sl 14 days 28 days 14 days 28 days 14 days 28 days
1 S1 30.02 - 345 37.9 4.29 -
2 S2 29.10 29.60 28.9 33.9 2.72 4.64
3 S3 22.08 22.62 13.1 18.1 - 2.48
4 S4 and S5 22.01 23.15 18.1 234 2.76 -
5 S6 and S7 19.03 21.67 15.4 20.9 2.37 2.68

For each batch of concrete, creep strains were measured on two or three 150 mm diameter
cylinders mounted in a standard creep rig. The cylinders in each creep rig were subjected to a
constant sustained stress of 5.0 MPa first applied at the same age as the relevant slab at its time of
first loading. Two other unloaded companion cylinders were used to measure the drying shrinkage
strains. The creep strain was determined by subtracting the sum of the measured shrinkage strain
and the instantaneous strain from the total strain measured on the creep cylinders. The creep
coefficient at any time @ is defined as the measured creep strain at that time divided by the
instantaneous (or elastic) strain and this parameter can be readily used to determine the effects of
creep on the total time-dependent deformation of the slab specimen. For some concrete batches,
several creep rigs were set up with cylinders loaded at different ages and at different stress levels, so
that the effect of aging on the creep coefficient could be measured and assessed. The variation of

the creep coefficient with time for each batch of concrete loaded at age 14 days is given in Table 5-3.

To acquire a more realistic knowledge of the drying shrinkage occurring in the slabs, shrinkage was
also measured on specimens with the same thickness as the slab. One or two concrete block
specimens, 600 x 600 mm in plan and with the same thickness as the slab, were cast at the same
time as each slab. The measured shrinkage strains, €. (x 10®), for each batch are also given in Table

5-3 (Gilbert and Guo, 2005).
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Table 5-3: Creep coefficient and shrinkage strain (x 10'6) over time for experimental slab (Gilbert and Guo, 2005).

A Batch Batch Batch Batch Batch
5 (S1) (S2) (S3) (S4 and S5) (S6 and S7)
[days]
€cs o} €cs P €cs ¢ €cs ¢ €cs
14 0.00 52 0.00 219 - -6 0 70 0 39
20 0.73 80 0.84 296 0.00 55 0.75 123 0.80 90
28 0.88 156 1.25 416 0.58 85 1.20 208 1.06 170
40 1.26 188 1.58 462 0.81 182 1.68 301 1.27 245
80 1.64 313 2.41 581 1.30 448 2.20 450 1.77 308
120 1.84 365 2.57 640 1.55 504 2.41 540 1.99 388
200 2.06 471 2.74 744 1.89 621 2.55 670 2.25 515
250 2.22 477 2.79 751 1.95 625 2.85 722 2.43 555
300 2.29 504 2.81 779 2.05 735 3.00 765 2.48 632
400 2.32 545 2.85 823 2.18 763 3.22 831 2.59 564
450 2.34 562 2.89 842 2.34 791 3.30 859 2.73 634

Up to 21 dial gauges were used to measure the transverse deflection at different locations on the
underside of each slab specimen. The locations of 16 dial gauges (no. 1 to 16) used to measure the
deflections in every slab are shown in Figure 5-1. The average of the deflections measured at the
four mid-panel points (no. 4, 6, 11, and 13 in Figure 5-1) are designated as A;. The average
deflections at the symmetric points no. 8 and 9 (4,); no. 1, 2, 15, and 16 (As); no. 5 and 12 (A,); and
no. 3,7, 10, and 14 (As).

5.3 SIMULATED FINITE ELEMENT MODEL

The process by which to construct the finite element model was discussed in Section 4.5. An
example of such a model is discussed in this section. The process was repeated for every of the
seven slab specimens tested by Gilbert and Guo (2005). The finite element model example follows
from Slab S3. The model is verified in Section 5.4.3 with the comparison to the experimental slab
results. Section 5.3 simply discusses and example of how the cracked finite element model is

compiled.
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5.3.1 Finite Element Model Example: S3

Two different finite element models are evaluated within the finite element model approach for
deflection prediction. The first deflection model is obtained by assuming a fully elastic model, as
would be modelled in most design offices. To include the effect of creep on the model, the modulus
of elasticity for both the beam elements (columns) and shell elements (slab), are reduced to an
effective modulus of elasticity. The effective modulus of elasticity is calculated using Equation 2-21.
Thus, the stiffness of the slab is uniformly reduced to include the effect of creep, irrespective
whether certain areas on the slab have undergone cracking or not. The second deflection model
approximates the occurrence of cracking by calculating a cracked modulus of elasticity (Section 4.4)
and allocating this property to certain areas on the slab. The cracked modulus of elasticity is also
reduced with Equation 2-21 to account for the effect of creep. However, this model neglects the

effect of moment redistribution due to creep.

The first deflection result is produced from the uncracked finite element model and is designated as
Dp yncr- The second deflection result is produced from the cracked finite element model, thus Ap .
The process to produce Ap ynck does not differ from a normal shell and beam element model
analysed using a linear elastic analysis. The process to produce Ap ¢ follows the process as was

discussed in Section 4.5.

Finite Element Example: SLAB S3

UNCRACKED FINITE ELEMENT MODEL

The uncracked finite element model is constructed using beam (columns) and shell (slab) elements
having the properties of slab S3. The properties for the slab are shown in Tables 5-1 to 5-3. The

loading history for the slab is reproduced in Figure 5-4.
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Loading Stage 2

UDL [kPa] Loading Stage 2
A / Loading Stage 1
5.26 )

2.16

14 28 387 599
Concrete Age [days]

Figure 5-4: Loading History for Slab S3 (Gilbert and Guo, 2005).

The loading history may be divided into three loading stages where the second loading stage
represents the period with the largest load. To obtain the largest moments, the largest load needs to
be applied to the slab. It is expected that the largest moments will be obtained by applying the loads

from Loading Stage 2.

By applying the loads from Loading Stage 2 and the effective modulus of elasticity, E.+ at 28 days to

the uncracked finite element model, Ap ynck May be obtained.

CRACKED FINITE ELEMENT MODEL

The cracked finite element model is produced by following the process as depicted in Section 4.5.

Step 1: Calculate the Properties for the Critical Span

The first step requires the slab to be divided into column and middle strips and the calculation of the
cracking moment, M, in the critical panel for each strip. The positions at which M., needs to be
calculated are determined by the position of the maximum moment, thus M., at the left and right

supports of the span under consideration and at the midspan of the strip.

Slab S3 was already divided into column and middle strips by Gilbert and Gou (2005). The
symmetrical quality of the experimental specimen allows that the moments from only one panel to
be compared with the M. Any cracking observed in the single panel is symmetrically duplicated in

the adjacent panels.
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Figure 5-5: Column and Middle Strips for Slab S3 (Gilbert and Guo, 2005).
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There are various equations available to calculate the cracking moment, M, as presented in Table 2-
6. The table presents two distinct equations available for cracking moment calculation. The first is
suggested by the SABS 0100-1 (2000) and ACI 318 (2002) in Equation 2-71, while EC2 (2004) presents
Equation 2-62.

From Section 3.3, it was concluded that EC2 (2004) presents the equations which best model the
true behaviour of lightly reinforced members. Slab S3 has a percentage tension reinforcement of
0.459% (less than 1.0%), which classifies the slab as a lightly reinforced member. Considering this,
the EC2 (2004) equation is used to calculate the cracking moment, M. The M. may be calculated

for the supports and midspan of each column and middle strip.

Step 2: Simplify the Loading History and identify the zones of Cracking

The M, may be compared with the moments obtained from the uncracked finite element analysis
for the particular loading stage. As was discussed above, the second loading stage is the critical

loading stage, having the largest load over the loading history of the slab.

The basic approach by which the M., is compared to the moments obtained from the uncracked
analysis is presented in Figure 5-6. The moments for the column strip along Gridline B are presented

in Figure 5-6. The distances along the moment diagram where the moments are larger than M, are
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allocated as areas in the two-dimensional frame of the column strip on the slab. These areas identify

the location on the slab where cracking is expected.
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Figure 5-6: Allocating areas of cracking on the slab by comparing the cracking moment, M., to the moment along

Gridline B.

This process may be repeated for all the column and middle strips. For a typical panel four column
strips and two middle strips are expected (two column strips and one middle strip in each
orthogonal direction). The bending moment for the other columns and middle strips are presented

in Appendix F. The resulting crack pattern is presented in Figure 5-7.
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Figure 5-7: Cracked Finite Element Model for Slab S3: Predicted Crack Pattern.

The predicted crack pattern (Figure 5-7) may be compared with the observed crack pattern (Figure

5-8) as recorded by Gilbert and Guo (2005). In both the predicted and observed crack patterns, large

areas of cracking are indicated above the supports. The observed pattern shows additional cracking

above supports C1, C3, C7 and C9 not presented in the predicted crack pattern. Gilbert and Guo

(2005) recorded no significant cracking on the bottom surface of the slab, however the predicted

model shows some crack development in spans C2 - C5, C4 — C5, C8 — C5 and C6 — C5.
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Figure 5-8: Observed Crack Pattern for top slab surface for Slab S3 (Gilbert and Guo, 2005).
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Step 3: Calculate E,, for the Loading Stage and Apply to Model

The value of the cracking moment, M, was determined in Step 1. The areas which undergo cracking
have been identified in Step 2. Step 3 involves the calculation of the cracked modulus of elasticity,

E.., and applying the property to the identified shells from Step 2.

The cracking moment is predicted using the EC2 (2004) approach, thus the expression require that
the calculate I, should also be taken from the EC2 (2007) approach. Equation 2-61 presents
expression to calculate I.. In Equation 2-61 M., is the cracking moment as calculated from Step 1 and
M, is the maximum serviceable moment at midspan. The maximum serviceable moment is the
maximum moment obtained when applying the serviceability load factors to the load combinations

in order to obtain the bending moment diagram for the serviceability limit state.

The values of E., have been calculated for Slab S3 at 28 days and are presented in Table 5-4. For the
areas that overlap, for example the strips of grid B and grid 2 (Figure 5-7) at column C5, an average
E.. value is calculated. The average E values for areas of column and middle strips that overlap are
presented in the bottom two rows of Table 5-4. From Figure 5-7 and Table 5-4 it is evident that
column strips from Gridline 1 and Gridline B; and from Gridline 2 and Gridline B overlap at Supports

C4 and C5, respectively.

Note that the E. values for the different column and middle strips should be allocated to the shell
elements as an orthogonal property in the direction in which the strip behaves. The shell elements
that fall within the overlap areas should be allocated an average E. value as an isotropic property.
The overlap areas require an isotropic property to prevent singular matrices from developing during

the analysis procedure in the finite element software used in this study.

5-15
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C8: Grid C E = 8.16 GPa G = 3.40 GPa
C4: Grid B E, = 10.07 GPa G = 4.19 GPa
C5: Grid B E = 6.62 GPa G = 2.76 GPa
mid C4 - C5: Grid B E, = 12.03 GPa G = 5.01 GPa
C4: Grid 1 E, = 7.83 GPa G = 3.26 GPa
C5: Grid 2 E, = 6.59 GPa G = 2.75 GPa
mid C8 - C5: Grid 2 E, = 10.65 GPa G = 4.44 GPa
Cc4 AVG 8.95 GPa
c5 AVG 6.61 GPa

Step 4: Obtain Mid-Panel Deflections

The cracked finite element model was completed in Steps 1 to 3. The model may be analysed using a

linear analysis to obtain the mid-panel deflections. Figure 5-9 presents the results for both the

uncracked and cracked finite element model at 28 days (start of Loading Stage 2). The mid-panel

deflection for the cracked model is larger than the uncracked model by approximately 17%.

Model Results

Finite Element Model (Uniform Stiffness)

Finite Element Model (Altered Stiffness)

Max Mid-Panel Deflection = 3.53 mm

Model Results

Max Mid-Panel Deflection = 4.23 mm

Figure 5-9: Visual Comparison for the uncracked and cracked finite element models for Slab S3.
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From the experimental data it was noted that the deflection at 28 days after the load was applied, is
2.84 mm (Gilbert and Guo, 2005). This is far less than the predicted deflection from the uncracked
and cracked finite element models. The predicted deflection from the uncracked finite element
model is 1.24 times the recorded deflection. This ratio is increased with the less stiff cracked finite

element model to a value 1.48 times the recorded deflection.

Gilbert and Guo (2005) observed that the slab remained uncracked prior to the age of 28 days. From
Figure 5-4 it may be seen that the first and third loading stage are similar, showing a load of 2.16
kPa. This corresponds to the self-weight of the structure. While the slab only carries its self-weight,
no cracking occurred, suggesting that the slab is able to fully carry its own weight below the point of
cracking. The slab is kept at this state until an age of 28 days, thus the concrete had time to develop
to its 28 days strength in an uncracked state. An increased concrete strength increased the point of

first cracking.

The tensile strength of concrete, f; used to calculate M and in turn the value of E is based on the
14 day properties of the concrete. The 14 day properties correspond to the day on which the slab
was subjected to first loading when all formwork was removed and curing ceased. Even though the
effective modulus of elasticity at 28 days (taking the effect of creep into account) was used to
estimate E,, the point of first cracking is under-estimated using f; at 14 days. Thus, the cracked finite

element model is less stiff than the actual slab specimen.

On further inspection to find the reasons for the differences between the finite element model
deflections and the experimental deflection result, the following was observed. The finite element
models were modelled with an effective modulus of elasticity taking the effects creep into account.
This produces a reduced modulus of elasticity and so a reduction in stiffness for both finite element
models. It was observed that the creep factors obtained from the concrete samples part of the
experimental data was exposed to different conditions relative to the experimental slab. Using these
creep factors to model the finite element models produced more flexible slab models than actually
occurred. It is for this reason that the uncracked finite element model and the experimental results
are not similar. This error due to the creep factor was magnified in the cracked finite element model

analysis, thus over-predicting the deflection for Slab S3 with an even larger difference.
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5.4 PREDICTED DEFLECTION FROM EMPIRICAL AND FINITE ELEMENT MODELS

This section explains some of the concepts of simulating cumulative crack development within the
scope of both empirical and finite element models. The predicted deflection results from the
empirical and the finite element models are presented for each of the seven slab specimens. A
discussion on the crack development and time-dependent predicted deflections accompany the
results for each experimental slab specimen. An example of the calculations done to obtain the
predicted deflection from the presented empirical methods is presented in Appendix G. It should be
noted that no loading factors were used to combine the dead and imposed loads. The permanent
load was assumed to be the largest load constantly kept on the slab specimen throughout the test
period. In some instances the permanent load included a portion of the imposed load, depending on

the load history applied to the slab.

5.4.1 Empirical Model for Deflection Prediction: Cumulative Crack Development

The empirical methods introduced in Section 2.3 and discussed in Chapter 3, normally aim at
predicting a short-term deflection, a long-term deflection, and a shrinkage deflection. The total
deflection can be estimated from the sum of the long-term and shrinkage deflections. The set of
equations used within each of the empirical models do not take the effect of the loading history in
account. The loading history effects the crack development within the slab as was seen in the

discussion of the cracked finite element model example from Section 5.3.1.

To approach the concept of cumulative cracking in a logical way, it is assumed that most cracking
would occur during the loading stage with the largest level of load. The level of cracking is
dependent on the level of loading which in turn produces the deflections. Thus, it may be assumed
that at the point in time where the most cracking (or load) occurs, the largest deflection shall be

obtained.

The set of equations for each empirical model from the design standards may be repeated for each
loading stage until the loading stage where the maximum load occurs. In order to calculate the time-
dependent deflection beyond the point of maximum load the similar effective moments of inertia, I,

from the maximum loading stage should be used. This implies that the I, is only calculated up to the
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point of maximum loading and kept constant for loading stages beyond the point of maximum load.
Using l. from the maximum loading stage ensures that the slab has cracked and stays cracked
beyond the point of maximum load. An example where this principle is applied to the empirical

modelling for deflection prediction is presented for Slab S1 in Section 5.4.3.

The concept of where the cumulative cracking is sustained even when a model is unloaded may be
presented as the non-linear unloading curve for the bilinear behaviour of a cracked flexural member.
To simulate this occurrence mathematically, the approximation is made to use the calculated I, for
the maximum loading stage, as was discussed in the previous paragraph. The difference between
the actual occurrence of cumulative cracking and the mathematical approximation using the I, from

the maximum loading stage is presented in Figure 5-10.

Actual Deflection Behaviour Mathematical Deflection Behaviour

loadin,
& loading

max loading stagi)

] S N — — unloading

mathematical unloading

point of first cracking

Force for Loading Stage
Force for Loading Stage

A by, A A; D TV

Deflection Deflection

Figure 5-10: Actual and mathematical deflection behaviour.

Loading Stage | presents loading below the point of cracking, while Loading Stage Il goes beyond the
point of first cracking to reach the maximum loading stage. Up to this point the loss of stiffness due

to cracking can be accounted for by both the actual and mathematical models.

As time continues the loading stays constant and the deflection increases due to time-dependent
cracking. Loading Stage Il presents a load reduction or unloading. During the unloading, according to
the actual deflection behaviour, the stiffness gradient changes to show a less stiff member. The

curve unloads at a new deflection position taking the residual deflection from the previous loading
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stage into consideration. This time-dependent cumulative loss in stiffness cannot be accounted for
within the mathematical deflection behaviour. It may be observed that the unloading curve has a
similar gradient as the loading curve. It is for this reason than the deflection after Loading Stage I,
for the mathematical model, is under-predicted. The mathematical deflection behaviour assumes

linear unloading along the same curve as produced from Loading Stage II.

Even though the cumulative cracking approximation tries to account for the cumulative reduced
stiffness in the cracked slab; the mathematical model fails to account for the actual deflection

behaviour during slab unloading.

It should be noted that the material properties at day 14 were used in all the deflection prediction
calculations. At day 14 all curing ceased and the formwork for the slabs were removed. All slab
specimens were loaded at day 14 whether this load consisted of applied uniform loading or only the
self-weight of the structure. It is thus assumed that the slab was allowed to deflect from day 14
onwards. Only the value of the modulus of elasticity E.., taking into account the effect of creep with
time, was changed to account for the concrete stiffness at the point in time where the deflections

were considered.

5.4.2 Finite Element Model for Deflection Prediction: Cumulative Crack Development

The cracked finite element model is also dependent on the crack development due to the loading
history applied to the slab. As was described in Section 5.3.1., the cracked finite element model aims
to represent the crack pattern by reducing the stiffness of the shell elements that have been

identified to undergo cracking. The stiffness is reduced by using a cracked modulus of elasticity, E...

As was discussed in Section 5.3.1., the level of cracking is determined by the maximum loading stage.
Therefore, the crack development in the slab increases up to the point at which the maximum
loading stage occurs. Thus, to find the most extreme crack pattern for the cracked section, the

maximum loading stage should be considered.

It may then be assumed that the slab undergoes an increase in crack development up to the point of

maximum loading. Beyond the point of maximum loading, the crack pattern is kept in the
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subsequent analysis, irrespective whether the load decreases in the next loading stage. An example

where this principle is applied to the partially cracked finite element model for deflection prediction

is presented for Slab S1 in Section 5.4.3.

5.4.3 Deflection Prediction for Experimental Slabs

The empirical models normally apply to beams elements. In this investigation the experimental slabs

were divided into middle and columns strips as done by the authors. The deflections were calculated

for the middle and column strips as though the strips were equivalent beam sections. The Equivalent

Frame Method was then implemented to obtain the final mid-span deflection. More detail on the

Equivalent Frame Method is provided in Section 2.5.

All the deflections are presented as the final deflection at mid-span. The predicted deflections from

the empirical models are presented as the short-term, long-term and shrinkage deflections. The

total deflection at the end of the loading stage is the sum of the shrinkage and long-term

deflections. The following notation is allocated to the different deflections:

Agxp — the recorded experimental mid-panel deflection, assigned A; by Gilbert and Guo
(2005) at specific time instances.

Ap yncr — the predicted deflection from the uncracked finite element model as discussed in
Section 5.3

Ap g — the predicted deflection from the cracked finite element model as discussed in
Section 5.3

Aspps — the predicted deflection from the empirical model, using the SABS 0100-1 (2000) as
discussed in Section 2.3.4

Agc, — the predicted deflection from the empirical model, using the EC2 (2004) as discussed
in Section 2.3.3

Ags — the predicted deflection from the empirical model, using the BS 8110 (1997) as
discussed in Section 2.3.2

Aper — the predicted deflection from the empirical model, using the ACI 318 (2002) as
discussed in Section 2.3.1

Ay — the predicted deflection from the proposed (alternative) empirical model, as discussed

in Section 3.7
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®  Agp Vs t — the recorded experimental mid-panel deflection presented as a function of time.

The horizontal axis for the time is presented at the top of the figure.

Reference is also made to the percentage tension reinforcement for the slab mid-panel, the M.,/M,,
ratio (level of cracking) and the 1./l ratio (stiffness ratio). These parameters were used to compare

the expected predicted deflection tendencies relative to the actual deflection behaviour.

SLAB: 51

Slab S1 is the slab specimen containing the most comprehensive loading history. The slab properties
and loading history is presented in Section 5.2.1. The slab has a total of four loading stages and the
slab was wetted over a 48 hour period during the second loading stage. Refer to Figure 5-11 for the

loading history applied to Slab S1.

UDL [kPa] Slab Wetted
A
8.66
5.55
2.40
14 169 279 301 433 512

Concrete Age [days]

Figure 5-11: Loading History for Slab S1 (Gilbert and Guo, 2005).

As was discussed in Section 5.4.1, it is expected that maximum cracking would occur at loading stage
2. Some cracking did occur during Loading Stage 1 as was observed by Gilbert and Guo (2005), but
most cracking occurred during Loading Stage 2. Table 5-5 illustrates the cracked finite element
model for Slab S1 at day 169, which is the starting day for Loading Stage 2. The observed
experimental crack patterns are the crack patterns recorded at the end of the testing period, thus

512 days.
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Table 5-5: Cracked finite element model for slab S1 at day 169.
Cracked Finite Element Model

Predicted Crack Pattern

The finite element model predicted cracking over columns C4, C6
and a relatively large area over column C5. The experimental
pattern observed additional cracking above columns C2 and C8,
and along the mid-panels. This is not predicted by the finite

element model.

Observed Cack Pattern

“or Wes o
- 8('.2 =
Top of S1

Bottom of S1

Experimental Crack Patterns

Some differences are observed between the crack patterns from the cracked finite element model

and the observed experimental crack pattern in Table 5-5. Gilbert and Guo (2005) noted that the

cracks on the bottom surface of the slab developed after the top surface was thoroughly wetted and

kept wet for 48 hours. During this crack development the mid-panel deflection also suddenly

increased by more than 1.0 mm. Throughout Loading Stages 3 and 4, there was no change in the

crack pattern and no appreciable change in the crack widths, despite removal of the load (Gilbert

and Guo, 2005).

Table 5-6 presents the results of the predicted deflections from the various models compared to the

recorded experimental data.
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Table 5-6: Predicted deflection comparison relative to the experimental deflections for Slab S1.

Deflection Comparison for Stage 1
Time [days]
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i+ 8.0
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® 60
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4.0
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0.0
Short-Term A Shrinkage A Long-Term A Total A
Deflection Comparison for Stage 2
Time [days]
160 180 200 220 240 260 280 300 320
20. . . . .
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18.0
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_ 160
E 14.0 == AP_UNCR
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5 10.0 — AEC2
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Short-Term A Shrinkage A Long-Term A Total A
Deflection Comparison for Stage 3
Time [days]
280 300 320 340 360 380 400 420 440 460
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T 120 m— AP_CR
E 10.0 mm— ASABS
% 8.0 — AEC2
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Table 5-6: (Continued).

Deflection Comparison for Stage 4

Time [days]
440 450 460 470 480 490 500 510 520
9.0
I AEXP
8.0
mm— AP_UNCR
7.0
_ mmmmm AP_CR
E 6.0
E I \SABS
= 5.0
2 I A\EC2
T 40
&= — ABS
g 30 —
AACI
2.0 — —
10 o o AALT
00 ml —B— AEXP s t
Short-Term A Shrinkage A Long-Term A Total A

As explained in Sections 5.4.1 and 5.4.2, the amount of cumulative cracking can be accounted for
until Loading Stage 2. Beyond the point of Loading Stage 2 after which unloading occurred in the test
setup, the amount of cracking (value of the effective moment of inertia, |, for the empirical models
and crack pattern for the finite element models) is kept as it was calculated in Loading Stage 2. Only
the time-dependent property, the modulus of elasticity, E.:and the loading specific to that period is
changed. The resulting predicted deflections for Loading Stages 3 and 4 in Table 5-6, are mostly
underestimated. Thus, the effect of unloading beyond the point of the maximum loading stage is not

effectively accounted for (Section 5.4.1).

Most designers are only interested in the maximum time-dependent deflection at the point of
maximum load. Thus, it may be assumed that if the methods predict the deflections within

reasonable limit up to the point of maximum load, the exercise is deemed satisfactory.

The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-7.
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Table 5-7: Deflection Ratios relative to the experimental deflections for Slab S1.

DEFLECTION RATIO for Slab S1

time Loading
AP_UNCR/AEXP AP_CR/AE)(P ASABS/AEXP AECZ/AEXP ABS/AEXP AACI/AE)(P AALT/AEXP
[days] Stage
14 0.93 1.08 1.14 1.09 1.49 1.16 1.09
1
169 0.81 0.94 1.35 2.10 2.46 0.83 1.77
169 1.10 1.20 1.38 1.14 1.90 1.39 1.19
2
301 0.95 1.25 1.26 1.13 1.95 0.94 1.13

The ratio of the predicted deflection relative to the experimental deflection provides a swift
indication of which method of deflection prediction provided the most accurate results. By assigning
a level of good accuracy, as defined by a deflection ratio range of between 0.90 and 1.10, the best

deflection method for Slab S1 may be identified.

From Table 5-7 it is seen that the uncracked finite element model presented the best fit to the
experimental data. The deflections from the SABS 0100-1 (2000), the BS 8100 (1997) and the ACI 318
(2002) over-predicted the short-term deflections, while the ACI 318 (2002) is the only empirical
method which presented a reasonable prediction of the total deflection. The EC2 (2004) and the
Alternative Approach presented good short-term deflections, while over-predicting the total
deflection. Even though the EC2 (2004) and the Alternative Approach over-predicted the total
deflections, their predictions are still better than that of the SABS 0100-1 (2000) and the BS 8110
(1997). The BS 8110 (1997) presented the least accurate results.

The columns on the perimeter of Slab S1 are only pinned. This was done to eliminate the in-plane
restraint imposed by the columns to drying shrinkage (Gilbert and Guo, 2005). The fact that the
columns are pinned is not taken into account by either of the finite element methods. The SABS
0100-1 (2000) presents an equation for the unrestraint slab conditions. The expression presented
calculates a larger modulus of rupture. The other deflection prediction methods do not account for

any slab unrestraint, thus the over-prediction of the deflections for Loading Stages 1 and 2.

The cracked finite element model amplified the low level of cracking for Slab S1 and over-predicts
the deflections. Therefore, due to the low level of cracking within the slab, the recorded deflections

were simulated well by the uncracked finite element model.
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Slab S1 has a percentage tension reinforcement of 0.421% at midspan, a M,/M,, ratio of 0.81 for
Loading Stage 2 and a |/l ratio of 2.50, according to the EC2 (2004) approach. The ratios as
calculated from the EC2 (2004) were used, as the discussions from Chapter 3 present the EC2 (2004)
approach to be the more reliable method for deflection prediction for lightly reinforced concrete
flexural members. The low percentage tension reinforcement indicates that the predicted
deflections from the different methods may vary, but the low level of the M,/M,, ratio indicates that
the slab does not have mid-panel cracking. It has been shown (Section 3.3) that the deflection
calculation methods have been calibrated to predict deflection effectively for a I/l ratio at about
2.2. Slab S1 has a I/l ratio of 2.50. It is for this reason that the short-term deflections for Loading
Stage 1 and the total deflection for Loading Stage 2 are fairly similar for all the deflection prediction
methods. Even though the total deflection for Loading Stage 2 vary more, the predicted deflections
all fall within a narrow range of 5% lower or 20% higher than the experimental deflection. The total

deflection from the BS 8110 (1997) is the exception.

SLAB: S2

Slab S2 is the slab specimen almost exactly similar in design and material properties than Slab S1.
There is one exception concerning the column fixity. All the columns along the perimeter of the slab
are fixed and it causes slab cracking due to shrinkage restraint. The slab properties are presented in
Section 5.2.1. The slab has a single loading stage with cycles of drying between days 100 and 225.
Refer to Figure 5-12 for the reproduced loading history applied to Slab S2.

UDL [kPa] Cycles of Weiting and Drying
A
5.72
2.40
14 100 225 471

Concrete Age [days]

Figure 5-12: Loading History for Slab S2 (Gilbert and Guo, 2005).

Gilbert and Guo (2005) observed some fine cracks on the top slab surface due to early shrinkage.
The authors also noted that most of the cracks formed within one month of loading. Table 5-8
illustrates the partially cracked finite element model for Slab S2 at day 14. The observed
experimental crack patterns are the crack patterns recorded at the end of the testing period, thus

471 days.
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Table 5-8: Cracked finite element model for Slab S2 at day 14.
Cracked Finite Element Model

Predicted Crack Pattern

The finite element model predicted cracking at C5. The experimental
pattern predicted large areas of cracking over column C4 and C6,
crossing over to column C5. Cracks also developed at columns C7, C8,
C9, C1, C2 and C3. Additional cracking along the mid-panels were also
observed. This is not predicted by the finite element model. The finite

element model poorly predicted the crack development of S2.

Observed Cack Pattern

—} - Chy 12
==
1. .
Am "H“c‘z /‘{_CJ
Top of S2

Bottom of S2

Experimental Crack Patterns

Some differences are observed between the crack patterns for the cracked finite element model and

the observed experimental crack pattern in Table 5-8. Gilbert and Guo (2005) noted that the cracks

on the bottom surface of the slab develop after the top surface was exposed to cycles of wetting

drying at 180 days. These mid-panel bottom surface cracks remained very fine for the remainder of

the test and may be ignored. Thus, it is acceptable if the partially cracked finite element model did

not predict any crack formation in the mid-panel of the slab model.

Table 5-9 presents the results of the predicted deflections from the various models compared to the

recorded experimental data for specimen Slab S2.
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Table 5-9: Predicted deflection comparison relative to the experimental deflections for Slab S2.

Deflection Comparison for Stage 1
Time [days]

50 100 150 200 250 300 350 400 450

Deflection [mm]

= =

Long-Term A

ﬁ

Short-Term A

Total A

Shrinkage A

500
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The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-10.

Table 5-10: Deflection Ratios relative to the experimental deflections for Slab S2.

time Loading
AP_UNCR/AEXP AP_CR/AEXP ASABS/AEXP AECZ/AEXP ABS/AEXP AACI/AEXP AALT/AEXP
[days] Stage
14 0.96 1.01 0.90 0.78 0.65 0.83 0.78
1
471 0.65 0.67 1.35 1.88 2.05 0.92 1.88

The ratio of the predicted deflection relative to the experimental deflection provides a swift

indication of which method of deflection prediction provided the most accurate results. By assigning

a level of good accuracy, as defined by a deflection ratio range of between 0.90 and 1.10, the best

deflection method for Slab S2 may be identified.

From Table 5-10 it is seen that the uncracked and cracked finite element models and the
1 (2000) presented the best fit to the short-term experimental deflection data. The

empirical deflection prediction methods under-predicted the short-term deflection

SABS 0100-
rest of the

and over-

predicted the total deflection for the slab. The one exception is the ACI 318 (2002) which presented

slightly under-predicted total deflection that compared relatively well relative to the other empirical
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methods. The finite element methods both predicted a very accurate short-term deflection, but
greatly under-predicted the long-term deflection. Due to the poor comparison between the
predicted areas of cracking and the observed crack pattern the partially cracked finite element
model under-predicted the total deflection. The BS 8110 (1997) model again showed the largest

degree of inaccuracy of all the empirical methods of prediction.

Referring to Table 5-9, it is evident that the shrinkage deflection formed a large component of the
total deflection for all the empirical methods. The ACI 318 (2002) predicted a smaller value for the

shrinkage deflection, thus producing a total deflection prediction close the experimental deflection.

All the columns have fixed supports for Slab S2, since the fixity contributes to shrinkage restraint
within the slab plane; the slab experienced much more cracking as shown in the experimental crack
pattern in Table 5-11. The slab restraint is not accounted for by any deflection prediction method,
except the SABS 0100-1 (2000). The SABS 0100-1 (2000) present different expressions for the

modulus of rupture dependent on whether the slab is restrained or not.

Slab S2 has a percentage tension reinforcement of 0.421% at midspan, a M,/M,, ratio of 0.51 and a
I/l ratio of 5.44, according to the EC2 (2004) approach. The low percentage tension reinforcement
indicates that the predicted deflections from the different methods may vary, but the low level of
the M,/M,, ratio indicates that the slab does not have mid-panel cracking. Little cracking indicates
the slab behaves linearly. The methods have been calibrated to predict deflections effectively for a
I/l ratio at about 2.2 (Section 3.3). The I/l = 5.44 for Slab S2 and this indicates that the deflection
predictions may vary for the different prediction methods. It is true that the predicted deflection
vary greatly as is presented in Table 5-10. The predicted deflection methods over-estimate the
behaviour of the slab. The slab is exposed to cycles of wetting and drying initiating some deflection
recovery (Gilbert and Guo, 2005). This is not taken into account by any of the deflection prediction

methods, therefore the over-predicted deflections in Table 5-10.

SLAB: S3

The specimens from Slab S3 through to Slab S7 have a smaller cross-sectional height. Slabs S1 and S2
have a depth of a 100 mm, while Slabs S3 to S7 have a depth of 90 mm. The results from Slab S3 to

S7 may be compared due to similarities in the dimensions of the slab structure. The rest of the slab
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properties are presented in Section 5.2.1. Slab S3 has three loading stages, where the second loading
stage presents the maximum applied loading. Refer to Figure 5-13 where the loading history for slab

S3is shown.

UDL [kPa]
A
5.26 ‘
2.16 ‘
14 28 387 599

Concrete Age [days]

Figure 5-13: Loading History for Slab S3 (Gilbert and Guo, 2005).

Gilbert and Guo (2005) observed that the slab remained uncracked under its self-weight during the
first loading stage. It was observed that most of the cracks form within 3 months after loading. Table
5-15 illustrates the cracked finite element model for slab S3 at day 28. The observed experimental
crack pattern is the crack pattern recorded at 387 days within the testing period. Gilbert and Guo
(2005) observed no significant cracking on the bottom of the surface of the slab throughout the test,

except for a few short and very fine cracks near the mid-span of interior east-west column lines.

5-31



EXPERIMENTAL TEST SIMULATION

Table 5-11: Cracked finite element model for slab S3 at day 28.
Cracked Finite Element Model Experimental Crack Patterns

Predicted Crack Pattern Observed Cack Pattern

T

sk Sk

~ ¥ ¥

Top of S3

The finite element model predicted cracking above all the columns
as well as cracking at the mid column strips. The experimental
pattern observed large areas of cracking over all the columns as
well. The finite element model suggested additional cracking in

the midspan areas next to columns on the perimeter of the slab.

Some differences are observed between the crack patterns for the partially cracked finite element
model and the observed experimental crack pattern in Table 5-11. The cracked finite element model

predicts additional cracking not observed in the experimental crack pattern.

Table 5-12 presents the results of the predicted deflections from the various models compared to

the recorded experimental data.
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Table 5-12: Predicted deflection comparison relative to the experimental deflection for Slab S3.

Deflection Comparison for Stage 1
Time [days]
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The deflection ratios of the predicted deflections relative to the experimental deflections are

presented in Table 5-13.

Table 5-13: Deflection Ratios relative to the experimental deflections for Slab S3.

DEFLECTION RATIO for Slab S3

time Loading
AP_UNCR/AEXP AP_CR/AE)(P ASABS/AEXP AECZ/AEXP ABS/AE)(P AACI/AEXP AALT/AEXP
[days] Stage
14 0.96 0.96 1.23 1.13 1.12 1.19 1.13
1
28 0.94 0.94 1.85 3.05 1.27 0.89 2.30
28 0.50 1.49 2.40 1.49 1.17 1.62 1.49
2
387 0.54 0.64 1.47 1.70 2.14 0.87 1.45

From Table 5-13 it is seen that the uncracked and the cracked finite element models presented the
best fit to the short-term experimental data. All the empirical deflection prediction methods over-
predicted the short-term deflections at day 14. At this point the slab only had to carry its own weight
in an uncracked state. Loading applied during Loading Stage 2 at 28 days, produced moments

beyond the point of first cracking.

Both the finite element models under-predict the total deflection at day 387, as was discussed in
Section 5.3.1. The empirical models all over-predicted the total-deflection except the prediction
from the ACI 318 (2002) which under-predicted the total deflection. The BS 8110 (1997) model

showed the largest degree of inaccuracy for the time-dependent deflection prediction for Slab S3.

Slab S3 has a percentage tension reinforcement of 0.476% at midspan, a M,/M,, ratio of 0.89 for
Loading Stage 2 and a I,/I., ratio of 3.03, according to the EC2 (2004) approach. The low percentage
tension reinforcement indicates that the predicted deflections from the different methods may vary,
but the low level of the M,/M,, ratio indicates that the slab does not have mid-panel cracking. Little
cracking indicates the slab behaves linearly. The methods have been calibrated to predict deflections
effectively for a I/l ratio at about 2.2 (Section 3.3). The I,/I., = 3.03 for Slab S3 does not vary much
from 2.2, thus it is expected that the results from the different prediction methods do not vary so
much. This is true for the short-term deflections predicted for Loading Stage 1, but not for the total
deflections predicted for Loading Stage 2 as presented in Table 5-13. The predicted deflection

methods over-estimate the total deflection for Loading Stage 2.

5-34



EXPERIMENTAL TEST SIMULATION

The large shrinkage deflection contributes to the over-estimation of the total deflection. It is
suspected that the shrinkage deflection is over-estimated by the empirical methods. In the second
loading cases, the ACI 318 (2002) presented a good estimate of the total deflection. The long-term
deflections are similar for all the empirical prediction methods, while the shrinkage deflection from
the ACI 318 (2002) presented the smallest value. The result is a good total deflection approximation

from the ACI 318 (2002) approach and an over-estimation from the rest of the empirical methods.

SLAB: 54

The specimen Slab S4 has a single loading stage. Refer to Figure 5-14 for the loading history for Slab
S4. The test period is 776 days.

UDL [kPa]
A
8.39
2.16
15 776

Concrete Age [days]

Figure 5-14: Loading History for Slab S4 (Gilbert and Guo, 2005).

Gilbert and Guo (2005) observed that the slab cracked the instance the load was applied at day 15.
These cracks continued to develop as time increased. Most cracks formed within four weeks of
loading. Table 5-14 illustrates the cracked finite element model for Slab S3 at day 15. The observed
experimental crack pattern for the top of the slab is the crack pattern recorded at 776 days. Gilbert
and Guo (2005) observed that the bottom surface cracks did not develop with the top surface cracks
but a few days after the load was applied. Unlike the top cracks, bottom cracks continued to develop
throughout the test and by the end of the test the bottom surface was extensively cracked, with
cracks forming a roughly circular pattern around the column supports in each span. The
experimental crack pattern presented for the bottom surface of the experimental slab in Table 5-20

is the recorded crack pattern at 776 days.
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Table 5-14: Cracked finite element model for Slab S4 at day 15.

L e s

Predicted Crack Pattern

Observed Cack Pattern

The finite element model and the experimental crack pattern are
very similar. Large areas of top surface cracking above all columns
and bottom surface cracking at mid-panel were observed for both

the predicted and observed crack patterns.

7 3

Top of S4

k]

\-—l’

( CS\
[x]

& J}(

Bottom of S4

Little differences are observed between the crack pattern from the cracked finite element model

and the observed experimental crack pattern in Table 5-14. Table 5-15 presents the results from the

predicted deflections from the various models and compared to the recorded experimental data.

Table 5-15: Predicted deflection comparison relative to the experimental deflections for Slab S4.

Deflection Comparison for Stage 1
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The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-16.

Table 5-16: Deflection Ratios relative to the experimental deflections for Slab S4.

DEFLECTION RATIO for Slab S4

time Loading
AP_UNCR/AEXP AP_CR/AE)(P ASABS/AEXP AECZ/AEXP ABS/AEXP AACI/AE)(P AALT/AEXP
[days] Stage
15 0.89 1.63 2.26 2.06 1.92 1.24 2.06
1
776 0.67 1.33 1.50 1.51 1.84 1.08 1.47

From Table 5-16 it is seen that the uncracked finite element model under-predicts both the short-
term and total deflection, while the cracked finite element model over-predict both the short-term
and total deflection. This indicates that the applied loading forces the slab beyond the point of
cracking, thus to a cracked state, hence the under-prediction by the uncracked finite element model.
The fact that the partially cracked finite element model over-predicts the deflection indicates that
the model over-predicted the amount of cracking to produce a far more flexible slab than what is
observed in reality. All the empirical deflection prediction methods over-predicted the short-term
deflections at day 15. One out of the five empirical models predicted the total deflection within the
desired accuracy limit. This empirical method includes the ACI 318 (2002). The SABS 0100-1 (2000),
EC2 (2004), the BS 8110 (1997) and the Alternative Approach model showed very large inaccuracies

for the deflection prediction of Slab S4.

Slab S4 has a percentage tension reinforcement of 0.476% at midspan, a M,/M,, ratio of 1.21 and a
I/l ratio of 4.19, according to the EC2 (2004) approach. The low percentage tension reinforcement
indicates that the predicted deflections from the different methods may vary, but the critical level of
the M,/M,, ratio indicates that the slab does have mid-panel cracking. The applied moment is just
above the cracking moment, indicating that there are large variations between the different
deflection prediction methods (Section 3.5). The methods have been calibrated to predict
deflections effectively for a I,/I., ratio at about 2.2. The |/l = 4.71 for Slab S4 and this indicates that
the deflection predictions may vary for the different prediction methods. The short-term deflections
vary greatly. The predicted total deflections do vary, but not excessively so, as would be expected
(Table 5-15). The results from the SABS 0100-1 (2000), the EC2 (2004), the BS 8110 (1997) and the
Alternative Approach over-estimate the behaviour of the slab. The ACI 318 (2002) presents good

deflection approximations.
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Similar to what was explained in for Slab S3, concerning the prediction of shrinkage deflections, a
similar tendency is observed in Table 5-15. The shrinkage deflection for the methods over-predicting

the total deflections have a high predicted shrinkage deflection.

SLAB: S5

The specimen Slab S5 has two loading stages. Refer to Figure 5-15 for the loading history for Slab S5.
The test period for the slab is 747 days.

UDL [kPa]
A
8.39
2.16
1415 747

Concrete Age [days]

Figure 5-15: Loading History for Slab S5 (Gilbert and Guo, 2005).

The loading for Slab S5 is similar to the early age loading for a flat slab structure during slab
construction. Flat slab systems within buildings designed with several storeys of flat slabs,
experience this type of loading during the hastily construction of the next storey above. Large
construction loading is applied to the slab below, which usually has just completed its curing
process. These loads can be close to the design loads and initiate immediate crack development

within the slab.

Gilbert and Guo (2005) observed that the slab cracked immediately after first loading at 14 days.
Cracks occurred on the top surface of the slab over most columns. The load was kept on the slab for
one day. Even though the load was only applied for one day, more cracks still develop on the top
surface of the slab with time. Most cracks formed within 3 weeks of first loading, thereafter, no
significant change in the crack pattern was observed. The final observed crack pattern is presented
in Table 5-17. Gilbert and Guo (2005) observed that no cracks formed on the bottom surface of Slab
S5 immediately after first loading. However, when the slab’s self-weight of 2.16 kPa was applied;
bottom cracks gradually appeared in the first 4 weeks after unloading, most probably due to

shrinkage causing the opening of load-induced cracks that were initially too fine to be noticed.
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Table 5-17: Cracked finite element model for slab S5 at day 15.

Cracked Finite Element Model Experimental Crack Patterns
Predicted Crack Pattern Observed Cack Pattern
¥ F E
= Y >
d A b=
Top of S5

The finite element model predicted cracking on the top surface
of the slab above all the columns. The predicted crack pattern
also showed mid-panel cracking and cracking around all edge

and corner columns. The observed crack pattern for the top
surface cracks is shown. Only the cracking above the columns

are presented by both models.

Some mid-panel cracking differences are observed between the crack patterns for the cracked finite
element model and the observed experimental crack patterns in Table 5-17. Table 5-18 presents the
results from the predicted deflections from the various models compared to the recorded

experimental data.

The test period for Loading Stage 1 is only one day. The deflections recorded at different instances

during that day was denote as follows:
e Ay,q denotes the deflection recorded at day 14 after the first layer of loading blocks were
applied
e A, denotes the deflection recorded at day 14 after the second layer of loading blocks were

applied
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Table 5-18: Predicted deflection comparison relative to the experimental deflections for Slab S5.

Deflection Comparison for Stage 1

Time [days]
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§ so0 — EC2
=]
o
% 6.0 — A\BS
a
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2.0
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0.0
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Deflection Comparison for Stage 2
Time [days]
0 100 200 300 400 500 600 700 800
3.0 mm— AEXP
30.0 s AP_UNCR
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= 20.0
s — AEC2
ko]
2 150 — ABS
3
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5.0 T AALT
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The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-19.

Table 5-19: Deflection Ratios relative to the experimental deflections for Slab S5.

time Loading
— AP_UNCR/AEXP AP_CR/AEXP ASABS/AEXP AECZ/AEXP ABS/AEXP AACI/AEXP AALT/AEXP
[days] Stage
14.1 1.77 3.53 5.05 4.59 4.29 2.77 4.59
1
14.2 0.92 1.82 2.91 3.60 3.64 1.31 2.83
16 0.55 0.98 1.44 1.31 0.58 0.79 1.31
2
747 0.59 1.17 2.81 4.01 3.30 1.81 4.03
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The deflection ratios in Table 5-19 all greatly under-predict or over-predict the slab deflections. Both
the finite element models and the empirical models over-estimate the amount of cracking (decrease
in slab stiffness) at day 14 and predict deflections up to 2.37 times the recorded experimental
deflection. The error of over-estimating the amount of cracking is carried forward in the deflection
prediction for the second loading stage. The total deflections at day 747 are predicted up to 4.03
times the recorded experimental deflection. As in all the other slabs the uncracked finite element
model under-predicts the total deflection at the end of the test period. Even though no model
presented a relatively accurate predicted deflection result, the best result was obtained with the ACI

318 (2002) approach.

The poor predicted results for Slab S5 indicates that the prediction methods struggle to accurate
account for early age loading of flat slabs. The prediction models over-estimate the effect of early

construction loading on the flat slab structure, thus the results are unreliable.

Slab S5 has a percentage tension reinforcement of 0.476% at midspan, a M,/M,, ratio of 1.21 for
loading stage 2 and a I,/I,, ratio of 4.19, according to the EC2 (2004) approach. The low percentage
tension reinforcement indicates that the predicted deflections from the different methods may vary,
but the critical level of the M,/M,, ratio indicates that the slab does have mid-panel cracking. The
applied moment is just above the cracking moment, indicating that there are large variations
between the different deflection prediction methods (Section 3.5). The methods have been
calibrated to predict deflections effectively for a I/l ratio at about 2.2 (Section 3.3). The I/l = 4.19
for Slab S4 and this indicates that the deflection predictions may vary for the different prediction
methods. These results are similar to those obtained for Slab S5. Slabs S4 and S5 have a similar
maximum load applied to the similar slab layout and characteristics. The only difference is the test
period over which this maximum load was applied to the slab. Even though there are some
similarities between the slab setup, the resulting observations are not similar. It is observed that the
loading history greatly influences slab behaviour. None of the results from the deflection prediction

methods show any tendency to predict the actual deflection behaviour.

SLAB: S6

The specimens Slab S6 and Slab S7 both have a single loading stage. Refer to Figure 5-19 for the

loading history for slab S6. The test period for the slab is 508 days.
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UDL [kPa]
A
5.26
2.16
14 508

Concrete Age [days]

Figure 5-16: Loading History for Slab S6 (Gilbert and Guo, 2005).

The difference between Slabs S6 and S7 is their column fixity for the columns along the perimeter of
the slab. The columns along the perimeter for Slab S6 are pinned, thus reducing the amount of in-
plane restraint due to shrinkage. The columns along the perimeter for Slab S7 are fixed, thus
allowing restraint against shrinkage. It is expected that the crack pattern for Slab S7 would be more
than the pattern for Slab S6, due to the fixed columns. The difference in applied loading is relatively
small (0.29 kPa) between Slabs S6 and S7, thus the specimens are a good choice to observe the

effect of restrained shrinkage.

Gilbert and Guo (2005) observed that cracking appeared on the top surface of the slab over each
column, except the corner columns C1, C3, C7 and C9 after first loading at 14 days. These cracks
continued to develop with time. Cracks over the corner columns were first observed at 63 days. The
final observed crack pattern is presented in Table 5-20. No cracks were observed on the bottom

surface immediately after first loading. Bottom cracks, however, gradually developed with time.
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Table 5-20: racked finite element model for Slab S6 at day 14.

Predicted Crack Pattern Observed Cack Pattern

‘I

b
Top of S6
T L\ :-_ f T
In both the predicted and observed crack patterns much —"—i = N
cracking is observed above columns C2, C6, C8, C4 and C5. Both ,_-W ] ,_(.:f { e
patterns also observed cracking in the mid-panels circulating _/(
around the columns. ) \Lf T l[/_-:

Bottom of S6

Little differences are observed between the crack patterns from the cracked finite element model
and the observed experimental crack patterns in Table 5-20. Table 5-21 presents the results from

the predicted deflections from the various models compared to the recorded experimental data.

Table 5-21: Predicted deflection comparison relative to the experimental deflections for Slab S6.

Deflection Comparison for Stage 1

Time [days]
0 100 200 300 400 500 600
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The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-22.

Table 5-22: Deflection Ratios relative to the experimental deflections for Slab S6.

DEFLECTION RATIO for Slab S6

time
AP_UNCR/AEXP AP_CR/AEXP ASABS/AEXP AECZ/AE)(P ABS/AEXP AACI/AEXP AALT/AE)(P
[days]
14 1.01 227 1.31 2.60 2.13 1.39 2.60
508 0.74 1.50 1.05 1.75 1.98 0.95 1.81

The deflection ratios indicate that the all the prediction method over-predicted the short-term
deflections at day 14. The uncracked finite element model shows the best results almost predicting a
short-term deflection identical to the recorded deflection. The empirical models over-predicted the
short-term deflections up to 2.6 times the recorded deflection. Both the SABS 0100-1 (2000) model

and the ACI 318 (2002) model presented the best prediction for the total deflection.

Slab S6 has a percentage tension reinforcement of 0.340% at midspan, a M,/M,, ratio of 1.16 and a
I/l ratio of 5.11, according to the EC2 (2004) approach. The low percentage tension reinforcement
indicates that the predicted deflections from the different methods may vary, but the critical level of
the M,/M,, ratio indicates that the slab does have mid-panel cracking. The applied moment is just
above the cracking moment, indicating that there are large variations between the different
deflection prediction methods (Section 3.5). The methods have been calibrated to predict
deflections effectively for a I,/I., ratio at about 2.2 (Section 3.3). The I/l = 5.11 for Slab S6 and this

indicates that the deflection predictions may vary for the different prediction methods.

The short-term and total deflections vary greatly as presented in Table 5-22. The results from the
EC2 (2004), the BS 8110 (1997) and the Alternative Approach over-estimate the behaviour of the
slab. The ACI 318 (2002) and the SABS 0100-1 (20002) present good deflection approximations.

SLAB: 57

The specimen Slab S7 has a single loading stage. Refer to Figure 5-17 for the loading history for slab
S7. The test period for the slab is 508 days.
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Figure 5-17: Loading History for Slab S7 (Gilbert and Guo, 2005).

Gilbert and Guo (2005) observed that cracks appeared on the top surface of the slab over each

column immediately after first loading. Cracks continued to develop with time, with most cracks

forming within one month of loading. The crack pattern on the top surface at the end of the test is

presented in Table 5-23. There were some differences between Slab S7 (Table 5-23) and Slab S6

(Table 5-20) in the top crack pattern, particularly over the edge columns C1, C2, C3, C7, C8, and C9,

due to the different fixity conditions for the columns. Similar to Slab S6, no cracks were observed on

the bottom surface immediately after first loading, but bottom cracks gradually developed with

time.

Table 5-23: Cracked finite element model for slab S7 at day 14.
Cracked Finite Element Model

Predicted Crack Pattern

The predicted crack pattern shows cracking above all columns,
similar to the observed crack pattern. Some cracking is predicted
adjacent to the centre edge columns by the finite element
model. The observed crack pattern shows extensive mid-panel

cracking not predicted by the finite element crack pattern.

Experimental Crack Patterns

Observed Cack Pattern

Top of S7

i
A

Bottom of S7
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There are many differences between the crack patterns at the mid-panel points for the cracked finite

element model and the observed experimental crack patterns in Table 5-23.

The predicted crack pattern for Slab S7 is far more excessive, than the crack pattern observed for
Slab S6. This is due to the restrained drying shrinkage induced by the fixed supports of Slab S7.
Unfortunately, this trend is not observed for the predicted crack patterns from the cracked finite
element model. More cracking is predicted for Slab S6 than for Slab S7 according to the observed
crack patterns from Tables 5-20 and 5-23. The bending action from the pinned columns in finite
element model for Slab S6 allows the mid-panel sections to carry larger moments, thus suggesting
larger mid-panel areas to crack. The stiffer supports in the finite element model for Slab S7 reduce
the amount of moments redistributed to the mid-panel areas, suggesting that less cracking occurs at
these sections. This occurrence within the finite element model results, allow a larger prediction of

cracking for Slab S6 than Slab S7.

Table 5-24 presents the results from the predicted deflections from the various models compared to

the recorded experimental data.

Table 5-24: Partially cracked finite element model for Slab S7 at day 14.

Predicted Deflection Comparison for SLAB: S7

Deflection Comparison for Stage 1
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The deflection ratios of the predicted deflection relative to the experimental deflections are

presented in Table 5-25.
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Table 5-25: Deflection Ratios relative to the experimental deflections for Slab S7.

DEFLECTION RATIO for Slab S7

time
AP_UNCR/AEXP AP_CR/AEXP AS;’-\BS/AE)(P AECZ/AE)(P ABS/AEXP AACI/AEXP AALT/AE)(P
[days]
14 0.87 1.24 2.01 1.18 0.99 1.16 1.18
508 0.52 0.68 1.13 1.34 1.56 0.72 1.34

The uncracked finite element model under-predict both the short and total deflections by not taking
any cracking into account. The cracked finite element model over-predicts the short-term deflection
and under-predicts the total deflection. The model over-estimates the short-term cracking and
under-estimates the long-term cracking. The empirical methods predict fairly similar short-term
deflections, up to roughly 1.18 times the experimental deflection. The EC2 (2004), the BS 8110

(1997) and the Alternative Approach presented the largest over-prediction for the total deflection.

Slab S7 has a percentage tension reinforcement of 0.340% at midspan, a M,/M,, ratio of 0.91 and a
I/l ratio of 5.11, according to the EC2 (2004) approach. The low percentage tension reinforcement
indicates that the predicted deflections from the different methods may vary, but the low level of
the M,/M,, ratio indicates that the slab does not have mid-panel cracking. The applied moment is
just below the cracking moment, indicating that the slab behaves linearly at mid-panel. The methods
have been calibrated to predict deflections effectively for a 1./l ratio at about 2.2 (Section 3.3). The
I/l = 5.11 for Slab S7 and this indicates that the deflection predictions may vary for the different

prediction methods. The short-term and total deflections vary greatly as presented in Table 5-25.

5.4.4 Concluding Summary

The results for Slabs S1 to S7 confirmed that the time-dependent cracking greatly affects the
serviceability of flat slab. In all specimens, new cracking occurred with time and existing cracks
extended (usually on the top surface). The predicted total deflection was generally higher than the
measured experimental deflection, primarily due to the loss of stiffness associated with time-
dependent cracking under the combined influences of restraint shrinkage. The extent of time-
dependent shrinkage induced cracking and its effect on the behaviour of concrete slabs was
significant and tended to be the most important and dominant factor influencing long-term

behaviour (Gilbert and Guo, 2005).
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As expected, the uncracked finite element models always under-predicted the midspan deflection,
except in the case of Slabs S1 and S6. The cracked finite element model produced no consistent
results. Even though the predicted deflections were far better than those predicted by the cracked
finite element model, the model was dependent on simulating the amount of cracking in the slab. In
some cases many similarities in the crack patterns between the predicted and observed crack

patterns were observed (Slab S4) but other times, many differences occurred (Slab S2).

All the empirical and finite element models predicted the short-term deflections very well in cases
where the slabs were exposed to a single loading stage with a constant load applied over the entire
test period. The models struggled to predict accurate deflection in cases where the loading histories
changed such as the results for Slabs S1, S3 and S5. The predicted results for the slabs exposed to

cycles of drying and wetting (Slabs S1 and S2) were also poor.

The empirical methods presenting the best overall accuracy level are the SABS 0100-1 (2000), the
ACl 318 (2002) and for cases with a varying loading history, the Alternative Approach. The SABS
0100-1 always over-predicts deflections (both short-term and total), together with the Alternative
Approach. The ACI 318 (2002) always under-predicts deflections. It may be observed that the SABS
0100-1 provided an upper limit to the predicted deflections, while the ACI 318 provided a lower
limit. The Alternative Approach predict deflections either larger than the SABS 0100-1 or in between

the upper and lower limit.

Both the EC2 (2004) and the BS 8110 (1997) greatly over-predicted most of the deflections. These
methods also presented the largest degree of inaccuracy compared with all the other methods of
deflection prediction. The EC2 (2004) and the BS 8110 (1997) consider only the section stiffness at
the point of maximum deflection for a member. The ACI 318 (2002) and the SABS 0100-1 (2000)
incorporate the additional stiffness at the sections above the columns for continuous members, such
as flat slabs. Including these stiffness allow the ACI 318 (2002) and the SABS 0100-1 (2002) to predict
more accurate deflection. Refer to Section 2.5 for the discussion on member continuity. By not
including the effect of the stiffness of the sections above the column the member stiffness is over-

predicted and larger deflections results as in the case for the EC2 (2004) and the BS 8110 (1997).
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It was also observed that the column fixity, responsible for the slab shrinkage restraint and thus the
slab crack development is not accounted for by any of the deflection prediction methods with the
exception of the SABS 0100-1 (2000). The SABS 0100-1 (2000) presents separate expressions to
calculate the modulus of rupture for deflection prediction, depending on whether the slab is
restrained or not. The column fixity is not related to the shrinkage deflection predictions. It is
however, observed that the over-estimated shrinkage deflection is not predicted effectively and is

usually the reason why most of the total deflections for the empirical methods, are over-predicted.

The percentage tension reinforcement, the M,/M ratio and the 1/l ratio provided a good
indication on what to expect concerning the degree of variation for the predicted deflections from
the various methods. Table 5-26 present a summary of the effectiveness of the deflection prediction
methods to predict actual deflections. The most accurate of the finite element models and empirical
models for each case considered, are presented in Table 5-26. The accuracy of the models is
evaluated on the basis of the deflection ratios nearest to 1.0, irrespective if this ratio slightly under-

predicts or over-predicts the deflection.
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Table 5-26: Summary of the accuracy of the results for the deflection prediction methods.

SABS 0100-1

EC2

BS 8110

ACI 318

Uncracked Cracked ALT
(2000) (2004) (1997) (2002) [-] [-] [%]
no Short-term v v V' \'
S1 0.81 2.50 0.421
Total V' v
yes Short-term ' ' v v
S2 0.51 5.44 0.421
Total v v
yes Short-term v v v v
S3 0.89 3.03 0.476
Total v v v
yes Short-term v
S4 1.21 4.19 0.476
Total v v
yes Short-term ' ' 1.21
S5 4.19 0.476
Total v v
no Short-term ' v v
S6 1.16 5.11 0.476
Total v v
yes Short-term v v v
S7 0.91 5.11  0.476
Total v
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The slab specimens all have a percentage tension reinforcement less than 0.8%. It is therefore
critical to note that these conclusions only apply to flat slab structure with percentage tension

reinforcement contents within this range.

From Table 5-26 it is evident that a slab with little or no mid-panel cracking (M./M < 1.0) and a I/,
< 5.5, the uncracked finite element model predict short-term deflection effectively. Within this
range, the SABS 0100-1 (2000) and the ACI 318 (2002) provide the most effective empirical methods
to calculate predicted the short-term and total deflections. For a slab with much mid-panel cracking
(M./M,, > 1.0) and a I/l £ 5.5, the uncracked finite element model does not predict short-term
deflections well. The ACI 318 (2002) and the SABS 0100-1 (2000) is recommended for deflection
prediction using a empirical approach. The ACl (2002) presented the most effective method to
predict flat slab deflection empirically even though the results are slightly under-predicted (+10%).
The SABS 0100-1 (2000) presented the second most effective method with a slightly larger range

error.

5.5 ALLOWABLE SPAN/DEPTH RATIOS FOR EXPERIMENTAL SLABS

Most of the design standards recommend that the span/depth ratio be calculated prior to the
calculation of the predicted total deflection. It is recommended that if the slab fails the span/depth

ratio test, the more rigorous approach is to calculate the predicted deflection.

The span/depth ratios for the seven experimental slabs by Gilbert and Guo (2005) are calculated and

presented in this section.

5.5.1 Calculated Span/Depth Ratios

The equations used to calculate the span/depth ratios for the seven experimental slabs from Gilbert
and Guo (2005) are presented in Section 2.4. All seven experimental slabs are classified as flat slabs
and thus the span/depth equations should be applied to the longer of the spans. The spans for the

experimental specimens are equal (Figure 5-1), therefore either of the spans may be used to
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calculate the allowable span/depth ratio. The middle strip C7,C8 — C4,C5 was used to calculate the
allowable span/ratio for the experimental slabs as is shown in Figure 5-18. The dimensions of the

middle strip are also presented in Figure 5-18.
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Figure 5-18: Position of the Middle Strip C7,C8 — C4,C5.
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The properties of each experimental slab specimen are presented in Table 5-1. The allowable and
actual span/depth ratios for each slab specimen are presented in Table 5-27. When the actual
span/depth ratio is less than the allowable span/depth ratio, the slab meets the serviceability

criteria. Equation 5-1 presents this inequality.

(L/d)ACTUAL = (L/d)ALLOWABLE (5-1)

Figure 5-19 graphically represents the allowable span/depth (L/d) ratio for the seven slab specimens.

The calculations for the span/depth ratios are presented in Appendix G.
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Table 5-27: The Actual and Allowable span/depth ratios for the seven experimental slabs.

Actual Allowable Serviceable Actual Allowable  Serviceable Actual Allowable  Serviceable Actual Allowable  Serviceable
S1 34.48 40.36 OK 34.48 58.63 OK 34.48 52.00 OK 28.00 25.40 NO
S2 34.48 43.20 OK 34.48 101.5 OK 34.48 52.00 OK 28.00 25.40 NO
S3 38.96 43.20 OK 38.96 68.40 OK 38.96 52.00 OK 31.11 25.40 NO
sS4 38.96 43.20 OK 38.96 46.23 OK 38.96 52.00 OK 31.11 25.40 NO
S5 38.96 43.20 OK 38.96 46.23 OK 38.96 52.00 OK 31.11 25.40 NO
S6 38.96 42.69 OK 38.96 41.47 OK 38.96 52.00 OK 31.11 25.40 NO
S7 38.96 43.20 OK 38.96 52.91 OK 38.96 52.00 OK 31.11 25.40 NO

L/d Ratios for the Experimental Slabs
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Figure 5-19: Graphical representation of the allowable span/depth ratios for the seven experimental slabs.
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From Figure 5-19, the SABS 0100-1 (2000) shows the most conservative span/depth ratios for the
specimens, having the lesser allowable span/depth ratios of the first three design standard
approaches. The BS 8110 (1997) and the EC2 (2004) show a less conservative span/depth ratio. The
EC2 (2004) shows the greatest variation for the allowable span/depth ratios. Slab S1 and Slab S2
have a smaller ratio of percentage tension reinforcement relative to the other slab specimens. Using
EC2 (2004) the allowable span/depth ratio for Slab S1 and S2 are noticeably larger than the ratios
calculated for the other slabs. This suggests that the span/depth ratio method of calculation
presented for the EC2 (2004) approach is far more sensitive to the percentage tension
reinforcement of a slab than the other design standards. The ACI 318 (2002) shows the least ratios. It
must be remembered that the ACI 318 (2002) uses the span/height ratios and not the span/depth

ratios (Section 2.4.4).

According to the SABS 0100-1 (2000), the EC2 (2004) and the BS 8110 (1997), all the slab specimens
are serviceable. This is indicated in Table 5-27 where the span/depth ratios are larger than the actual
span/depth ratios, which is 34.84 (Slabs S1 and S2) and 38.96 (rest of slab specimens). The ACI 318
(2002) approach presented results indicating that the slab specimens are not serviceable and are

expected to undergo excessive deflections.

5.6 CONCLUDING SUMMARY

The experimental study conducted by Gilbert and Guo (2005) presented seven large-scale slab
specimens tested under sustained load for test periods up 750 days. The data recorded from the
experimental study was used to predict the time-dependent deflection for all seven specimens. The
span/depth ratios for the specimens were also calculated to investigate the variability between the

different design standards.

The predicted deflections were obtained from a finite element models and empirical hand-
calculations. Two different finite element models were considered. The first was an uncracked finite
element model (conventional stiffness) and the second was a cracked finite element model (altered
stiffness). The uncracked finite element model mostly under-predict slab deflections as expected,

since the model only accounts for linear slab behaviour. The cracked finite element model presented
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no real deflection prediction trend for the seven slab specimens, thus the use of the model is
unreliable. The unreliable results prove that the cracked finite element model is not suitable for
application in a finite element environment and should not be used to predict deflection for slender

lightly reinforced members.

The empirical deflection prediction methods included the methods presented by the SABS 0100-1
(2000), the EC2 (2004), the BS 8110 (1997), the ACI 318 (2002) and Alternative Approach (Section
3.8). It was observed that an upper deflection limit is presented by the SABS 0100-1 (2000) method,
while the ACI 318 (20002) present a lower deflection limit. The recorded deflection usually occurred
between these limit. The results for the Alternative Approach presented results also within these
limits, but not coinciding to the experimental results in a significant way. The results for the EC2

(2004) and the BS 8100 (1997) methods mostly over-predicted the deflections of the slab specimens.

It is suspected that the over-prediction of the shrinkage deflection causes the over-prediction of the
total deflection in most slab specimens. The deflection predictions are also highly dependent on the
loading history and the environmental exposure of the slab to different conditions of wetting and
drying. The more constant the loading and the more controlled the environmental exposure, the
higher the probability that the predicted deflections will be similar to the actual deflections. The
motive for deflection prediction is to allow the designer to determine the maximum deflection,
irrespective of the loading history, and make the necessary provisions to keep the structure within
the serviceability criteria. It may be stated that if the loading occurs in a gradual increase or
decrease, the effect of the loading history is not as extensive as sudden peak changes, as was
observed for Slab S5. For deflection prediction at a specific point in time, an accurate assessment of

the loading history is however required.

The reduction in cracking due to no shrinkage restraint is not accounted for by any of the deflection
prediction methods, except for the SABS 0100-1 (2000). The SABS 0100-1 (2000) presents separate
expressions for the modulus of rupture, f,, for restrained and unrestrained members. The modulus
of rupture determines the point of first cracking of the slab section. It is important to account for the
influence of restraint for a slender member, since this determines the amount of cracking resulting
predicted at mid-span. The deflection prediction expression is dependent on the amount of cracking
accounted for at mid-span of a flexural member. For no restraint, more cracking is observed at mid-

span and the exact opposite is observed during much restraint. For much restraint, the majority of
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the crack development is observed over the supports. Only the SABS 0100-1 (2002) provide
expression to account for this effect. The other deflection prediction methods assume that the
structure has a certain amount of restraint. To observe the effect of the expression for the
unrestrained effect as presented by the SABS 0100-1 (2000), the comparative results for Slab S6
(unrestraint slab) in Table 5-26 should be observed. The SABS 0100-1 (2000) presented the more
accurate results, while the results from the other design standards over-predicted the deflections.
This implies that the amount of loss in stiffness (crack development) was over-predicted by assuming

more slab restraint.

The percentage tension reinforcement, the M,/M, ratio and the I,/l; ratio provided a good
indication on what to expect concerning the degree of variation for the predicted deflections from
the various methods. Table 5-27 presented a summary of the results discussed in Section 5.4.3. It is
observed that for a flat slab structure with a percentage tension reinforcement less than 0.8% and
I/l £ 5.5, the following methods present the best approximation for the short-term and total
deflections. When M,/M,, < 1.0, the uncracked finite element model presents an accurate prediction
of the short-term deflection, while the SABS 0100-1 (2000) and the ACI 318 (2002) effectively
predicts both short-term and total deflections. When M,/M,, > 1.0, the ACI 318 (2002) and the SABS
0100-1 (2000) is recommended for both short-term and total deflection prediction. The ACI 318
(2002) provides a lower deflection limit, while the SABS 0100-1 (2000) provides a upper deflection
limit. The Alternative Approach produced relatively good results, but requires more comparison for
different flat slab loading and support conditions. The ACI 318 (2002) is the most accurate for
deflection prediction of the experimental slab specimens even though most of the deflections are

slightly under-predicted.

The EC2 (2004) presents the least conservative and variable span/depth ratios. The span/depth
ratios of the EC2 (2004) approach is very sensitive to the amount of tension reinforcement present
in the section. The ACI 318 (2002) presented the least span/height (L/h) ratios. Only the ACI 318

(2002) ratios indicated that the experimental slabs do not meet the serviceability criteria.
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6 SERVICEABILITY OF SOUTH AFRICAN FLAT SLAB DESIGN

6.1 INTRODUCTION

The South African designers apply the specifications as stipulated in the SABS 0100-1 (2000) to
evaluate the serviceability of a structure. The comparisons of the two serviceability methods
presented in the SABS 0100-1 (2000) with other design standards, such as the EC2 (2004), the BS
8110 (1997) and the ACI 318 (2002), provide insight to whether the South African designers apply
the most appropriate methods to estimate the serviceability of a structure. The following section
presents three slab examples from the South African design offices. The first two examples present
actual flat slabs built in Southern Africa and the third example consists of tests on one-way spanning

lightly reinforced slabs that were used in a study to investigate short-term deflections.

The examples presented in this chapter have different reinforcement layouts and unsymmetrical
spans in each orthogonal direction, thus only the empirical methods were used to predict mid-panel
deflections. The uncertainty of the finite element models’ results when applied to irregular slab
layouts has not been investigated in the previous chapter, thus the finite element modelling method

was not applied in this chapter.

6.2 CURRENT SOUTH AFRICAN FLAT SLAB SERVICEABILITY METHODS

The South African designers often use the span/depth ratio verification as presented by SABS 0100-
1, Clause 4.3.6.2 (2000), to evaluate whether a slab is serviceable or not. From Section 3.3.2 it is
evident that the span/depth ratio for the SABS 0100-1 (2000) approach presents the most
conservative results for flat slab serviceability design. Thus, it may be assumed that many flat slab

designs in South Africa are mostly conservatively designed and present little serviceability problems.

The problem occurs when a flat slab design narrowly passes the span/depth test. If this occurs, it is

uncertain what the serviceability implications for the design may be. The examples that follow in this
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chapter either narrowly fail or pass the span/depth ratio test. The allowable span/depth ratios and

the predicted mid-panel deflections are calculated for each example.

6.3 FLAT SLAB CASE STUDIES FROM PRACTICE

The three slab examples, presented in this chapter, include two two-way spanning slabs with column
drops (slab thickening) around the columns and an experimental study of lightly reinforced one-way

spanning slabs.

The first two-way spanning slab is a section as part of a slab for a multi-level parking area. Some
excessive cracking and deflections were reported in certain areas. The predicted deflection for a

specific slab panel is calculated.

The second two-way spanning slab is a section is part of an office building. The edge panels were
reported to have presented excessive deflections. The predicted deflections for the specific slab

panels are calculated.

The last example, an experimental study by Maritz (2009), presents recorded short-term deflections
for one-way spanning slabs with two spans. The predicted deflections are presented relative to the

M,/M, ratio (level of cracking).

6.3.1 Example 1: Parking Deck Two-Way Spanning Slab

The slab section modelled for the parking deck is presented in Figure 6-1. The slab section is
bordered by Gridlines D to G and 8 to 11. The slab was modelled by the finite element software
program, PROKON (2008) to obtain the serviceable moments for the slab. The slab within Gridlines D
to G and 8 to 9 has a slab thickness of 250 mm, with drop panels at columns locations (1800 x 1800 x
400 mm). At the drop panels the total depths of the column drops include the slab depth. The
remainder of the slab has a thickness of 200 mm. The concrete cover is 20 mm plus 5 mm to the

centre of the reinforcement.
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Figure 6-1: Parking deck slab gridline layout.

Table 6-1 presents the slab characteristics for the parking deck. It is assumed that 60% of the applied

imposed load contributes to the permanent loading applied to the slab (SABS 0160, 1989).

Table 6-1: Slab Characteristics for the parking deck.

Reference

Slab Characteristics

Table 1, SABS 0100-1 (2000)

30.0

f. [MPa]

Robberts and Marshall, 2008

24.0

f'. [MPa]

Table 1, SABS 0100-1 (2000)

28.0

E. [GPa]

Table 4, SABS 1060 (1989)

2.0 kPa

Imposed Load

Fig C.1, SABS 0100-1 (2000)

2.75

Creep

Fig C.2, SABS 0100-1 (2000)

420x10™

Shrinkage

-2. Serviceability problems were

in Figure 6

The panel layout for the parking deck is presented

observed in Panel 3.
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Figure 6-2: Panel layout for the parking deck.

The details for Panel 3 are shown in Figure 6-3. The slab is divided into column and middle strips
according to SABS 0100-1 (2000). The dimensions for the column and middle strips are also

presented in Figure 6-3.
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Figure 6-3: Dimensioning details for Panel 3 for the parking deck.

Before the predicted deflections were calculated, the span/depth ratios from the various design
standards were calculated. The values in Table 6-2 present the allowable and actual span/depth
ratios (L/d) calculated for Middle Strip B — F. For two-way spanning slabs, the span/depth
expressions should be applied to the longer of the spans (SABS 0100-1, 2000). The expressions for
the span/depth ratios are presented in Section 2.4. The slab is serviceable when the allowable
span/depth ratio is larger than the actual span/depth ratio. From Table 6-2 it can be seen that the
slab is serviceable according to the span/depth tests from the SABS 0100-1 (2000), the BS 8110
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(1997) and the EC2 (2004). The allowable span/depth ratios present a similar trend as was observed
for the allowable span/depth ratios for the seven experimental slab specimens as presented in

Section 5.5.

The percentage tension reinforcement for the middle strip is 0.295%. This small percentage justifies
the large allowable span/depth ratio for the EC2 (2004), being the method greatly affected by the
percentage of tension reinforcement. The allowable span/depth ratios for the SABS 0100-1 (2000)
and the BS 8110 (1997) are not drastically effected by low level of tension reinforcement; therefore
the span/depth ratios produced from these methods are in close range of each other. The
span/height ratio produced from the ACI 318 (2002) approach presented the most conservative
result and indicates that the slab is not serviceable. The calculations for the span/depth ratios are

presented in Appendix H.

Table 6-2: Span/depth ratios from the various design standards as calculated for the parking deck.

L/d Ratios for Middle Strip B - F

SABS 0100-1 ACl 318 BS 8110 EC2
(2000) (2002) (1997) (2004)
Allowable 41.15 32.50 45.59 60.21
Actual 37.78 33.20 37.78 37.78
Serviceable OK NO OK OK

After an evaluation of the span/depth ratios, the mid-panel deflections were obtained by calculating
the average deflection for two column strips at the edges of the panel and then adding the
deflection from the orthogonal middle strip. Figure 6-4 illustrates this process. The average
deflection from Column Strips A — G and C — E is calculated and the deflection of Middle Strips H— D
is added to obtain a mid-panel deflection. It is assumed, for the purpose of this study, that the mid-
panel deflection calculated from the column and middle strips in the orthogonal direction will
produce a relatively similar deflection. The process is similar to the Equivalent Frame Method as was

discussed in Section 2.5.
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Figure 6-4: Process to obtain mid-panel deflection: Ayp.

The predicted deflections were calculated for the SABS 0100-1 (2000), the EC2 (2004), the BS 8110
(1997), the ACI 318 (2002) and the Alternative Approach (Section 3.8). The EC2 (2004) requires the
use of the quasi-permanent moments to calculate the deflections and not the serviceability
moments due to the total load (Webster and Brooker, 2006). The similar moments were used for the
Alternative Approach. The deflection methods for the rest of the design standards require that the
full serviceability moment be used to calculate the deflections. The predicted deflections are

presented in Figure 6-5. The calculations of the deflections are presented in Appendix H.

Predicted Delfections for the parking deck

100.00

I ASABS

80.00
I AEC2

60.00
[ ABS

40.00

I AACH

Deflection [mm]

20.00 A

I AALT

000 - —@— span/250

Short-Term A Shrinkage A Long-Term A Total A

Figure 6-5: Graphical representation of the predicted deflection for the parking deck for the various design standards.

From Figure 6-5 it is evident that the ACI 318 (2002) predicts the smallest deflection prediction while
the BS 8110 (1997) predicts the largest deflection prediction. The SABS 0100-1 (2002), the EC2
(2004) and the BS 8110 (1997) limit the final allowable deflection to span/250, while the ACI 318
(2002) presents a span/240 limit. These limits produce similar values, thus only the span/250 limit is
presented in Figure 6-5. If this limit is assumed to govern the serviceability evaluation of the parking
deck example, it is observed that all the deflection calculation methods predict total deflections

larger than the allowable limit with the exception of the ACI 318 (2002) approach. The SABS 0100-1
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(2000) deflection result also borders on this limit. The slab was designed according to the SABS 0100-
1 (2000), therefore the slab does complies with the serviceability limits as stipulated by the design

standards.

In a report by L&S Consulting (Pty) Ltd (2008) on the structural assessment of the parking deck, it
was observed that the actual measured deflection as noted by the contractor, was approximately
two to three times the allowable long-term deflection as stipulated in the SABS 0160 (1989). The
SABS 0160 (1989) presents an allowable long-term deflection for the parking area of span/300 (28.3
mm for the 8500.0 mm span). This suggests that the maximum measured deflection was about 85.0
mm. This is not consistent with the results of the predicted deflections from the SABS 0100-1 (2000)
and the ACI 318 (2002) as presented in Figure 6-5. According to L&S Consulting (Pty) Ltd (2008), the

reasons for these excessive deflections include:

e Early de-propping of slabs in the affected area, which could have caused cracking of Sections
and an additional loss in stiffness.

e Strength of the concrete mix was below the specified strength.

e The slab could have been overloaded during the first two years of the structure life, causing
cracking and irreversible loss in stiffness.

e During construction an initial curvature may have resulted due to slab decking out and the
measured deflection may be a combination of the actual deflection and the initial deflection.

e The actual built dimensions of the slab could be less than what was specified from the
design plans.

e The actual bottom reinforcement in the slab may be less than what was detailed in the

design plans.

6.3.2 Example 2: Office Block Two-Way Spanning Slabs

The slab section modelled for office block is presented in Figure 6-6. The slab section is bordered by
Gridlines F to H and 3 to 11. The slab was modelled by the finite element software program,
PROKON (2008) to obtain the serviceability moments of the slab. The slab panels within Gridlines F
to H and 4 to 11 have a slab thickness of 230 mm, with drop panels at the interior columns located
along Gridline G (2400 x 2400 x 400 mm). At the drop panels the total depths of the column drops
include the slab depth. The slab within Gridlines F to H and 3 to 4 has a thickness of 180 mm. The

concrete cover is 15 mm plus 8 mm to the centre of the reinforcement. The slab perimeter is
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supported by either a 190 x 900 mm or 230 x 900 mm beam. This supporting beam is located along

Gridline F up to the intersection with Gridline 5, Gridlines 4, H and 11.

Figure 6-6: Office block slab gridline layout.

Excessive deflections occurred in the two panels located in between Gridlines G to H and 7 to 11.
Figure 6-7 shows the deflections calculated to obtain the mid-panel deflection for the first and

second panel.
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Figure 6-7: The two slab panels, part of the office block slab, which have experienced excessive deflections.

The mid-panel deflection of each panel was calculated by taking the average column strip

deflections and adding the orthogonal middle strip deflection. The presence of the supporting beam
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along Gridlines H and G (Figure 6-7), provide significant stiffness for the column strip deflections
between Columns 52 and 53 and Columns 53 and 54. The deflections at these points are assumed to
be zero. Thus, only the deflection in the column strip along Gridline B and the deflection for the

orthogonal middle strip were calculated.

Table 6-3 presents the slab characteristics for the office block slab. It is assumed that 30% of the

applied imposed load contributes to the permanent loading applied to the slab (SABS 0160, 1989).

Table 6-3: Slab Characteristics for Office block Slab.

Slab Characteristics Reference
f. [MPa] 25.0 Table 1, SABS 0100-1 (2000)
f'.[MPa] 20.0 Robberts and Marshall, 2008
E. [GPa] 26.0 Table 1, SABS 0100-1 (2000)
Creep 2.50 Fig C.1, SABS 0100-1 (2000)
Shrinkage 3.50x 10" Fig C.2, SABS 0100-1 (2000)

The design loads comply with the SABS 0160 (1989) and include the following:

e Concrete: 24.0 kN/m?

e Imposed Load (office areas): 2.5 kN/m?

e Imposed Load (toilet areas): 3.0 kN/m’

e Light weight partioning: 1.0 kN/m?’

e Suspended ceilings, light fittings, ect: 0.25 kN/m?

e Line Load on Building Perimeter: 5.5 kN/m

More detail on the loads applied to the slab structure is presented in Appendix I.

The panel layouts for the office block slab are presented in Figure 6-8 where the details for the two
panels under consideration, are shown. The slab is divided into column and middle strips according
to SABS 0100-1 (2000). The dimensions for the column and middle strips are also presented in Figure
6-8.
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Figure 6-8: Column and Middle Strip dimensions for the two panels part of the office block slab.

Before the predicted deflections were calculated, the span/depth ratios from the various design
standards were calculated. The values in Table 6-4 present the allowable and actual span/depth
ratios (L/d) calculated for Middle Strip 52,53 — 47,48. The mid-span reinforcement and dimensions
for both panels are similar, thus the span/depth ratio test for only the first panel was calculated. For
the two-way spanning slabs, the span/depth ratio expressions should be applied to the longer of the
spans (SABS 0100-1, 2000). The expressions for the span/depth ratio are presented in Section 2.4.
The slab is serviceable when the allowable span/depth ratio is larger than the actual span/depth

ratio.

Table 6-4: Span/depth ratios from the various design standards as calculated for the office block slab.

L/d Ratios for Middle Strip 52,53 — 47,48

SABS 0100-1 ACI 318 BS 8110 EC2
(2000) (2002) (1997) (2004)
Allowable 39.98 32.50 44.03 39.25
Actual 37.20 31.96 37.20 37.20
Serviceable OK OK OK OK

The slab is serviceable according to the span/depth ratio tests from the SABS 0100-1 (2000), the BS
8110 (1997) and the EC2 (2004). In this case, the result from the BS 8110 (1997) presented the
largest allowable span/depth ratio, while the EC2 (2004) presented the least allowable span/depth
ratio. This example slab has a relatively low concrete compressive strength relative to the other slabs

discussed in this investigation. The EC2 (2004) approach is dependent on the value of the concrete
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compressive strength, which is significantly low in this case. This is the reason for the sudden change
in the trend for the span/depth ratios relative to the results obtained from the other slabs. The
expressions for the span/depth ratio evaluation of the other design standards do not directly take
the concrete compressive strength into account, thus showing no real change in their results due to
a smaller value of the concrete compressive strength. The low concrete compressive strength allows
the span/depth ratio result for the EC2 (2004) to be more conservative than both the SABS 0100-1
(2000) and the BS 8110 (1997). The span/height ratio produced from the ACI 318 (2002) approach
presented the most conservative result and indicates that the slab is serviceable. The calculations for

the span/depth ratio are presented in Appendix I.

The mid-panel deflections were obtained by calculating the average deflection for two column strips
at the edges of the panel and then adding the deflection from orthogonal middle strip. The finite
element results for the slab example showed predominantly one way slab behaviour; therefore the
calculation of the slab deflections in the direction as presented in Figure 6-7 was more appropriate.
The process is similar to the Equivalent Frame Method as was discussed in Section 2.5. The predicted
deflections were calculated for the SABS 0100-1 (2000), the EC2 (2004), the BS 8110 (1997), the ACI
318 (2002) and the Alternative Approach (Section 3.8). The EC2 (2004) require the use of the quasi-
permanent moments to calculate the deflections and not the serviceability moments due to the
total load (Webster and Brooker, 2006). The similar moments were used for the Alternative
Approach. The deflection methods for the rest of the design standards require that the full
serviceability moment be used to calculate the deflections. The predicted deflections for the first
and second panels are presented in Figures 6-9 and 6-10. The calculations of the deflections are

presented in Appendix I.
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Predicted Delfections for Office Block Slab for Panel 1 (Columns 52,53 - 47,48)
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Figure 6-9: Graphical representation of the predicted deflections for the first office block panel for the various design
standards.

Predicted Delfections for Office Block Slab for Panel 2 (Columns 53,54 - 48,49)
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Figure 6-10: Graphical representation of the predicted deflection for the second office block panel for the various design
standards.

Similar deflections tendencies are presented for both panels from Figures 6-9 and 6-10. In both cases
the ACI 318 (2002) presents the smallest deflection prediction while the BS 8110 (1997) presented

the largest deflection prediction.

It was recorded that the actual mid-panel deflection reached 70.0 mm. This value is far larger than
what is predicted in Figures 6-9 and 6-10. The SABS 0100-1 (2002), the EC2 (2004) and the BS 8110
(1997) limit the final allowable deflection to span/250, while the ACI 318 (2002) presents a span/240
limit. These limits produce similar values, thus only the span/250 limit is presented in Figures 6-9 and
6-10. If this limit is assumed to govern the serviceability evaluation of the office block slab example,
it is observed that the EC2 (2004), the BS 8110 (1997) and the Alternative Approach methods predict
the total deflections larger than the allowable. The ACI 318 (2002) and the SABS 0100-1 (2000)

predict the total deflections below the span/250 limit. The actual deflection of 70.0 mm is larger
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than the 30.8 mm limit, thus the slab does not comply with the serviceability limits as stipulated by

the design standards. This may potentially be due to the following reasons:

e The early removal of propping and incorrect curing of the slab result in early cracking,
causing in early irreversible reduction in slab stiffness that is not accounted for by the
deflection prediction methods.

e |f the slab is overloaded for short periods during the structure life, the additional cracks also
reduce the slab stiffness not accounted for by the deflection prediction methods.

e Actual reinforcement in the built structure may not be what is detailed in the design plans.

e A faulty concrete mix may change the expected slab behaviour and may be the cause of
excessive slab deflections.

e Possible changes to actual slab dimensions as to what is indicated in the may contribute to

excessive slab deflections.

According to the span/250 limit the slab does comply with the deflection serviceability
requirements, since being designed according to the SABS 0100-1 (2000). In Table 6-4, the SABS
0100-1 (2000), the ACI 318 (2002) and the EC2 (2004) produce a span/depth ratio evaluations where
the slab narrowly complies with the required span/depth ratio limit. This suggests that it is required

to calculate the predicted deflection for slab structure.

The first panel (Figure 6-9) of the office block slabs shows the larger deflections for the two panels
under consideration. Seeing that the first panel governs the serviceability behaviour of the office

block slab, thus only the behaviour of the first panel is discussed.

The first office block slab panel has a percentage tension reinforcement content of 0.492%. Using
the M., as calculated for the EC2 (2004), the M./M,, ratio is 1.25 and the |./I., ratio is 4.56. These
values indicate that the slab is lightly reinforced with the applied moment slightly above the cracking
moment of the slab. It has been seen in Chapter 3 that for such ratios it is expected that the BS 8110
(2997) will produce the largest deflections, the SABS 0100-1 (2000) and the ACI 318 (2002) the least
deflections. The EC2 (2004) and Alternative Approach produced deflections within the limits
provided by the other calculation methods. The short-term deflections produced from the different
design standards are very similar with the exception of the excessive deflection from BS 8110 (1997).

The deflection variability increases for the total deflections. From the discussions in Chapter 3,
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concerning the effectiveness of the different deflection prediction methods, it may be observed that
BS 8110 (1997) greatly over-estimated the slab deflections. The EC2 (2004) results provide an upper
limit for the predicted deflections and the SABS 0100-1 (2000) provides a lower limit. The results
from the Alternative Approach are similar to the EC2 (2004) results, thus it may be assumed that the

either the EC2 (2004) or the Alternative Approach results may be used as the upper limit.

6.3.3 Example 3: Maritz One-Way Spanning Slabs

The experimental study by Maritz (2009) involved the testing of nine one-way spanning slabs with
varying percentages of tension reinforcement. The slabs were tested in a controlled environment in
a laboratory. Each set of three slab specimens respectively contained 0.4%, 0.8% or 1.1% tension
reinforcement. The study focused on obtaining short-term deflections from experimental slab
specimens and comparing the recorded data to calculated deflections from the design standards.

The dimension of the slab specimens are presented in Table 6-5.

Table 6-5: Dimensions and properties of the nine slab specimens from Maritz (2009).

h b d Span E. f. Asprov P =Aspo/bh
Slab Set  p [%] )

[mm] [mm] [mm] [mm] [GPa] [MPa] [mm°] [%]
Slab 1a 0.40 100 600 75 2400 27.76 41.4 236 0.39
Slab 1b 0.40 100 600 75 2400 26.08 40.1 236 0.39
Slab 1c 0.40 100 600 75 2400 26.08 40.1 236 0.39
Slab 2a 0.80 100 600 75 2400 31.37 45.2 471 0.79
Slab 2b 0.80 100 600 75 2400 31.37 45.2 471 0.79
Slab 2¢ 0.80 100 600 75 2400 31.37 45.2 471 0.79
Slab 3a 1.10 100 400 75 2400 33.11 51.1 452 1.13
Slab 3b 1.10 100 400 75 2400 33.11 51.1 452 1.13
Slab 3c 1.10 100 400 75 2400 33.11 51.1 452 1.13

The study by Maritz (2009) presented recorded short-term deflections for nine one-way slab
specimens. The empirical methods from the design standards were used to calculate the predicted

short-term deflections to present a comparison between the recorded and predicted results.
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The experimental setup used by Maritz (2009) to obtain the experimental slab deflections, is
presented in Figure 6-11. Two point loads were applied 1.2 m from the interior support to obtain the

mid-span deflections for both Spans 1 and 2.

‘ 1200 1200

Point Load Point Load

Figure 6-11: Experimental setup and load application (Maritz, 2009).

The short-term deflections from the experimental slabs are presented in Table 6-6. Each specimen
set contained deflections from three specimens, such as Slabs 1a, 1b and 1c, as well as deflections
from both spans in for each specimen. The average deflection for all 6 spans, for each specimen set,
was calculated. The results for each span did not provide much variance and produced

approximately similar results.

Table 6-6: Recorded short-term deflection results from the experimental slab specimens (Maritz, 2009).

Slab Specimens p [%] Dexp [mMm] Applied Moment, M, [kNm]
Slab 1a-1c 0.39 4.62 4.62
Slab 2a - 2c 0.79 6.30 8.81
Slab 3a—3c 1.13 7.68 8.02

The recorded deflections and the predicted deflections from the empirical methods were compared
using a M./M,, ratio versus deflection curve and are presented in Tables 6-7 to 6-9. The M,/M,,
(applied moment over cracking moment) ratio depicts the level of cracking within a member. A
M.,/M., ratio of less than one, represents an uncracked member, while a M,/M, larger than one,
represents a member undergoing cracking. The predicted deflection behaviour is shown for the
methods from the various design standards as the M,/M, increases from zero. The experimental
behaviour is plotted on the predicted deflection behaviour curves in order to observe which curve

follows the experimental behaviour.
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Different methods are available to obtain a value for M. There are no real distinctions which of

these methods are the most effective. For this reason, the M,/M,, ratio for each M, is presented in

the comparisons. The M., for the EC2 (2004), the SABS 0100-1 (2000) and the ACI 318 (2002) are

presented. As a result from the discussion in Section 3.2, where the EC2 (2004) was identified to

predict short-term deflections most effectively, the M, from the EC2 (2004) was used to predict the

M./M,, ratio for the BS 8110 (1997). Table 6-7 presents the comparisons for the slab specimens with

0.39% tension reinforcement content. Using the correct M,/M,, ratio relative for the deflection

prediction method, the appropriate point of first cracking is included in the comparison with the

experimental data. The calculations to produce the graph presented in Table 6-7 are presented in

Appendix J.

Table 6-7: Short-term deflection comparison for slab specimens at 0.39 % tension reinforcement.

Degree of Cracking versus Deflection (p = 0.39%)
2.0 Uncracked Ig
'4 —_—
1.8 I// ;é,/l/ Uncracked lu
et
1.6 y iy 4 ACI 318
14 == - - = e — - - - -
A TYTYYTY oo, [ PO e S e L XTI T T LAY EC2
T 12
s — = — c— 7 ,Z — c—— c— — - SABS 0100
g 10 = — BS 8110
S o038 |
| Cracked lcr
0.6 —
04 / - = — = Mcr_EC2
0.2 ] — — - Mcr_SABS 0100
0.0 Mcr_ACI 318
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 Experiment
Deflection [mm]
Maritz (2009) Agyp = 4.62 mm M, =4.62 kNm

ACI 318 (2002) EC 2 (2004) SABS 0100-1 (2000) BS 8110 (1997)
M., [kNm] 3.53 3.13 412 3.13
M./M,, 1.31 1.48 1.12 1.48
A; [mm] 2.25 5.10 1.58 6.12
D/ Dexp 0.49 1.10 0.34 1.32

The predicted deflection at the M,/M,, for the specific method may be obtained from the graph in

Table 6-9. For example, according the EC2 (2004) approach the M. = 3.13 kNm and produces a

M./M,, ratio of 1.48. Following the M,/M,, ratio curve to the point of interSection with the predicted
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deflection curve from the EC2, a deflection of 5.10 mm is obtained. In comparison to the
experimental deflection, the A;/Agyp is calculated to be 1.10. This ratio indicates that the EC2 (2004)
approach slightly over-predicts the point of first cracking and in response over-predicts the short-
term deflection at an applied moment of 4.62 kNm. However, the EC2 (2004) still presented the

more accurate results in comparison with the deflection ratios of the other approaches.

It may be interpreted that the M, as calculated by the EC2 (2004), present the point of cracking
acceptably in order to predict slab behaviour that follows the experimental behaviour. This is only
appliable to slab specimens with a percentage tension reinforcement of 0.39%. The stiffening ratio,
I/l = 7.1 for the slab specimen. The high stiffening ratio indicates that the EC2 (2004) will most

likely predict the defleciton behaviour of the slab more effectively.

The next set of slab specimens are those for with a percentage tension reinforcement of 0.79%.

Table 6-8 presents the comparisons for the slab specimens.

Table 6-8: Short-term deflection comparison for slab specimens at 0.79 % tension reinforcement.

Degree of Cracking versus Deflection (p = 0.79%) Uncracked Ig
3.0 "4 / Uncracked Iu
2_5__-._1 e S I N S ACI 318
- 20 SABS 0100
S 15 BS 8110
E" Cracked lcr
Lo - — — = Mcr_EC2
0.5 — — - Mcr_SABS 0100
............ MCI’_AC' 318
0.0 Experimental
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Deflection [mm]
Maritz (2009) Agyp = 6.30 mm M, =8.81 kNm
ACI 318 (2002) EC 2 (2004) SABS 0100-1 (2000) BS 8110 (1997)
M, [kNm] 3.75 3.45 4.37 3.45
M./M,, 2.35 2.56 2.02 2.56
A [mm] 7.80 2.09 3.86 8.76
i/ Dexp 1.09 1.24 0.97 1.39
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As explained for the results in Table 6-7, the same procedure is applied to obtain the results as

presented below the graph in Table 6-8.

From the deflection ratios it is evident that the ACI 318 (2002) and the SABS 0100-1 (2000) present
the most accurate deflection predictions to produce a deflection similar to the experimental
deflection. It is therefore also assumed that the ACI 318 (2002) and the SABS 0100 (2000) accurately
account for the point of first cracking affectively to follow the experimental behaviour.The EC2
(2004) and the BS 8110 (1997) over-predict the deflections. This is only applicable to slab specimens
with a percentage tension reinforcement of 0.79% and a stiffening ratio of I/l = 4.8. The low
stiffness ratio indicates that the SABS 0100-1 (2000) and the ACI 318 (2002) are suitable to predict

the defleciton behaviour of the slab more effectively.

The next set of slab specimens are those with a percentage tension reinforcement of 1.13%. Table 6-

9 presents the comparisons for the slab.

Table 6-9: Short-term deflection comparison for slab specimens at 1.13 % tension reinforcement.

Degree of Cracking versus Deflection (p = 1.13%)
35 Uncracked Ig
' Uncracked lu
3.0 ACI 318
2.5 EC2
Z 5 SABS 0100
s BS 8110
= 15
2 Cracked lcr
10 - = = = Mcr_EC2
0.5 = = = Mcr_SABS 0100
0.0 ............ Mcr_Ac| 318
Experiment
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Deflection [mm]
Maritz (2009) Deyp = 7.68 mm M, =8.02 kNm

ACI 318 (2002) EC 2 (2004) SABS 0100-1 (2000) BS 8110 (1997)
M, [kNm] 2.66 2.54 3.10 2.54
M./M,, 3.02 3.16 2.59 3.16
A [mm] 8.27 8.42 7.85 9.65
DDy 1.08 1.10 1.02 1.26
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As explained for the results in Table 6-7, the same procedure is applied to obtain the results as

presented below the graph in Table 6-9.

From the deflection ratios it is evident that the SABS 0100-1 (2000) presents the most accurate
deflection prediction to produce a deflection similar to the experimental deflection. It is therefore
also assumed that the SABS 0100 (2000) accurately accounts for the point of first cracking effectively
to follow the experimental behaviour.The EC2 (2004) and the ACI 318 (2002) also predict the
deflections with only a slight over-prediction. The BS 8110 (1997) greatly over-predicts the
deflections. This conclusion is only applicable to slab specimens with a percentage tension
reinforcement of 1.13%. The stiffening ratio, I,/I, = 4.7 for the slab specimens. The low stiffness
ratio indicates that the SABS 0100-1 (2000), the ACI 318 (2002) and the EC2 (2004) approaches are

suiTable to predict the defleciton behaviour of the slab effectively.

The BS 8110 (1997) method of deflection prediction over-predicts the deflection behaviour for the
all slab specimens, as presented in Tables 6-9 to 6-11. This justifies the observation that the BS 8110
(1997) is not suitable to predict deflections for lightly reinforced concrete members. For low
reinforcement content the EC2 (2004) presents the more effective deflection prediction method. At
higher reinforcement contents, also producing section with a lower stiffening ratio, the ACI 318
(2002) and the SABS 0100-1 (2000) prove to be more effective. For slabs with a percentage
reinforcement content larger than 1.13%, any of the presented deflection prediction may be applied,

with the exception of the BS 8110 (1997) approach.

6.4 IMPLICATIONS OF THE PREDICTION OF FLAT SLAB DEFLECTIONS ON SOUTH AFRICAN

DESIGN

The use of better quality construction materials and more effective construction methods allow flat
slab designs to stretch over longer spans with thinner sections. The calculation of the predicted
time-dependent deflection is important in order to produce flat slab designs that meet both the
ultimate limit state and serviceability limit state requirements. While a flat slab may comply with the
ultimate limit state requirements, the governing design requirement may be the serviceability limit

state. If the serviceability deflection requirements are over-predicted, indicating the need for thicker
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slabs than what are actually required, the structures become too expensive. By presenting a more
effective method of deflection prediction, flat slab designs can be cost effective, but with adequate

assurance that no serviceability problems will occur, such as the examples presented in Section 6.3.

Another advantage of presenting more effective flat slab deflection predictions is that existing flat
slab structures that have deflection problems, may be re-evaluated to observe whether the

excessive deflections is a product of poor construction or of engineering design error.

6.5 CONCLUDING SUMMARY

It is important to evaluate flat slab structures for the serviceability limit state. There is a need for
South African designers to have effective deflection prediction methods available to predict the
time-dependent deflection for slender structures. The deflection methods need to be able to predict

deflections specifically for lightly reinforced concrete members, such as flat slab structures.

Three slab examples are presented in this chapter. The deflections are predict using the empirical
deflection prediction methods including the SABS 0100-1 (2000), the EC2 (2004), the BS 8110 (1997),
the ACI 318 (2002) and the Alternative Approach (Section 3.8). The first two examples are flat slab
examples with columns drops, which have undergone excessive deflections over time. The predicted
deflections are calculated and the results presented. It was observed that the SABS 0100-1 (2000)
and the ACI 318 (2002) predicted a total deflection below the allowable span/250 limit as presented
by the design standards. The results from the other deflection methods presented results above this
limit. Even though the span/depth ratio evaluation suggested that the slabs narrowly conform to the
serviceability requirements, the calculated deflections suggest that the slab borders on producing

unacceptable deflections.

It was observed that the actual measured deflections exceed the calculated deflections from the
deflection prediction methods for both the parking deck and the office block. It was postulated that

the possible reasons for this may include:
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e The early removal of propping and incorrect curing of the slab result in early cracking. Such
cracking irreversibly reduces the slab stiffness.

e Spontaneous slab overloading for short periods during the structure life causes additional
cracking and thus a loss of slab stiffness.

e Actual reinforcement in the built structure may be different from the designed
reinforcement layout, thus changing the slab behaviour

e A faulty concrete mix with concrete of a decreased concrete strength may cause excessive
deflections.

e Possible changes to actual slab dimensions during construction alter slab behaviour and may

cause excessive deflections.

Such occurrences during or immediately after slab construction, is not accounted for by the
deflection prediction methods. In cases where the slab suffers these influences the calculated
deflection is far less than the actual measured deflection. It may therefore be recommended that
there is a need to incorporate the effects of construction methods into deflection prediction
methods. By incorporating those effects, the deflection prediction methods may predict actual

deflection taking actual conditions into consideration.

The third example presents deflection of one-way slab specimens which is part of a study to
investigate short-term deflections by Maritz (2009). The deflection behaviour is evaluated and it is
demonstrated that the expressions used to evaluate the point of first cracking is also of importance
to predict deflections effectively. It is observed that the EC2 (2004) approach predict deflections
effectively for one-way slabs with a percentage tension reinforcement of 0.39%, while the ACI 318
(2002) and the SABS 0100-1 (2000) present the more effective results for the 0.79% tension
reinforcement slabs. Above and at the percentage tension reinforcement of 1.13% the ACI 318
(2002), the SABS 0100-1 (2000) and the EC2 (2004) predict acceptable deflections for one-way slabs.

The BS 8110 (1997) approach over-predicts deflections for all the slab specimens.

In this chapter it has been proven that the flat slab case studies are serviceable as were designed
according to the SABS 0100-1 (2000). Therefore, South African designers produce designs that fall
within the required serviceability of other design standards as well and the serviceability

requirements as presented in the SABS 0100-1 (2000) are effective.
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The implications of being capable of predicting relatively accurate deflections include the advantage

of less over-design and thus more inexpensive flat slab designs.
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7 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The summary, conclusions and recommendations for this study are based on the findings as

stipulated in Chapters 3, 4, 5 and 6.

7.1 SUMMARY

7.1.1 Modelling Approach for Predicting Deflections

The aim of this study was to identify a deflection prediction method that effectively predicts mid-
panel deflections for a flat slab structure. The deflection prediction method should take the
necessary factors into account which influence the two-dimensional behaviour of a flat slab
structure. The deflection prediction methods considered in this study include finite element models
solved within a commercial finite element software package and empirical hand-calculations from

various design standards.

To acquire such a solution the problem was first simplified to a two-dimensional problem. The
deflection solution for a one-way spanning slab was investigated and was presented in Chapter 3.
The limitations of the deflection methods to predict one-way spanning slab deflections were
identified. Knowing the limitations of the methods, it is possible to know what to expect from the
results of the deflection prediction methods. The parameters that play a role are identified as the
percentage tension reinforcement content, the level of cracking (M,/M,, ratio) and the stiffness ratio

(lu/lcr)'

The next step was to evaluate these parameters together with the deflection prediction methods
and to apply the procedures to a three-dimensional flat slab example. Gilbert and Guo (2005)
conducted an experimental study with seven large-scale flat slab specimens under a sustained
distributed load, for a test period of up to 750 days. The recorded data from the test specimens are
compared with the predicted deflection methods to evaluate the competency of the deflection

methods. This evaluation was done in Chapter 5.



SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The comparisons in Chapter 5 identified some tendencies for the various deflection prediction
methods. A further comparison was conducted for three case studies of real slab designed and built
using the South African standards. These comparisons are presented in Chapter 6. This comparison

was done to evaluate the serviceability requirements for South African slab designs.

The evaluations with the test results (Chapter 5) and the case studies (Chapter 6) assisted to draw
conclusions for a suitable approach to determine deflections of slender reinforced concrete

elements.

7.1.2 Linear Finite Element Model for Flat Slab Serviceability Design

The finite element deflection prediction methods considered in this study include the analyses of a
finite element model within a commercial software packages. Chapter 4 discussed how the
nonlinear behaviour of a composite concrete — steel reinforcement element is required to account
for the elasto-plastic behaviour of reinforced concrete. The limitations of the commercial finite
element software required an approximation of the localised behaviour of crack development and
tension stiffening within the slab structure. The global flexural behaviour of the slab structure was
obtained using a slab model composed of eight-node quadrilateral shell elements for the slab, and
beam elements for the columns. The stiffness of the shell elements was reduced to incorporate the
effect of cracking within certain slab locations. The model is analysed with a linear analysis, because
the effect of concrete cracking is taken into account using a reduced stiffness of identified shell

elements.

Two finite element models are presented for the finite element deflection prediction methods. The
first was an uncracked finite element model consisting of a flat slab model with shell (slab) and beam
elements (columns). The uncracked finite element model represented the conventional method for
flat slab modelling. The second model was a cracked finite element model with a similar element
composition as the uncracked finite element model, but with certain shells allocated a reduced
stiffness to simulate cracked stiffness (cracked modulus of elasticity). These shells were located at

areas in the slab where the bending moment is larger than the cracking moment.
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The deflections obtained from the two finite element models therefore included the deflections

using the uncracked finite element model and the deflection using the cracked finite element model.

7.1.3 Methods Available for Predicting Deflections

Methods to predict deflection include either finite element software or applying a set of expressions
to empirically calculate the deflections by hand. It was decided to investigate the empirical methods

available from four different design standards. These design standards are:

e The American Concrete Institute 318-02 (ACI 318, 2002)

e The British Standards 8110: Part 2: 1997 (BS 8110, 1997)

e EN 1992 -1-1 Eurocode 2: Part 1-1 (EC2, 2004)

e South African Bureau of Standards 0100-1 (SABS 0100-1, 2000)

Each empirical method allows the calculation of the short-term, the long-term and shrinkage
deflections. The maximum total deflection of a slender member is the sum of the long-term and

shrinkage deflections.

The BS 8110 (1997) approach assumes that a section is either uncracked or cracked under loading.
The method provides no means of estimating the gradual change of the increasing loss in stiffness
for a section during loading. The SABS 0100-1 (2000) and the ACI 318 (2002) have accepted
Branson’s (1977) approach to model the gradual development of a section from an uncracked to

cracked state, while the EC2 (2004) follows similar to Bischoff’s (2005) approach.

Chapter 3 discussed the differences between the empirical deflection prediction methods. These
differences have been quantified using identified parameters. The parameters are the percentage
tension reinforcement, the level of cracking (M./M,, ratio) and the stiffening ratio (I./Ic, or Ip/l.).
Branson’s (1977) approach, adopted by the ACI 318 (2001) and the SABS 0100-1 (2000), have been
calibrated to predict the deflection for beams with a percentage tension reinforcement content of
equal to or large than 1.0%, a M,/M,, ratio of between 2.0 and 3.0 and a |,/ ratio of between 2.5
and 4.0. The EC2 (2004) approach is capable of effectively predicting deflections for beam with a
percentage tension reinforcement of less than 1.0%, a M,/M,, ratio of just above 1.0 and a I/l ratio

of larger than 4.0.
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The discussions from the literature study in Chapter 2 initiated the development of a proposed
Alternative Approach. This approach is also used and evaluated as a deflection prediction method.

The approach is described in Chapter 3. The results using this method are summarized below.

7.1.4 Methods Available for Calculating Span/Depth Ratios

The span/depth test is the first approach used by a designer to evaluate the serviceability of a
slender member. The deflection prediction methods are usually only employed if a specific
deflection is required. Therefore, this study also included a comparison of the span/depth methods

as found in the different design standards.

Chapter 2 described the set of expressions required for each of the span/depth methods, while
Chapter 3 presented a comparison between the different methods. The comparison aimed to
investigating the influence of low percentages of tension reinforcement on the variability of the
span/depth ratios for the various design standards. The effect of compression reinforcement was
not taken into account, since compression reinforcement is usually not provided at midspan for flat

slab structures.

It was found that the calculated allowable span/depth (L/d) ratios show a particular trend for
reinforced concrete sections with less than or up to 1.0% tension reinforcement and with normal
concrete strength (approximately 30 MPa concrete characteristic cube strength). The SABS 0100-1
(2000) presented the most conservative span/depth ratios, while BS 8110 (1997) presented less
conservative span/depth ratios. The span/depth ratios for the EC2 (2004) presented the largest
variability as the percentage tension reinforcement decreases, producing very high span/depth
ratios at very low reinforcement percentages. For a percentage tension reinforcement of larger than
1.0%, the span/depth ratio for the EC2 (2004) approach stabilises to a value slightly less than the
value from the BS 8110 (1997).

The EC2 (2004) approach is also influenced by the concrete compressive strength as discussed in
Chapter 6. Decreasing the concrete compressive strength, decreases the span/depth ratio for the
EC2 (2004) approach to span/depth ratios less than both the SABS 0100-1 (2000) and BS 8110 (1997)

results.
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The ACI 318 (2002) presents approximations for the span/height ratios of a slender member, rather
than the usual span/depth ratios. These ratios stay constant for a particular slab, irrespective if the
percentage tension reinforcement or the concrete compressive strength is varied. The span/height
ratio is a function of the reinforcement yield strength, the type of slab and the slab span length. The
results from the ACI 318 (2002) approach present no real trend relative to the span/depth ratio

results from the other design standards.

7.2 CONCLUSIONS

7.2.1 Different Deflection Prediction Methods Available

The deflection prediction limits discussed in Chapter 3 and Section 7.3, are reliable indicators on
what tendencies to expect if the deflection is calculated from the various deflection prediction
methods. The deflections limits do not take irregular loading stages or extreme environmental
exposure into consideration. If such effects are present, then the deflection prediction limits are not

reliable as seen from the discussion from Slab S2 and Slab S5 in Chapter 5.

The predicted deflections for the experimental flat slab specimens in Chapter 5 show a particular
trend. The deflections obtained from the SABS 0100-1 (2000) provide an upper deflection limit;
while the deflections obtained from the ACI 318 (2002) provide a lower deflection limit. The SABS
0100-1 (2000) and the ACI 318 (2002) approach require an estimate of the average stiffness of the
sections above the supports and the mid-panel section, while the other deflection prediction
methods only account for crack development at mid-span. It is for this reason that these two
prediction methods provided a more acceptable deflection prediction for the experimental slabs.
The different approximations of the long-term and shrinkage deflections from the ACI 318 (2002)
and the SABS 0100-1 (2000), result in the upper and lower deflection limits from these methods. The
inclusion of the section stiffness above the column during the deflection calculation presented
improves estimations of the member stiffness and similarly the deflections. This is not included by
the EC2 (2004) and BS 8110 (1997) models. The EC2 (2004) and the BS 8110 (1997) usually over-
predicted the predicted deflection by only accounting for over-predicted mid-panel crack

development.
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The Alternative Approach predicted the experimental deflection far better than the EC2 (2004)
approach, even though the two methods are almost similar. The Alternative Approach presents a
different approach to compute the long-term deflections and the results proved that this
approximation is far more effective for cases where the loading history changes. The Alternative
Approach results usually provided results within the upper and lower limits provided by the methods

of SABS 0100-1 (2000) and the ACI 318 (2002).

The uncracked finite element models usually under-predicted the deflections (as expected), while
the cracked finite element model presented no real tendency throughout the comparison. The finite
element models, using the approach investigated in this study, are therefore not recommended for

deflection prediction and should not be used in the design office.

7.2.2 Adequacy of the Deflection Prediction Methods for a South African design office

The empirical methods were used to predict the deflection for the three South African case studies.
As stated in Section 7.2.1, the results from the finite element models have proved to be inconsistent
and thus were not included in this comparison. Chapter 6 discussed the deflection predictions as

applied to South African case studies.

The first two examples predicted similar deflection tendencies for both slabs. The design standards
present an allowable final deflection limit of span/250. Taking this into account, it was observed
from the deflection results in Chapter 6 that BS 8110 (1997), EC2 (2004) and the Alternative
Approach greatly over-estimated the maximum total slab deflections. The SABS 0100-1 (2000) and
the ACl 318 (2002) presents deflection results close to and below the span/250 limit. These
conclusions are similar to what is observed from the discussion is Chapter 5. The SABS 0100-1 (2000)
and the ACI 318 (2002) present the most effective method to predict deflection for flat slab
structures. In both case studies it was observed that the actual measured deflection exceed the
calculated deflections from the deflection prediction methods. Reasons for these differences

potentially include:

e Slab overloading for short periods during the structure life causes additional cracking and

thus a loss of slab stiffness.
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e The incorrect curing and early removal of propping for the slab result in early cracking. Such
cracking also irreversibly reduces the slab stiffness.

e Actual reinforcement in the built slab possibly different from the designed reinforcement
layout, thus changing the slab behaviour

e Anincorrect concrete mix with concrete of a reduced concrete strength may cause excessive
deflections.

e Possible changes to actual slab dimensions during construction alter slab behaviour and may

cause excessive deflections.

The third case study consists of an experimental investigation conducted by Maritz (2009). The
investigation aimed at measuring the short-term deflection for one-way spanning slab with low
percentages of tension reinforcement. Three sets of slab specimens were tested with percentages
tension reinforcement of 0.39%, 0.79% and 1.13%. From these results, it was observed that the
cracking moment (estimated point of first cracking) is of importance to predict deflections
effectively. The results show the EC2 (2004) approach is the most effective method for deflection
prediction for a slab with 0.39% tension reinforcement, while the SABS 0100-1 (2000) and the ACI
318 (2002) are the best approaches for the slab specimens with 0.79% and 1.13% tension
reinforcement. The EC2 (2004) also presented good results for the slab specimens with a percentage

tension reinforcement of 1.13%. The discussions in Chapter 3 support these observations.

7.3 RECOMMENDATIONS

From the different discussions presented in the study, the following recommendations are

presented:

e Three parameters were identified as guidance tools to determine which deflection method
will predict a more accurate deflection. The parameters include the M,/M. ratio, the
stiffening ratio I/l and the percentage tension reinforcement (p). Several parameter
conditions are presented to suggest appropriate deflection prediction methods when the

slab under investigation falls within these ranges.
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PARAMETER CONDITION 1: My/M,, < 1.0

The slender member behaves linearly thus any of the methods may be used to predict the

deflections, with the exception of the BS 8110 (1997) method.

PARAMETER CONDITION 2: 1.0 < My/M, <2.0,p < 1.0 %, I/, > 3

For a flat slab that falls within this category, the ACI 318 (2002) and the SABS 0100-1 (2000)
present the most effective methods of deflection prediction. This also applies to one-way
spanning slabs. When the percentage tension falls below 0.4%, then the EC2 (2004) is the

more effective method of deflection prediction for one-way spanning slabs.

PARAMETER CONDITION 3: Mo/M,, > 2.0, p > 1.0%, 1/l < 3

For these conditions the ACI 318 (2002), the SABS 0100-1 (2000) and the EC2 (2004) provide

good deflection predictions.

It should be noted that in all cases the BS 8110 (1997) is not recommended and always over-

predict deflection results.

It is recommended that the method of the SAB S0100-1 (2000) be considered as the most
conservative approach. The EC2 (2004) span/depth ratio is not to be used for a span/depth

ratio evaluation for flat slabs with p < 1.0%.

It should however be noted that if the slab narrowly passes the span/depth ratio evaluation,
it is necessary to calculate the deflection with the preferred method and compare it to the

allowable deflection limit from the design standard, such as the span/250 limit.

There is also no real indication from the experimental data which part of the total deflection
occurred due to long-term shrinkage effects. It is therefore not clear which part of the
deflection prediction methods does not predict the actual deflection effectively. It is
suggested that more effective means of time-dependent deflection recording be developed
to evaluate which part of the total deflection (long-term and shrinkage deflection) is not

effectively accounted for using empirical expressions.



SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The residual deflection after unloading is not accounted for by the deflection prediction
methods and the deflection beyond the point of maximum loading cannot effectively be
predicted. Therefore, the deflection prediction methods are not effective in accounting for
the deflection behaviour of flat slab structures with many excessive variations within the

loading history.

The excessive loading variations are, however, of importance if the slab was exposed to
accidental overloading for short periods of time during the structure life. The additional loss
of stiffness due to the peak loads, are not accounted for by the deflection prediction
methods presented in this study. More research is required on how to account for such slab

overloading.

It is also observed that the predicted point of first cracking varies between the different

empirical deflection methods. Further investigation on the topic is required.

It is evident from this study that an adequate finite element approach is required to
accurately account for the elasto-plastic behaviour of a flat slab structure. Both the localised

phenomena, such as tension stiffening and shrinkage restraint should be accounted for.

There is a need to study the effects of construction procedures, such as curing and de-
propping, on the serviceability of flat slab structures. If it is observed that the construction
methods are a prominent influence of the slab serviceability, specific construction
regulations need to be employed to reduce these effects. Alternatively, a more rigorous
deflection prediction method should be suggested that incorporates the effects of the

construction procedure into the deflection prediction methods.

7-9
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APPENDIX A

In this appendix the derivation of the deflection calculation equation using the two moment

curvature theorems are presented and discussed.

As apparent from the discussions in Chapter 2, the difficulties concerning the calculation of
deflections of concrete beams arise from the uncertainties regarding the flexural stiffness El and the
effects of creep and shrinkage. The Moment-Area Theorem expresses the slopes and deflections of a
bending member in term of the properties of the M/EI diagram. For flexural elastic members, the
quantity M/El is equal to the curvature 1/r for each of application. The Moment-Area Theorem is
rephrased as the Curvature-Area Theorem (Kong & Evans, 1987). The two Moment-Area Theorems
(Curvature-Area Theorems) may often be used in easily evaluating structural deformation. These are

formulated as follows:

Moment-Area Theorem I: The change of slope between any two points on a deflected beam is given

by the area of the M/El-diagram between them (Raz, 2001).

Here M denotes the bending moment, E the modulus of elasticity and | the moment of inertia of the
beam cross section. In an elastic element, E and | are constant over the beam length so that the
M/EI-diagram is obtained by dividing the moment by El. If the moment of inertia varies along the
length, the moments are divided by El-values corresponding to their respective positions on the

beam.
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Loads
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b \
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Figure A-1: Moment-Area Theorem based on a simply-supported, uniformly loaded beam (Raz, 2001).

Figure A-1 shows a beam AB subjects to a system of loads. The corresponding M/El-diagram is
indicated below. Let the tangents at the points P and Q on the deflected beam be inclined at 8, and
8, respectively to the horizontal so that 8 = (8, — 8,) is the change in slope between P and Q. Let d6

be the angle between the tangents at the two points R and S as shown in the figure.

If I, and M, denote the sectional moment of inertia and the bending moment respectively at R then:

do = 2= qx (A-1)
El,

Integrating the above expression between P and Q:

[2do = [) 2% dx (A-2)

a El,

therefore (8, — 84) = 8 = Area of the M/El-diagram between P and Q.
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Moment Area Theorem Il: The vertical intercept by tangents at any two points of a deflected beam
on a vertical line through a point O in its plane is given by the moment of the area of the M/EI-

diagram between those points about O (Raz, 2001).

Consider the beam in Figure A-1. Let OO’ be a vertical line through an arbitrary point O in the plane
of the beam and let CD be the intercept on OO’ by the tangents at R and S, i.e. C'D’ is given by the

following expression:

C'D' = xdf = xg/]—l"dx (A-3)

Integrating the above expression between P and Q:

[ xd6 = [} 5 dx (A-4)

therefore CD = Moment of the area of the M/El-diagram between P and Q about O.

For estimating the deflections of concrete structures, the Curvature-Area Theorems have distinct

advantages over the conventional Moment-Area Theorems (Kong & Evans, 1987)(Varghese, 2005):

e Unlike the Moment-Area Theorems, the Curvature-Area Theorems express the purely
geometrical relations between the slopes, 0, the deflections A and the curvature 1/r. Since
the relations are purely geometrical, their validity is independent of the mechanical
properties of the materials. That is, the Curvature-Area Theorems are equally applicable

irrespective of whether the structure is elastic, plastic or elasto-plastic.

e Unlike the Moment-Area Theorems, the Curvature-Area theorems can be used even where

the deformations are caused by other effects than bending moments, for example shrinkage

4
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and creep. Once the curvatures are known, the slopes and deflections are completely
defined by the Curvature-Area Theorems. Whether the curvatures have been caused by

bending moment or by shrinkage and creep does not affect the results.

Applying the Moment-Area Theorems the following equation for deflection may be obtained (Kong

& Evans, 1987):

Refer to Figure 2-4, Chapter 2 for the equivalent section from a cracked concrete section where the

bending formula is applicable:

fo=—x (A-5)

Ix

Where f. is the concrete stress at a distance x from the neutral axis, M is the bending moment acting
on the section and I, is the moment of inertia of the (equivalent) section. If r is the radius of
curvature of the beam at the section under consideration, then the curvature 1/r is immediately

obtained from the strain diagram as shown in Figure 2-4, Chapter 2.

1_ & :
~=- (A-6)
Substituting Equation A-5 into Equation A-6, and noting that .= f. / E., we have
1 M
-= (A-7)
r Ecly

Deflections may be calculated directly from Equation A-7 by calculations of the curvatures at

successive sections along the element and the use of a numerical integration technique such as that
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proposed by Newmark. Alternatively, it is shown that a simplified approach may be used. The

deflection is calculated using Equation A-8.

A=K12 M — g2l (A-8)
Ecle r

where K is the deflection coefficient dependent on the bending moment diagram, L is the effective
span of the member, M the applied moment, E. is the modulus of elasticity of the member, |, is the

effective moment of inertia, and 1/r refers to the curvature.



APPENDIX B

APPENDIX B

Calculations for the short-term moment-deflection response for a section with a percentage tension
reinforcement of 0.84% for the various design standard methods are presented in this appendix.
Similar equations were used for section with different dimensions and percentage tension

reinforcements.

Also, the calculations to obtain the values for the allowable and actual span/effective depth ratios

are presented for the various design standard approaches.
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Data obtianed from Article: Tension Stiffening in Lightly Reinforced Concrete Slabs” by R.1. Gilbert
Journal of Structural Engineering (ASCE) June 2007

SLAB: Z4
Calculation of the Immediate Deflection according to SABS 0100-1, clause A.2.4
Slab Panel Parameters:
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_ i -
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1.0 a6 TAEWOT i3 TIEWO7 i3 TAEWO7 i3 T.AE+07 33 T.AE:07 33 TAE:07 33 T.1E+Q7 33 TAEWT 33
0383 120 520407 54 53L407 54 SALHOY 53 SAL-07 b2 55107 b1 S6L-07 5.0 5. IL-07 5.0 5 7L 44
071 1.40 4.2E+07 78 4.3E+07 76 4.5E+07 74 4.6E-07 7.2 4.7E-07 10 4.8E-07 6E 4.9E-07 6.7 5.0E+07 6.5
0563 160 3TE+07 10.3 18E+07 EXS 2,0E+07 EX3 2,1E-07 9.1 4.3E-07 88 4.4E-07 86 45E-07 83 4.6E+07 81
035 1.80 1IF0T 12.7 15F07 12.0 3TF407 115 38F-07 10 | 40F07 06 | 41F07 0.2 4.3F:07 99 4.4FH07 96
050 200 316407 15.0 130407 14.2 356407 135 307 129 38L-07 123 4.0E-07 119 41E-07 114 426407
043 2.20 10F40T 17.3 1IF407 163 34F407 154 35F-07 146 1TF-07 14.0 39F-07 134 4,0F+07 129 | 4.1F07 125
042 2.40 2.9€+07 19.5 3.1E+07 133 3.3E+07 17.2 3.4E-07 164 3.6E-07 15.6 3.8E-07 4.9 3.9E-07 43 4.1E+07 138
033 2.60 2 3E+07 1.7 106407 02 326407 19.1 3.4E-07 13.0 36E-07 17.2 37E-07 16.4 3.9E-07 158 | 4007 15.2
0.35 2.80 2.8E+07 3.8 3.0€+07 222 3.2E+07 20.8 3.3e-07 19.7 3.5E-07 18.7 3.7E-07 179 3.8E-07 171 A.0E+07 16.5
033 3.00 27407 258 2Aa807 24.0 31E07 26 A3F07 213 15607 0.2 16F.07 193 3807 185 4.0F07 17.8
031 3.20 27E+07 27.8 2.9E+07 25.9 3.1E+07 243 3.3e-07 229 3.5E-07 2.7 3.6E-07 207 3.8E-07 198 3.9E+07 19.1
029 340 | 2.7e+07 98 2.9E+07 77 3.1E+07 26.0 336407 25 3AE+07 232 3.6E-07 221 82407 212 3.9E-07 03
0.28 3.60 2.7E+07 318 2.9E+07 28.5 3.1E+DT 27.6 3.2E+07 26.1 3AE+D7 4.7 3.6E-07 235 382407 225 3.9€-07 216
Uneracked Condition Experimental Behaviour: Gllbert 2007 [ Tension Stiffening In Lightly Reinforced Concrete Slabs) I
M, | M, [ 1jr
3] (5] [me’) | rof ) P= 0.842 %
500 0. T1E+07 o7 M, 6.05 kNm For simpel supperted one-way slab
250 0.40 FRIRT 1.3 K 0.104
167 0.60 | 7.1E407 20 MM, | MM, 4 ly i
125 0,80 7.1E+07 2.7 I 8] ] Imm'] 0w Immediate Curvature 1/ |, for Partially Cracked Condition
100 Loo TIE+O7 33 091 1LY 238 3.8E+07 &7 M
083 1.20 PR 40 0.83 1.2 345 29007 83 I =—=
071 140 T.1E+07 A6 0.77 13 4.15 2.6E+07 10.0 E" "
063 160 T.1E+07 53
056 180 7.1E+07 60
0.50 200 | 7IE4OT 66 Degree of Cracking versus Curvature
045 220 T1E+07 73 16
042 240 | TiE07 20 14 / f p———
0.38 2,60 7.1E+07 86 12 _’_——/ 4
P o —
036 280 T1E+07 9.3 -i‘; 10 T T 1
033 3.00 T.1E+07 9.9 -;‘ 0.8 ——D.842%
031 320 T.1IEOT 106 = 06 / Uneracked
04
029 140 T.1E+07 11.3 o2 / Enperiment
028 360 | raes07 | 119 L’
0.0
0.0 2.0 4.0 6.0 80 10.0 120
Curvature 10° [mm]




Data obtianed from Article:

"Tension Stiffening in Lightly Reinferced Concrete Slabs™ by RUL. Gilbert
Journal of Structural Engineering (ASCE) June 2007

APPENDIX B

SLAB: 24

Calculation of the Immediate Deflection according to Eurocode 2, Section 7.4

Slab Panel Parameters:

Material Properties:

Wide Beam;:

.= 48.4 MPa
k= 60.50 MPa
f = 404 MPa
E = 305 GPa
b= 50.0 mm
L= 20000 mm
d = 79.0 mm
d = 21.0 mm
h= 100.0 mm
Momenf of Inertia for a Partailly Cracked Section: Equaticn used
x, far the Uncracked Condition I, for the Uncracked Condition Modular Ratia
B Vo 3 2 E
e, 1) Ad + A, d") bir h - s
x, == I, =—+bh —=x +a—1)[A d-x, )+ 4, (x,~d' ] x =
T b -0 A - A) 2 2 ,| (a, (- (=) £,

%, for the Cracked Condition

1, for the Cracked Condition

Cracking Moment

w=Ade + A" (e -1 d
e (@ -1) T L= uafd—x ) +(a -4, (@, ) M, =LA
x, = {[m- +2b(Ada, + A4, d'(c, - 1) " - w}}‘b ; h—x,
5 [ 0 | oms| om| om| s os wio] 1] iso] x| i zag| 23] 20 |
b [mm] 850.0 850.0| 850.0| 8500} 850.0¢ 850.0| B50.0; 850.0 850.0{ B50.0| 8500/ 850.0 850.0{ B50.0| 850.0/ 850.0
h [mm] 100.0 100.0| 100.0) 100.0 100.0 100.0| 100.0) 100.0 100.0| 100.0| 100.0; 100.0 100.0| 100.0) 100.0) 100.0
A, [mm’] 120.9 196.7 349.5| 565.4] 604.4 7387 873.0 1007.3 1141.6 1275.9) 1410.2 1544.5 1678.3 18131 1947.4 2081.7
d [mm] 79.0 79.0 79.0 79.0 79.0 79.0 79.0 79.0 79.0 79.0) 79.0 79.0 79.0) 79.0) 79.0 79.0]
E; [GPal 200.0 200.0 200.0 2000 200.0 200.0 200.0 200.0 200.0] 200.0) 200.0 200.0 200.0] 200.0] 200.0 2000
E: [GPa] 0.5 305 30.5 30.5 30.5 305 30.5 30.5 305 30.5] 30.5 30.5 30.5 30.5] 30.5 0.5
a, Il 6.6 6.6 6.6 6.6 6.6 5.6 6.6 6.6 6.5 6.6 6.6 6.6 5.6 6.6 6.6 6.6
% fmm] 50.2 504 50.5] 51.0 51.1 513 516 51.8 52.01 52.2 52.4 52.7, 519 53.1 53.3 53.5
I imm*] TAE«07| 726407 T.2E+07] 7.3E407] TAE«OT| TAE+0F| 75E+07| 7.5E+07] TEE«DT7| T.6E+0T] 7.FE4O7| 7.7€+07] T.BE«O7]| T.BE4DT| 7SE«O7| 7.9E+07
w 726l 12803l 23044 azazel  s7a3l  esnaol  zamcel  maeen]  erase
24.8] 26.6 320
6.1 6.1 6.2
1, for Partially Cracked Condition Immediate Curvature 1/r,
e 1M,
1-{1-e | Te n Ed
" a
p[%] 0.18 0.293 0.521 0.842 0.9 11 13 15
M/ MM, I i I 1/, 5 1r {5 Vr 1, i [ 1y, K i 1, i

1 I fmm'] | (10 menf) ] et | 00 met ] e’ | 0wt ] mmf | (00 mmt ] met] | 120" men [mm® | 110°mm?| | ment) 10" mam®| mm'] | (10" mm*|
5.00 0.20 7.1E+07 05 726407 05 7.26407 05 736407 05 7.4E+07 [ TAE+DT 05 7.56+07 as 7.56407 05
250 0.40 7.1€+07 11 7.26407 11 7.26407 11 736407 11 7.4E+07 11 7.4£407 11 7.56+07 11 756407 11
167 0.60 TAE+DT7 L6 726407 16 7.3E+07 L6 736407 16 TAE+07 16 74407 16 7.5E+07 L6 7.5E+07 16
1.25 0.80 F.AE+07 21 T2E+07 21 1.2E+07 21 TIE+07 2.2 7.AE+07 22 TAEHD7 22 T.5E+07 22 7.5E+07 2.2
1.00 1.00 TAE+07 27 T.2E407 27 T.2E+07 27 T.3E+07 27 TAE07 27 TAE+07 27 T.5E+07 27 T.5E+407 27
0.83 120 1.2E+07 19.5 L7E+07 13.5 2.5E+07 92 3.4E+07 71 3.5E+07 69 3.9E+07 6.3 A.2E+07 58 4.5E+07 55
0.71 140 7.8E+06 341 L2E+07 230 LBE+O7 150 2.5E+07 11.0 2.6E+07 10.5 3.0E+07 9.4 3.3E+07 -1 3.6E+07 80
0.63 160 64E+06 | 475 | 976406 | 316 156407 | 203 | 228407 s | 23607 139 | 266407 123 | 208407 112 326407 103
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APPENDIX B

0.56 180 5.7E+06 50,0 8.TE+DB 39.7 14E+07 25.2 2.0E+07 179 2.1E407 171 24E-07 15.0 2TE+OT 136 3 .0E+07 125

0.50 2.00 5.3E406 718 S.1EW0B a7.4 1.3E+07 300 LSEO7 211 2.0€007 202 236407 7.7 26E10T 159 2.BE407 45

0.45 1.20 5.0E+06 833 7.7E+06 54.9 126407 45 1EE40T 4.2 196407 2311 2.2E+07 0.2 256407 182 2 TE+07 167

0.42 1.40 4.8E+06 244 7AE+06 62.1 1.26+07 390 1L 7E407 73 1.8E+07 260 2.1E-07 2.7 246407 0.4 2 TE+07 187

0.38 160 476406 1052 | 7.2E406 691 1.26+07 433 176407 0.2 1 8E+407 23 2.1E:07 25.1 2AEO7 26 2 5E407 05

0.36 2.80 4.6E+06 1158 TOE+0B 76.0 L1E-07 476 LIE+07 32 18E07 s 2.1E-07 2158 2AE+DT 27 256407 25

033 100 4.5E406 126.2 BAEW0B 829 L1E+07 518 LIEO7 LTE07 34 2.0E+07 295 236407 258 256007 245

031 EW. v 4.5E106 1366 B.AEWDB 296 L1E+07 55.9 LEE107 1LTE07 371 20807 323 236407 289 256007 264

029 3.40 4.4E406 1465 | 5BEH06 96.3 11E+07 601 1LEE4DT 1.7€+07 538 208407 346 226407 L] 2 5E407 283

0.28 360 4.4E406 1565 | 67E6 | 1029 | 11F07 641 1EE40T 445 176407 424 20E+07 6.9 226407 E0 2 5E407 0.1

p %] 7 5 21 2.3 2.5 i 2.9 31
WM, | M, . 1y, 1 I 1, e 1/ I 1 I 1, le 1r, I, i
1 [ [mn'] | [re m (o) | 0t emen] | me’) | ety | e’ | e | e | 0teet] ] (e | et ) | ot | (e | (0% mm)

5.00 020 7.6E407 ne 7.EE+DT 06 776407 06 7.7E407 06 7 RE07 05 TREO7 0 7.9F407 05 70T 06

750 040 7.6E+07 11 7.6E+DT 11 77607 1.1 7.7F407 11 7 BF+07 11 7 RE-07 11 7.8F+07 1.1 70T 11

167 .60 T.BEA07 1.7 TEEWOT 7 7.7E+07 1.7 TIE07 17 TAREO7 17 TEEAOT 17 T9E+07 17 TIE0T 1.7

1.25 0.80 T.6E+07 22 TRE+OT 22 7.7E-07 22 T.IE+07 22 TRFL07 22 TEE-07 23 TAE+07 23 TAE+0T 23

1.00 1.00 7.6E407 28 TREIDT 18 776407 28 T.E407 28 TREHOT7 28 TREO7 28 7.9E407 28 79407 28

083 1.20 4,76+07 53 S.0E+07 51 5. 2F=07 5.0 5.4F+07 LR 5.5F+07 47 5.7E-07 47 5.8F+07 46 £.0F+07 45

0.7l 140 3.9e+07 76 4.1E+07 72 4.3E-07 6.9 4.5E+07 6.7 4.7E+07 6.5 4.96-07 63 5.1E+07 6.2 5.2E+07 6.1

0.63 160 3.5E+407 a7 3TE+0T 92 39E-07 Ra A 1F+07 a4 4.3F+07 a1 456407 149 4.TE+07 T A RE+07 15

0.56 180 3.2E407 117 3AE+0T 11.0 3.7E-07 105 396407 10.1 418407 a7 4.2E407 2.4 A 4E+07 91 A.5E+07 84

0.50 2.00 3.1E+07 136 33E+07 128 3.5E-07 122 3.7E+07 1.7 398407 11.2 41607 10.9 4. 2E+07 105 A4E+07 10.2

0.45 720 30E+07 15.5 3.2E407 146 34F=07 38 3.6E+07 137 38F+07 127 40E-07 12.3 4.1F+07 119 4.3F+07 115

0.42 240 2.9E+07 174 31E+07 16.3 3.3E-07 155 3.5E+07 148 3.TE+07 142 3.9e-07 13.7 4.1E+07 132 A, 2E+07 129

0.38 2.60 2.8E+07 19.2 31E+07 18.0 3.3E-07 170 3.5E+07 163 3.TE+07 156 3.8E-07 15.0 A0E+D7 145 A, 2E+07 11

0.36 280 2.8E+07 2098 3.0E+07 196 3.2€-07 186 3AE+07 1.7 3BE+07 17.0 3EE-07 16.4 4.0E+07 158 A.1E+07 15.4

0.33 3.00 2.8E+07 P 3.0E+07 3 32607 201 FAE+07 192 3.BEs07 184 3.7E-07 177 3.9E+07 17.1 A1E+07 166

031 3.20 2.7E+07 244 J.0E+07 225 3.2e-07 7 3.4E+07 20.7 3.5E+07 188 3.7E-07 19.1 3.9E+07 184 A0E+07 17.9

0.29 340 2.7E+07 26.2 2.9E+07 245 3.1E-07 232 3.3E+07 221 3.5E+07 212 3.7e-07 204 3.9E+07 19.7 ADE+0T 19.1

0.28 3.60 2.7E+07 278 2.9E+07 26.1 3.1E-07 1.7 3.3E+07 235 3.5E+07 225 3.7E-07 1.7 3BE+D7 21.0 AQE+0T 20.3

Uncracked Candition Cracked Condition I Experimental Behaviour: Gilbert 2007 [ Tension 5tiffening in Lightly Reinforced Concrete Slahs) I

MM, I 1 I

Il Poev'] | opct meey | o mmty p= 0842 %

0.00 T3E407 oo L5E«07 a M. = G.06 kim Far simpel supported one-way slab

0.20 13607 oS 15EH07 6 K= 0.104

0.20 FEN 11 1AE+ LR ] MM, | M, & I 1

0.60 7.30-07 1.6 LSE+07 2 I I-1 Imin)] Ty B IR Immediate Curvature 1/ |y for Partially Cracked Condition

0.0 T.3E-07 22 L3E+07 105 031 11 238 3.80+07 5.7

Loo 7.3E-07 27 L5E+07 132 0.83 12 345 205407 8.3 l = B I( =

120 T.IE-07 31 15E+07 158 077 13 415 2BE+07 0.0 i KL!

L0 73407 38 LSE+0F 185

160 7.3E-07 a3 1.5E+07 1

1.80 73607 1% 156407 FEN

.00 TIE-07 5.4 L5E+07 16

220 T3E-07 60 L5E+07 1.4

240 73607 65 1L5E107 6 12

aen | rseeor w0 | orsesor | osas := 10 e

AE0 L3R4 s 1.5EHN ELR .{ 0s S

.00 T.3E-07 a1 L3E+07 385 = 06

320 | 73607 | 87 | 1seor | 22 g /7 e

3.40 73607 9.2 156107 | 448 0z Crackes

3,60 73RO0 97 15E407 ara oo

oo 50 10.0 150 20,0
Curvature 10° [mm']
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Data obtianed from Article:

“Tension Stiffening in Lightly Reinforced Concrete Slabs” by R.I. Gilbert

Journal of Structural Engineering (ASCE) June 2007

APPENDIX B

SLAB: 24

Calculation of the Immediate Deflection according to B5 8110, 3.6

Slab Panel Parameters:

Material Properties: f. = 484 MPa
f.=  60.50 MPa
fy = 4.04 MPa
E = 305 GPa

Wide Beamn: b= 850.0 mm
L= 20000 mm
d= 79.0 mm
d' = 21.0 mm
h= 100.0 mm

Cracking Moment: 6.05 kNm

Momenf of Inerti f Crack ion:

Equations used

(from data)

«, for the Uncracked Condition

1, for the Uncracked Condition

Modular Ratio

W (@, XA d + A, d")
X ==
" bh4 (o XA, + A,)

[ =—x+

w

bi’
12

b."[g_ x, J (a4, d—x,) + 4, (x,~a")]

%, for the Cracked Condition 1, for the Cracked Condition
f da' 1
=—a,(p+ p')+1‘f{a: (p+p) :—2rx,[p +F;J'] }
o T P A D O T e R T B N e [T e e |
) mm| 850,01 £50.0 3500 2500 8500 250.0) 850.0 £50.0) 3500 250.0) 250.0) 250.0] £50.0] 8500 250.0) 2350.0]
d [mm] 9.0 a0 a0 0 e LTy .0 0 [CIe ELTy e 740 4.0 73 s 5.0
A, i’ 120.9 1957 349.9) 5654 G044 7387 a70f  wer3]  11a16]  127se| 10| 1s4as]  se7Ral  1s131)  1%aza) 20817
» I oooig| oooze|  ooos2|  ooose|  ooosol  ooiiol  oot3ef  ooisol  ootol  ooieo| o210 000230 ozs0| o020l ooze0|  0.0310
[GPa] 200.0| 200.0) 200.0| 200.0] 200.0 200.0) 200.01 2000} 200.0 2000 200.0) 200.0| 200.0| 200.0] 200.0 200.0|
. [P dils ESEY 305 305 305 30.5) 305 ENEY 305 30| 30.5) 305 EOE) 30| 305 308
a, [ 0.6 5.6 6.5 66 6.6 6.6 6.6 .5 GE G| 6.6 0.6 6.0 6.6 6.6 6.6
x [iruin] 503 50.4) 50.8] 5132 513 516 513} 521 523 526 52.5) 53.1 533 53.5) 535 s4.0)
I mm'] 7.ae+07| 726407| 73E+07| Pafe07| TaE-07| 7seen7| 7sEen?| vess0r| 7Ee0?| 77Ee07| 7RE-07| 7aze07| 7oEsc?| soEs0r| 806407 BE07
el d I 0.142 0178 0.229] 0282 0.290 0,335 0.356) .374 0390 0.405) 0.419] 0.432 0ddd 0.455| 0466
%, [mm] 1.2 14.0 18.1 223 228 26,6} 281 295 30.8) 32.0) 33.1 4.1 35.1 36.0) 368
I,/bd” I 00096  0.0149) 00243]  00389|  c0379|  o0.04d3|  ooso2|  oosss|  oos1n|  coser| oc7oe| 00754 00798  o.0239|  oosiel  co9a?
b | iy | aoesoo| eaesos| voeor| iseor| seeor] ssewr| zamor] 2amor] aeecr| aseor| soeor| sazer] aseor| sse 07| saee0r
M [kNm 292 217 245 i35 232 2.2 214 2 IJ.I'I 140 185 1H1 1,411 1.73 1.6%
Immediate Curvature 1/r for Uncracked Section Net Applied Moment for Partially Cracked Section Immediate Curvature 1/r, for Partially Cracked Section
1 M - 3
= M_ =M, -AM=M —%W’—x-*-]f LM
LKA e T d-x, n EL,
p[%] 0.18 0.29 0,521 0.84 0.3 11 1.3 15
M./ S/, I, ir ! 1 [N 1/ I [N 1, Iy i,
I Il [rr’] | (197 e’ et | e mn | et | (107 ] e I’ | (00 e Imm']

5.00 0.20 TAEHCT 0.5 7.26407 06 130407 o5 TALHT 7.50407 L1 7.60407

250 0.40 TAECT 11 72607 7 3E+07 11 ?M T.SEur.r 1 ?Em

167 0.50 100405 5.7 52006 15 1.00407 35 150407 1.90407 25 210407 23 230407

12



APPENDIX B

125 0.80 £DFHOR 155 | 62Fs05 ns LOF+07 7.4 1 5F407 54 LEFH07 53 46 215407 472 7 3F-07 19
1.00 100 | #0E+06 | 254 | 626405 | 173 | LOE#D7 11.2 1.3E+07 81 LGE+07 i 6.8 21E+07 6.1 2.3E-07 56
0.83 1.20 cpes0s | 332 | e2esns | 238 10E+D7 15.1 156407 | 10 LBEHF 10.2 89 215407 80 2.3E-07 i3
071 140 coE+06 | 450 | 626406 | 300 LOE+07 19.0 156407 133 1L6E+07 12.7 1.0 | 208407 ag 2.36-07 a0
0.63 160 2. 0E+08 548 5.2E+05 364 1.0E+07 228 1.5E+07 160 LEE+07 15.2 132 21E+07 1.7 2.3e-07 pLk
0.56 1.80 2pE+0E | 646 | 62Ee05 | 427 | 10Ee07 | 268 156407 | 185 LEE+07 17.7 153 | zaze07 136 | 236-07 | 124
0.50 2.00 £ 0E+0B 784 | 62405 | 401 1oe+07 | 307 156407 | 212 166407 | 202 175 | zaeer 155 | 23607 | 141
0.45 2.20 2 0E+06 843 5.2E+05 55.5 LOE+DT 346 158407 239 LBE+07 2.7 196 215407 174 2.3E-07 158
0.2 2.0 40E+06 | 941 | 6.26+05 | 619 | 10E+07 | 385 156407 | 265 166407 | 252 198407 | 217 | 218407 193 | 236-07 | 174
038 2.60 20E+06 | 1039 | 626s05 | B2 | 10607 | 4za 156407 | 281 16E+07 | 297 196407 | 239 | zaceo7 | 212 | 236-07 | 182
0.36 2.80 epE+06 | 1137 | 626405 | 746 LoE+07 | 463 156407 | 318 LBE+07 0.2 198407 | 260 | zame07 | 231 | 236-07 | 208
033 3.00 2QE+06 | 1235 | 62605 | 810 | 108407 | S02 156407 | 344 1eE+07 | 327 82 | zase07 | 248 | 23607 | 225
0.31 3.20 aDb+0n | 1333 | baee0n | 823 | 1ope0r | s4a et | 300 LGEH7 35.2 303 | zaceor | 268 | 2307 | 242
029 3.40 coE+06 | 1432 | s2ee05 | 937 106407 | 580 156407 | 397 166407 | 3n7 324 | zaseo7 | 287 | 23607 | 259
0,28 360 cof+0i | 1530 | 62Fe05 | 1000 | 1ore07 | G1s 156407 | 423 166407 | 402 146 | 27 0.6 23607 | 275

7 9 2.1 23 2.5 27 2.9 1
I 1, [ ur 1, 1, I yr, e 1r 1. 1r I, r, I, in
7] Il tmm®) | et mmt) | e et men® | gmed) | et e e | et ety | fmmt | 0t met) | et | (0t e [20° mm™| mm’] | [10° mm)
5.00 0.20 1.Te+07 0.5 T 7e407 05 FEE4DY 0.5 7 83E+07 05 F9e+04 0.5 B.0e+07 0.5 05 E1E-07 05
250 040 | FIEHY 10 | 7707 10 | 7aE07 | 10 | 78EH07 10 796407 | 10 | soe07 | 10 8107 | 10
1.67 0.60 2BE+07 21 2. 8E407 20 30E+07 18 126407 18 33E407 1R 56407 17 7 1RE-07 17
135 0.80 2BE+07 EX 286407 34 30E+D7 3.2 326407 11 336407 30 356407 2 3TE+07 28 3.3E-07 27
1.00 100 26EH0T7 52 2.8E407 49 3.0E+07 4.6 J.2E407 44 33EH0T7 42 356407 40 ITEHOT 38 1 BE-07 37
0.83 1.20 2BEH07 57 2.8E407 5.3 30F+07 5.8 3375407 56 33EH07 53 356407 5.1 ER a8 ARE-07 a7
0.71 140 2BE+07 83 2.8E407 7.7 30E+07 7.3 3.2E407 €9 33E407 65 358407 6.3 3TEHDT 6.0 1.3E-07 58
0.63 1.60 LBEHT 9.8 286407 a1 306407 LX3 326407 a1 336407 77 356407 7 37E+07 7.1 3.86-07 X
056 B0 2BEH07 114 | 288407 106 | 30E+07 a9 326407 94 3.3E+07 89 156407 a5 TEHOT 8.2 31 BE-07 78
0.50 2.00 26E+07 129 | 28407 | 120 | 308407 113 326407 | 106 | 33E+07 10.1 356407 %6 375407 9.2 3.36-07 8.9
0.5 2.20 2BE+07 145 | 286407 | 134 30E+07 126 | 326407 | 119 | 33Ee07 113 | 356407 | 108 | 37Ee07 105 | 38E-07 L]
042 240 2BEH07 150 | 288407 149 30E+07 13.9 126407 131 336407 125 356407 129 | 37807 11.4 3 BE-07 103
0.38 2,60 2.6E+07 286407 16.3 3.0E+07 153 3.26+07 144 3.3E+07 137 3.5E+07 130 378407 125 3.86-07 120
0.36 2.80 26E+07 286407 | 177 | 3.0E+07 166 | 326407 | 157 | 33607 128 | 358407 | 141 | 3.72e07 135 | 3sE-07 | 130
033 3.00 16E+07 | 207 236407 | 192 | 3.0E+07 17.8 326407 | 165 | 33E407 150 | 356407 | 153 | 3.7%e07 14.6 18607 | 140
031 3.20 16E+07 | 222 286407 | 206 | 3.0E+D7 19.3 326407 | 182 33E407 17.2 356407 | 164 | 378407 15.7 33607 | 151
0.29 3.40 aor+07 | 238 | 28ce07 | zzo | 3oceo7 | 206 320407 | 194 | 330407 134 | 350407 | 175 | 370e07 165 | 3sc-07 | 161
0.28 360 26F07 | 253 2a8f007 | 235 | 3o0r7 | 218 32607 | 207 3.3FH07 196 | ase07 | 187 | 37Ee7 17.8 asf07 | 171
Uncracked Condition Experimental Behaviour: Gilbert 2007 | Tension Stiffening in Lightly Reinforced Concrete Slabs)
M., | M. I, 1n
[ Il [mm®] | (10 mm] o= 0842%
5.00 0,20 TAEH0T 0s M, = 65,05 kNm For simpel supported one-way slab
250 0.40 TAEHO7 11 K= 0104
1.67 0.60 TAEDT 15 MM, | m, & I, n
125 0.80 7AEH0T i1 [ I+l | [man'l | 120 mm®) Immediate Curvature 147 . for Partially Cracked Condition
1.00 100 | 7.4E:07 27 091 11 2.38 3 8E+07 57 M
0.3 120 | 7aee07 | a2 0.83 12 345 | 29007 | 83 l=—3
071 140 FRTEN 38 0.77 13 415 20E+07 0.0 s
0,63 160 TAEH7 a3
056 1.80 TAECT 48
050 200 | 7AE-07 54 Degree of Cracking versus Curvature
0.45 2.0 JALH 59 16
0.47 2.40 7A4F+07 ¥ 1.4 / W’_:::‘,"
038 260 7AE+07 70 12 —— -
0.36 280 | sapser | a5 = 10 —-——rT et
033 a0 | 7eee7 | 1 g 08 / —_—Ba2%
0.31 170 TAE+07 B5 = 06 .‘f”/‘# —— Uncracked
0.2¢9 3.40 TAE+D7 9.1 0.4 / — Experiment
0,28 160 7AEH07 a7y 02
0.0
00 2.0 40 B0 20 10,0 120 140

Curvature 10 [mm]
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Data cbtianed from Article: Tension Stiffening in Lightly Reinforced Concrete Slabs” by R, Gilbert
Journal of Structural Engineering (ASCE) June 2007

SLAB: 24
Calculation of the Immediate Deflection according to ACI 318, Chapter 9.
Slab Panel Parameters:
Material Propertias: 484 MPa
f = 60.50 MPa
f. = 4.04 MPa
E = 30.5 GFa
Wide Beam: b= E30.0 mm
L= 20000 mm
d= 790 mm
d = 210 mm
h = 100.0 mm
Modulus of Rupture: ifer unrestrained slabs)
. ) P - 484 MPa
=0.623,/ 1"
- I M= 4.33 MPa
Cracking Momen
_ 4
f I Ip = 7.10+07 mm
M, =—% y.o= 500 mm
A M. = 6.4 kNm
Momenf of Inertia_of Cracked Section: Equations used
*,, for the Cracked Condition I,, for the Cracked Condition Modular Ratio
i '
w=Aa +A, (a 1) B ( y VA ( ?
3 : 5 I, =—"+a A ld-x_| +(c, -1)4" |d-x_ )
xo= {w' +2b(Ade, + A, d'(ar, - ]})Ij - (.-)]'/b A st o)+ 5 -

b B50.0 B50.0} B50.0
A 196.7 3499 565.4) 6044 7387 873.0 10073 11418 1275.9| 1410.2 15445 1678.8 1813.1 1947 4 20817

d 79.0 79.0 79.0 79.0 79.0 79.0 79.0 79.0| 79.0 79.0 79.0 79.0 79.0 79.0 79.0

E, 200.0f 200.0 200.0} 200.0| 200.0| 200.0 200.0; 200.0} 200.0| 200.0 200.0 200.0 200.0] 200.0| 200.0{

E 30.5 30.5 30.5 30.5 ns 0.5 30.5 30.5 30.5 05 30.5 30.5 30.5 30.5 30.5
a, 5] 6.6 6.6 6.6 6.6 6.6 6.5 6.6 6.6 66| B.6| 66 6.6 6.6 6.6 6.6 6.5

w [mm®) 7926] 12902 22043 37076 3963.0| 48436 s7243] 66049 74sse| 83e62| 92469) 101275 110082 118889) 12769.5| 136502
X [mm) 1.2 14.0] 18.1 22.3 22.9 24.8] 26.6 29.5 30.8 32.0] 331

I, for Partially Cracked Condition Immediate Curvature 1/r,
3 3
M M 1_M,
L=|==|1,+1-|==| |, <1, e
M, M, v Ed,
p [%] 0.18 0.293 0.521 0.842 0.9 11 13 15
MoiM, | MM, ls 1 [ i I, 1. 1, 1 1 1 1r b ' Iy 1/r.

i H tmm'] | 110" mm) mm®) | ot me®) | fmentt | a0t mmt ] tmmd ] (20w (10" men) tmm'] | of et | fme® | (20° men fmm'] | (20" mm'|
5.00 0.20 7.1E+07 0.6 T.1E+07 06 7.1E+07 0.& T.1E+07 0.6 T.1E+07 06 TAEH7 06 TAE+OT 06 TAED7 (1177
250 040 | 7.1E+07 11 7.1E+07 11 7.1E+07 11 7.1E+07 11 7.1E+07 11 71E+07 11 718407 11 7.1E+07 11
167 0.60 7.1E+07 B T1E+07 17 T1E+07 1.7 T.1E+07 L7 T.1E407 17 T.1E+07 L7 T.1E+D7 17 T.1E+07 1.7
125 0.80 T1E+07 23 T1E+07 23 T1E«O7 23 T.1E+07 23 T.1E+07 23 T.1E+07 23 T1E+07 23 T.1E+07 23
1.00 1.00 T1E+07 28 T1E407 28 TAAE+07 28 T.1E+07 28 T.1E«0T 28 7.1E+07 28 T1E+07 28 7.1E+07 28
033 120 | 43E+07 5.7 4.4E407 55 4.5E+07 5.3 4.7E+07 51 4,86407 5.1 4.9E+07 49 5.06+07 a3 5.1E+07 48
071 140 | 2.8E+07 a9 3.06+07 95 326407 a7 356407 80 36E407 7.9 3BE+07 15 396407 7.2 4.1E+07 6.9
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APPENDIX B

053 160 | 20e-07 | 158 | 22607 14.6 256407 128 | 296407 112 295407 110 | 21E+07 10.3 336407 9.7 356407 9.2
036 180 | 1seenr | 234 1sor | 09 210407 16 | 2spe0r 147 250407 14.3 2ELHDY 13.2 EXRTIT 122 32L407 115
0.50 o0 | 126007 | 325 1407 | 281 18607 | 227 226007 183 23007 17.7 256407 16.1 2IE07 148 | 29E07 13.7
0.45 220 | 1oe-07 | 429 | 126407 | 360 1eE+07 | 278 | 20E+07 | 218 218407 | 211 23E+07 189 | 2.5E+07 17.2 2BE+07 159
042 240 | B9FD6 | 545 LIF7 | 443 1507 a1 1ar07 | 253 2007 | 243 7IF407 716 | 25F07 196 | 27F07 120
038 260 | 7.36-06 | 667 | 99606 | 528 LAE+07 | 384 LEEH0T | 287 188407 | 275 2IE+07 M3 2AE+07 | 218 | 2eE+07 | 201
035 280 | 7aE<06 | 795 | 9.26+06 | LS 1L3E+07 | 435 1LBE+0T 320 LEE+07 w7 | 21E+07 63 | 23807 | 242 26E+407 | 221
033 3.00 | 55€<06 | 927 | 86E+D6 | 701 L2E+07 | A6 L7E+07 | 353 L85+07 | 337 | 2.0E407 235 | 238407 | 264 256407 | 290
031 320 | baE06 | weo | B2e0n 7B L2 | os3s L7 | 3sa 1EL407 | 36 200407 dzn | zawsor | zms | aste0r | 289
029 340 | 57€<06 | 1192 | TOE+06 | 369 126407 | 583 LEE+07 | 4153 175407 386 | 206407 344 | 226407 0.7 | 2s5e+07 | 278
028 360 | 556-06 | 1324 | 7eEe06 | 952 L1E+07 | 631 LEEH07 | d45 178407 | a25 2.0E+07 368 | z2e+07 | 328 | 246407 | 207
o [%] 1.7 9 21 23 5 2.7 2.9 3.1
WM, | ML, L ifr I 1fr, Ie Fi 1/ I 1 I 17, I e I 14r
Il I [mam’) 10 mn | fmm’) | 20 e [CEy B Rl T TR B Rt ] e an B TR It I TGRS T I ]
500 020 | 7iE-07 06 7.1E+07 06 T1E407 0.6 T.1EH07 05 715407 05 7.1E+07 05 7AEHOT 0.6 7.1E407 06
250 040 | 7IE-07 11 T.1E+07 11 T1E+07 11 TAEH07 11 7.1E407 11 71E+D7 11 TAEHOT 11 7.LE+07 11
167 060 | 7iE-07 17 7.1E+07 17 TAE407 17 TAEH07 L7 715407 L7 7.1E+07 17 7AEHOT 17 7.1EH07 17
175 08l | 7IE07 73 TAF+7 23 TAF+0T 23 TARHOT 23 TAEHT 73 TAF+NT 73 TAFHOT 73 TR 23
100 .00 | 7acsor 28 7aE+07 28 FAEHO7 28 LT 248 LAEH0T 28 FAEHO7 8 FRTEL 18 11EH07 2.8
0.83 120 | 52E-07 4.7 S.3E407 46 EX 4.5 SAE+07 44 555407 44 S.EE+07 &3 STE07 4.3 5.TE+07 4.2
071 140 | 22607 6.7 4.3E+07 6.5 A45E+07 6.3 4.6E+07 61 ATEHOT o0 A.8E+D7 53 4.9E+07 5.7 5.0E+07 5.6
063 160 | 37E07 a8 386107 84 4.0E107 a1 4.1E107 7.8 43807 75 448007 73 456107 7.1 4.6E107 7.0
0355 180 | 33e-07 | 1009 | 35607 103 3TE+07 9¢ 3.8E+07 95 A0E+07 9.1 A.1E407 88 4.3E+07 85 4AE+07 8.2
050 o0 | saeso7 | 129 | 33«07 12.2 3SE407 116 37E407 110 385407 106 | 40E+07 102 | a1ew07 9.8 426407 95
045 220 | 306-07 | 148 | 32607 139 IAE+07 132 | 356407 125 375407 120 | 38E+07 115 4.0E+07 1.LE+07 0.7
042 za0 | 298-07 16.7 31E+07 15.7 336407 14.8 IAE+0T 140 IEE+07 134 | 38E+07 128 | 336407 123 | 416407 118
038 260 | 286-07 | 186 | 30607 17.3 326407 163 | 346407 155 365407 147 | 2.7e407 14.1 396407 135 4.0E+07 13.0
[[E 20 | aBe-0s | 204 ENCRT 19.0 320407 108 AL 4 EXIRTIN WD | s 153 | 800 145 | a0y 14.1
033 00 | 27E07 | 221 raf07 | 206 31E407 19.3 33E407 183 356407 17.3 166407 166 | 3.8Fw07 159 | 4.0F07 182
031 320 | 27e-07 | 239 | 29607 | 222 316407 | 208 | 3.3E+07 196 355407 186 | 36E+07 178 | 3.8E+07 170 | 3.9E+07 163
0379 340 | 27607 | 256 | 28F07 | 238 1IR07 | 223 3307 | 210 EXLIT 199 | 16F07 190 | 38F07 182 19FH07 17.4
0.28 360 | 27e-07 | 273 | 29607 | 253 316407 | 237 | 326407 | 223 345407 | 212 3EE+DT 02 3.8E+07 19.3 3.9E+07 185
Uncracked Condition Experimental Behaviour: Gilbert 2007 ( Tension Stiffening in Lightly Reinforced Concrete Slabs)
M, | M, 1, 1
1 I [mm’) | (20" mm ) p= 0,842 %
5.00 0.0 TAEW7 06 M, = 5.05 kNm For simpel supported one-way slab
250 040 | rer 11 K= 0.104
167 060 | T.1E+07 17 MW, | MM, a I 1t
125 0.80 TAF7 23 I 1 [rrm) el | 0% ey Immediate Curvature 1/r, I, for Partially Cracked Condition
1.00 116407 8 051 11 238 | asesor 5.7 M
083 TAE+07 34 0.83 12 345 | 296407 8.3 1, _l
071 TAEH07 a0 077 13 415 | 268407 10.0 £
063 160 | rasor ah
056 g0 | TaEs07 5.1
050 200 f TAEOT ST Degree of Cracking versus Curvature
045 220 | 7iE+07 6.3 16
042 2.40 TAR07 3] 14 p——
038 o0 | raesor 14 12 —
036 | 280 | 7ae07 | =0 = 1o —0.842%
033 | 300 | mak07 | as Z 08 Uneracked
031 320 | raceor 9.1 = 08 ——— Experiment
029 340 | TaE+07 a7 04
0.28 3.60 T.1E+07 10.2 02 ,
0.0
0.0 2.0 4.0 6.0 8.0 100 12.0

Curvature 10° [mm*]

15




APPENDIX B

Predicted Results from Design Codes

SABS 0100 EC2 BS 8110 ACI 318 Uncracked Section Uncracked Section
p [%] 0.842 0.842 0.842 0.842 I [SABS) I, (EC2)
MM, MM, X 1r, 1, 1r, ly 1 Iy 1, 1, 1/, R 1y,
I & [mm’] 1207 mmen | [mm’] [10° mem ™) [mm®] [10° e * [mm’) mm’) Fm’| [10° mm*) [mm’) (1% mm )
.00 0.00 TAFH0T 0.0 TAFHT on 7.4F+07 an TAFEDT 00 7AF+07 0.0 7.3F+07 0.0
5.00 0.20 TAEH07 0.7 736407 05 7AE+07 05 7.1E+07 0.6 7.1E+07 0.7 7.3E+07 0.5
2.50 0.40 716407 13 736407 11 7.4E+07 11 7.1E:07 1.1 716407 13 7.3E+07 1.1
1.6/ 0.60 JAEHT 10 136407 16 LSE+0] 2.8 71E+D7 17 7.1E407 20 736407 16
1.25 0.80 TAF+OT 27 T3F+07 23 1.5F+07 5.4 7AE+DT 23 7AF407 2.7 7.3F+07 2.
1.00 1.00 7.10+07 33 7.30+07 27 L5C+07 81 F.AL+07 28 7AL+07 13 7.30+07 7
0.83 1.20 4.7E407 6.0 3.4E407 7.1 LSE+0T 10.7 4.7E407 5.1 7.1E407 4.0 7.3E407 3.2
071 1.40 45EH)7 LE] 256407 1.0 15E+07 133 356407 80 7 IE+07 an 1.3k+07 18
0.63 1.60 2.9E+07 13.1 226407 14.5 1.5E+07 16.0 2.95+07 1.2 7.1E+07 5.3 7.3E+07 a3
056 1.80 250407 17.2 2.00407 17.9 150+07 186 2.50+07 14.7 710407 6.0 7.30+07 43
0.50 2.00 2.2E407 213 1.9E+07 1.1 LSE+0T 212 2.2E407 18.3 7.1E407 6.6 7.3E407 5.4
s 220 2.0E407 255 1.8E407 24.2 LSE+0T 238 308407 218 7.1E407 7.3 7.3€+07 6.0
0.42 2.40 19E+07 295 17E+07 7.3 L5E+07 26.5 1.3E+07 5.3 7.1E+07 80 7.3E407 6.5
0.33 2.60 L8E107 335 176107 0.2 LSEWOT 29.1 1.3£407 287 7IEWOT 86 7.3E007 kA
Q.36 2.60 1EE+DT 374 1.76+07 332 15E+07 318 1.88+07 320 7AE+07 9.3 7.3E+07 76
033 300 1.7E+07 411 1.7F+07 360 1.5F+07 344 175407 353 7AF+07 9.9 7.3F+07 £.1
031 3.20 1.7E+07 48 16EHOT7 389 1.5E+07 370 384 7AE+07 106 7.3E+07 8.7
0.29 3.40 LEE+0T 424 1.6E+07 417 LSE+0T 397 415 7.1E407 113 7.3E407 9.2
0.23 3.60 LEE+07 520 1.6E+07 a5 LSE+07 423 4.6 7.1E407 119 7.3E+07 9.7
Experimental Behaviour: Gilbert 2007 [ Tension Stiffening in Lightly Reinforced Concrete Slabs)
p= 0.842 %
M, = £.05 kNm For simpel supported one-way slab
K= 0.104
M, N, MM, a I, 1r
I I fmin| Irm'] 120" mm') Immediate Curvature 1/r 1, for Partially Cracked Condition
0.91 L1 2.38 3.32407 57 1 A - M‘ﬂ
0.83 12 345 295407 8.3 — = I/, = F L
077 13 4.15 255407 10.0 i <n
Degree of Cracking versus Curvature (p = 0.842%)
1.6 .
e ) }ee——
12 Uncracked Ig
o Uncracked lu
= ——ACI 318
= 08
=y / —
Z 06
_/ —3SAB5 0100
04 ——358110
0.2 — Sy pEriment
00 Cracked ler
0.0 20 40 6.0 80 10.0 120

Curvature 10° [mm]
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I/l 1]

Cracked Section Ratio versus % Tension Reinforcement

200
180 |
16.0
14.0 \
129 k —e—S5ABS 0100
10,0
8.0 \K ——EC2
6.0

45 o~ —4—B5 8110
20 -.-.El-bl?l-.—”—._..-li —=ACI 318
0.0

0.00 0.50 1.00 150 2.00 2.50 3.00 3.50
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Data obtiancd from Article: "Tension Stiffening in Lightly Reinforeed Concrete Slabs® by R Gilbert
lournal of Structural Engineering (ASCE) June 2007

| SLAB: 552

Obtain the Allowable L/d ratio according to SABS 0100-1, clause 4.3.6

Slab Panel Parameters:

Material Properties: E 380 MPa
f.= 47.50 MPa
o= 4.42 MPa
E = 2747 GPa
f, =  S00.0 MPa

Wide Beam: b= B50.0 mm

L= 20000 mm

d = BLY mm
d' = 20.3 mm
h = 102.0 mm
Provided Reinforcement;
pl%] 0.2 0.3 06 08 10 1.2 L4 L6 Lg 2.0 22 24
A fmm’] 1389 227.1 416.7 555.6 654.5 8333 97232 1111.1 | 1250.0 | 13885 | 15278 | 1666.7

Allowable Span/Depth Ratio compared to the Actual Span/Depth Ratio

Step 1: Basic span/depth ratio for rectangular beams

| Support Condition | Rectangular section |
| Simply supported beam | 16 |
L>10.0m ¥ [racse |
D —
Condition
TRUE k= 10,
' " ko= L0
FALSE b= 10
Step 3: pdodification of jdepth ratio due to tension

Design Service Stress:

assume that the ratio required tension reinfarcement and provided tension reinforcement is 1.0

Py = Pigees = 1.0

assume the normal partial lead combination factors apply

= 11
Ve = 10
W= 12
Ve = 16

assurme no moment redistribution ocours

T = S00.0 MPa

£ -os7p At
nty. A,

f, = 326.25 MPa

Calculate the Uesign Ultimate Bending Moment (clause 4.3.3.4):

18
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assume only tension reinforcement is required, therefore KK
assume z = 0.95d
tharefore M =4 (0877, 095d) f, = S00.0 MPa
d - 817 mm
p 1%l 0.2 04 0.6 0.8 1.0 1.2 14 16 1.8 2.0 2.2 24
A [mmJ] 1389 2271 4a16.7 5556 6945 8333 972.2 11111 12500 | 13889 | 15278 | 1666.7
M [kNm| 4.69 7.67 14.07 18.76 23.45 28.14 32.82 37.51 42.20 16,89 51,58 56.27
1st Iteration
check assumplion K M b = 8500 mm
- _f f.=  47.50 MPa
) d 8170 mm
%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0 2.2 24
A, [mm’] 13889 | 227.09 | 416.67 | 55556 | 694.45 | 63334 | 972.23 | 111112 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K I 0.0174 | 0.0284 | 0.0522 | 0.06%6 | 0.0870 | 0.1044 | 0.1218 | 0.13%2 | 0.1566 | 0.1740 | 0.1914 | 0.2088
loas- X l< M = 4,087, -0.954)
z=d4 0.5+ /025 - — <0954 4 £ »UFaa
™y 0.9 |
p %] 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0 2.2 24
A, [mm’] 1389 2271 416.7 555.6 694.5 8333 972.2 11111 | 12500 | 13889 | 15278 | 1666.7
z [mm] 0.580 0.967 0.938 0.916 0.852 0.866 0.83% 0.5805 0.776 0.738 0.693 0.634
> 0954 0.95 0.85 084 0.92 0.89 087 084 081 0.78 0.4 0.69 0.63
M [kNm] 4.69 1.67 13.89 18.08 22.00 25.65 28.98 31.94 34.46 36.43 37.64 37.56
Znd Itaration:
check assumption K M b o= 850.0 mm
f. = 47.50 MPa
d = A1.70 mm
p %] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18 20 22 2.4
A, [mm’] 138.89 | 227.09 | 116,67 | 555.56 | 694.45 | 833.34 | 572,23 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K [l 00174 | 00284 | 00516 | 00671 | 00816 | 00952 | 01045 | 01185 | 01279 | 01352 | 0139/ | 01394
z=d{051 0.25- = <0954 M = 40871, -0.95d)
v 0.9
p [%] 02 0.4 06 08 1.0 1.2 1.4 1.6 1.8 20 22 2.4
A, [mm’] 1389 2271 416.7 555.6 694.5 8333 5722 1111.1 | 1250.0 | 13889 | 1527.8 | 1666.7
z [mm] 0.980 0.967 0,939 0.919 0.899 0,880 0.861 0.844 0829 0.816 0.808 0.808
> 0.95d 0.95 0.95 0.94 0.92 0.90 0.88 0.86 0.84 0.83 0.82 0.81 0.81
M [kNm] 469 T.67 12.80 18.14 22.19 26.06 29.76 3333 36.81 40.27 4387 47.89
check assumption K M b = 850.0 mm
_sz f.o=  47.50 MPa
d = 21.70 mm
p [%] 02 0.4 06 08 1.0 1.2 1.4 1.6 1.8 20 22 2.4
A, [mm’] 138.89 | 227.09 | 416.67 | 555.56 | 694.45 | 83334 | 97223 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K [-] 00174 | 0.0284 | 00516 [ 00672 | 0.0823 | 0.0967 | 0.1104 | 01237 | 01366 | 0.14%4 | 01628 | 01777
K _
c=dlos+ ||0,25——l <0.95d M = 4,(0877,-0.95d)
177V o
p [%] 0.2 0.4 06 08 10 1.2 14 16 18 20 22 24
A, |mm?| 138.9 227.1 416.7 555.6 694.5 833.3 g72.2 1111.1 | 1250.0 | 13889 | 1527.8 | 1666.7
7 [mm] 0.980 0.967 0.939 0.919 0.898 0.878 0.857 0.836 0.813 0.790 0.763 0.729
> 0.95d 095 0.95% 094 ooz 0.e0 o.88 0.8 0.8a 081 ] 0./6 0.73
M [kWm] 489 167 1360 1214 2217 2500 29.60 32.99 3614 ia98 41.43 4330
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4th Iteration:

APPENDIX B

check assumption b = 850.0 mm
f, = 47.50 MPa
d = 81.70 mm
p[%] 0.2 0.4 0.6 0.8 1.0 12 14 16 18 2.0 2.2 2.4
A, [mm?] 138.89 | 227.09 | 416.67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K 1] 0.0174 | 0.0284 | 00516 | 0.0673 | 0.0823 | 0.0964 | 0.1099 | 0.1224 | 0.1341 | 0.1446 | 0.1537 | 0.1603
- K - 5
z=d{0.5+ /0.25—— <0.95d4 M = 4,(0.87/,-0.95d)
¥ 0.9
p %] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 1.8 2.0 2.2 2.4
A [rrlrnz] 138.9 227.1 416.7 555.6 694.5 8333 972.2 1111.1 1250.0 13889 | 1527.8 | 1666.7
z [mm] 0.980 0.967 0.939 0.919 0.858 0.878 0.858 0.838 0.818 0.799 0.781 0.768
> 0.95d 0.95 0.95 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.80 0.78 077
M [kNm] 4.69 71.67 13.90 18.14 22.17 26.00 29.64 33.08 36.23 39.43 42.43 45.50
5th Iteration:
check assumption K M b = 850.0 mm
- M:f f. = 47.50 MPa
o d = 8170 mm
p %] 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0 7o 2.4
A, [rnrn’] 138.89 | 227.09 | 416.67 555.56 | 694.45 | 833.34 | 972.23 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K [] 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0965 | 0.1100 | 01227 | 0.1348 | 0.1463 | 0.1574 | 0.1688
K - .
z=af0s+ 025 K l<o0sa M = 4,(0877, -095d)
\ 0.9
o %] 0.2 0.4 0.6 k3 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
1389 5945 23313 9722 12500 | 1388¢9 1527.8
0,980 0,808 0.878 0,858 0.817 0795 0774
0.95 0.50 0.88 0.86 0.82 0.80 0.77
469 2217 2963 35,78 3328 4303
5th Iteration:
check assumption » A b B50.0 mm
S f 4750 MPa
oda N
d 81.70 mm
p [%I] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A, [mm?] 138.89 | 227.09 | 416,67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K [-] 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0965 | 0.1099 | 0.1227 | 0.1346 | 0.1457 | 0.1559 | 0.1648
.
z=d{05+ \’n.zs _K L0954 M =4,(087f,-0.95d)
0.9
p [%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A, [mm?] 138.9 2271 416.7 555.6 694.5 8333 972.2 1111.1 | 12500 | 13889 | 1527.8 | 1666.7
z [mm] 0.980 0.967 0.939 0.919 0.898 0.878 0.858 0.837 0.817 0.797 0.777 0.759
> 0.95d 0.95 0.95 0.94 0.92 0.90 0.28 0.86 0.84 0.82 0.80 0.78 0.76
M [kNm] 4.69 71.67 13.90 18.14 22.17 26.00 29.63 33.06 36.29 39.33 42.19 44.94
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Modification Factor k;:

APPENDIX B

b = 850.0 mm
477 — d = 81.7 mm
k, =0.55 +M <20
- M f, = 326.25 MPa
1201 0.9+
p[%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24
A, |mm‘] 138.9 227.1 416.7 555.6 694.5 B33.3 972.2 1111.1 1250.0 13889 1527.8 1666.7
M [kNm] 4.69 7.67 13.90 18.14 2217 26.00 29.63 33.06 36.29 39.33 42.19 44.94
k, 1.28 111 0.92 0.86 0.81 0.78 0.76 0.74 0.72 0.71 0.70 0.69
> 2.0 1.28 111 0.92 0.86 0.81 0.73 0.76 0.74 0.72 0.71 0.70 0.69
Step 3: Modification of span/depth ratio due to compression reinforcement
no compression reinforcement provided
therefore ks = 1.00
flecti T rini
assume narmal creep and shrinkage occurs and is accounted for from step 1to 3
therefore k = 1.00
Step 5: Span/depth ratio for flanged beams
beam is rectangular and not flanged, step 5 is not applicable
therefore ks = 1.00
A {e 24
Ly 1 < LWL .
Ly | = Ky oy Ky "Ry K.
VATACTUAL NV U ALLOWARLE - A
L= (Wb acruas 24,42
d =
(L/dhpaee = 16
p %] 0.2 0.4 0.6 03 10 1.2 14 16 18 20 22 24
A, mm’] 138.9 2271 416.7 555.6 694.5 833.3 972.2 i1iid | 1250.0 | 13885 | 1527.8 | 1666.7
k, 10 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10
K, 13 11 09 0.9 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7
k. 10 10 10 1 a 10 10 1a 10 10 10 10 10
5 10 1.0 1.0 10 1.0 10 1.0 10 1.0 10 1.0 1.0
ks 0 .0 .0 1.0 0 1.0 0 0 0 1.0 0
ks 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0
(L d)aowasee 20.44 17.73 14.80 13.71 12.98 12.47 12.08 11.79 11.55 11.37 11.21 11.08
Serviceable ? NO NO NO NO NO NO NO NO NO NO NO NO
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Data obtianed from Article:

"Tension Stiffening in Lightly Reinforced Concrete Slabs” by R.l. Gilbert
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APPENDIX B

[ SLAB: 552
Obtain the Allowable L/d ratio according to EC2, clause 7.4.2
Slab Panel Parameters:
Material Properties: f. = 38.0 MPa
f.= 47.50 MPa
f= 4.42 MPa
E. = 2747 GPa
f,= 5000 MPa
Wide Beam: b= 850.0 mm
L= 2000.0 mm
d = 817 mm
d = 20.3 mm
h= 102.0 mm
Provided Reinforcement:
p %] 0.2 0.3 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24
A, |mm’] 138.9 | 227.1 | 416.7 | 555.6 | 694.5 | 833.3 | 972.2 | 1111.1 | 1250.0 | 1388.9 | 1527.8 | 1666.7
A Span/D Rati § 10 the A Span/D Ratio:
Determine which L/d Equation is applicable:
L_k |1+|.5,||',r"-&+3.2J_,f‘_'- Loy |” it psgp
d Top p
L pr 2. 1 o 2
=== K 114 L5 o i e e o f v e if ET
[ L-afunslT 2o V7 2] oo
where P = ]0".‘||If‘_'
B = 0.006 f. 38.0 MPa
b 850.0 mm
d 817 mm
p [%] 0.2 0.3 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A, [mm’] 1389 | 227.1 | 416.7 | 555.6 | 694.5 | 833.3 | 972.2 | 1111.1| 1250.0 | 1388.9 | 1527.8 | 1666.7
A, [mm’] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
p = Ajbd [] 0.002 | 0.0033 | 0.006 | 0.008 0.01 0,012 | 0.014 | 0.016 | 0.018 0.02 0.022 | 0.024
p'= Alybd [] o o o V] 0 V] V] o o o o o
eq.? 1 1 1 2 2 2 2 2 2 2 2 2
Flanged Sections:
if b/b, > 30 then ky 08
b, = 0.00 therefore ky = 1.00
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Beam and Slab Elements:

if L = 7.0 whichsupport partitions liable to be damaged by excessive deflection then ky = /L
L=< 7.00 therefore k = 100
Flat Slabs:
if greaterspan > B.5  which support partitions liable to be damaged by excessive deflections then ky = 85/Ly
greater span < 8.50 therefore ko= 100

Basic Span/Depth Ratio:

Concrete Highly Stressed Concrete Lightly Stressed
Structural System K
p=15% p=0.5%
Sil rted by 5 - OF twor i
imply supported beam, one- or two-way spanning. o - o
simply supported slab
End span of continuouse beam or one-way continuous
slab or two-way spanning slab continuous over 13 18 26
one lang side
Interior span of beam or cne-way or two-way
15 20 30
spanning slab
lab d I ithout b
Slab supported on columns without beams 1.2 17 2
(flat slab){based on longer span)
[Cantilever 0.4 & 8
Compare Actual and Allowable L/d Ratios
) =)
[A’ wervar ~ vV d Laprowani
L = 2000.0 mm (L) gy = 24.48
d = 81.7 mm
¥%
eq.1 (/) =k n+15J7 Logza | Loy | |k ks ok,
d/sowane ° ¢ :
P P
; 1 : 2
eq. 2 (L ) ks Lo L Pk ko,
daiiowanLe p—p 12 2,
f,. = 38.0 MPa
Po =  0.006
p [%] 02 0.4 0.6 08 1.0 12 1.4 1.6 18 2.0 2.2 2.4
A, [mm?] 138.9 | 227.1 | 416.7 | 555.6 | 694.5 | 833.3 | 972.2 | 1111.1 | 1250.0 | 1388.9 | 1527.8 | 1666.7
A, [mm?] 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

p = Ajbd [] 0.002 | 0.003 | 0.006 | 0.008 | 0.010 | 0.012 | 0.014 | 0.016 | 0.018 | 0.020 | 0.022 | 0.024
p'= A'Sbd [-] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

eq.? 1 1 1 2 2 2 2 2 2 2 2 2
ky 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
k; 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ks 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
K 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

(Ud)apowaee | 39.50 | 28.43 | 20.50 | 18.13 | 16.70 | 15.75 | 15.07 | 14.56 | 14.17 | 13.85 | 13.59 | 13.38

Serviceable ? oK oK NO NO NO NO NO NO NO NO NO NO
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Data obtianed from Article: "Tension Stiffening in Lightly Reinforced Concrete Slabs” by R.|. Gilbert
Journal of Structural Engineering (ASCE) June 2007

SLAB: 552 |
Obtain the Allowable Lfd ratio according to BS B110, clause 3.4.6
Slab Panel Parameters:
Material Properties: P = 38.0 MPa

f. = 47.50 MPa

f = 4,42 MPa

E. = 27.47 GPa

f, =  500.0 MPa
Wide Beamn: b= 850.0 mm

L= 2000.0 mm

d = 81.7 mm

d' = 20.3 mm

h = 102.0 mm
Provided Reinfarcement:

p [%] 0.2 0.3 0.6 0.8 1.0 1.2 1.4 16 18 2.0 2.2 2.4

A [mmzj 1389 227.1 416.7 353.6 694.5 B33.3 972.2 | 1111.1 | 1250.0 | 1388.9 | 1527.8 | 1666.7
Allowable Span/Depth Ratio compared to the Actual Span/Depth Ratio:
Step 1: Basic span/depth ratio for rectangular beams

Support Condition Rectangular Section Flanged Section b, /b < 0.3
Simply Supported 20 16

L>100m?
Candition
ky = 10/L
TRUE 1 /! kK = 10
FALSE ki = 10

Step 2: Modification of span/depth ratio due to tension reinforcement

Design Service Stress;

assume that the ratio required tension reinforcement and provided tension reinforcement is 1.0
Ay = Ay = 10

assume the normal partial load combination factors apply

Y1 = 11
Y2 = 10
¥ = 1.2
Ys = 1.6

assume na moment redistribution occurs

B = 10
3 i = 500.0 MPa
poSh A 1 :
o 8 A
— f, = 3125 MPa
Calculate the Design Ultimate Bending Moment {SABS 0100-1, clause 4.3.3.4):
assume only tension reinforcement is required, therefore KsK

assumc z = 0.55d
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therefore M =4,(087f,-0.95d) |, = 5000MPa
d = 81.7 mm
p [%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0 2.2 2.4
A [mm’] 138.9 | 2271 | 4167 | 5556 | 6945 | 8333 | 9722 | 11111 | 1250.0 | 1388.9 | 1527.8 | 1666.7
M [kNm] 4.69 7.67 14.07 1876 | 23.45 | 2814 | 32.82 3751 | 42.20 | 46.89 | 51.58 | 56.27
1st Iteration:
check assumption K M b = 850.0 mm
2 p f = A7.50 MP;
hd” f. ; “
d = 81.70 mm
p [%] 0.2 0.4 0.6 0.8 1.0 12 14 16 18 2.0 2.2 2.4
A [mm“] 138.89 | 227.09 | 416,67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12|| 1250.01| 1388.90| 1527.79 | 1666.68
K [ 00174 | 0.0284 | 0.0522 | 0.0696 | 0.0870 | 0.1044 | 0.1218 | 0.1392 | 0.1566 | 0.1740 | 0.1914 | 0.2088
M= 40877, -095d)
p[%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 18 2.0 2.2 2.4
A, [mm] 1389 | 2271 | 4167 | 5556 | 694.5 | 8333 | 972.2 | 11111 | 1250.0 | 1388.9 | 1527.8 | 1666.7
z [mm] 0580 | 0567 | 0938 | 0916 | 0.89%2 | 0866 | 0.83% | 0809 | 0776 | 0.738 | 06593 | 0634
> 095d 0.95 0.595 0.94 0.92 0.89 0.87 0.84 0.81 0.78 0.74 0.69 0.63
M [khNm] 4.69 7.67 13.89 18.08 | 22.00 | 2565 | 2893 | 3194 3446 | 36.43 | 3764 | 3756
2nd Iteration:
check assumption K M b = 850.0 mm
- 2 f. =  47.50 MPa
bd” f, <
d = BL70 mm
p [%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18 2.0 2.2 2.4
A [mm’] 138.89 | 227.09 | 416,67 | 555.56 | 694.45 | 833.34 | 972.23 |1111.12|| 1250.01| 1388.90 | 1527.79 | 1666.68
K [ 0.0174 | 0.0284 | 0.0516 | 0.0671 | 0.0816 | 0.0852 | 0.1075 | 0.1185 | 0.1279 | 0.1352 | 0.1357 | 0.13%4
M =4(0877,-095d)
p [%] 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0 22 2.4
A, [mm') 1389 | 227.1 | 416.7 | 555.6 | 694.5 | 8333 | 972.2 | 11111 | 1250.0 | 1388.9 | 1527.8 | 1666.7
z [mm] 0.980 0.967 0.939 0.919 0.899 0.880 0.861 0.844 0.829 0.816 0.808 0.808
> 095d 0.95 0.95 0.94 0.52 0.90 0.88 0.86 0.24 D.g3 0.82 0.81 0.81
M [kNm] 4.69 167 13.90 18.14 2219 26.06 29.76 3333 36.81 4a0.27 4387 47.89
3rd Iteration:
check assumption K M b = 850.0 mm
YE 7 f. =  47.50 MPa
‘ d =  BL70 mm
o [%] 0.2 0.4 0.6 0.2 1.0 12 14 16 12 2.0 22 24
A, [mm’] 138.89 | 227.09 | 416.67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12 | 1250.01 | 1388.90 | 1527.79 | 1666.68
K o[- 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0967 | 0.1104 | 0.1237 | 0.1366 | 0.1494 | 0.1628 | 0.1777
- M =4,(087f,-095d)
p [%] 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0 2.2 2.4
A, [mm’] 1389 | 227.1 | 416.7 | 555.6 | 694.5 | 8333 | 972.2 | 11111 | 1250.0 | 1388.9 | 1527.8 | 1666.7
7 [mm] 0.980 0.967 0.939 0.919 0.898 0.878 0.857 0.836 0.813 0.790 0.763 0.729
> 0.95d 0.95 0.95 0.94 0.52 0.90 0.88 0.86 0.84 D.81 0.79 0.76 0.73
M [kNm] 4.69 767 13.90 12.14 2217 2599 29.60 3299 36.14 3298 4143 43.20
Ath hteration:
check assumption M b = 850.0 mm
K b(f:f f. = 47.50 MPa
: d = 8170 mm
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p (%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A, [mm?] 138.89 | 227.09 | 416.67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12| 1250.01 | 1388.90 | 1527.79 | 1666.68
K[ 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0964 | 0.1099 | 0.1224 | 0.1341 | 0.1446 | 0.1537 | 0.1603
z=d{0.5+,/025 <0954 M = 4,(087f,-0.95d)
9
P[] 0.2 0.4 0.6 0.8 10 1.2 1.4 1.6 18 20 2.2 2.4
A, [mmz] 138.9 2271 416.7 555.6 694.5 8333 972.2 | 1111.1 | 1250.0 | 1388.9 | 1527.8 | 1666.7
z [mm] 0.980 0.967 0.939 | 0919 0.898 0.878 0.858 | 0.838 0.818 0.799 0.781 0.768
= 095d 0.95 0.95 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.80 0.78 0.77
M [kNm] 4.69 7.67 13.90 18.14 22.17 26.00 | 29.64 33.08 36.33 39.43 4243 45,50
Sth Iteration:
check assumption K M b = 8500 mm
_M’f f. = 47.50 MPa
' d =  BL70 mm
P [%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A [mm“] 138,89 | 227.09 | 416.67 | 555.56 | 694.45 | 833.34 | 972.23 | 1111.12] 1250.01 | 1388.90 | 1527.79| 1666.68
K [ 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0965 | 0.1200 | 0.1227 | 0.1348 | 0.1463 | 0.1574 | 0.1688
| ——
z=d{05+ \/0_25 -— <0954 M =4.(087f,-095d)
0.9
P [%] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
A [mm‘\] 138.9 2271 416.7 555.6 694.5 833.3 972.2 | 1111.1 | 1250.0 | 1388.9 | 1527.8 | 1666.7
z [mm] 0980 | 0967 | 0939 | 0519 | 0898 | 0878 | 0858 | 0.837 | 0817 | 0796 | 0774 | 0.750
> 0.95d 0.95 0.95 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.80 0.77 0.75
M [kNm] 4.69 7.67 13.90 18.14 2217 26.00 | 29.63 33.06 36.28 39.28 42.02 44.41
Sth leration:
check assumption I% M b =  850.0 mm
- bd"f f, = 47.50 MPa
: d = 8L70mm
p (%] 0.2 0.4 0.6 0.8 1.0 12 1.4 16 1.8 20 22 24
A, [mm’] 138.89 | 227.09 | 416.67 | 555.56 | 694.45 | 833.34 | 972.23 |1111.12| 1250.01 | 1388.90 | 1527.79 | 1666.68
K [l 0.0174 | 0.0284 | 0.0516 | 0.0673 | 0.0823 | 0.0965 | 0.1099 | 0.1227 | 0.1346 | 0.1457 | 0.1559 | 0.1648
= CoL 05
z=d{05+ [025 <0.95d M =4,(087,-095d)
09
P[] 0.2 0.4 06 0.8 1.0 12 14 16 18 20 22 24
A, Imm’] 1289 | 2271 | 4167 | 5556 | @945 | 8333 | 8722 | 11101 | 12500 | 13889 | 15278 | 166R.7
z [mm] 0920 | 0867 | 0839 | 0919 | 0898 | 0878 | 0858 | 0837 | 0817 | 0797 | 0777 | 0759
> 0.95d n.95 0.5 0.94 0.92 0.90 n.88 0.86 0.84 0.82 .80 0.78 0.76
M [kNm] 469 767 1390 18.14 2217 26.00 2963 33.06 36.29 39.13 4219 44.94
Medification Factor ky:
b = 8500 mm
477 -1 d = 81.7 mm
k. =0.55+¥‘52.0
' M fo = 3125 MPa
1200 0.9 + .
bd *
p [%)] 0.2 0.4 0.6 0.8 1.0 12 14 16 1.8 2.0 2.2 24
A, [mm’] 1389 | 2271 | 4167 | 5556 | 6945 | 833.3 | 9722 | 11101 | 12500 | 13889 | 1527.8 | 1666.7
M [kNm] a4.69 167 13.90 18.14 2217 26.00 2963 33.06 36.29 39.33 42.19 44.94
k; 1.34 1.16 0.96 0.88 0.84 0.80 0.77 0.75 0.74 0.73 0.71 0.71
= 2.0 134 116 0.96 0.88 0.84 0.80 0.77 0.75 074 0.73 0.71 0.71
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Step 4: Deflection due to creep and shrinkage

assume normal creep and shrinkage occurs and is accounted for from step 1to 3

therefore

ks

Step 5: Spanfdepth ratio for flanged beams

beam is rectangular and not flanged, step 5 is not applicable
therefore

Compare Actual and Allowable

k.

d Ratios

= 1.00

= 1.00

(%)I[‘H.',H, < (%)AU,OH'JBIE ’ kl ’ k:

APPENDIX B

ky ok ks
2000.0 mm (L dlacrum = 24.48
81.7 mm
20
p[%] 0.2 0.4 0.6 0.8 1.0 12 14 16 18 20 2.2 24
A, [mm?) 1389 | 2271 | 416.7 | 5556 | 6945 | 8333 | 972.2 | 11111 | 1250.0 | 1388.9 | 1527.8 | 1666.7
k; 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ks 1.3 1.2 10 0.9 0.8 0.8 0.8 08 0.7 0.7 07 0.7
ky 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ks 1.0 1.0 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ks 1.0 1.0 10 1.0 1.0 10 1.0 1.0 10 10 10 1.0
(L/d)aowane 26.88 | 23.18 | 19.18 | 17.69 | 16.70 | 16.00 | 1548 | 15.08 | 1476 | 14.50 | 14.29 | 1411
Serviceable ? oK NO NO NO NO NO NO NO NO NO NO NO

27



Data cbtianed from Article:

"Tensian Stiffening in Lightly Reinforced Concrete Slabs” by R Gilbert

lournal ot Structural Engineering (ASCE) June 2007

APPENDIX B

SLAB: 552

Obtain the Allowable L/d ratio according to ACI 318, Chapter 9, Clause 9.5

Slab Panel Parameters:

faterial Properties:

Wide Beam:

Provided Reinforcement:

f,= 380 MPa

f. = 47.50 MpPa

f, 4.42 MPa

E = 27.47 GPa

3 500.0 MPa

b= 850.0 mm

L= 20000 mm

d= 81.7 mm

d 20.3 mm

h = 102.0 mm
| o (%] [ o2 T os T os Joos [ 1o [ w2 [ 1a [ 16 [ a8 20 22T 247
| acime’t | 1389 | 2271 | are7 | ssss | esas | 8333 | ovea | aunn: | 12500 | 13889 | 15278 | 16667 |

A, [mm’) m

One-way Construction (Nonprestressed):

{clause

95.2)

L/h Ratios for Nonprestresses Beams ot One-way Slabs

Simply-Supoorted I

One End Continuous |

Both Ends Continuous

Cantilever

Members not supporting or attached to partitions or other construction likely to be damaged by

Member

large deflections.
Solid one-way slabs 20 24 28 10
Beams or ribbed one-way slabs 16 18.5 21 8

Two-way Construction (Nonprestressed):

[clause 9.5.3)

L, /h Ratios for Nonprestressed Slabs without Interior Beam

Without Drop Panels

With Drop Panels

Yield Stength

Exterior Panels

Exterior Panels

Interior Panels

Interior Panels

f, [MPa] Without Edge Beams ‘With Edge Beams Without Edge Beams With Edpe Beams
300.0 33 36 36 36 40 40
120.0 30 33 33 33 6 36
520.0 28 31 31 31 34 34
For slabs without interior beams spanning between the supports and having ratio of long to short span not greater than 2, the minimum
thickness shall be in accordance with the provision as stated above for two-way construction.
Consider the Lfh ratio for One-way Construction I
Compare Actual and Allowable Lfd Ratios
(7 74
hlservar = VW ariowasie
L = 20000 mm (L) agnm = 19.61
h = 120 mm
(LMhsess = 0
p (%] 0.2 0.4 0.6 0.8 1.0 1.2 14 16 1.8 2.0 12 24
A, [mm’] 1389 | 2271 | 4167 | 5556 | 6945 | 8333 | ov22 | 11111 | 12500 | 13889 | 1527.8 | 1686.7
(/) awowse 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Serviceable ? 0% QK o] 4 oK 0% 0K QK QK QK QK OK OK
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Predicted Results from Design Codes

- 'SABS 0100 EC2 B5 8110 i ACI 318 Aliowable | Allowable % diff
d Actual Allowable Actual Allowalble Actual Allowalble Actual Allowable MAx MIN
0.20 24.48 20.44 24.48 39.50 24,48 2688 19.61 20,00 39.50 20.44 48.25%
0.40 24.48 17.73 24.48 28.43 24,48 2318 19.61 20.00 2843 17.73 37.65%
0.60 24.48 14.830 2448 2050 24.48 19.18 19.61 20,00 20.50 14.80 27.81%
0.80 24.48 13.71 24.48 18,13 24,48 17.69 19.61 20.00 18.13 13.71 24.38%
100 24.48 12.98 24.48 16.70 24.48 16.70 19.61 20,00 16.70 12.98 22.28%
1.20 24.48 1247 24.48 15.75 24.48 16,00 15.61 20,00 16.00 1247 22.09%
1.40 24.48 12.08 24.48 15.07 24.48 15.48 19.61 20.00 15.48 12.08 21.93%
1.60 24.498 11.79 24.48 14.56 24.48 15.08 19.51 20.00 15.08 11.79 21.81%
1.30 24.48 1155 24.48 14.17 24.48 14.76 19.51 20.00 14.76 11.55 21.70%
2.00 24.48 11.37 24.48 13.85 24.48 14,50 19.61 20,00 14.50 11.37 21.61%
2.20 24.48 1121 24.45 13.59 24.48 14.29 19.61 20,00 14.29 11.21 21.54%
2.40 24.48 11.08 24.48 13.38 24.48 14.11 19.61 20.00 14.11 11.08 21.47%
Allowable Maximum: Maximum value taken from SABS 0100, EC2 and B5 8110, The values of the ACI 318 not
included because the ACI 318 considered a L/h ratio and not a L/d ratio.
Allowable Maximum: Minimum value taken from SABS 0100, EC2 and B5 8110, The values of the ACI 318 not
included because the ACI 318 considered a L/h ratio and net a L/d ratie.
56 diff: Yeddiff’ = (AllowableMAX = AllowableMIN )] AllowableMAX
Allowable L/d Ratio for various Design Standards
45.00
40.00 \
35.00 —SARS 0100
T 30,00 —EC2
§ o = S BS 8110
] J—
= 20.00 qu
g -~ —— ACI 318
= 15.00 — —_— Y
10.00 —— Allowable
5.00
0.00
0.00 0.50 1.00 1.50 2.00 2.50 3.00
% Tensio Reinforcement [%]
Allowable L/d Ratio for various Design Standards
45.00
40.00
35.00
= 30.00 I 5ABS 0100
§ 25.00 m—C2
= 20,90 W BS 8110
= 15.00
10.00  AC| 318
5.00 — Actual
0.00 —— Actual_ACI
020 0.40 o.ou 0.80 1.00 1.20 1.20 1.60 1.80 200 2.20 2.40
% Tension Reinforcement [%]
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APPENDIX C

Calculations to obtain short-term deflection using the SABS 0100-1 (2000) for the one-way slab

specimens as presented by Gilbert (2007) are presented in this appendix.
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APPENDIX C

Initial Defleciton according to SABS 0100-1, Annexure A, Clause A.2.4

Slab Number = S1 (select slab number from drop-down menue)

h = 110.0 mm M, = 5.93 kNm

L = 3500.0 mm

d = 92.0 mm Applied Moment

d' = 18.0 mm

b = 850.0 mm M, = 1.10 M,,
= 6.52 kNm

A, = 141.0 mm?

f, = 46.6 MPa (select M, using drop-down menue)

E, = 26.8 GPa

E, = 200.0 GPa

w

* Determine K for Bending Moment Diagram
K= 01040

* Modulus of Rupture: (for unrestrained slabs)

£, =0.65f

f= 444 MPa

Critical Positive Moment Section:

Cracking Moment:
rl I, 9.43+07 mm’
M, == v, 55.0 mm
Vi M, = 7.6 kNm

Moment of Inertia of Cracked Section:
(change x, ; until x_, ; =%, 3)

2
lx, ,b+Ada, Xy | = 13.9 mm
xrr 1 =
‘xrr 2b+ Asae
- P b = 850.0 mm
where o, =— A = 141.0 mm’
E, d = 92.0 mm
E, = 200.0 GPa
E. = 26.8 GPa
o, = 7.5
Xep 3 = 13.9 mm
3 2 4
I, =ibx"+A4(d-x,)a, l, = 7.2E+06 mm
v Y v Y M, = 6.52 kNm
I=|== |1 +|1-| == | I L :
M g o l, = 1.5E+08 mm
lo > I Section is Uncracked
then l.=  1.5E+08 mm’
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* Initial Deflection: A,

L2
E.I

[ 4

0.104
6.52 kNm
3500.0 mm
26.8 GPa
9.4E+07 mm”

3.29 mm

APPENDIX C

Results for all 9 Slabs

SLAB M, Ao Bspgs Bspps/Berp
S1 1.1M,, 8.31 3.29 0.40
1.2M,, 13.2 3.59 0.27
1.3M,, 17.5 4.03 0.23
S2 1.1M,, 6.37 3.32 0.52
1.2M,, 8.23 3.62 0.44
1.3M,, 10.8 4.18 0.39
s3 1.1M,, 478 3.37 0.71
1.2M, 6.09 3.67 0.60
1.3M,, 9.03 4.36 0.48
58 1.1M, 6.45 3.57 0.55
1.2M,, 8.48 3.90 0.46
1.3M, 11.04 497 0.45
552 1.1M,, 3.45 1.98 057
1.2M,, 513 2.69 0.52
1.3M,, 6.71 3.52 0.52
$S3 1.1M,, 216 1.93 0.89
1.2M,, 3.49 2.58 0.74
1.3M, 45 3.32 0.74
554 11M, 2.9 1.91 0.66
1.2M,, 3.83 2.56 0.67
1.3M,, 478 3.32 0.69
21 1.1M,, 3.86 1.23 0.32
1.2M,, 6.18 1.34 0.22
1.3M, 9.49 1.70 0.18
72 1.1M,, 2.2 1.24 0.56
1.2M,, 3.21 1.35 0.42
1.3M, 455 175 0.38
Z3 1.1M,, 3.04 1.25 0.41
1.2M, 4.03 1.37 0.34
1.3M, 5.09 1.81 0.36
74 1.1M,, 2.38 1.28 0.54
1.2M, 3.45 1.44 0.42
1.3M,, 4.15 1.88 0.45
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Data reproduced form article:
Tension Stiffening in Lightly Reinforced Concrete Slabs by Rl Gilbert
Journal of Strucutral Engineering (ASCE), June 2007

Data presented as shown in the article

ACl 318 1.1M,, 1.2M,, 1.3M,,

Slab M., P Doy By Dpei/ Dol Doy Dpci Dpe/ Bop|  Bewp B Baci/By
sl 593 0.18% 831 3.82 0.46 13.2 5.22 0.40 17.5 6.89 0.39
z1 5.2 0.20% 3.86 161 0.42 6.18 2.18 0.35 9.49 294 0.31
s2 5.99 0.29% 6.37 3.79 0.59 8.23 5.11 0.62 10.8 6.66 0.62
552 6.7 0.33% 3.45 1.59 0.46 5.13 2.15 0.42 6.71 2.82 0.42
z2 5.25 0.33% 2.20 1.59 0.72 3.21 2.05 0.64 4.55 2.84 0.62
s8 7.38 0.45% 6.45 4.00 0.62 8.48 5.28 0.62 11.04 6.84 0.62
s3 6.07 0.46% 4,78 3.74 0.78 6.09 4.94 0.81 9.03 6.34 0.70
ssd 7.3 0.48% 2.90 1.50 0.52 3.83 2.01 0.52 4.78 2.61 0.55
ss3 7.4 0.49% 2.16 1.49 0.69 3.49 1.98 0.57 4.5 2.65 0.59
z3 5.32 0.52% 3.04 1.59 0.52 4.03 2.1 0.52 5.09 2.72 0.53
74 6.05 0.84% 2.38 1.59 0.67 3.45 2.07 0.60 4.15 2.63 0.63

MEAN 0.59 0.55 0.54

Data presented as shown in the article

Eurocode 2 1.1M,, 1.2M, 1.3M,

Slab M., P Doy Deey 1'-\L(:zj"'l"—\oxp Doy Deeo ﬂt(:z/*'—\nxp Doy Deer ‘3L(r2fﬂoxp
sl 5.93 0.18% 8.31 9.21 111 13.2 15.1 1.14 17.5 20.5 1.17
z1 5.2 0.20% 3.86 3.70 0.96 6.18 6.21 1.00 9.49 8.66 0.91
52 5.99 0.29% 6.37 7.08 111 8.23 11 1.34 10.8 14.70 1.36
ss2 6.7 0.33% 3.45 3.00 0.87 5.13 4.71 0.92 6.71 6.31 0.94
z2 5.25 0.33% 2.20 2.98 1.35 3.21 4.47 1.39 4.55 6.16 1.35
s8 7.38 0.45% 6.45 6.30 0.98 8.48 10.1 1.19 11.04 13.20 1.20
s3 6.07 0.46% 4.78 5.72 1.20 6.09 8.42 1.38 9.03 11.00 1.22
ssd 7.3 0.48% 2.90 2.44 0.84 3.83 3.7 0.97 4.78 4.87 1.02
ss3 7.4 0.49% 2.16 2.30 1.06 3.49 3.43 0.98 4.5 4.49 1.00
z3 5.32 0.52% 3.04 2.43 0.80 4.03 3.55 0.88 5.09 4.65 0.91
z4 6.05 0.84% 2.38 2.15 0.90 3.45 3.13 0.91 4.15 3.85 0.93

MEAN 1.02 1.10 1.09

Data presented as shown in the article

BS 8110 1.1M,, 1.2M., 1.3M,,
Slab M cr P lls(':(p 6% au.‘jﬂoxp ﬂnxp "I—\'BS lﬁL!F.r‘f"ﬁ(')cp '&Mp ﬂu.‘: ﬂusfﬁoxp
sl 5.93 0.18% 8.31 20.30 2.44 13.2 23.7 1.80 17.5 26.9 0.54
zl 5.2 0.20% 3.86 7.08 1.83 6.18 8.21 1.33 9.49 9.35 0.01
s2 5.99 0.29% 6.37 14.50 2.28 8.23 16.7 2.03 10.8 19.00 0.76
ss2 6.7 0.33% 3.45 7.21 2.09 5.13 8.72 1.70 6.71 9.16 0.37
72 5.25 0.33% 2.20 5.04 2.29 3.21 5.82 1.81 4.55 6.62 0.45
s8 7.38 0.45% 6.45 14.10 219 8.48 16 1.89 11.04 17.90 0.62
s3 6.07 0.46% 4.78 10.90 2.28 6.09 12.4 2.04 9.03 14.00 0.55
ssd 7.3 0.48% 2.90 5.42 1.87 3.83 6.16 161 4.78 6.89 0.44
553 7.4 0.49% 2.16 5.09 2.36 3.49 5.76 1.65 4.5 6.44 0.43
73 5.32 0.52% 3.04 3.78 1.24 4.03 4.34 1.08 5.09 491 0.04
z4 6.05 0.84% 2.38 3.39 1.42 3.45 3.84 1.11 4.15 4.29 0.03
MEAN 2.03 1.64 0.39
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APPENDIX D

The calculations are similar to the calculations of Appendix A, to obtain the values as shown in this
appendix. The reinforced concrete beam dimensions are kept constant while the percentage tension

reinforcement is varied. Refer to the data disks for more calculation detail.
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Predicted Results from Design Codes |
SABS 0100-1 EC2 BS 8110 ACI 318 Uncracked Section | Uncracked Section Cracked Section
p %] 0.18 0.18 0.18 0.18 1, (SABS) Iy [EC2) I [EC2)
M./, My, Ig n Is 1 lo i, le ifr Iy n b i Iy ifn
I I ') 1o [’} 110 ram®] [mi') [10° ] | mm'] | [mm'] 11 | [mm] 1 me'Y)
000 [ 0o 71 nge AT 020 o7 [T TAET a0 716407 200 1.06+06 [
5.00 .20 PRI 065 FRTIN 0.53 PRI 056 1E+07 057 F1E407 [ 71807 usl A.0z-08 .40
250 2.0 1EH0F 1.33 TAEH0F 106 7.1E4D7 111 716407 114 L1EH0F 133 71407 1.03 A.0£-06 18.81
167 0,60 1EH0F 199 TAEH0F 160 A.0E+06 5.73 716407 100 L1EH0F 153 71407 1.50 821
125 0.0 716407 2.65 716407 213 4,00406 15.58 710407 2.7 710407 265 710407 2.05 3761
1.00 1.00 716407 332 71E+07 266 4.0E406 25.36 7.1E+07 2.84 716407 332 71E+07 2.56 4701
083 L2 436407 LIE+07 19.46 406406 35.18 436407 5.56 TLE+07 358 7.1E+07 .08 AOE+06 56.42
o7 1.40 2BE4OT 786406 3404 2.00406 2199 280407 2.93 710407 264 716407 ase 4.00406 65.82
053 150 206407 184 SAEH0B 47.50 A.05406 54.81 208407 15.82 716407 5.30 7.1E407 a0 ADE+06 75.22
0.56 1.80 L5E+07 27.28 S.TE406 59.98 A.05406 84.63 156407 2338 716407 5.97 7.1E407 a1 ADE+06 84.62
050 2.00 126407 3791 5.3E+06 7185 2.05406 74.44 126407 3248 7.16407 663 716407 5.3 A4.0E+06 94.03
045 2.20 LOE+Q7 s0.09 5.0E+06 8327 2.05406 84.25 108507 4292 716407 7.9 716407 S50 A4.0E+06 103.43
0.42 2.40 80E05 6352 436006 9435 4.05006 .07 2.09E406 54.43 716407 796 71E:07 615 A.0E406 112283
03 2.60 T REH05 7786 4.7E40R 105.17 2.08406 103.89 785406 6672 78407 ak2 TAEDT 6 BB 40406 12271
036 2.0 TAEH0B 9282 4.6EH0R 11540 2.08406 11371 7AE406 7954 78407 LE13 TAEDT 718 40406 13164
033 3.00 656405 10813 45E06 126.25 4.06006 12352 656406 9266 716407 995 TAEs07 760 A.0E406 141.04
LED 320 6AFH05 12350 4.5F+0R 136,58 2,040 13334 | BIFeDR 105,87 78407 10,61 TAEs07 am A,0F+06 150.44
029 3,40 S.TEH05 139.08 14F+05 145,30 2,040 143,15 5. 7F+06 119.19 78407 127 TAEs07 an A,0F+06 159.84
028 1,50 S SEH0E 15447 446405 156,93 2.08406 15297 5 SE406 122,37 716407 11.04 7IE407 a2 4,0E406 169.25
Degree of Cracking versus Curvature (p=0.18%)
35
10 / !
Uncracked Ig
25
_ w—Incracked lu
';; 20 ﬁ ——ACl 318
15 — j : —FCz
1.0 __-_—______________.———-—" ——B58110
e et | ——5A55 0100-1
| Cracked ler
0.0
0.00 5.00 10.00 15.00 20.00 25.00 30.00
Curvature 10° [mm?)]
Predicted Results from Design Codes
SABS 0100-1 EC2 BS 8110 ACI 318 Uncracked Section | Uncracked Section Cracked Section
p (%] 0.49 0.49 0.49 0.49 1, (SABS) 1, [EC2) I (EC2)
M./, My, Ig n Is 1 lo i, le ifr Iy n b i Iy ifn
I I} ') (0 mm”) [nee) (10 mm”) [mni'] 10" ] [’ 120" me] mar'] (0’ e | [mm'] 110" | [mm’] 11" |
000 [ 705407 0o 726407 nge 72E40T 020 715407 [T TAET a0 726007 200 .5E+06 [
5.00 .20 PRI 065 136407 0.51 F2E07 05s 71807 057 F1E407 [ 7.3E8007 ] 9.62-08 .04
250 2.0 1EH0F 1.33 726407 107 726407 110 716407 114 L1EH0F 133 7.2E407 101 S.6£-06 808
167 0,60 1EH0F 59 726407 161 SEERDD 258 716407 100 L1EH0F 153 7.2E407 151 S.6£-06 1213
125 0,30 716407 2.65 7.26407 215 2.60400 771 710407 2.27 710407 265 720407 202 9.62-06 1617
1.00 .00 332 7.2E+07 268 9.6E+0G 11.85 7.1E+07 2.84 716407 332 7.26407 252 S.6E-06 w021
083 .20 456407 6.26 24E+07 .65 SGE+0E 15.98 456407 5.36 TLE+07 358 726407 3.03 S.6E-06 24.25
[ 1.40 326407 10.30 LE+07 1577 96406 20.11 320407 8.83 7.10407 264 720407 a5 9.60406 28.30
053 150 256407 15.31 LSE+07 2138 96406 .25 256407 13.12 716407 5.30 726407 a0 9.6E406 3234
0.56 1.80 206407 21.03 L3E+07 2564 96406 28.38 208407 18.03 716407 5.97 726407 454 9.6E406 36.38
050 2.00 LIE+0T 72 L2E+07 3166 965406 32.52 176507 23.33 716407 663 726407 505 .6E406 a0.42
045 2.20 LSE+Q7 3356 L2E+07 3550 965406 36.65 156407 885 716407 7.9 726407 555 .6E406 447
042 2.40 L4E407 418 L1E+07 4120 965406 1079 14€407 3444 716407 795 726407 606 9.EE406 4851
03 2.60 136407 2558 LAEO7 asg1 EEHDE aza2 135407 an00 78407 ak2 73407 65 9.6E406 5258
036 2.0 126407 s300 LAEO7 5033 EEHDE 2008 128407 4550 78407 LE13 73407 706 9.6E406 36,50
033 3.00 126407 5938 L1Ew07 54.73 96106 53.19 126407 50,80 716407 995 72607 757 9.6E406 80,63
LED 320 1407 65.55 1.0F+07 59.20 9EEHDE 57.32 118407 56,17 78407 10,61 77F+07 an7 9.6F406 54,68
029 340 11407 7158 1.0E+07 6356 965406 51.45 116407 6134 718407 11.27 726407 258 9,6E406 88,72
028 150 116407 7750 106407 £7.80 965406 55.50 118407 € 41 716407 11.94 72407 a08 9,6E406 72.76
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Degree of Cracking versus Curvature (p = 0.49%)

35

30
m—Uncracked Ig

25
Uncracked lu

2 ;..——# ——ACl318
E: " #/

1 —
2 _,..—-"'-"'"--—-_ ="

10 __....--'-"""-.— —— 858110

L
s /_‘__,...—- ——SABS 0100

~—Cracked lcr

0.0

0.00 .00 10.00 15.00 20,00 25.00 30.00

Curvature 10° [mm™]

Predicted Results from Design Codes |

p[%] 0.84 ; (SABS) ., (EC2)
M./, ML, lg U ly 1 le le Ln [N in le
Il Il [mri'] 120 mm ] [rneri'] (10" mm*] [neni'] ] 110 mm | [rmam'] 110° wm?|

000 00 TAL4OT 000 730407 000 730407 TALHOT 000 T3E07 2.00

5.00 0.20 716407 or 736407 0.5 7.30407 7.10407 0.66 730407 050

250 .40 7.1E407 13 736407 11 7.38007 716407 133 7.38407 10 5.27
167 050 7.1E407 20 736407 16 158407 28 716407 17 716407 159 7.38407 150 7.91
125 .30 716407 27 7.36+07 22 156407 5.4 716407 23 716407 265 736407 200 1054
100 1.00 7.1E007 33 736407 27 1.5E407 81 71E407 28 7.1E107 332 73E107 250 1318
083 120 4.7E0T 5.0 34E07 7.1 158407 10.7 A7E407 51 716407 3.8 7.38407 3100 1582
o7 1,40 356407 33 25E407 110 1.58407 133 158407 =0 716407 264 736407 150 1845
063 1.60 29E407 131 22E407 145 156407 16.0 298407 112 T.1E407 530 T3E+07 4.00 1.52-07 21.08
056 180 256407 17.2 206007 17.9 158007 186 256407 47 716407 567 73607 450 1.52.07 172
050 2,00 226407 n3 1.9E+07 21 1.56407 n2 228407 183 T.1E+07 663 T3E+D7 5.00 1.55-07 2636
04s 2.20 2DEs07 55 1.8E407 4.2 158407 38 20807 28 71807 7.3 736407 550 1.58-07 29.00
42 2.40 19407 295 1L7E+07 13 156407 265 1.9€+07 253 T.1E407 756 T3E+D7 6.00 1.5€407 3163
038 2,60 1BEQS 335 L7E+07 302 LSE+OF 9.1 1.8E+07 - F1Es07 862 F3E+D7 B.50 1.58=07 .27
036 280 1RE+0T i74 1.7E+07 32 158407 3E 1.8F+07 0 T1F«07 9.8 T3F+07 7.00 1.55-07 3690
033 3.00 LIEsO7 411 L7Es07 3.0 LoE4D7 344 L.7E407 352 1.1e407 995 13DV .50 L5207 3954
031 3.20 LIE407 448 LGE+OT 8.9 156407 ErL) 1.7€+07 36.4 716407 10,61 7.3E407 2.00 1.56-07 4218
029 3.0 LBE+OS A8A LbE+07 ALz 1.5e+07 39.7 1.BE+07 LS F1Es07 1nz¢ 1.3E+D7 .50 1.5E=-07 44,81
0.8 3.60 LBE+QS 320 LbE+07 ats 1.5e+07 423 1.6E+07 M6 F1E07 1194 1.3E+D7 9.00 1.5E-07 A As

Degree of Cracking versus Curvature (p =0.84%)

35 /
30
= Uncracked Ig
= / Uncracked
——Uncracke:
= 2.0 —— _,.-"/
g P = ——AC] 318
> P
= - / Ec2
10 4"'/_--*‘ ——B5 8110
o ——5ABS 0100
5 -
Cracked lcr
0.0
0.00 5.00 10,00 15.00 20.00 25.00 30.00

Curvature 10% [mm]
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APPENDIX E
The calculations to obtain the values of the moment of inertia are similar to those of Appendix A.

The calculations done to identify the Critical M,/M. Range, for beam with a percentage tension

reinforcement of 0.18%, is presented in this appendix. The calculations for different sections are

presented on the data disks.

37



APPENDIX E

Predicted Results from Design Codes

SABS5 0100 EC2 BS 2110 ACI 318 I, (SABS) I, (E€2)
P [%] 0.18 0.18 0.18 0.18
MM, MM, e 1, I, I, Iy I,
Il I [mm’] [mie'] [mm’] [mm®] [rm’] [mem’]
10,00 0.10 TIED? TLEWG7 716007 TAEWOT TAEDT 715007
5.00 0.20 TAEHD7 TAEH07 7.AE+07 7AE+07 7.1E+07 7407
333 Q.30 T.1E+D7 TLE+Q7 7.1E+07 7.1E+07 TAE+D7 712407
2.50 c.ac T1E+D7 11E+Q7 2.1E+07 7.AE+07 T.1E+D? 712407
2.00 0.50 TALHD? 710407 4.00+06 7.A0+07 71007 7.AC+07
167 0.60 TAF+D7 TAF+OT7 4.0F+06 TAE+07 TAE+O7 TAEOT
La3 ./ P+ 21E+0} 4.0e+06 7AE+07 L1k+07 21407
125 0.8 TIAE+D7 F1EH07 4.0E+06 7.1E+07 TAE+DT 7407
111 0.50 TAE+D? T1EA07 4.0E+06 7.AE+07 T.1E£07 712407
100 1.00 T1E+D7 T1E+QT 4.0E+06 7.AE+07 TAE+DT 712407
091 11c S.AE+0} LEEHU) A4.0e+06 5AE+07 L1e+07 11407
0.83 1.20 430407 120407 4,00+06 43007 7.10+07 710407
0.77 1.3C 34E+07 9.1E+06 4.0E+06 3AE+07 TAE+D7 7AE+07
071 l.ac 2.8E+07 7.BE+06 4.0E+06 1.BE+07 T.1E+D7
0.67 1.50 2AE4D7 T.0E+06 A.0E4+06 2AE+07 TAE+DT
0.63 1.60 200407 540406 4.00+06 2.00+07 7.10+07
0.59 1.70 1AF+D7 5.0F+16 A.0F+06 1.8F=07 TAF07
0.55 1.80 L5E+07 3.7E+06 4,06+06 1.5E+07 TAES0T
0.53 1.90 L4607 5.5E108 40106 14E:07 TAEDT
0.50 2.00 120+07 330406 4.00+06 1.20+07 7.1E+07
048 210 1L 1E+07 3 1E+06 406406 11607 7 AE+07
0.3 2.0 LOEHD? 3.0EH0E 1.0E406 10E+07 11407
0.43 2.30 956106 496106 4.08006 056105 TAEQ7 715007
0.42 2.40 8.9E+0E 4.8E+06 4.0E+06 B.9E+05 T.1E+07 715407
0.40 2.50 8.3E+06 4.8E+06 4.0E+06 B.3E+05 TAE+07 715407
038 2.60 T.8E+DE 4.7E+06 4.0E+06 T.BE+05 T.1E+07 715407
0.37 2.70 TALHDG 460406 4.00+06 7AL+05 71007 7.AC+07
036 280 T1E+DE 4 6E+06 4.0F+06 TAE+05 TAE+O7 TAE+OT
0.34 2.90 6.8E+0D6 4.6E+06 4.0E+D6 6.8E+06 7.1E+07 T.AE+07
033 3.00 6.5E+06 4.5E+06 4.0E+06 6.5E+06 7.1E407 T.1E+07
0.32 310 B.3E+DG 4.56+06 4.0E+D6 6.3E+06 TIAE+O7 TE+DT
0.31 3.0 B, 1E+D6 4.56+06 4.0E+D6 6, 1E+06 T1E+07 TIE+DT
020 330 5.9E+06 4.4E+06 4.0E+D6 S.9E+06 7.1e+07 T.1E+07
029 340 5.7E+D6 4.4E+06 4.0E+D6 S.7E+06 71407 T.AE+07
0.29 3.50 5.6E+D6 A.4E+06 4.0E+DE S.6E+D6 T.1E+07 T.AE+D7
028 360 5.5E+06 4.4E+06 4.0E+D6 5.5E+06 TAEHOT T.E+D7
027 3.70 5.4E+D6 4.3E+06 4.0E+06 5.4E+06 7.1E+07 T.AED7
0.26 380 5.3E+06 4.3E+06 4.0E+D6 S.3E+06 T.1E+07 T.AE+07
0.26 3.90 5.2E+06 4.3E+06 &.0E+D6 S.2E+06 7.1E+07 T.1E+07
0.25 4.00 5.1E+06 4.3E+06 4.0E406 5.1E+06 T.1E+Q7 T.1E+07
0.24 4.10 5.0E+06 4.3E+06 4.0E+D6 5.0E+06 TAE+D7 T.1E+07

% Difference with reference to the Gross Moment of Inertia of the Beam Section

Ydiff = (1, -1

i,

The %diff of every effective moment of inertia respective to the gross moment of inertia of the section

under inspection. % diff is expressed in a percentage form.

The covariance is calculated in columns covy, and covg,
The covariance returns the average of the products of the deviations for each data point pair. This is done to determine the

relationship between the two data sets.

The first data set consists of the %diff percentages relative to the Gross Moment of Inertia. The second data set

consists of the %diff percentages relative to the Uncracked Moment of Inertia.

covy: refers to the covariance where the %diff percentages from all the Design Standards are considered.

cov,: refers to the covariance where the %diff percentages from only the SABS0100 and EC2 are considered.

It was chosen ta include cov, because the equations from BS 8110 averestimates the effect of cracking and produces

unclear results.
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SABS 0100 EC2 B5 8110 ACI 318 . SABS 0100 EC2 BS 8110 ACI 318
M,/M,, e Iy N R N sodiff il il sediff
. . i i - cov, covs
Il [mm’] [mm’) '] [mieri’] [mm’] 1% %1 %] 1%]
0.10 7.080+07 7.140+07 7.150+07 7.080+07 7.080+07 0.00% 0.79% 0.93% 0.00% 0.00% 0.00%
0.20 7.086+07 7.146+07 7.156+07 7.08E+07 7.08€+07 0.00% 0.79% 0.93% 0.00% 0.00% 0.00%
0.30 7.08E107 7.14E107 7ASEWO7 7.0BE+O7 7.0BE107 0.00% -0.79% -0.93% 0.00% 0.00% 0.00%
0.40 7.08E407 7.14£+07 7.15E+07 7.08E407 7.08E407 0.00% -0.79% 0.93% 0.00% 0.00% 0.00%
0.50 7.08€+07 7.146+07 4.04E+06 7.08E+07 7.086407 0.00% 0.79% 59.29% 0.00% 15.63% 0.00%
0.60 7.08€+07 7.14E+07 4.04E+06 7086407 7086407 0.00% 0.79% 94.29% 0.00% 15.63% 0.00%
0.70 7.086+07 7.14€+07 4.04E+06 7.08E+07 7,086407 0.00% 0.79% 54.20% 0.00% 15.63% 0.00%
0.80 7.08€407 7.14€+07 4.04E+06 7.08E+07 7.08E407 0.00% 0.79% 94.29% 0.00% 15.63% 0.00%
0.90 7.08+07 714F+07 4.04F+06 7.08F+07 7.088+07 0.00% 0.79% 54 29% 0.00% 15.63% 0.00%
1.00 7.08E+07 7.14E+07 4.04£406 7.08E407 7086407 0.00% 0.79% 94.29% 0.00% 16.63% 0.00%
110 5.426407 1.83E+07 4.04E406 5426407 7.086+07 23.45% 75.11% 94.29% 23.45% 9.66% 6.36%
1.20 4.276+07 1.176+07 4.04E+06 4.27E+07 7.086+07 39.73% 83.46% 54.29% 39.73% 6.14% e74%
130 3.44E407 9.156+06 4.04E+06 3.£4E+07 7.08E+07 51.37% 87.00% 94.29% 51.37% 3.90% 3.16%
1.40 2.84E+07 7.79E+06 4.04E+06 2.84E+07 7.08E+07 59.93% 89.00% 54.29% 59.93% 2.53% 2.10%
1.50 2.38E+07 6.96E+06 4.04E406 2386407 7.086+07 66.36% 90.17% 54.29% 665.36% 1.66% 1.41%
1.60 2.03E+07 G.40E+0C 4.04E+0C 2.030+07 F.08E+07 71.27% 90.90% 94.29% TL2TH 1.15% 0.90%
170 1.766+07 6.00E+06 4.04E+06 1.76E+07 7.08E+07 75.10% 91.53% 94.29% 75.10% 0.80% 0.67%
1.80 1.55€+07 5.706+06 4.04E+06 1.55€:07 7.086+07 78.13% 51.95% 54.20% 78.13% 0.56% 0.47%
190 1.38€+07 5.476+06 4.04E+06 1.38E+07 7.08E+07 80.55% 92.28% 94.29% 80.55% 0.41% 0.34%
2.00 1.24€+07 5.29E+06 4.04E+06 1.24E407 7.08€+07 82.51% 92.53% 54.20% 82.51% 0.30% 0.25%
210 1136407 5.14€+06 4.04E+06 1136407 708407 84.11% 92.74% 94.29% 84.11% 0.22% 0.18%
220 1.03€+07 5026406 4.04E+06 1.03£+07 7086407 85.44% 52.81% 5.29% 85.44% 0.17% 0.14%
230 9.53E+06 4.926+06 4.04E+06 9.53E+06 7.08E407 86.54% 93.06% 94.29% 85.54% 0.13% 0.11%
2.40 8 876406 4.83F+06 4.04F+06 RETEH06 7086407 87.47% 93.18% 51.29% 87.47% 0.10% 0.08%
2.50 B8.32E+06 4.76E+06 4.04E+0€ 8.32E+06 F.OBE+OT BE.26% 93.28% 94.29% B3.26% 0.08% 0.06%
260 7.84E406 4.70E+06 4.04E406 7.84E+06 7.088407 88.93% 93.37% 94.29% 83.93% 0.06% 0.05%
270 7.43€+06 4.64+06 4.04E+06 7.43E+06 7.086+07 89.50% 93.45% 94.29% 89.50% 0.05% 0.04%
2.80 7.08£406 4.59E+06 4.04E406 7.08E+06 7.08E407 90.00% 93.51% 94.29% 90.00% 0.04% 0.03%
290 6.78E+0D6 4.55E+0E 4.04E+0€ 6.7BE+0€ 7.0BE+D7 90.43% 93.57% 94.29% 0.43% 0.053% 0.02%
3.00 6.526+06 4516406 4.04E406 6.52E+06 7.086+07 90.80% 93.63% 94.29% 90.80% 0.03% 0.02%
3.10 5.28406 4486406 4.04E406 6.285406 T.08E+07 91.13% 93.67% 94.29% 91.13% 0.02% 0.02%
3.20 b.0BZ+06 4.45E+06 4.04E+06 6.08E+06 7.08E+07 91.42% 93.72% 94.29% 91.42% 0.02% 0.01%
3.30 5.90:406 4.42E+06 4.04E+06 5.906+06 7.08E+07 9167% 93.75% 94.29% 91.67% 0.01% 0.01%
3.40 5745406 4.40E+06 4.04E406 5.74E406 7.08E+07 91.90% 93.79% 94.29% 91.90% 0.01% 0.01%
3.50 5602406 4.38E+06 4.04E406 5.606406 7.08E+07 92.10% 93.82% 94.29% 92.10% 0.01% 0.01%
3.60 5.472406 4.36E+06 4.04E406 5.476+06 7.08E+07 92.27% 93.85% 94.29% 92.27% 0.01% 0.01%
3.70 5.362406 4.34E+06 4.04E406 5366406 7.08E+07 92.43% 93.87% 94.29% 92.43% 0.01% 0.01%
3.80 5.265+06 4.32E+06 4.04E406 5.266406 7.08E+07 92.58% 93.90% 94.29% 92.58% 0.01% 0.00%
3.90 5.172+06 4.31E+06 4.04E+06 5.176+06 7.08E+07 92.70% 93.92% 94.29% 92.70% 0.01% 0.00%
£00 5.095406 4.29E+06 4.04E+06 5.09€+06 7.08E+07 92.82% 93.94% 94.29% 92.82% 0.00% 0.00%
£10 5015406 4.28E406 4.04E406 5.01E406 7.08E407 92.93% 93.96% 94.29% 92.93% 0.00% 0.00%
1663%  6.36%
%diff versus M_/M_, with reference to I
100.0% T
80.0%
= 60.0% —
% £0.0% l l ——SABS 0100
§ 20.0% e
| , ——BS8110
0.0% | ——ACI318
-20.0%
000 0.5 1.00 150 200 250 300 3. 400 450
M,/ [-]
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% Difference with reference to the Uncracked Moment of Inertia of the Beam Section

SABS 0100 EC2 B5 8110 ACI 318 i SABS 0100 EC2 BS 8110 ACI 318
MM, L [N Iy le " Toditt Hditt editt Sditt

) covy, €OV

I fmm’| [mm’] [mim'] mm’| [mm) 1) [%) [%] 1%]
010 7.08E-07 7.14E407 7156107 T.08E:07 7146007 0.79% 0.00% 0.14% 0.79% 0.00% 0.00%
0.20 7.0BE-07 7.14E+07 7.15E+07 T.DRE+DT T.14E+07 0.79% 0.00% -0.14% 0.79% 0.00% 0.00%
030 FOge=07 1. 14E407 2.15E407 F.OBE+OF F.14E+07 0.79% 0.00% -0.1a% 0.79% 0.0t 0.00%
040 7.0BE-O7 7.14E+07 7.15E+07 T.0BE+D7 T.14E+07 0.79% 0.00% -0.14% 0.79% 0.00% 0.00%
0,50 7.08e-07 7.14E+07 4.04E+05 T.08E+07 7.14E+07 0.79% 0.00% 94.34% 0.79% 16.63% 0.00%
.60 7.0RE-07 7146407 404E+05 7.08E+07 7.14E+07 0.79% 0.00% 94.34% 0.79% 16.63% 0.00%
070 7.08BE-O7 7.14E+07 A.04E+05 T.0BE+D7 T.14E+07 0.79% 0.00% 94.34% 0.79% 16.63% 0.00%
.80 7.08E-07 7146407 4.04E+05 7.08E+07 7.14E+07 0.79% 0.00% 94.24% 0.79% 16.63% 0.00%
.90 7.08E-07 7146407 AOIE+05 T.08E+07 7.14E+07 0.79% 0.00% 94.34% 0.79% 16.63% 0.00%
1.00 T.ORE-07 T14F+07 4 MAF+0A TORF+O7 TA4F+07 0.79% 000% 94,34% 0.79% 16.A3% 0,008
1.10 5.42E-07 1.83E+07 404405 5.42E+07 F.14E+07 24.05% 74.31% a4.34% 24.05% 9.66% 6.36%
1.20 427607 1170407 4040105 | 4270407 7.14C0007 20.20% 83.55% 94,34% 40.20% 6.14% a.74%
130 3.44E-07 9.15E+06 A.04E+D5 3.44E+07 T.14E+07 31.76% 87.15% 94.34% 51.76% 3.90% 3.16%
1.40 2. BAE-07 7.79E+06 A.0AE+05 2 BAE+DT T.14E+07 B0.25% 89.05% 94.34% 60.25% 2.53% 2.10%
1.50 2.3BE-07 6.96E+06 2. 4E+05 2.38E+07 T.14E+07 B6.62% 90.25% 94.34% 66.62% 1.68% 1.41%
160 2.03E.07 6.40E106 4.04E105 2.03E:07 7146007 F1.50% 91.04% 04,245 FL.50% 1.15% 0.96%
1.70 1.76E-07 6.00E+06 A.04E+05 1.76E+07 T.14E+07 75.30% 91.60% 94.34% 75.30% 0.80% 0.67%
180 1.55e-07 5. /0k+06 A4+l 1.35k+07 F.14E+07 FE.30% 92.01% 54.24% JB.30% 0.5b% 0.45%
130 1.38E-07 5.4TE+06 4.04E+05 1.38E+07 T.14E+07 BO.70% 92.34% 94.34% B0.70% 0.41% 0.34%
200 1.248 .07 5.29E106 4046105 1.24E407 7.14E:07 82.64% 92.55% 04.34% 82.64% 0.30% 0.25%
210 1.136-07 5146406 404E+05 1.13E+07 7.14E+07 84.24% 97 80% 4,34% 84 24% 0.22% 0.18%
220 1.03E-07 5.02E406 4.04E405 1.03E407 7.14E407 85.55% 92.97% 94,34% 85.55% 0.17% 0.14%
230 9.53e-06 A4.92E+06 4.04E+05 9.53E+06 F.14E+07 B6.B5M 93.11% 94.34% 86.65% 0.13% 0.11%
240 2.876-06 4.83€+06 AOIE+05 8.87E+06 7.14E+07 81.57% 93.23% 84,34% 87.57% 0.10% 0.08%
250 B32F-06 A TaF+06 A DAF+05 B.32F+0R TA4AF+07 RR.35% 93.33% 94.34% AR.35% N.0A% 0.06%
260 TBIE-06 | 4.70£406 404405 7.84E+06 7.14E+07 89.02% 93.42% 94,24% 89.02% 0.06% 0.05%
2.70 T.A43C-00 A4.GA0+0G 4040400 T.430+00 F.14C0+07 B9.59% 93.50% 94.24% B89.59% 0.05% 0.04%
2.80 7.08BE-06 A.59E+06 A.04E+D5 T.08E+D6 T.14E+07 20.08% 93.56% 94.34% 90.08% 0.04% 0.03%
290 . TRE-0R 4 55F+06R AMAF+0R R 7RF+0R TA4F+07 an.s0% 93,A7% 94, 34% 90, 50% n.03% 0.02%
3.00 6.52E106 451E106 £04E106 652E106 7146107 90.87% 093.68% 04,34% O0.ETH 0.03% 0.02%
310 6.28E+06 4.4BE+05 £.04E408 6 2BE+05 714E407 91.20% 93.72% 94.34% 91.20% 0.02% 0.02%
320 6.0BE+0E 4 45E+06 £ ME+DE 6 BE+DG T 14E407 91.48% 93.76% a94.34% 91.48% 0.02% 0.01%
330 5.90E 108 4.42E106 £ D4E DB 5 90E106 146107 91.74% 93.80% 94.34% 91.74%, 0.01% 0.01%
340 5.74E+406 4.40E+05 £.04E408 5.74E+06 7.14E407 91.96% 93.84% 94.34% 91.56% 0.01% 0.01%
350 5.60E+0E 4 3BE+DR £ 04E+0E 5 BOE+0R F14E+07 92.16% 93 BT a94,34% 92 168 0.01% 0.01%
360 5.47E406 4.36E+05 £.04E+08 5 47E+06 7146407 92.33% 93 50% 94.34% 92.33% 0.01% 0.01%
370 5.36E+06 4.34E+06 £.04E+406 5.36E+06 7A4E407 92.49% 93.92% 94.34% 92.49% 0.01% 0.01%
180 5.26F+00 4 32k+0h £ (ME+DE 5 Zbk+0h P14k407 92.03% 9404 94.44% 92 63% 0.01% 0.00%
390 517406 4.31E+05 £.01E+06 5 17E+05 7.14E407 92.76% 93.56% 94.34% 92.76% 0.01% 0.00%
4.00 5.09E+06 4296405 £,04E+06 5.09E+06 T.14E+07 91.88% 93.58% 94.34% 92.EB% 0.00% 0.00%
4.0 5.01F+06 4 28F+0R L.4F+0F 5 CIF+0R T.14F407 97.98% 94.00% 94.34% 97 9B% 0.00% 0.00%
16.63% £6.36%

%diff versus M_/M,, with reference to I,
100.0% LT
80.0% el /"
% 40.0% |——— — — — L - — ~——S5ABS5 0100
2 —EC2
0% J —B5 8110
0.0% |ttt | | UL UL LLL LR LR ER TR —ACI 318
-20.0%
000 050 100 150 200 250 300 350 400 450
M,/M,, []
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Covariance versus M,/M,,
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M, /M,

The graph above shows the M,/M,, range where there is a large difference between the le equations. Over this range it may
become very critical what I, equation is used to calculate deflections.

As the percentage reinforcement decreases so does the percentage covariance over the critical M,/M,, range increase.

MAX
3 covariance versus reinforcement
cov, co'
(%) a g 18.00% .
15 8.47% 0.17% 16.00%
1.10 1021% 0.49% < 14.00%
0.84 11.58% 0.90% = 12.00% ~— |
’ ) ’ 8 10.00% 4~
0.52 13.69% 2.07% £ 8‘00% —l
0.30 15.48% 4.15% g 5‘00 < ——covA
0.18 16.63% 6.36% 8 io0% | —m—covs
2.00%
0.00% ——
o 0.5 1 1.5 2
tension reinforcment [%]

Note: The critical M,/M,, range decrease with increase reinforcement
The average covariance occurs at a larger percentage due to the influence of the BS 8110 assumptions on
effective immediate curvature,

The ACI 318 and the SABS 0100-1 have the exact same expression for le, therefore no specific reference is made
to the ACI 318, Every conclusion for the SABS 0100-1 le approach is similar for the ACI 318.

The specific covariance percentages show a exponential increase as the percentage reinforcement decrease.
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APPENDIX F

The calculations to obtain the values of the moment of inertia are similar to those of Appendix A.
The beam section is kept constant while the percentage tension reinforcement varies. More detail

on the calculations is presented on the data disks.

42



APPENDIX F

Percentage Difference between I, and |,

Refer to the previous sheets for the tables below:

Cracked Section versus % Tension Reinforcement [SABS 0100-1]
0.8
- 06 — &
=~ 04 —t "
7 0.2 P
0.0
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The ACI 318 produced a similar trend equation as the SABS 0100-1
Cracked Section versus % Tension Reinforcement [EC2]
0.6
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The BS 8110 produced a similar trend equation as the EC2
<l %diff =(1,~1, )1,
%diff versus Tension Reinforcement
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P leilfly Il lg Iy Fodliff Iuﬂg
%] Il [-] [mm’] [mm’] 1%] -]
0.10 0.039 0.040 7.08E+07 7.12E+07 0.6% 101
0.30 0.104 0.106 7.08E+07 7.21E+07 1.7% 102
0.50 0.159 0.164 7.08E+07 7.29E+07 2.8% 103
0.70 0.207 0.216 7.08E+07 7.37E+07 3.8% 104
0.90 0.250 0.263 7.08BE+07 7.44E+07 4.8% 1.05
1.10 0.289 0.306 7.08E+07 7.52E+07 5.8% 106
1.30 0.324 0.347 7.08E+07 7.59E+07 6.7% 107
1.50 0.356 0.385 7.08E+07 7.66E+07 7.6% 108
170 0.385 0.421 7.08E+07 7.74E+07 8.4% 1.09
190 0.412 0.454 7.08BE+07 7.81E+07 9.3% 110
210 0.438 0.486 7.08E+07 T.87E+07 10.0% 111
2.30 0.461 0.517 7.08E+07 7.94E+07 10.8% 112
2.50 0.483 0.546 7.08E+07 8.01E+07 11.5% 113
2.70 0.503 0.574 7.08E+07 8.07e+07 12.3% 114
2.90 0.522 0.600 7.08E+07 8.14E+07 12.9% 1.15
3.10 0.540 0.625 7.0BE+07 8.20E+07 13.6% 1.16

APPENDIXF
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APPENDIX G

The calculations for Slab S3 are presented in this appendix. The detailed deflection calculations are
presented for only one column strip. The calculations are repeated for the other column and middle
strips in the slab panel. The calculations for the second loading stage are included in this appendix.

The span/effective depth ratio calculations are also presented.

More information on the calculations is presented on the data disks.
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Layout of the Experimental Slab and Columns: (according to article)

The figure below shows the layout of the experimental slab.
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Itis assummed that the deflection in the centre of the slab is the same in every panel, due to the

symmetry of the slab.

The Reinforcement Layout: (accordingly to article)
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APPENDIX G

Consider Panel between Column €4, C7, C8 and C5:
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The panel is divided into column and middle strips, as observed from the article published.
These strips will be taken into consideration when calculating the deflections at variuous
points.
The following Load Combinations were applied to the model:
1. Dead Load Moments: Load Combination 1 (LC1)
Q-=1.0G,
2. Live Load Moments: Load Combination 2 (LC2)
- 1.00,
3. Sustaired Portion of the Serviceability Limit State Moments: Load Combination 3 (LC3)
Q= 1.0G, +1.00,
Column and Middle Strip Di ions and forcement:
Column Strip €7 - C8; b= 1000.0 mm
L= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h 900 o
A, fmm] A [mm’)
SUDyr EY10 628.32 5¥10 392,70
Mid 5Y10 392.70 o ]
SUPRgT EY10 528.32 5Y10 392.70
Column Strip €4 - €5; b= 1800.0 mm
L= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h 900 o




A, [mm?] A fmm’]
SUDysr 13v10 1021.02 a¥10 T06.86
id oY10 F06.86 0 o
SuPgcyr 13¥10 1021.02 a¥10 T06.86
Midd'e Strip C4.C5 - C7,C8: b= 1200.0 mm
L= 3000.0 mm
77.0 mm
d 13.0 mm
h = 90.0 mm
A [mmil A [mm?l
Sudiges 0 0.00 6Y10 471.24
id &¥10 471.2& 0 o
SuPgcyr Q 0.00 6Y10 471.24
Column Strip €7 - b= 1500.0 mm
L= 3000.0 mm
77.0 mm
d = 13.0 mm
h = 900 mm
A [mm;] A [mm?l
Supyr eY10 528.32 Y10 540.78
Mid Y10 548,78 0 o
SUPeur 11¥10 863.94 7Y10 549.78
Column Strip €8 - C5; b= 1800.0 mm
L= 3000.0 mm
77.0 mm
d 120 mm
h = 90.0 mm
A, fmm’] A, (mm’)
SUDygsr Y10 528.32 a¥10 T06.36
Mid SY10 706.86 0 o
SUPeur 13¥10 1021.02 av10 706.86
Midd'e Strip C4.C7 - C5,C8: b= 1200.0 mm
3000.0 mm
77.0 mm
d 120 mm
h = 900 mm
A, fmm’] A, (mm’)
Suiges 0 0.00 6Y10 471.24
Mid 6Y10 471.24 0 o
SUPpcyr Q 0.00 6Y10 471.24

Serviceability Moments for Gridline C: XX-Moments

* Properties for Uncracked Section

* Cracking Moment

4o, —1)A,d+ A, d') v o= S
bk+(a,—|){,4, +4) T h-x,
‘ v3
1, =—+bh[?—x | +(a.-1) A (=, P+ 4, (- 'Y ]
A, = 0.0 mm’ [
b = 1000.0 mm a,
h = 90.0 mm
d= 77.0 mm
d = 13.0 mm
f, = 1.67 MPa x,
M, = 2.57 kNm I
Right Suppert A = 528.32 mm’ K
Al = 392.7 mm’ Eu
b= 1000.0 mm a,
h= 90.0 mm
d = 77.0 mm
d' = 13.0 mm
£ = 1.67 MPa X,
M, = 2.88 kNm 1,
Left Support A, = 628.32 mm’
Al = 392.70 mm’
{similar properties) M, = 2.88 kNm

APPENDIX G

219.0 GPa
1397 GPa

15.67

46.9 mm
6.63E+07 mm®

219.0 GPa
13.97 GPa

15.67

46.1 mm

7.60E+07 mm®

XX-Moments_Gridline C
_ 600 I
% 4,00
= 100 . -
8
s 000 f\-\.
E -1.00 —
= -4.00
o 0.5 1 15 2 15 3 35 4
Position [mm]
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Serviceability Moments for Gridline B: XX-Moments

* Properties for Uncracked Section

Right Support

Left Support

* Cracking Moment

Serviceability Moments between Gridline B and C: ZZ-Moments

* Properties for Uncracked Section * Cracking Moment

APPENDIX G

. %+{(z{—l}{dld+ A, d') M, = hf.f, . bg’ +(a,_ —IXA;d+A'! dl) v - frfu
-— " —X = ——
bh+(a€ ]IA:+A;) " u bh+(aﬂ—l)(/l, +A'g) or h_x"
bh* [h Y. : o :
L= b ==, | (e, =1 (d =, F + A, (x, —d") bh h . )
75 | He s s, -aT] =2 soh 2-x | +a -l @5, f +4, (5, - a7
A, = 706.86 mm’ g, 219.0 GPa
As 0.0 men Ecan 13.97 Gra Midspan | A = 47124 mm’ E, 219.0 GPa
Vo 2
b= 15000 mm o 1567 AL = 0.0 mm B 13.97 GPa
h = 90.0 mm
d= 77.0 mm ¥y 46.9 mm b = 1200.0 mm a, 15.67
d = 13.0 mm I 1.19E+08 mm’ h = 90.0 mm
d= 77.0 mm %, 46.9 mm
fo 167 P d = 13.0 mm I, = 7.96E-07 mm®
M, = 4.62 kNm
A = 102102 mm’ g, 219.0 GPa fi = 1.67 MPa
A, = 706.9 mm’ B 13.97 GPa M, = 3.08 kNm
b= 1800.0 mm a, 15.67 Left Support | A = 0.00 mm’ E, 219.0 GPa
h= 90.0 mm A = 471.2 mm* Eezs 13.97 GPa
d = 77.0 mm *, 45.8 mm
' = 13. 1.35E *
¢ 3:0:mm y 35E+08 mm b= 1200.0 mm @ 15.67
f = 1.67 MPa h = 90.0 mm
M, = 5.10 kNm d= 77.0 mm %, 43.1 mm
d = 13.0 mm I 7.96€<07 mm*
A, = 102102 mm’
AL = 706.86 mm’ f, = 1.67 MPa
M, = 2.83 kNm
(similar properties) M, = 5.10 kNm
ZZ-Moments_between Gridline B and C
4,00
XX-Moments_Gridline 8 =
— 15.00 5 2.00
E 1000 ! AN L] z
i 0,00
5"3 5.00 ‘\ //-\ H
T ooo ., » \ E .2.00 -
5 SO0 |—— 1“"'“— ............. -‘? =
2 10,00 4.00
0 03 1 15 2 25 3 35 4 4.5 0 0.5 1 15 2 25 3 35
Pasition [mm] Position [mm]
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APPENDIX G

Serviceability Moments for Gridline 1: 2Z-Moments Serviceability Moments for Gridline 2: ZZ-Moments
* Properties for Uncracked Section * Cracking Moment * Properties for Uncracked Section * Cracking Moment
L3 +e, ~1fd,d+ 4, d) M, = £, L Ale -1fAd+ A, d) y = I
O bh+(a, 1), + A) h-x, " bh(a, -4, + A) h-x,
Bt (kY 5 ; bh*  (h : )
:,=—+M;{——x” (o~ DA (d=x, P A, (x, —dF ] I, =—+bf:[ oy | e -1 =) + a4, (x, -]
12 2 J 12 L2
A si978mm e - 206 A= 70686 mnr £ - 2106
A, 0.0 mm’ Ee - 13.97 GPa AL = 0.0 mm* e - 13.97 GP2
b= 1500.0 mm a, = 15.67 b = 1800.0 mm a, = 15.67
h= 90.0 mm h = 90.0 mm
d= 77.0 mm ¥ = 46.8 mm d= 77.0 mm % = 46.9 mm
d = 13.0 mm I, = 9.89E+07 mm’ d = 13.0 mm I, = 1196408 mm’
f = 1.67 MPa f, = 1.67 MPa
M, = 3.82 kNm M, = 4,62 kNm
Right Support A = 863.94 mm’ E - 219.0 GPa A = 1021.02 mm’ E o= 219.0 GPa
A, = 548.8 mm’ Eoe = 13.97 GPa A= 706.9 mm’ o = 13.97 GP2
b= 1500.0 mm a, = 15.67 b= 1800.0 mm a = 15.67
h= 90.0 mm h = 90.0 mm
d = 77.0 mm X, = 45.9 mm d= 77.0 mm %, = 458 mm
d = 13.0 mm L - 1126408 mm’ d = 13.0 mm I = 1356408 mm’
f o= 1.67 MPa f = 167 MPa
M, - 4.25 kNm My = 5.10 kNm
B, = 628.32 mm’ Xy = 45.2 mm Left Support A= 52832 mm® X = 44.8 mm
A = 549,78 mm’ l, = 1.09E+08 mm’ AL = 706.86 mm° I, = 1.29E+08 mm’
M, = 4.05 kNm M, = 4.77 kNm
77 Moments_Gridline 1 Z#-Moments_Gridline 2
_ 1000 1500 T
E E 1000
gg_:g HENEEE RN SRS LL L e | g 5.00 |
s ™ B 2 [ ¥
£ 0o / hl E o0 (N - \‘1
5 T 1L ™ s -5.00 T
= oo : ! = 00
[} 05 1 15 2 25 3 35 4 43 [} 05 1 15 2 25 3 35 4 45
Pasition [mm] Pasition [mm]
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APPENDIX G

Serviceability Moments between Gridline 1 & 2: XX-Moments

* Properties for Uncracked Section * Cracking Moment
by’
LY +(e, =14 d+ 4, d") IV
or
T bh(a,—1)4,+ A',) h-x,
b (h :
Rt bar A CICEEN SR
12 2
Midspan | A = 47124 mm’ £ = 219.0 GPa
Al = 0.00 mm’ Ee = 13.97 GPa
b= 1200.0 mm a, = 15.67
h= 90.0 mm
d= 77.0 mm Xy = 46.9 mm
d = 13.0 mm I, = 7.96E+07 mm*
f, = 1.67 MPa
M. = 3.08 kNm
Right Support A = 0.00 mm’ E = 219.0 GPFa
A, = 471.2 mm® e = 13.97 GPa
b= 1200.0 mm a, = 15.67
h = 90.0 mm
d= 77.0 mm X, = 43.1 mm
d = 13.0 mm I, = 7.96E+07 mm'
f o= 1.67 MPa
M. = 2.83 kNm
X¥-Moments_between Gridline 1 and 2
4.00
E 2.00
; 0.00 N
5 =
E oo =0 o N N O
=
4.00
v} 1 2 3 4 5
Position [mm]
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APPENDIX G

Experimental Data

SLAB 3

Time-Dependent Delfection and Detormation ot Reinforced Concrete Flat Slabs - An Experimental Study

by R.l. Gilbert and X.H. Guo

Thickness
Column Suppert Condition
Reinforcement Layer

Age at First Loading
Test Period

90.0 mm
Fixed

14 days
599 days

ACH Journal May-June 2005

Value of f, {CC2, table 3.1)

fi=03

p 12030

Concrete Strength I

Compressive Strength

Flexural Tensile Strength

Axial Tensile Strength

Applied Load

DLy
Ll
Ll
LLsg

E:1a

Eeon

Data Recorded |

The data recorded by Gilbert and Gue is shown in the table below.

Fope = 13.1 MPa fuae = - MPa fou = 1,67 MPa
P = 18.1 MPa fuze = 2.48 MPa fias = 207 MPa
2.16 kPa
0.00 kPa UDL KPa)
3.10 kPa
0.00 kPa 526
218 |
14 Zz8 387 559
22.08 GPa Gonerete Age [days)
22,62 GPa

It is assumed that at the modulus of elasticity, £ 4 is the point where the slabs start cracking.

All fromwork props were removed at an age of bewteen 10 and 14 days.

Where data is missing or not recorded, it was interpolated between the known data points to find the missing values.

Bas 1+

E
oot

) the following equation was applied to calculate the modulus of elasticity as it changes with time, using E, as E, 1.

time Bixp b [ Eers Be
[days] [mim] [-1 1071 [GPa] [mim] B w/Beer

14 0.54 .00 -6.00 22.08 0.91 0.96

15 1.04 0.00 4.17 2208 'T'&
20 0.00 55.00 22.08 2
28 1.52 0.58 85.00 13.97 1.43 0.94

28 2.84 0.58 85.00 13.97 3.53 1.24

40 0.81 182,00 12.20

80 1.30 448.00 9.60

120 1.55 504.00 8.66

159 10.4 1.79 558.60 7.90 =
200 1.89 621.00 7.64 iﬁf
250 1.95 625.00 7.48

300 2.05 735.00 7.24

309 123 2.07 754.80 7.20

387 13.2 2.16 761.83 6.98 7.06 0.54

388 11.8 2.17 761,92 6.98 2.87 0.24

300 2.18 763.00 6.94 o
450 2.34 791,00 6.61 §
599 11.9 2.82 874.44 5.78 3.46 0.29
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Recorded mid panel deflections from Gilber and Guo, 2005.

Predicted deflection not taking an uncracked section into account using a FE model.
stiffness reduced using E, as time increases for different FE models.

Deflection Ratio

The closer the ratio tends toward 1.0, the more accurate the deflection prediction approach is.

APPENDIX G

Creep Coefficient versus Time
_. 3.00 .
2 ——
€ 2.00 = =
< "
(¥
E 1.00 ]
& 0.00
g 0 50 100 150 200 250 300 350 400 450 500 550 600 650
Time [days]
Shrinkage Strain (x 10°°) versus Time
- 1004.0
o 8040 Y
=} 604.0
— _—
£ 4040 A=t 9
S 2040
= A
v
a0 Lo
0 50 100 150 200 250 300 350 400 450 500 550 600 650
Time [days]
Moment Comparisons in Slab Panel
Moments depend on the applied Load: 7200
Stages of Loading: 3
Stage1: DLy, = 2.16 kPa 2 —t (e
W, = 0.00 kPa =Y i
g
Stage2:  Dly = 216 kPa -
L :
Ly = 3.10 kPe g _ca cs cs
) ’ g o & a &—@
r |
Stage 3: DLy, = 2.16 kPa 3
ey = 0.00 kPa g
r
- c1 c2 c3 s
g - i m_ @&
© @ ®
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APPENDIX G

Using a Partially Cracked Section to Evaluate Time-Dependent Deflections

Data Recorded

using Effective Modulus of Elasticity

time bep & £y
Idays] [mm] 1 107 [rm] Secfior
14 0.94 0.00 -£.00 0.91 0,95
15 1.04 0.00 4.17 j
0 0.00 55.00 z
28 1.52 0.58 85,00 1.43 0.9,
28 2,84 0.58 85,00 4.23 1.49
40 0.81 182.00 1220
&0 1.30 448,00 .60
120 155 504.00 B.66
159 104 1,78 558,60 7.90 ;_
200 1.82 621.00 7.64 z
250 195 625.00 748
200 205 73500 7.4
309 12.3 2,07 754.80 7.20
387 13.2 2,16 761.83 6.98 847 0.54
388 11.8 217 761.52 6.98 3.44 0.29
400 218 763.00 6.94
450 2.34 751.00 6.61
a4 118 2.82 #74.44 578 4,14 .35

Calculate Cracked E (Modulus of Elasticity) to account for Partially Cracked Section

Equaticns used to account for a Partially Cracked Section. The effect of reinforcement is included to produce mere accurate results,

%, for the Uncrackes Condition

I, for the Uncracked Condition

Yt (e, 1) Ad + A, d) (kY . "
T b (1A, ) L= b"’LE g ] +la (- x F o, (5, -a)]
.. Tor the Cracked Condition . for the Cracked Condition
w=Ae, +4 (e, 1) P
' e o v Pl =114 (d—v F
x, —{w" F26(Ada, + A, d' e, —l))]' —wl’b I.= 3 aA(d=x,) +(e, =14, (dx, )

Equations used by the SABS 0100-1 to calculate the effective moment of inertia for a partially cracked section.

Modulus of Ruplure Mod, Ratia

Cracking Moment

Effective Moment af Inerlia

L=03f | “TE

1
w, =2Le
Yy

‘ \3 3
[, <[ Me L +|1- MY,
M M,

LA

Equaticns used by the EC2 to calculate the effective moment of inertia for a partially cracked section.

Tensile Concrete Strength

Mod. Ratio

Cracking Moment

Jun

5= (16— w1000)

M, =

T

Effective Moment of Incrtia
I
11, I=——
h=x, 1- l—}ii M,
L LM,

LOADING STAGE |

STAGE 1 |

No moments larger than the cracking moment - thus no cracking occured.
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LOADING STAGE _| STAGE 2

Cracking expected along Gridline C, B, 1 and 2:

Colurmn Strip €7 - C8

APPENDIX G

Assume E, .. is constant for the given stage of loading
Reinforcement at CR: Ay B2R.3 mm’
Al 392.7 mm’
E, 219.0 GPa
Eeas 13.97 GPa
b 1000.0 mm
[ 6.08E+07 mm” d = 770 mm
i 45.00 mm h = 90.0 mm
I 13.10 MPa d = 13.0 mm
f 16,38 MPa
i 167 MPa
SABS 0100
a b X I, s M, f; M., I, f, M, I,
[EJE.] [mm] [mm] [mm®] [mm’] [ehim] [MPa] [kNm) [mm’] [mPa) [khm] [mm®]
15.67 46.05 28.1 7.60C-07 3.230+07 4.18 121 Lo4 3.40E+07 1.67 2.88 444007
Length along Gridline where M, > M, 400.0 mm 9ediff
[ T
27.2% | 43.1% | 23.4%
assume Ih, =1k [ 8.16 GPa
._E
= 1 G = 40 GP.
2(] o) G 3.40 GPa
u 0.2
AsSUME E;roieq 15 cONstant for the given stage of loading
Reinforcement at C4: A 1021.0 mm?
I 706.9 mm’
E, 2180 G
E 13.97 GPa
b = 1800.0 mm
[ 1.09E+08 mm’ d = 77.0 mm
i 45.00 h = 90.0 mm
f. = 13.10 MPa d 13.0 mm
f = 16.38 MPa
fo= 1.67 MFa
SABS 0100
a, x Koo L ™ M, f, M, I fy M, I
[EJE,] |mm] |mm] [mm®] [mm?] [khm] |MPa) IkNm) [ [MPa) [kHm] [mm’]
15.67 45.79 27.0 135608 | 5.38E+07 5.91 1.21 295 B.07E+07 1.67 5.10 9.74E+07
Length along Gridline where M, > M, 100.0 mm diff
f; M, I
27.2% 42.1% 37.6%
assume j’“ E‘_r [ 10.07 GPa
- E
F=— - 5 P
2+ 0) G 4.19 GPa
u 0.2
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Column Strip C4 - C5

ASSUME .. pq 15 constant for the given stage of loading

APPENDIX G

Reinforcement at C5: A= 1021.0 mm
A= 706.9 mm’
E, 2190 GPa
o = 13.97 GPa
b 1800.0 mm
I, = L09E+08 mm” d 770 mm
Yo = 45.00 mm h 90.0 mm
fo = 13.10 MPa d 13.0 mm
f = 16.38 MPa
f, = 167 MPa
SARS 0100
a. * e I lee M, f, M, I f, M., L,
[mm] [mm] [mm*| [mm’| TkNm] [MEa] [khmi] [rmm’] [MPa] [kkm] [rem®]
45.79 27.0 1.35E-08 5.38E+07 5.89 1.21 295 5.53E+07 167 5.10 6.41E-07
Length along Gridline where M, > M, 500.0 mm Yoiifi
LM L
7.2% | 421% | 137
assume f‘_ }".‘N = f‘f‘a a8 E. = 6.62 GPa
_E
,,n + t}} G 2.7G GPa
[ 0.2
AsSUme Epryeeq 15 constant for the given stage of loading
Reinforcement at mid €4 - C5: A= 706.9 mm*
A= 0.0 mm’
E, 2190 GPa
= 13.97 GPa
b 1800.0 mm
I, = L09E+08 mm” d 770 mm
Yo = 45.00 mm h 0.0 mm
f. = 13.10 MPa o 13.0 mm
f, = 16,38 MPa
fo= 1.67 MPa
SABS 0100
@, ! X L lee M, f M le fy M, 1.
[ESE ] [mm] [mm] [mm'] [mm’] |<Nm) [MPa) [kNm) [’ [MPa) [kHm] [mm']
15.67 46.93 252 1.19E-08 3.93E+07 481 121 2495 5.54E+07 167 462 LO3E-08
Length along Gridline where M, > M, 200.0 mm diff
f; M, I
27.2% 36.1% 46.0%
assume LE, =1F, . E, 12.03 GPa
= E "
,,n + ”} G 5.01 GPa
[ 0.2
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Column Strip C7 - C4

ASSUME .. pq 15 constant for the given stage of loading

APPENDIX G

Reinforcement at C4: A= 8639 mm*
A=
E, = 215.0 GPa
Eip = 13.97 GPa
b = 1500.0 mm
I, = O1E07 mm d 77.0 mm
Yi = 45.00 mm h = 90.0 mm
fo = 13.10 MPa d 13.0 mm
f = 16.38 MPa
f, = 167 MPa
SARS 0100
a. * e I lee M, f, M, I f, M., L,
IE/C.,] [mm] [mm] [mm*| [mm’| TkNm] [MEa] [khmi] [rmm’] [MPa] [kkm] [rem®]
15.67 45.95 273 1.12E-08 4.53E+07 6.19 1.21 246 AR1E+O7 167 4.25 6.29E-07
Length along Gridline where M, > M, 400.0 rmm Yoiifi
v ] I
7.2% | 421% | 235%
assume f‘_f“.” = f,-"b(_zs E. = 7.83 GPa
E
L —— ;
:’.f_l+ U} G= 3.26 GPa
U= 0.2
Column Strip C& - C5 AssUme E,..peq 15 cONstant for the given stage of loading
Reinforcement at C5: A= 1021.0 mm*
A= 706.9 mm’
E, 2190 GPa
o = 13.97 GPa
b = 1800.0 mm
I, = L09E+08 mm” d = 770 mm
Yo = 45.00 mm h 0.0 mm
f. = 13.10 MPa o 13.0 mm
f, = 16,38 MPa
fo= 1.67 MPa
SABS 0100
a, * . 1, lgs M, £, M, f; M., I
[EJE, ] [mm] [mm] [mm*] [mm’] [kNm] |MPa] [khNm] 1 [MPa] [kHm] [mm']
15.67 45749 270 1.35E-08 5.38E+07 10.02 121 2495 5.53E+07 167 5.10 B.3BE-07
Length along Gridline where M, > M, 800.0 mm Yadiff
v ] I
27.2% | 421% | 133
assume f‘_}".m‘ = f‘f‘a a8 E. = 6.59 GPa
_E
,,“ + t}} G 2.75 GPa
[ 0.2
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APPENDIX G

Column Strip C& - C5 AsSUME E;y.peg 15 constant for the given stage of loading

Reinforcement at mid €8 - C5: A, 706.9 mm*
Ay = 0.0 mm
E. 2180 GPa
£ = 13.97 GPa
b = 1800.0 mm
le = LO9E+08 mm’ d = 770 mm
Yi = 45.00 mm h 0.0 mm
fe = 13.10 MPa o 13.0 mm
f 1638 MPa
fo= 167 MPa
SABS 0100
a. * %, 1, [ M, £, M, I f, M., I,
| =) | [mm] [mm] imm’] [mm’| [kmm] [MPa] [khm] frmm’] [MPa] [kMm] [mm®]
15.67 46.93 25.2 1.19E-08 3.93E+07 5.02 1.21 295 5.35E+07 167 462 9.09E-07
Length along Gridline where M, > M, 500.0 mm Yoiifi
v ] I,
27.2% | 361% | 411%
assume f"f','l_, = f‘: f‘,'r 25 Ey = 10,55 GPa
= ?':l + U:l G 4.44 GPa
u 0.2
C8: Grid C Ex = 8.16 GPa G = 3.40 GPa
C4: Grid B Ex = 10.07 GPa G = 4.19 GPa
C5: Grid B E, = 6.62 GPa G = 2.76 GPa
mid C4 - C5: Grid B E, = 12.03 GPa G = 5.01 GPa
C4: Grid 1 E. = 7.83 GPa G = 3.26 GPa
C5: Grid 2 E, = 6.59 GPa G = 2.75 GPa
mid C8 - C5: Grid 2 Eq'= 10.65 GPa G = 4.44 GPa
c4 AVG 8.95 GPa
5 AVG 6.61 GPa

Ecracked reduced due to the Effects of Creep (at day 387)

Certina moments during the second loading stage are below the calculated cracking moment. A similar partially cracked slab is
s values to accomodate the effect of time.

cracked

assumed with reduced E

The relationship between E, ;5 and E, 33, may be calculated with which to reduce the E, . .0 values.

E,, =$ therefore Bloo,t) = (E(/E(__r )— 1 and Eops = 13.97 GPa
, By = 6.98 GPa
® = 1.00
C8: Grid C Er= 4.07 GPa G = 1.70 GPa
C4: Grid B E, = 5.03 GPa G = 2.09 GPa
C5: Grid B E; = 331 GPa G = 1.38 GPa
mid C4 - C5: Grid B E, = 6.01 GPa G = 2.50 GPa
C4: Grid 1 E, = 3.91 GPa G = 1.63 GPa
C5: Grid 2 Er = 3.29 GPa G = 1.37 GPa
mid C8 - C5: Grid 2 Ey = 5.32 GPa G = 2.22 GPa
c4 AVG 4.47 GPa
c5 AVG 3.30 GPa
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LOADING STAGE | STAGE 3

No moments larger than the cracking moment - thus no cracking occured,

APPENDIX G

To include the effects of cumulative cracking, a similar cracking pattern is assumed as in Stage 2. The values of E, . are reduced to include

the effects of time.

I Ecracked reduced due to the Effects of Creep (at day 388)

The relationship between E .z and E_;;; may be calculated with which to reduce the £ values.

B 4 :m therefore (ﬁ(m,!) = (E_,/E” ]— 1 and Ecssr = 6.98 G.Pa
Ecass = 6.98 GPa
© - 0.00
C8: Grid € E. = 4.07 GPa G = 1.70 GPa
C4: Grid B Er = 5.03 GPa G = 2.09 GPa
C5: Grid B Ey= 3.31 GPa G = 1.38 GPa
mid C4 - C5: Grid B E; = 6.00 GPa G = 2.50 GPa
C4: Grid 1 E. = 3.91 GPa G = 1.63 GPa
C5: Grid 2 E; = 3.29 GPa G = 1.37 GPa
mid C8 - C5: Grid 2 E; = 5.32 GPa G = 2.22 GPa
c4 AVG 4.47 GPa
5 AVG 3.30 GPa
Ecracked reduced due to the Effects of Creep (at day 599)
The relationship between E, ,; and E_35; may be calculated with which to reduce the E ., values.
. ___E .
fen =& ]+¢(m,f) therefore ¢(D°,.’) = (f.r,/f.‘,‘r )— 1 and Ec s = 6.98 GPa
Ecsee = 5.78 GPa
O = 0.206
C8: Grid C Ex= 3.38 GPa G = 1.41 GPa
C4: Grid B E, = 4.17 GPa G = 1.74 GPa
C5: Grid B E. = 2.74 GPa G = 1.14 GPa
mid C4 - C5: Grid B E, = 4.98 GPa G = 2.07 GPa
C4: Grid 1 Ex = 3.24 GPa G = 1.35 GPa
C5: Grid 2 E, = 2.73 GPa G = 1.14 GPa
mid C8 - C5: Grid 2 Ex = 4.41 GPa Gi= 1.84 GPa
c4 ANG 3.71 GPa
5 AVG 2.74 GPa
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Result Comparison

Comparison between FE and Predicted/Calculated Results

DEFLECTION
time Ay [y L en [ L gy Ly By
[days] [mm] [mm] [mm] [mm| [mm| [mim| [mm] [mm]
14 0 051 051 116 106 106 112 106
Slage 1
2% 152 143 143 281 a64 469 135 350
-3 284 143 423 681 424 332 459 a2
Stage 2
387 132 7.05 .47 1941 3245 2821 1155 1612
388 113 87 3.4 5.53 345 301 374 335
Stage 3
599 19 345 414 3.26 5.50 438 3.20 670
DEFLECTION RATIO
time . . . . B
dawt) A puenfBpe | Bo safBes | BoasfBen | Beeafdes P Lalber | Bur/bes
ays
14 0.55 0.55 113 L13 L1z 118 113
Slage 1
28 0.9 0.51 L85 305 308 089 230
2% 0.50 149 240 149 117 162 148
Stage 2
387 0,54 0.64 147 1.70 214 n.a7 145
388 0.24 0.29 047 0.29 0.26 032 0328
Stage 3
593 0.29 0.35 063 0.55 0.36 027 0.56
Design Standard Deflections Compared to M ed Deflections
[ 0.A476%
DEFLECTION (Stage 1)
time Bigas B ca Boams By [ B By
- Median median/d,,,
[days] [mim] |men] |mmien] |miem] [mm] |mam)] |mm] [mm]
Short-Term £ 14 0.94 0.91 091 1.16 1.06 1.06 112 106 106 113
Shrinkage & 0.00 0.00 0.00 1.46 193 1.87 0.80 1.87 187
Long-Term & 0.00 0.00 0,00 134 27 2381 055 163 163
Total & 28 152 1.43 143 281 464 469 135 3.50 281 185
Deflection Comparison for Stage 1
Time [days]
12 14 16 18 20 22 24 26 28 30
20 — NEXP
45
— AP_UNCR
4.0
_ == AP_CR
T 35 =
E 10 — 545
§ 25 m— AEC2
T
&2 2.0 AR5
[
o 15 — DACI
AALT
== QENP vs t

Short-Term & Shrinkage & Long-Term & Total &
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DEFLECTION (Stage 2)
dime &g B % [ g, &, By B,
L _UNGR €] " (2] s i At Medizr | median/sa,
[devs) finm] [rmm] fomm] [rmm] [mm) [rmm] [mn] fmml
short-Term & 28 2.8¢ 1.43 413 681 424 332 4.59 424 423 1.49
Shrinkage 4 0on 0.00 0.00 1164 1403 002 6.34 1287 1283
Long-Term & 0.00 0.00 0.00 1m 8.42 819 5.20 6.25 7.98
Total & 387 13.20 7.06 8.47 1941 2245 2821 1155 19.12 1548 117
Deflection Comparison for Stage 2
Time [days]
20 70 120 170 220 270 320 370 420
300 — AE NP
250 — P UNCR
= m— AP_UNCR
E 20.0 45785
& 150 | —prc2
H] — 185
T 100 |
(=] p— m— AACI
50 — == = aaLT
= AEXPve T
0.0
Short-Term & Shrinkage & Long-Term & Total &
DEFLECTION (Stage 3)
ti 4 [ 4 2, By 8,
ime £xp R "% Brngs i Bas Ad ey Median | median/8qs
Idays] |mm| [mm] [mm] [mm| |mm] [mm] [mm] [mm]
Short-Term 4 388 11.80 287 344 5.53 345 3.01 374 335 344 0.29
shrinkage A 0.00 0.00 0.00 194 2.37 261 1.05 219 219
Leng-Term & 0.00 0.00 0.00 6.32 413 168 2.15 451 413
Total & 599 11.90 3.46 4.14 8.26 6.50 4.28 320 6.70 4.28 0.36
Deflection Comparison for Stage 3
Time [days]
380 430 480 530 580 630
140 — AEXP
12.0 — AP_UNCR
T 10.0 — AP_CR
E
< 50 m— SABS
2 m— AEC2
g 60
= m— ABS
& ao J—ACH
T i
0.0 —l=AEXP vs T
Short-Term A Shrinkage A Long-Term & Total &
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Calculation of the Time-dependent Deflection according to SABS0100-1, A.2.4

Slab Panel Parameters:

Time-Dependent Materizl Properties: Fere = 13.1 MPa
16.38 MPa
e = 087, - MFa
(Roberts and AMarshall, 2008] fas = 1.67 MPa
at P 28 days Eess = 13.97 GPa
t o= 387 days
Dy = 0.58 AD = 1.58
Dy = 216
o = BSOE0S bE., = 677604
Epngr = 762004

iate Deflection (A.2.4): Column Strip C7 - CB

Critical M, Moments [kNm]
Stage 1 Stage 2
DL DL LC
SUpyspr 1.09 1.09 23
Mid -1.03 -1.0 -1.03 =25
SU Pt 1.70 1.7 170 4.2
Column Strip €7 - CA: b= 1000.0 mm
L= 3000.0 mm
d 77.0 mm
d = 13.0 mm
h= 90.0 mm
A, [mm? A lmm?)
2Y10 62832 5Y10 392.70
5Y10 392.70 0 0.00
SUPpsT BY10 52832 Y10 392.70
il Immediate Deflection: 4,

* Determing K for Bending Moment Diagram

M-
M .69 kMm Mo
M, = 418  kNm \, ¥
™,
My = 253  kNm S e
T

sans.0100 1 B M+ M, B= 2m
fgal - MO

[XTER!

K=ol m|'] 2 K= 00757
Lo10)
* Modulus of Rupture: {for unrestrained slabs)

f, =0_3‘JZ fo= 12

Critical Positive Moment Section:

Cracking Moment:

2

¥

M

o

Momenf of Inertia of Cracked Section:

. = 6.08E+07 mm’

45.0 mm
1.6 klm

I, = 6.08E+07 mm®

. lx, b+ Adde, Yy = 5.2 mm
Lo R
x, bt A,

. b - 1000.0 mm
where @ = ;_! A = 182.7 mm’
E. d - 77.0 mm
E, = 215.0 GPa
E = 14.0 GPa

o, = 15.7
L 25.2 mm
I =J:,_L.r‘n’cr1 A, (el ,\'”}2(1‘, . = 2.2E+07 mm’

3 p 3
(M) 1+l M, I M, = 2.5 kNm
=| — 2
\ M £ M - Ly = 3.2E407 mmy
@ Y a
Lo < L Sectien is Cracked
Left cal Negative Moment Section:
Cracking Moment:
1 ;

M, =% Yo =

», M., =
Momenf of Inertia of Cracked Section:

2
. = é X, . h+Adde, Xepy = 30.32 mm
et x, btde,

B F b= 1000.0 mm
where o, =— A, = £28.3 mm’
E. d = 77.0 mm
E, - 219.0 GPa
E = 14.0 GFa

45.0 mm
1.6 kNm

APPENDIX G
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a, = 15.7
Bep s = 30.3 mm

I, = 316407 mm"

M, = 2.69 kNm
Iy = 3.BE+07 mm*

< l Section is Cracked

Right Critical Negative Moment Section:

Cracking Maoment:
I, = 6.08E+07 mm’
M _":',‘J‘ \.'A = A5.0 mm
e =7 7 ! -
Y M, = 16 kNm

Momenf of Inertia of Cracked Section:

Kegy = 30.3 mm
b= 1000.0 mm
A = 628.3 mm’
d= 77.0 mm
E = 219.0 GPa
E = 14.0 GPa

@, = 15.7
g 3 = 30.3 mm

3 2
I, =4bx, +A(d-x )ea, le= 316407 mm*
3 p 3
{ MY M, = 4,18 kNm
v I+ l_[ 3 | Lo I = 3.3E:07 mm'
g NaF I -
[ < Io Section is Cracked

loy = 3756407 mm®
3.256+07 mm~
oy = 3.24E+07 mm’

em

I, = 337607 mm*

Rlirsne

* Immediate Deflection: Ag ¢

APPENDIX G

SUpysr SUPRiGHT

Status Cracked Cracked
1/lee 1.576 1.976
M,/M, 1640 2.554
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Long-Term Creep Deflection 4,

A final midspan lang-term deflection is then caleulated.

A method to determine long-term creep deflections from immediate deflections is described in
SABS 0100-1, Annexure A, clause A.2.4.1.2 and A.25

The long-term creep deflections are calculated using the immediate deflections from clause A.2.4.1.1.

To obtain a final long-term deflection the shrinkage deflections as calculated in the above section are
added to the long-term creep deflections for each respective column and middle strip.

Rewencs

Long-Term Deflection (A.2.5): C7 - CB

453 01001

a241

AzaLL

Long-Term Creep Deflection:

A=l+x0
o= 1.58
x=x,/d
X, = 25.24 mm
d= 77.00 mm
% = 0.33
A= 152

* Shart-term deflection due to Permanent Load

)M ¥ (\l 33
"]ngf 1—|‘ = | |z,
P/ \A(F/I

(fram short-term deflection calculations)

[from above)

16 kNm
6.08E+07 mm’

% I M, I,
. - If

Imm] [mm°| [kHm] [mm’]
I, ('] 252 2.2E+07 1.03 1a0E+08 | TRUE
Iy Imm'] 30.3 316407 1.09 1.326+08 | TRUE
Iz [mm] 03 316407 170 5776407 | FALSE

6.08E+07 mm"*
6.08E+07 mm"*
5.77E+07 mm"

6.00E+07 mm*

K= 00757
P v T M, = 1.026 kNm
PR, L= 30000 mm
E = 13.97 GPa
ly= B.OOE+07 mm’
A= 0.E3 mm
* Long-term deflection due to Permanent Load
A=A A= 152
A= 0.83 mm
A= 1.27 mm
* Additional Initial Deflection
A = 3.65 mm
A =48 -A
fdd TS T by, = 0.83 mm
[ 2.82 mm
* Total Long-term Deflection
By = Ay g H By by, = 1.27 mm
By oda = 2.82 mm
A= 4.09 mm
Shrinkage Deflection:
) eI Ko = 0.086
A, =Kk, —— £, = GITE-0
X e 3
check: A, =
1004, :
£= ~<3 d =
bd
p = 05100
1004, Ay =
= d =
po= 0.0000
!
£ oo = 000
2
!
check k., =1-2[1—0.11(3-p)] K -
P
032k, =1 OK!

392.7 mm’
77.0 mm

0.0 mm*
77.0 mm

OK!

APPENDIX G
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Reternee

03k, =1
L= 3000.0 mm
h = 90,0 mm
AL = 5.82 mm

Total Deflection:

A=A +A,
&= 4.09 mm
a.= 5.82 mm
a4 = 9.91 mm

SUMMARY of the calculated Deflections:

This section aims to summarize the deflections from the above calculated methods.

APPENDIX G

D

Total

Deflection

from

Band C

COLUMN STRIP C7 - C4

WMETHOD A.2.2 and A.2.3 [mm)]

C‘Iul.ll
10.16

COLUMN STRIP CE - C5

METHOD A.2.2 and A.2.3 [mm)]

a,

10.73

MIDDLE STRIP C4,C7 - C5,C8

METHOD A.2.2 and A.2.3 [mm]

Loz
9.05

A B = D A
Short-Term  Long-Term Creep Tutal Short-Term
Deflaction Deflection Deflection Deflection tion

from from from from from
A2 A22 A225 BandC A2Z
COLUMN STRIP C7 - C8
METHOD A.2.2 and A.2.3 [mm)]
Bihont Bugng Bytrine Begtal Binort
365 4.09 5.82 9.91 384
COLUMN STRIP C4 - C5
METHOD A.2.2 and A2.3 [mm]
Boont Biong Birink Byl L
389 4.35 5.82 10.17 aA1
MIDDLE STRIP C7,C8 - C4,C5
METHOD A.2.2 and A2.3 [mm]
Bopan Bang Bepeine Bzl Ay
297 346 5.82 9.29 275
Ao =38 A0 )+ A wherei=10r2

MID DEFLECTION {Average of Strips)

MID DEFLECTION (Average of Strips)

METHOD A.2.2 and A.2.3 [mm]

METHOD A.2.2 and A.2.3 [mm]

Bional
15.49

Bopant Buong Betrine [ Dot
6.74 7.68 11.64 19.32 6.88
-"\ﬁm = JE [Amlﬂ' AV J
FINAL MID DEFLECTION
METHOD A.2.2 and A.2.3 [mm]
ﬂ\" art A“ W ﬁ\"fl'!( ﬁ‘.l:: il
6.81 7.77 11.54 19.41
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Calculation of the Short- and Long-Term Deflections according to Eurocode 2: Clause 7.4.3:

The long-term deflections will be determined using the different column strips and middle

strips, also known as the Equivalent Frame Method.

Slab Panel Parameters:

Time-Dependent Material Properties:

f, = 0.8f,
[Roberts and Marshall, 2008)

at By o= 28 days
t o= 387 days
D, = 058 aAD =
Dyg; = 216
E.2 =  BSDE-0S bg,, =
Enugr =  7.62E-04

Long-Term Deflections for Slab Panel:

13.1 MPa
16.38 MPa
- MPa
1.67 MPa

B = 13.97 GPa

6.77E-04

Long-Term Deflection (7.4.3): Column Strip C7 - C8

Reference * Moments used for Column Strip C7 - C8:
Critical M, Moments [kNm]
. Stage 1 Stage 2
DL LC DL LC
SUPesr 1.09 1.09 1.09 2.69
Mid -1.03 -1.03 -1.03 -2.53
SUPgiGH 170 1.70 170 418
Column Strip C7 - CB: b= 1000.0 mm
L= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h = 90.0 mm
A [mm?] A, [mm?]
Supygiy BY10 628.32 5710 392.70
Mid 5Y10 392.70 0.00
SuUPscHr BY10 628.32 5Y10 392.70

0 120

* Modulus of Elasticity: Long-Term

E o E
"I (14 oo, 1)) where
Ei= 6.98 GPa

* Modulus of Elasticity: Reinforcement

E = 219.0 GPa

* Deflection Coefficient

M, L
I A

Short-Term Properties:

* Effective Modulus Ratio

a, = 1567

* Moment of Inertia for Uncracked Condition

(e, 1A d+ A d)
T bht(a, )4, +4)

>t

%, = 46.93 mm

bh

Eou =
Dy =
269 kNm
4.18 kNm
253 kNm
272
0.0757
219.0 GPa
1397 GPa
b=
h =
d=
d' =
A =
A =

22.08 MPa
2.16

1000.0 mm

50.0 mm
77.0 mm
13.0 mm

392.70 mm’
0.0 mm*

L —j+bh[ A ]: o, -0l (d—x, F + 2, (x,—d'}]

5

Y2

I, = 6.63E407 mm’

APPENDIX G
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* Moment of Inertia for Cracked Condition

x, ={w? + 6(4,da, + 4, d'(a, - 1)} -}l

w=Aa, + A4, (a,=1) b= 10000 mm
d= 77.0 mm
w=  6154.06 mm’ d' = 13.0 mm
Yo = 25.24 mm A= 392.70 mm’
A, = 0.0 mm’
o= 15.67
.‘J'.\‘I_‘_J 2 vl o
I, =T aa(d-x,F +(a,- 1), (d=x,
= 2.18E+07 mm® L, = 3.03
* Cracking Moment
T ..
-
h=x,
f, = 1.7 MPa
M, = 2,57 kNm h = 90,0 mm
M, = 2.53 kNm {from above)
MM, = 0.99

M < M,

Section is Uncracked

* Short-Term Flexural Curvature

Section is Cracked
£=1- (MM

I,=1 I= L

.= 6.63E+07 mm’ = 13.97 GPa

2 6.98 GPa

I M, l, = 2.18E+07 mm"

o Ed, I, = 6.63E+07 mm’
1fr, = 27303 m’

* Short-Term Flexure Deflection

L= 30m
A, :Kfl 1r = 27303 m’
5 K= 00757
4 = 1.86 mm

Reterence

Long-Term Properties:

* Effective Modulus Ratio

E, = 219.0 GPa
g = 6.98 GPa

31.38

* Moment of Inertia for Uncracked Condition

Wy (e 1N Ad+ A, dY)

x = 10000
YT bh e, —1)4,+4,) s

= 90.0 mm
E 77.0 mm
= 13.0 mm
. 392.7 mm
= 0.0 mm

¥ = 48.75 mm

u
2

I =%+b}r[g—xw] e, -4 [d-x ) + 4, (x,~a¥]

I, = 7.15E+07 mm®

* Moment of Inertia for Cracked Condition

e = Iﬂ): + Zb{/ljdar +4, dl(a.- _]})r.s B ﬂll/fl

w=Ada, +4, (e -1) b= 1000.0 mm
d= 77.0 mm
w= 1232371 mm’ d = 13.0 mm
Xy = 32.95 mm A = 392.70 mm’
u, = 0.0 mm*

Q, = 31.38

~

3
s be +a A, (d-x, F +le,~1)A, (d—x,
I, = 3.58E+07 mm" L/l = 2.00

* Long-Term Flexural Curvature

I ncr 3 Section is Cracked
(=0 7=1-0.5(M. /M)
1L=1, S | S—
I M
1-|1--= 0§ —=
- pd5E)

APPENDIX G
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Reterence

o THETIE

Fl

. = 7.15E+07 mm
1 M,
n Egl
1= 507E03m’

* Long-Term Flexure Deflection

A = 3.45 mm

* Shrinkage Curvature

1 Y Ay
—=§£,.a,‘,—"+(l—;)€nﬂr -

e

S, =A,(d-x,)-A,(x,-d')

5,=  111E+04 mm’

S, =A(d=x, )4, (x,~d)
S, = 173E+04 mm’
1fr, =  1.03E-05 mm :
* Shrinkage Deflection
a1
A, =K, L—
o
A, = 7.75 mm
* Total Deflection

A=A +A,

A = 11.20 mm

i

A =

E = 13.97 GPa
Egn = 6.98 GPa
l, = 3.58E+07 mm’
I, = 7.15E407 mm®

= 0.00
= 2.53 kNm
30m
5.076-03 m™
0.0757

£, = B6.77E-04

d = 77.0 mm
d' = 13.0 mm
A = 392.7 mm’
AL = 0.0 mm’
o 48.75 mm
Xy = 32.95 mm
@ = 31.38

L= 0.0

.= 7.15E+07 mm"
o= 358E+407 mm’

3000.0 mm
1.03€-05 mm’*
0.0840 (Branson 1977)

3.45 mm
7.75 mm

SUMMARY of the calculated Deflections:

This section aims to summarize the deflections from the above calculated methods.

APPENDIX G

A B c D A B c D
Short-Terrn  Lang-Term Shrinkage Toual Shorz-Term Long-Term shrinkage Total
Deflecticn Deflection Defection Deflection Deflection Detlection Deflection
from from from frem frem from from
eq. T8 eq. 721 Band € e, 718 eq. 718 eq. 721 Band €
COLUMN STRIP C7 - CB COLUMN STRIP C7 - C4

METHOD 7.4.3 [mm] METHOD 7.4.3 [mm]
Bport Biacg B Beorat Byt Dimg Bapnnc Dioeal
186 3.45 775 11.20 182 3.58 7.72 11.29

COLUMN STRIP C4 - C5 COLUMN STRIP CE - C5

METHOD 7.4.3 [mm)] METHOD 7.4.3 [mm]
Lt [ B Beora L Ly B Leal
211 518 491 20,00 263 585 472 1057

MIDDLE STRIP C7,C8 - €4,C5 MIDDLE STRIP C4,C7 - C5,C8

METHOD 7.4.3 [mm] METHOD 7.4.3 [mm]
JL— g Bpn Becm Bt Doy Buinne Doioea
216 .00 175 175 205 ER:) ) .75 1157

Api i = %‘{5.-.-,.' 1 HA :) A e wherei-1ar2
MID DEFLECTION {Average of Strips) MID DEFLECTION [Average of Strips)

METHOD 7.4.3 [mm] METHOD 7.4.3 ]
B B L. B B By B B
414 232 14.08 22.40 433 853 13.97 2250

=1
A;..m“?{amﬁ_l +A :)
FINAL MID DEFLECTION
METHOD 7.4.3 [mim]
B Bong Do Ao
424 B4z 14.03 2245
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Calculation of the Long-Term Deflections according to BS 8110: Part 2:

Clause 3.7

Eguations from B5 8110 were obtained from KONG&EVANS, Reinforced ond Prestressed

Concrete, Third Fdition, Chapter 5, Section5.3

Slab Panel Parameters:

Auference

lime-Dependent Material Propertics: P = 131 MPa
oy = 16,38 MPa
#_ = 0.81, fusa = - MPa
iRaberts and Marshall, 2008) = 167 MPa
at = 28 days E= 13.97 GPa
t o= 287 days
Wy, = 058 AD = 158
Ty = 216
£y = 000600 Bp., = B.74504
Eeaa7 = BI04
Long-Term Deflections for Slab Panel:
| Long-Term Deflection: Calumn Strip C7 - C8
Reence * Modulus of Elasticity: Short and Long Term
Eoys = 22.08 GPa
BS B0 L
E =i -
£ [I+fb] where Dygr = 216
Ey = 6.98 GPa
E = 219.0 GPa

* Sectional Properties

E -

Column Strip C7 - C8

1000.0 mm
2000.0 mm
77.0 mm
13.0 mm
90.0 mm

A, [mm’] ', [mm]

SUPer EY10D

£28.32 Y10 302,70

Mid SY10

392.70 0 0.00

SUPlsgur Y10

528.32 5Y10 392.70

Kanghtvans

g 524

w528

* Midspan Mements used for Celumn Strip C7 - C8:

1.03 kNm
2.53 kNm

My = {Moment due to Permanent
M, = (Moment due to Total Load)
* Reinfarcement provided tor Calumn Strip €7 - C8:

A = 392.7 mm*
A= 0.0 mm’

Percentage Reinforcement

p=  Afbd = 000510
p'= Aybd = 000000

= Sectional Properties

SHORT-TERM

Load)

1000.0 mm
90.0 mm
77.0 mm
13.0 mm

392.70 mm*
0.00 mm’

E,
as=r o = 1567
(o fdd+ A, d) b=
X = h =
biv{er, A, +.4',) .
X, = A47.05 mm d =
A -
A, =
i ¢ W R R
I = bl{" + b %’—.\'" | +(.rz,,]lzi_ (d=x, ) +A (v, =d') |
2 L2 J
I, = 6.66E407 mm'

X, ” LY, N

¥afd = 0.33 d -

X = 25.2 mm d =

lo (5 g 1 ‘l‘ Y .['xi_g'!:
P Wl B e I ey

I/bd® = 0.0478544
I, = 2.18E+07 mm’

8

y =—a (p+ p']iurx‘_ (p+p) IZ-'Illjp : :L;'p

7.0 mm
13.0 mm
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Wederence

5

BS 6110

LONG-TERM

a, = 31.38

E,
o, = -
I Eﬂ?’
Yo =g (p+ )+ J
o vl
xJd = 0.43
Ry = 33.0 mm
Lo _1x ]"m -
ba 3ld ) TP

I/bd’ = 00784994
I, = 3.6F+07 mm'

o

* Short-Term Deflection Curves

|

ailptpf +20:,[ P+ j P

N

>

d= 77.0 mm

d' = 13.0 mm
FRN [ x ay
L o p —"'——|
d ) Ld d)

[use all shart-term properties)

Short-Term Curvature due to Total Moment

b“l —_x }-‘ M, = 2.53 kNm
M, =M, =AM =M, -s———/, b= 1000.0 mm
“ d= 77.0 mm
AM = 1.75 kNm h = 940.0 mm
Mper = 0.78 kNm Ay = 25.2 mm
f, = 1.0 MPa
M, > A
\ M, S AM

L_ M, 1_ M,

no Ed, n Ed,
1fr, = 255306 mm' I, = 6.66E+07 mm®
I, = 2.18E407 mm'

* Short-Term Deflection

E = 13.97 GPa

Short-Term Deflection

A, =K —

A=

n

1fr, = 2.553F-06 mm”

K= 0.0757
{from 5ABS_S1_2)
L= 3000.0 mm

1.74 mm

Aeterence

Wby

EEEEn

5310

FETEET)

eq556

B 110

* Long-Term Deflection Curves

Instantanegus Curvature due to Non-Permanent Load

L M, =M, M, = 2.53 kNm

r lr__-I f‘-, Mn = 1.03 kNm

£ = 13.97 GPa

1r, = 492608 mm’ L= 2.1BE+07 mm’

Moment due to Concrete Tension  (use long-term properties)

b= 1000.0 mm

d= F7.0 mm
h= 90.0 mm
¥, = 33.0 mm
f, - 0.55 MPa
Long-term Curvature
M, = 1.03 kNm
1 M, =AM aM = 0.77 kNm
o Egl, B = 6.08 GFa
l, = 3.6E+07 mm’
fry = 1.0E-06 mm’
Shrinkage Curvature
1 {_.“aesﬂr Q, = 31.38
— e £.=  BT4E04
e I, Iy = 36407 mm'
= - 4 — 4" A= 392.70 mm’
Sﬂ - A.\ (d xr.l } A 5 [xcr d ) 2
A = 0.00 mm
5.=  L7E«04 mm’ d = 77.0 mm
d' = 13.0 mm
1fr,=  13E05 mm’ X, = 33,0 mm
* Long-Term Deflections
Long-Term Ceflection
11 . | 1r,= 482606 mm’
nooreoh, 1Yr, =  LODE-06 mm’
1/r, =  5.8F-06 mm’
K= 0.0757
AJ =KL T {from SABS St 2)
i L= 30000 mm
& = 4.04 mm

APPENDIX G
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Ruterence

Shrinkage Deflection

e shrmka, aluwe 15 assamed 1o be corslar

1r.=  13E05 mm”

1 ‘-
= K -_
Ar.s - As-JrL
.,
g L=
A= 10.01 mm

Total Long-Term Deflection
A=A +A,

I 14.06 mm

18 the member

0.0840

(Branson 1977}

3000.0 mm

APPENDIX G

This section aims to summarize the deflections from the above calculated methods.

A B C D A B (I D
Short-Term  Long-Tenm  Shrinkage Tota Short-Term  Long-Term  Shrinkege Total
Deflection Leflection Deflection Deflection Deflection Deflection Deflecticn Deflection
from Fram fram fram from fram fram from
7 iz i6 BandC Ny 3.7 16 BandC
COLUMN STRIP C7 - C8 COLUMN STRIP C7 - C4
METHOD 3.6 and 3.7 [mm] METHOD 3.6 and 3.7 [mm]

Borcnt Bing Birrine Biota Binget Biang Bk Bigral
174 404 1001 14.06 1.78 430 a7 1427
COLUMN STRIP C4 - C5 COLUMN STRIP C8 - C5
METHOD 3.6 and 3.7 [mm)] METHOD 3.6 and 3.7 [mm]
fL— Biong Biprine Bines Bpont By [ — Bional
191 4.06 10.01 14.07 227 324 10,01 13.26
MIDDLE STRIP C7,C8 - C4,C5 MIDDLE STRIP C4,C7 - C5,C8
METHOD 3.6 and 3.7 [mm] METHOD 3.6 and 3.7 [mm|
Bica By By vine L B By Bupic Bigaal
pR-1] 4.46 10.01 1447 125 4.10 10,01 14,12

Ao =% ["\m, 1AL } A iate wherei=10r2
MID DEFLECTION (Average of Strips) MID DEFLECTION [Average of Strips)
METHOD 3.6 and 3.7 [mm] METHOD 3.6 and 3.7 [mm)]
L By Byring L L By [ By
3.38 8.51 20.03 28.54 3.27 7.88 20.01 27.88
=1
T T{f\ wid 1 ¥ N s )
FINAL MID DEFLECTION
METHOD 3.6 and 3.7 [mm]
Buten B B B
3.32 819 20.02 2821
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Calculation of the Short- and Long-Term Deflections according to ACI 318: Clause 9.5.2.3: Reterence * Effective Modulus Ratio
The long-term deflections will be determined using the different column strips and middle a, = 1567
strips, also known as the Equivalent Frame Method.
Slab Panel Parameters:
",
Time-Dependent Material Properties; Fora = 13.1 MPa Beasion | My M, = 269  kNm
foye = 16.38 MPa - M;= 418 kNm
F. = 0.8, e = - MPa s M, = 253  kNm
[Roberts and Marshall, 2008)
B= 272
at = 28 days E oz = 13.97 GPa
t o= 387 days
;= 058 20 = 158 K =u_1n4[ |—£[ K= 00757
Oy = 216 10
* Modulus of Rupture of Concrete
E2s = B.50E-05 be, = 6.77E-04 s
Eeagr = T.62E-04 - i =“-{‘3-“\"T f, = 13.1 MPa
f= 2.25 MPa
Long-Term Deflections for Slab Panel:
* Cracking Moment:
Long-Term Deflection: Column Strip C7 - C8 i1 l, = B.0BE+07 mm’
@89 M, =17 f, = 2.25 MPa
Critical M, [kNm] A Vi = 45.0 mm
- Stage 1 Stage 2 M, = 3.0 kNm
Position
DL LC DL Lc
SUPLesr 109 109 1.09 2,69 LEFT SUPPORT: Critical Moment for Support C7
Mid -1.03 -1.03 -1.03 -2.53
SUPgchT 1.70 1.70 1.70 4.18 * Moment of Inertia of a Cracked Section
3 0.4
Column Strip €7 - C8: b= 1000.0 mm X, = {w‘ +2b(Adea, + A, d'(a, - I])] —w}/{:
L= 3000.0 mm
d= 77.0 mm w=Aa +4,(a -1) b= 1000.0 mm
d' = 13.0 mm d= 77.0 mm
h = 20,0 mm w = 15607.87 mm’ d = 13.0 mm
K™ 28.09 mm A = 628.22 mm’
A, [mm?] A, [mm’] 392.7 mm’
Sy 2Y10 628.32 5710 392.70 15.67
Mid 5¥10 392.70 i 0.00
SUPpiGar 8Y10 628,32 5Y10 392,70 I +ar A (d—x_ i (e, =1)A' (d'-x, ¥
Relerence * Modulus of Elasticity: Reinforcement o= 3.23E+07 mm’
£ = 219.0 GPa
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eference * Moment of Inertia for a Partially Cracked Section Weference B}
"t z Y
e : 1= va A (d-x,F +(a,- )4, (@x, )
s M, M, ly = 3.23E407 mm 3
54 Iy= I+1- M I, M, = 2.69 kNm I, = 2.18E+07 mm'
a a
lgg = 7.37E+07 mm* * Moment of Inertia for a Partially Cracked Section
3 3
lay > I, then lg =  6.08E+07 mm’ ! M, 1 l M, ; l, = 2186407 mm’
wb - = J et - o M, = 2553 kNm
r L
RIGHT SUPPORT: Critical Moment for Support C8 3 g
Iy = BO7E+07 mm®
* Moment of Inertia of a Cracked Section
e > 1 then ley = 6.08€407 mm’

Xo= {m: + 20 A de, + A, d' (e, — I])]"' —afb

w=Ade, +4 (o -1) b= 1000.0 mm
d= 77.0 mm Iy = 6.0BE+07 mm'
w= 15607.87 mm’ d' = 13.0 mm Branaon I, = n,s[#+ ,{,_w} ly = 4326407 mm’
Xy = 28.09 mm A = 628.32 mm’ = loy = 6.08E407 mm’
A, = 392.7 mm’
= 15.67 l, = S5.64E+07 mm’
doo= b’L"“Hx Afd=x,F +(ee, =1)A" (d'=x., ) * Short-Term Deflection
F= g A, A " ; F
L= 3236407 mm' By K Me L= 30000 mm
= 1 M, = 2.53 kNm
* Moment of Inertia for a Partially Cracked Section K= 0.0757
. : . 4= 2.19 E = 13.97 GPa
i =EE—'] i 1_[&(_] . lo = 3.236407 mm*
LE 2 M, ) 3 M, o M, = 4.18 kNm * Shrinkage Deflection
lo = 4326407 mm' - 1 o [’ 3
= wis f=0-7ff‘(p-p')-[7] for  p-p'=3.0%
e % % then lo = 4326407 mm"* '] .r
i —=07-2 for p=>3.0%
MIDSPAN: Critical Moment for mid C7 - C8 T h
* Moment of Inertia of a Cracked Section check: pP= lﬂnA_‘ fb(f Ay = 392.70 mm*
i b = 1000.0 mm
Xpom {w" +2b(Ada, + A, d'(e, ~1))] - rr)}/b p= 0510 % d = 77.0 mm
w=Ado, + A, (e, -1) b= 10000 mm p'=1004", /bd A, = 0.00 mm*
d = 77.0 mm b= 1000.0 mm
w=  6154.06 mm’ d = 13.0 mm p= 0,000 % d-= 77.0 mm
X = 25.24 mm A = 392.70 mm’
AL = 0.0 mm’ therfore: 1/r, = 4.206E-06 mm’ £, = B6.J7E-04
= 15.67 h = 90.0 mm
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eq. 358

. -1

r
a5

4, = 3.18 mm

* Long-Term Creep Deflection

-

1,

0,084 (Branson 1377)
3000.0 mm
4.206E-06 mm’’

Short-term deflection due to Permanent Load

[fram short-term deflection calculations)

3.0 kNm
5.08E407 mm”

X, [ M, I,
> I'
[mm] [mm’] [lehim] Imm'|
Iy [’ 25.2 226407 1.03 104E+09 TRUE
Iy [mm'] 28.1 3.26+07 1.09 6.51E+08 TRUE
I,y [mm?*) 28.1 3.26+07 1.70 1.96E+08 TRUE
lem = 6.08E407 mm*
J1.+1., x ]
I, =08-——2ir1 Iy 6.08E+07 mm
2 li= 6.OBE+07 mm'
l.=  G.DBE+07 mm'
K= 0.0757
M, = 1,026 kNm
L= 3000.0 mm
13.97 GPa
6.086407 mm’
B,= 0.82 mm

Long-term deflection due to Permanent Load

k, =0.85/(1+50/p")

0.85

Ay
b
d

158

0.00 mm’
1000.0 mm
77.0 mm

A" /bd
0.00

0.82 mm

1.11 mm

Additional Initial Deflection

A =8=4,,

Total Long-term Deflection

b = 2.47 mm
* Total Deflection
A =A+A,
4= 247 mm
A= 3.18 mm
b= 565 mm

Byaga

ip =

2.19 mm
0.82 mm

1.36 mm

111 mm
1.36 mm

APPENDIX G
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SUMMARY of the calculated Deflections:

This section aims to summarize the deflections from the above calculated methods.

Calculation of the Short- and Long-Term Deflections according an Alternative Approach:

The long-term deflections will be determined using the different column strips and middle

strips, also known as the Equivalent Frame Method.

Slab Panel Parameters:

APPENDIX G

A B C D A B C D
Shoet Term Loeg Tenn Shrickoge Tedal Short Term Long Tenn Shrirkage Tetal
Deflectian Deflection Deflection Deflection Deflection Deflection Deflection Deflaction

From from frem from frem from from frem
9523 Bransor Bransor BandC 9523 Branson Bransor BandC
COLUMN STRIP C7 - C8 COLUMN STRIP C7 - C3
METHOD 9.5.2.3 [mm] METHOD 9.5.2.3 [mm]

e Biong [ Dot [ Bing [ B
219 247 318 5.65 225 2.55 in 5.65
COLUMN STRIP C4 - C5 COLUMN STRIP C8 - C5
METHOD 2.5.2.3 [mm] METHOD 9.5.2.3 [mm)]

B By B B [ Liong B B
2.28 256 3.18 574 245 275 ER L] 5.93
MIDDLE STRIP €7,C8 - €4.C5 MIDDLE STRIP C4,C7 - C5,C8
METHOD 9.5.2.3 [mm] METHOD £.5.2.3 [mm]

Bt Bione B Bt Bt Biooe B Biota
235 2.68 318 5.80 224 2.56 318 5.74

A---n’_ = ‘l ol 1 +aro.'_:.’+A..u where i=1ar2
MID DEFLECTION {Average of Strips) MID DEFLECTION (Average of Strips)
METHOD 2.5.2.3 [mm] METHOD 9.5.2.3 fmm]
Bour Liong [ Lo [ Biong o B
4.59 5.20 5.36 1156 4.59 5.21 6.32 1153
A = %l:.a‘.-.'v; P FA L I
FINAL MID DEFLECTION
METHOD 9.5.2.3 [mm]
[ - By Bpir -
4.59 5.20 6.34 11.35

Time-Dependent Material Properties: i 13.1 MPa
fiye e 16.38 MPa
f.=0.8f, fiia = - MPa
[Roberts and Marshall, 2008] fige = 1.67 MPa
at = 28 days E oz = 13.97 GPa
t o= 387 days
D, = 058 aAD = 1.58
Dy = 216
E.2 =  BSDE-0S bg, = 6.77E-04
Enugr =  7.62E-04
Long-Term Deflections for Slab Panel:
Long-Term Deflection: Column Strip C7 - C8
Refeeence * Moments used for Column Strip C7 - C8:
Critical M, Moments [kNm]
. Stage 1 Stage 2
Position
DL LC DL LC
SUpP gy 1.09 1.09 1.09 2.69
Mid -1.03 -1.03 -1.03 -2.53
SUPsaHT 1.70 170 1.70 418
Column Strip C7 - CB: b= 1000.0 mm
L= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h = 90.0 mm
A, [mm?] &, [mm’]
Supiert BY10 628.32 5Y10 392.70
Mid 5Y10 392.70 a 0.00
SUPgiGHT BY10 62832 5Y10 392.70
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e 720

* Modulus of Elasticity: Long-Term

E.
E ="
T (14 oo, 1,)) where Ecpa = 22.08 MPa
Dy = 2.16
Eur = 6.98 GPa
* Modulus of Elasticity: Reinforcement
E = 219.0 GPa
* Deflection Coefficient
M, = 269 kNm
M;= 418  kNm
My= 253  kNm
ﬂ___M|+M= B= 272
M,
2 B _
K=01041-— K = 0.0757
10
Short-Term Properties:
* Effective Modulus Ratio
£, o
o, =—" E = 219.0 GPa
E, E = 13.97 GPa

a, = 1567

* Moment of Inertia for Uncracked Condition

b i A
¥ =MM b= 1000.0 mm
bh+ (e, =1)(4, + A',)

h = 90.0 mm
ds= 77.0 mm
*, = 46.93 mm d' = 13.0 mm
A = 39270 mm’
Al = 0.0 mm*
1, =%+bh[g—x"] +(a,—|]{,¢,[d—x" Y+, (x —d-)’]

[

* Moment of Inertia for Cracked Condition

x, ={w? + 6(4,da, + 4, d'(a, - 1)} -}l

w=Aa, + A4, (a,=1) b= 10000 mm
d= 77.0 mm
w=  6154.06 mm’ d' = 13.0 mm
X = 25.24 mm A= 39270 mm?
A, = 0.0 mm’
a, = 15.67
b’ " "
I, === +aAd-x, ) +(a, )4, (d-x, )
= 2.18E+07 mm® W = 3.03

* Cracking Moment

w, =L
h=x,
f, = 1.7 MPa
M, = 2.57 kNm h = 90.0 mm
M, = 2.53 kNm {from above)
MM, = 0.99

M < M,

Section is Uncracked

* Short-Term Flexural Curvature

Section is Cracked

§=1-B(M./M,]
I
I1,=1, e
Fias 1— i’sr_ Er:.
Il\‘ M{I
.= 6.63E+07 mm® E = 13.97 GPa
p= 1.00
1_M, le = 2.18E+07 mm'
r EI I, = 6.63E+07 mm'
1fr, = 27303 m’

* Short-Term Flexure Deflection

L= 30m
A, :KE_I 1fr, = 27303 m’
n K= 00757
4 = 1.86 mm

APPENDIX G
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Long-Term Properties:

* Effective Modulus Ratio

E
a, =— E, = 219.0 GPa
Ey Ep = 6.98 GPa

a, = 31.38

* Moment of Inertia for Uncracked Condition

Mt e, 1) Ad+ 4, dY)

B e v, T rm— b= 1000.0 mm
bh+ (e, —1)A, + A,) iow ——
d= 77.0 mm
x = 48.75 mm d = 13.0 mm
A = 3927 mm’
H, = 0.0 mm*
bi' h i i 3 :]
I, =E+bh E—-.rw +(ﬂ'f-1 A_‘[{."‘—r"] +4, [.\'"-d'}
I, = 7.156+07 mm®
* Moment of Inertia for Cracked Condition
g {w: +2b(Adea, + £, d' (e, - I))IH -w}f&
w=Ada, + A (e, ~1) b= 10000 mm
d= 77.0 mm
w= 1232371 mm’ d = 13.0 mm
X, = 32.95 mm A, = 392.70 mm®
N, = 0.0 mm’
Q= 31.38
3
I _b'trr (d 2 A 2
=Pt (d-x, F (-4, o, )
. = 3.586407 mm’ 1L/, = 2,00

Reference

g 718

* Cracking Moment [from above)

Section is Cracked

M, =M,

S =EE.S,(h=x, )1, + A E.e.[[4(0+ea.(4,/4. )]

E = 219.0 GPa h= 90.0 mm
Es = 6.77E-04 X, = 48.75 mm
A, = 392,70 mm* = 7.156407 mm®
A, = 90000.0 mm’ = 31.38

d = 77.0 mm = 13.0 mm
A= 0.00 mm’

s, = 11095479 mm’

frey = 1.517 MPa M, = 2.57 kNm
f = 1.7 MPa
_ S M, = 0.23 kNm
M',,_[l— ]M" ;
S
therefore M, = 0.23 kNm
* Long-Term Flexural Curvature due to Permanent Load
Section is Cracked
=1-BM. /M)
I,
I=1I, f=———
j— |_£ M,
I, A M,
. = 7.15E+07 mm’ = 05
Een = 6.98 GPa
1_M, I, = 3.58E+07 mm®
n, Egl, I, = 7.156407 mm’
i= 0.00
M, = 1,03 kNm

1/r, =  2.06E-03m’

* Long-Term Flexure Deflection due Permanent Load

1 L= 30m
A, =KI— 1fr, = 2.06E-03m’
fi K= 00757

b, = 1.40 mm

APPENDIX G
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* Additional Initial Deflection

Bymue = K0, - 0,1

* Total Long-term Deflection

Ay =A g +d,

A= 2.51 mm

* Shrinkage Curvature

1 S S
—=gr a —+ll-cle o =
L= a2 (1-ce.a

o u o

S =Ad-x)-4,(x, -d)

5, = 111E+04 mm’

5, =A,(d-x,)- 4, (x, ~d)
S, = 173E+04 mm’

1, = 103E-05 mm’

* Shrinkage Deflection

. |
A=K, —
T

4, = 7.75 mm

* Long-Term Deflection
A, =A,+A4,

a = 10.26 mm

By

B

0.0757
253 kNm
1.03 kNm
3000.0 mm
13.97 GPa
6.6E+07 mm"
L11 mm
140 mm
L11 mm
€, = G.J7E-04
d 77.0 mm
d' = 13.0 mm
A, = 3927 mm’
A, = 0.0 mm*
i 48.75 mm
3 32.95 mm
a, = 31.38
{= 0.0
I, = 7.15E407 mm’
I, = 3.58E407 mm’
3000.0 mm
103605 mm*

0.0840 (Branzon 1977)

251 mm
7.75 mm

APPENDIX G

SUMMARY of the calculated Deflections:

This section aims to summarize the deflections from the above calculated methods.

A B = D A B = D
Shart-Term Long-Term Shrinkage Taotal Shart-Term Long-Term Shrinkage Tatal
Deflection Deflection Deflection Deflection Deflection Deflection Dedflection Daflection
Fromn From Fram from fram frerm frem from
Chapter 2 Chapter 3 Chapter 3 Banc C Chapter 3 Chapter 3 Chapter 3 BandC

COLUMMN STRIP C7 - CB COLUMMN STRIP C7 - C3

Alrernative METHOD [mm] Alternative METHOD [mm]
Loyt By Bk Biia Bt By Dot Dy
186 251 775 10.26 192 259 7.72 10,31

COLUMN STRIP C4 - C5 COLUMMN STRIP C8 - C5

Alternative METHOD [mm] Alternative METHOD [mem]
'n:'n't A‘ﬂ"i lI\rl-lﬂ. A'.CIJ '.\norl A‘l‘ll’! A'.h'lr < Alﬂa

211 308 251 6.49 263 457 2.51 7.08

MIDDLE STRIF C7,C8 - €4,C5 MIDDLE STRIP C4,(7 - C5,C8

Alternative METHOD [mm]
Doy Byong Berinn; [ Binon Bugeg Bpwine Byegy
210 291 e 10,6 2.00 .17

Alternative METHOD [mm]

115 1052

A= é(Arni VT AL :}+f3nmi;' wherei=1or2

MID DEFLECTION (Average of Strips) MID DEFLECTION (Average of Strips)

Alternative METHOD [mm]

'ﬁ:w'( nhﬂ R 'ﬂ,'l-nl_ 'ﬂxll ﬂ5'|ul\ A‘m'l: A'.h'll % AM‘.\h
4.14 6.15 12.88 19.03 4.33 6.35 12.86 19.21

Alternative METHOD [mm)]

A _%(-’\ w1 F D :}

FINAL MID DEFLECTION
Alternative METHOD [mm|
Binary [ By L
4,24 6.23 1287 19.12
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Obtain the Allowable L/d ratio according to SABS 0100-1, clause 4.3.6

Slab Panel Parameters:

Material Properties: fo = 13.1 MPa

fo= 1638 MPa

f= 167 MPa

E = 2208 MPa

f,=  650.0 MPa
Middle Strip: [ Middie strip c7,c8- cacs_|

b= 12000 mm
L= 3000.0 mm

d= 770 mm
d = 13.0 mm
h = 90.0 mm

Provided Reinforcement:

[ widdie strip c7,c8- ca,cs |

A = 47124 mm’
= 0.00 mm’

Allgwable Spa th Ratio compared to the Actual Span/Depth Ratio: Middle Strip £7,C8 - C4,C5

h fige. r
| Support Condition | Rectangular section |
I One end continuous I 24 ]
Candition
TR k= 10/
ue g 4 koo 10
FALSE k= 1.0
Step 2: ign of /depth ratio due to tension

Design Service Stress:

assume the normal partiol load combination factors apply

Vo= 10
V= 1.0
Ve = 1.0
Vo= 10

assume no moment redistribution occurs

B = 10
[ = 650.0 MPa
+i A, :
f,=087f B :
Yiths "lu.r--a- ﬁh
Calculate the Design Ultimate Bending Moment (clause 4.3.3 4]
assume only tension reinforcement is required, therefare KsK'

78



APPENDIX G

M b= 12000 mm
K:bd’f = 1638 MPa
o d = J7.00 mm
My = 27 kNm [moments spreadsheet]
K = 0.0236
K
z =(fJ0.5+ 0.25——+ = 0.95d
|77 0.9
3= 09731 & > 0.95d
assume = 0.95d = 73.15 mm
therefore M f, = B50.0 MPa
s d = 770 mm
0.871,z
Au = 9600 mm’
therefore f, = 11520 MPa A = AT1L24 mm*
Maodification Factor k;:
(477 ) b = 12000 mm
ko=0ssa— T2 L) a0y 4= Tomm
lgq 09+ M ] f = 115.2 MPa
" hd* ]

Stap 3: Modification of span/depth ratio dus to compression reinfarcemeant

no compression reinforcement provided
therefore k; = 1.00

Step 4: Deflection due to creep and shrinkage

assume normal creep and shrinkage occurs and is accounted for from step 1to 3
thercfore ky = 1.00

Step 5: Span/depth ratio for langed beams

veam is rectangular and not flanged, step 5 is not applicable
therefore k, = 1.00

Compare Actual and Allowable L/d Ratios

(%)«’n.'ﬂ. < (%)u.mlrm{.r = [%Jm.m LR

L = 30000 mm (ehnun = 38.96
d 77.0 mm

Udhas = 240

Ky 10

ky 2.00

ks 1.0

ks 10

ks 10

flat slab ? 0.9
(LFd) s cvarar 43.20

Serviceable 7 I 0K I
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Obtain the Allowable L/d ratio according to EC2, clause 7.4.2

Slab Panel Parameters:

Material Properties:

Middle Strip:

Provided Reinforcement:

Allowable 5

Determine whic

(2]

= 13.1 MPa
f.=  16.38 MPa
f = 167 MPa
E = 22.08 MPa
f = 650.0 MPa

Middle Strip C7,C8 - C4,C5

b= 12000 mm
L= 30000 mm

d= 77.0 mm
d = 13.0 mm
h= 90.0 mm

Middle Strip C7,C8 - C4,C5

471.24 mm’
0.00 mm’

A =
AL =

h L/d Equation is applicable:

%=K 1+1.57; -

(£

E_ o = p, 1
—=K|11+1.5f, ——+—
d PP AST

p, =107 1

Flanged Sections:

it bfb, > 3.0

b/b, =

where
Po = 0.004
A, [mm’] 471.2
A, [mm?] 0.0
p = Afbd [-] 0.005
p'= A /bd [] 0
eq.? 2
then kg =
0.00 therefore

0.8

500 MPa

n/Depth Ratio compared to the Actual Span/Depth Ratio:

P ) 2
o432 ,ﬁ_-[—“—l]
P Vr P

f. =

Asieg = 94,46 mm*
A = 471.24 mm’

5, prow

310/, =500/(f, - A, /4. o)

g, = 80.8 MPa
310/0, = 384
if PEp.
it p=p,
13.1 MPa
1200.0 mm
77.0 mm

APPENDIX G

(EC2, clause 7.4.2)
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Beamn and Slab Elements:

if L > 70000 which support partitions liable to be damaged by excessive deflection

L < 70000 therefore ky = 1.00

Flat Slabs:

if greaterspan > 8300.0 which support partitions liable to be damaged by excessive deflections

APPENDIX G

then ky = 7000/ Len

then ks = 2500/ Ly

greaterspan < 8500.0 therefore ks = 1.00
Basic Span/Depth Ratio:
Concrete Highly Stressed Concrete Lightly Stressed
Structural System K
p=1.5% p=0.5%
Simply supported beam, ong- or two-way spannin,
ply supp Y S 2 10 14 20
simply supported slab
End span of continuouse beam or one-way continuous
slab or two-way spanning slab continuous over 1.3 18 26
one long side
Interior span of beam or one-way or two-way
. 1.5 20 30
spanning slab
|5lab supported on columns without beams
g 12 17 2
(flat slab)(based on longer span)
Cantilever 0.4 6 -1

Compare Actual and Allowable Lid Ratios

(r’:/(r"l_f-'.'ft'.ii = [?j'lj;;oir_wr.r

L= 30000 mm Wellrpe = 28.96
d = 7.0 mm
(L =K N+15(7 Lo
{‘/ :f},,-r..twr,,-s;:' K 1+15¢f
eq. 2 1./ =K .
{'-/d']_di..l‘.f_.‘il'_,'si.‘.' K15/,

13.1 MPa
P, = 0.004
p = ASbd [-] 0005
p'= A jbd |- 0.00
eg.? 2
t 1.0
L5 10
L 1.0
K 1.2
3100, 18

[veeer | oc |
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Obtain the Allowable L/d ratio accor

Slab Panel Parameters:

ding to BS 8110, clause 3.4.6

Material Properties: f. = 13.1 MPa
f. = 16.38 MPa
f, = 1.67 MPa
E = 22.08 MPa
f, = 650.0 MPa
Middle Strip: Middle Strip C7,C& - C4,C5
b = 1200.0 mm
= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h = 90.0 mm

Provided Reinforcement:

Middle Strip C7,C8 - C4,C5

A =
&' =

Allowable Span/Depth Ratic compared to the Ac

471.24 mm’

0.00 mm’

tuzl Span/Depth Ratio:

Support Condition Rectangular Section Flanged Section b,/b 0.3
Continuous 26 0.8
(>100m? [Cracse ]
Condition
TRUE k, = 10/L
' ! ky = 10
FALSE k= 1.0
step 2: Modification of span/depth ratic due to tension reinforcement
Design Service Stress:

assume the normal partial load combination faclors apply
V. = 1.0
Vo = 1.0
¥s = 1.0
Ye = 1.0

assume no moment redistribution acours
By = 1.0

P 51 A 1 f, = 6500 MPa
A
8 . B,
Calculate the Design Ultimate Bending Moment {clause 4.3.3.4):
assume anly tension reinforcement is reguired, thercfore Kk

APPENDIX G
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Ko M b 12000 mm
- bd:f f = 16.38 MPa
! d FI00 mm
Mys = 27 ENm [mements spreadsheet)
K 0.0236

! K } = 0.95d

z=d]05+ [025 =
{ \l 09

z= 0973 4 > 0.95d
ASSUME ] 0.95d 73.15 mm
therefore A M f, = 650.0 MPa
!_087 . d = 77.0 mm
871,z
Pig = 95000 mm?
therefore £, - B2.7804 MBEa A = 47124 mm’
Wodification Factor ks

(2 g b =  1200.0 mm
K, =055+ — A7 20) 54 d-  770mm

2 ra r b
120 0.9 4 M 3 f, = 82.8 MPa

A bd”

Step 4: Deflection due to creep and shrinkage

assume normal creep and shrinkage occurs and is accounted for from step 1to 3
therefore ks = 1.00

Step 5: Span/depth ratio for flanged beams

beam is rectangular and not flanged, step 5 is not applicable
therefore ks = 1.00

Compare Actual and Allnwahle L/d Ratins

(% ]A("?UAL = [% )Auormme = [Ld]s,qs,'s ki kg kg Ky ks

L = 3000.0 mm Udhoun = 3896
c = 77.0 mm
(Wdhapss = 26
ky 1.0
k» 2.0
ky 1.0
ks 1.0
ks 1.0
Flat Slab ? 0.9
(L/d) s owane 52.00

[ sewiceanle? [ ox |

APPENDIX G
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Obtain the Allowable L/d ratio according to ACI 318, Chapter 9, Clause 9.5

Slab Panel Parameters:

Material Properties: f. = 13.1 MPa
f. = 16.38 MPa
f= 1.67 MPa
E. = 22.08 MPa
f, = 650.0 MPa

Middle Strip: Middle Strip C7,C8 - C4,C5 |

b = 12000 mm

L= 3000.0 mm
d= 77.0 mm
d = 13.0 mm
h = 90.0 mm

Provided Reinforcement:

Middle Strip C7,C8 - C4,C5

471.24 mm’
0.00 mm’

Allzwable Span/Deprh Ratio compared to the Actual Span/Depth Ratio:

One-way Construction (Nonprestressed): ({clause 9.5.2)

(200 x 200 columns)

APPENDIX G

L/h Ratios for Nonprestresses Beams ot One-way Slabs

Simply-Supnorted | One End Continuous I Both Ends Cantinuous I Cantilever
Member Members not supporting or attached to partitions or other construction likely to be domaged by
large deflections.
Solid one-way slabs 20 | 24 I 28 I 10
Beams or ribbed one-way slabs 16 l 185 I 21 I 2

Two-way Canstruction {Nonprestressed): {clause 9.5.3)

L./h Ratios for Nonprestressed Slabs without Interior Beam

. Without Drop Panels ‘With Drop Panels
Yield Stength - -
Exterior Panels R Exterior Panels R
- Interior Paneals - - Interior Panels
f, [MPa) out Edge Beams With Edge Beams Without Edge Beams With Edge Beams
300.0 33 36 36 36 a0 40
420.0 30 33 33 33 36 36
520.0 28 31 31 31 34 34
650.0 25.4 284 28.4 284 314 31.4

{last row of values are interpolated values)

For slabs without interior beams spanning between the supports and having ratic of long to short span not greater than 2, the minimum

thickness shall be in accordance with the provision as stated above for two-way construction.

I Consider the L/h ratio for Two-way Construction
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Compare Actual and Mlowable Lid Ratios

)

L, =
h =

Lo/ Mascwan ¢ =

< [ 5 h |

S ACTUAL

2200.0 mm
90.0 mm
%54

[ [ 50 ]
Stk [ wo ]

LS ATTOWARLFE

{Lofhlacivas =

i

APPENDIX G

85



APPENDIX H
APPENDIX H
The calculations to obtain the predicted deflections for the parking deck case study are similar to the
calculations presented in Appendix F. The column and middles strip properties are presented for the

slab panel under consideration. The data presented in this appendix may be applied to the

calculation procedures from Appendix F to obtain the predicted deflections.
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Layout of the Exp I 5lab and Col

1875 | 1075 3750 1875
g -

T

I g, =t
i | 1 e
i
a2l =
g £ H 3 5]
v
ok i
v 3y c F ||:

The panel is divided into column and middle strips, as observed from the article published,

These strips will be taken into consideration when calculating the deflections at variuous

points.

Figure 3: Flat Slab Panel 3

The following Load Combinations were applied to the model:

1. Ultimate Limit State Moments:
Q=126+ 160,

2. Serviceability Limit State Mame:
Q-=1.16G, + 1.00,

3. Sustained Portion of the Serviceahility Limit State Moments: Lead Cambination 3 (LC3)

Q= 116G, +0.60,

Load Combination 1 {LC1)

nts: Load Combination 2 [LC2)

4. Dead Load Moments: Load Combinaticn 4 (LC4)

Q-106,

Column Strip C - L:

Middle Strip H - D:

b 18750 mm
8500.0 mm
d 2250 mm
450 mm
h 250.0 mm
A [mm’] A, Imm’]
Supyen 10v12 1130.97 1ivi2 1244.07
Mid 11¥12 1244.07 0 1]
SUDmgur 21¥12 2375.04 11¥12 1244.07
b 4750.0 mm
F5000 mm
d 2250 mm
d 250 mm
h 2500 mm
A, [mm’] A, (mm’]
SUBery 18Y12 2035.75 26¥12 2940.53
Mid 26Y12 2940.53 0 1]
SUDmaNT 0 0.00 26Y12 2940 53

APPENDIX H

Column and Middle Strip Di i and

Column Strip & - G: b= 3750.0 mm
L= 8500.0 mm
d= 225.0 mm
d = 250 mm
h= 250.0 mm
A [mm’_ Ay [rr'm?_

Suppey 20¥12 2261.95 22¥12 2488.14

Mid 22Y¥12 2488.14 14Y10 1099.56

Supmer | 25Y16, 1¥12] 5139.65 22¥12 2486.14
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APPENDIX

APPENDIX1

The calculations to obtain the predicted deflections for the office case study are similar to the
calculations presented in Appendix F. The column and middles strip properties are presented for the
slab panel under consideration for the office block case study. The variables presented in this

appendix may be applied to the calculation procedures from Appendix F to obtain the predicted

deflections.
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Layout of the Experimental Slab and Columns:

7500 7500
- - -
1875 3750 1372_ 1875 3750 1875
: a8 ! 49
; —+— o=
£¢ i |
sl o
2l g
E ..,I
5'“’1 52 53
= 5 54
L+ — +

Apply the calculation proceure as stipulated in Annexure A SABS 0100-1.
All relevant parameters/notation should refer to the longer span.

The panel is divided into column and middle strips, using Figure 16 (a) from S4B5 0100-1.
These strips will be taken into consideration when calculating the deflections at variuous
points,

The following Load Combinations were applied to the model:
1. Dead Load Maments: Load Combination 1 {LC1)
Q=106
2. Live Load Moments: Load Combination 2 (LC2)
Q=1.00,

3. Sustained Partion of the Serviceability Limit State Moments: Load Combination 3 (LC3)

Q=1.16, + 0.3Q,

4, Serviceability Limit State Moments: Load Combination 4 (LC4)
Q=116 + 1.0Q,

5. Ultimate Limit State Moments: Load Combination 5 (LCS)

hiiddle Strip 52,53 - 47,48;

Column Strip 48 - 40:

hiiddle Strip 53,54 - 48,49;

b 37500 mm
L= 77000 mm
d 207.0 mm
d = 220 mm
h= 230.0 mm
A, lmm’] A, [mm?)
SUDyeer 20Y12 2251.95 19¥16 382018
Mid 19Y16 3820.18 0 0
S 2V10 62832 19716 3320.18
b= 3750.0 mm
L= 7500.0 mm
d= 2070 mm
d = 230 mm
h= 2300 mm
A, mim] A, [mm?)
suo,, | svie evao | 432283 0 0.00
Mid 13¥16, BY16| 422230 0 0.00
Supyue | 16¥16,3v10] 345261 |13v16,8v16| 422230
b= 3750.0 mm
L= 7700.0 mm
d= 207.0 mm
d = 230 mm
h= 2300 mm
A, mm’] A [mm]
Sy 15¥12 2145.85 19¥16 382018
Mid 19Y16 3820.18 0 0
S 2¥10 62832 19Y16 382018

APPENDIX

Q=1.2G, + 160,
Column and Middle Strip Di ions and Reinfi
Column Strip 47 - 48 be 37500 mm
L= 75000 mm
d= 207.0 mm
d' = 2320 mm
h 2300 mm
A [mm’] A [em’)
S 17¥16 3418.05 0 0.00
Mid V16, IVIE 3619.11 o 0.00
SUP: o V16, BY20 | 4322.83 0 0.00
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APPENDIX I

APPENDIX]

The calculation for the short-term moment-deflection behaviour is presented for the first slab
specimens, Slabs 1a-c, as specified by Maritz (2009). The calculations for the other slab specimens may

be acquired from the data disks.
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APPENDIX I

MARITZ SLAB: 0.39% - Slab 1a-c

Calculation of the Immediate Deflection according to SABS 0100-1, clause A.2.4

Slab Panel Parameters:

Material Propertics:

Wide Beam:

Modulus of Rupture:

= 32.08 MPa
f. = 40.10 MPa
f = - MPa
E = 26.08 GPa
b= 600.0 mm
L= 24000 mm
d = 750 mm
d = 25.0 mm
h = 100.0 mm

(for unrestrained slabs)

(.65, -
S =0.65 fi= 412 MPa
Cracking Moment:
4
I lg = S0E+07 mm
M{F =2T% Y~ 50.0 mm
Ye My = 412 kNm
M, = 4.62 kNm M, = 4,12 kNm
MMy = 112

Momenf of Inertia_of Cracked Section:

Equations used

B = 1.205

%, for the Cracked Condition 1, for the Cracked Condition Modular Ratic
Ly, b+ Ada, s . E,
== where X, =X, . I, =1bx "+ A(d—x_ )« o, =—
bt Ao, s ’ E,
] %] 0.39
Yoy [rrimm] 18.5
b [rrimm] GO0.0
A, [mm?] 236.0
d [rmm)] 50
e, [GPa) 200.0
E, |GPa] 261
e Il .7
%, 5 [rmm] 185
by [mm®] | 7.06+06
I far Partially Cracked Condition Immediate Curvature 1/r, Deflection [mm]
y, ,
M, M, | A =k L
1= e | 1= | ==, <1 ; p
! . a J
| Detlection Coefficient, K {Annexure A, table A.2) I
M, + M,

:

L2

ot

Loading un Beam

e “I

L
M’I

Bending Moment Diagram

s M,

K= {].(}83[] —g\]

ifram Maritz, 2009)

K = 0.0580
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P %] 0.39 Uncracked Condition
T TS n 11, a M, | MM, [ 1, &
gl g tm'] | 120w | ) 14 I e’ | ot o't | )
10.00 0.10 S.OE+0T 0.3 0.1 10.00 0.10 S.0E+07 03 a1
.00 030 | S0F0T 06 0.y 500 ax | seEs0n ne 02
333 030 | S0E«07 09 03 3.33 030 | SoEW07 03 03
250 040 | S0E07 13 0.4 250 040 | s0E007 13 04
2.00 0.50 E.OE+0T 16 0s 2,00 050 S.0E+07 15 s
157 0.60 19 0.6 167 no0 | Sors07 13 o6
143 0.70 2.2 07 143 070 | S0F07 22 o7
125 0.80 | S.0E07 25 02 125 020 | 5.0E07 25 08
11 090 | S.0E+07 28 0a 111 050 | 5.0E+07 28 0g
1.00 100 | so0Es07 32 11 100 100 | 50607 32 11
031 110 | 38F07 A4 15 091 130 | scEs07 35 12
0n=: 120 31.2E+07 9 2.0 [LE.£] 120 2. CE+DV 38 13
0.7 1.30 2.7e40F o i6 LU 120 2 CE+DV 41 14
o 140 23E+07 8.7 33 .71 140 S.0E+07 44 15
0.67 150 20E+07 120 &0 067 1.50 S.0E+07 a7 16
063 160 | vEEs0r ad 48 (X5} 1E0 | sLEs 51 17
059 1 | veesor | 120 5.¢ 059 10| snesod 54 1%
058 180 | nage07 | 107 66 0.56 180 | 5.CEW07 57 18
053 190 | w3gs07 | 225 75 0.53 190 | 50407 (] 20
050 200 | 120407 | 254 85 0.50 200 | 506407 63 21
0AR 210 | 12607 | 284 a5 048 210 | s0Es07 66 22
045 2.20 11E+07 3.3 108 045 P 5.0E+07 B4 23
042 230 | 1aE07 | 343 s 0.43 230 | 5.0E07 73 24
042 240 | 10Es07 | 373 125 042 240 | 506407 76 25
040 250 | earss | 03 135 0.40 350 | aoEs07 X 6
038 260 | eskens | 433 144 038 r80 | soEs07 E¥] 27
037 270 | sa2e0s | 462 154 0.37 270 | soEw? 85 28
035 280 | soEs0s | 491 154 0.36 280 | S0Ee07 EX ] 1]
034 290 EBE+DE 520 174 0.34 2.50 S.0E407 a2 31
033 300 | R6Fs0R | 548 133 0.33 300 | S0F07 a5 32

APPENDIX I

MARITZ SLAB: 0.39% - Slab 1a-c

Calculation of the Immediate Deflection according to Eurocode 2, Section 7.4

Slab Panel Parameters:

Material Properties: F. = 32.08 MPa
f, = 4010 MPa
f = 3.03 MPa
E = 26.08 GPa
Wide Bram: b= 600.0 mm
L 2400.0 mm
d= 75.0 mm
d - 250 mm
h= 100.0 mm

Momenf of Inertia for a Partailly Cracked Section:

Equation used

%, for the Uncracked Condition

1, for the Uncracked Condition

Madular Ratio

4 (o, 1A d + A )
bh+(ee =1}, +.1)

Xy =

hh'

{

[, =——+hi
12 \

h ) . N . -
?‘— X, l +(e, - 1_{_—1\ (d=xF+4, (x,—~a"

2

%, for the Cracked Condition

1. for the Cracked Condition

Cracking Moment

w=da +A (e 1)

X, = {|m2 +2b(Ade, + A", d'(ee, — )] -

-\..'J

e d (d=x, F +le 1), (d=x, ]
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P [%] 0.39
b Imm] 600.0
h [mm] 1000
A, lmmd] 2360
d [ram] 750
E, IGPa) 2000
E. |GPa) 251
a, B w7
% ] 506
1, lmm'] | S.1E407
w ] | 18098
i [mm] 185
Ly mm') | T0F06 M, = 4,62 kNm M. = 3.13 kNm
M, [k 11 WM, 1.48
 for Partially Cracked Condition Immedizte Curvature 1/r; Deflection [mm]
I = L 1
A v 1_M, A, =K' —
1 |‘.1 i _. wEJ, n
Deflection Cosfficient, K [Annexure A, table A2} I
g MM, Be 1a0s
l M, ifrom Maritz, 2003)
. Lz _|_ Lz N s
Loading on Beam Bending Moment Diagram K= 0-085L| _TJ K = 00580
pl%] 0.39 Uncracked Condition L, 1fr, A
MM, | MM, 8 1 4 MM, b iy, 4 [mm’ 10" i}
Il H [10° mm®} | Jmm H Imem®) | [10°mm®) | Imem] T.0E+DB 0.0
10.00 0.10 0z 0.08 010 | 51807 0.2 5 T0E+06 1.7 06
5.00 020 05 0.16 020 | 51807 05 0.2 TEHDG 34 11
333 0.30 or 0.24 030 5.1E+07 or 0.2 1.E+06 51 e J
250 0.40 08 031 040 | 5.1E.07 08 0.3 T.E406 6.8 23
2.00 050 1.2 0.39 050 | 5.1E.07 12 04 T.E406 85 8
167 0,50 14 0.47 060 | 51607 14 05 TE+D6 102 34
143 070 16 055 070 | 5107 L6 06 TE+D6 119 40
125 0.80 5.1E+07 18 0.63 080 | 516407 19 06 TE+06 136 45
111 0.90 51607 21 071 0580 | 5107 21 0.7 TEHG 15.3 51
1.00 1.00 516407 4 0.79 100 | 516407 24 08 TEHD6 17.0 5.7
091 110 24€407 54 150 110 | saee07 16 1] TE06 187 63
0.83 1.20 1807 82 274 120 | 5107 18 09 TE06 0.4 68
077 1.30 1AE«07 10.8 362 130 | sage07 31 10 TE+06 21 7.4
071 1.40 1.3E+07 13.4 445 140 | 518407 33 11 7E+06 238 80
0&a7 1.50 L1E+07 158 526 150 5.1E07 5 12 TEH06 55 85
063 160 11E-07 18.1 6.04 160 | saee07 EX] 13 TE+06 72 8.1
059 170 10E407 | 203 678 170 | saee07 40 13 TE+06 289 9.7
056 180 | 96£e06 | 225 751 1E0 | sage07 4.2 14 7E+06 30.6 10.2
053 1.90 9.3E+06 46 823 1.90 S.1E+07 45 5 TE+06 23 108
050 200 | 9oes06 | 267 892 200 | saee07 a7 16 TE06 34.0 114
0.48 210 | ssEe06 | 288 961 210 | sage07 49 17 TEH0G 5.7 119
045 2.0 B.6ED6 0.8 10.28 220 5. 1607 5.2 17 TEHG et 125
043 230 BAED6 s 10.95 230 5.1E+07 54 13 TE+06 39.1 131
0.4z 2.40 B3E06 34,7 1161 240 5.1E07 56 1% TEH6 0.9 136
0.40 250 | 82606 36.7 12.26 250 | saee07 59 20 TED6 426 142
038 260 | 81606 386 1290 260 | sagen7 6.1 20 TEHGE 443 148
037 .70 8.0€+06 40.5 1354 70 5.1E+07 B4 21 TE+06 460 154
036 280 T.5E+06 2.4 14.17 280 5.1E+07 66 22 TE+06 477 159
034 2.50 TEE06 443 14.80 250 5.1E+07 68 23 TEDE Q9.4 165
0.33 3.00 7EE4D6 | 462 15.43 300 | saee07 7.1 24 7E+06 511 17.1

APPENDIX I
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APPENDIX I

MARITZ SLAB: 0.39% - Slab la-c

Calculation of the Immediate Deflection according to BS 8110, 3.6

Slab Panel Parameters:

Material Properties: f, = 32.08 MPa
f.= 40,10 MPa
ks - MPa
E = 26.08 GPa
Wide Beam b = 600.0 mm
L= 2400.0 mm
d= 75.0 mm
d = 25.0 mm
h = 100.0 mm
Cracking Moment: M, = 3.13 kNm {from EC2 data) M, = 4,62 kNm
MM, = 148
Momenf of Inertia_of Crack ion: Equations used
¥, for the Uncracked Condition 1, for the Uncracked Condition Maodular Ratio
W (o WA, d + A d') bir h i 2 2 E,
x, === SRAAS - Z, =—+bh[——.\‘” ] + (e, )[A,{d —-x ) +4, (x, —d‘)'] a,
bh+(a, A +A",) 12 2
*,, for the Cracked Condition I,, for the Cracked Condition
x s 3 d' ) I, 1(x Y S x, dV
L= (p+p)+ | (xll‘{p+p')'+3(xﬂ[p+—p'] e ] +u’|_p[ |- E +f{.p'[ =
d \l d bd 3L d \ d ) .d d)
Ll %] 039
b [mm] 600.0|
d [mm] 75.0]
A fmm’] 236.0
p I 0.0033
E [GPa] 200.0|
E [GPa] 261
o, 8] 7.7
X [mm] 50.7
I imm®] 5.1E+07
*.fd [l 0.216)
Yer mm] 16.2
1,/bd’ I-] 0.0217
12 Imm') | 5.5E+06]
aM [khm)] 2.00|
Immediate Curvature 1/r, for Uncracked Section Net Applied Moment for Partially Cracked Section Immediate Curvature 1/r, for Partially Cracked Section
blh-x, ) | M,
M, =M,-AM =M, -+t——"s"f e
= Ty n Bl
Deflection Coefficient, K (Annexure A, table A.2)
f= B = 120
l _'_M (from Maritz, 2009)
i i
| L2 | Li2 | -
s - G L i — 3 B
Loading on Beam Bending Moment Diagram K= []'083[ 1 _T K= 100a0
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Moment ot Inertia_of Cracked Se: :

Equations used

APPENDIX I

%, for the Cracked Conditicn

o for the Cracked Condition

Modular Ratio

w=Aw + A (e, ~1)

%3 a —_ t‘\
x, ={ar +26(4.da, + 4, d' (e, )] - w}f (e -4 (&, ) “"E
[ [%] 0.33
b [mim| G000
A, [mm?] 236.0
d [mim] 75.0
E '6eal 200.0
E, (GRal 26.1
LN [l 77
w [mm’] 18098
Hy [mm] 185
ke [mm’] | 7.06+06
. Tor Partially Cracked Condition Immediate Curvature 1/r, Deflection [mm]
YERY ( 1 M 2 1
= "‘f—f"];_;r l—[j'—"' I, <1, ~TET A =KL =
\ M ) IR I et e ‘
Deflection Coefficient, K (Annexure A, table A.2)
Y M+ M, B = 1205
MT S - TMT - _1,{0 (from Maritz, 2009}
U‘Z U‘Z AN £
- - - »
Loading on Beam Bencing Mament Diagram K= 0081[ 1— ﬁ ] K 0.0580
L4
%] 0.39 Uncracked Condition Deflection [mm)
M, | oM, [N r & M/, | Mg 1, 1, oy
1 gl it fraet e | mm) 1 1 vl | 1ot e A, =KiI* L
10.00 010 sSIF07 | 023 008 1000 240 5.1Fs07 0z ol i
5.00 0.20 S1E+07 | 047 0.1 5.00 020 510407 0.5 0.2
EEE] 0,30 s1E:07 | 070 024 EEE] 220 5.1E+07 07 02
50 0.40 sab+07 | 094 250 04D 518407 09 (%3
200 050 SAEWDT 2.00 ] SAEDT 1.2 04
167 0.60 S.1E+07 1567 06D 5.1E0/ 14 (%3
143 070 S.1E«0T 143 a0 S.1E:07 16 05
1.25 0.80 SSE06 | 3.49 125 0.50 5.1E+07 19 3
111 0.90 S.5E+0B 557 111 090 5.1E+07 21 7
1.00 100 5.5E+06 7.85 .62 100 LoD 5.1E+07 23 oE
091 110 5.5E+06 10.03 3.35 0491 110 5.1E+07 26 oS
033 1.20 SSF06 | 1271 408 023 130 5.1Fs07 I8 09
077 130 S5E+06 | 1438 451 077 130 510407 31 10
071 1.40 SSE0E | 1656 553 a7 140 5.1E+07 13 11
0L? 150 S5bs0h | 1874 (%13 0! 150 51Ls07 in 12
063 LED SSE+06 | 2092 593 053 160 516407 18 13
05 L./ s.5E+06 | 2300 FAF 0.9 10 5.1E0/ a0 13
056 1.80 S.5E+0B 2528 i 056 180 S.1E:07 4z 14
053 1.90 SSEs05 | 27.46 217 053 180 5.1E+07 a5 15
0.50 2.00 S.5E+0B 2963 9.90 050 200 5.1E+07 ar 18
048 210 5.5E+06 3181 10,53 048 210 5.1E+07 19 15
0.45 2.20 5.5E+06 2392 1136 045 .20 5.1E+07 5.2 L7
0.43 730 SSFs06 | 3617 12,08 043 220 5.1Fs07 54 18
0.42 240 S5E+06 | 3835 12.81 042 240 516407 56 19
0.40 250 SSE«0E | 4053 1254 040 250 5.1E+07 59 20
0.38 2.60 SSE+06 | 4271 14.27 038 260 510407 [*1 20
037 270 SSE+06 | 4488 14.99 037 270 5 1E+07 63 21
0.3k LHO S5Es06 | 4406 15.02 038 2ED 5.1k 66 2.2
034 2.90 S.5E+0B 4524 16.25 034 290 S.1E07 (-] 23
033 3.00 SSE+05 | 5142 17.18 033 300 5.1E+07 7.0 2.4
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APPENDIX I

MARITZ SLAB: 0.39% - Slab 1a-c

Calculation of the Immediate Deflection according to ACI 318, Chapter 9.

Slab Panel Parameters:

Material Froperties: r.= 32.08 MPa
f=  40.10 MPa
fi= - MPa
E = 2608 GPa

Wide Beam: b= G00.0 mm
L= 2400.0 mm
d= 75.0 mm
d = 25.0 min
h = 100.0 mm

MModulus of Rupture: {for unrestrained slabs)

. — f = 32.1 MPa
L =0.623,/ 1",
/., VI f= 353 MPa
Cracking Moment:
7, I, = 5.0E+07 mm*
M, = ¥ = 50.0 mm
A M, = 353 kNm
M, = 4.62 KNm M, = 3.53 kNm
ML/, 1.31

Momenf of Inertia of Cracked Section: Equations used

x,, for the Cracked Condition 1, for the Cracked Condition Modular Ratio
w=A + A (e, ~1) N E
. . s / I, :&L+a.f1 (d—x., )V +le, -1)4 (d—x_ ) o, =—
x, =\@ +2b(dda, + 4, d'(e -1)|" - ofb o STy PA L ol a=x, E.

[ [%] 0.38

b [mm] G00.0

Ay ] 236.0

d [mm] 75.0

E [Gla] 2000

E. [Gra) 281

o, M 77

w [’ 12809.8

X [mm] 18.5

e Imm'| | 7.08+05

I, for Partially Cracked Candition Immediate Curvature 1r, Detlection [mim]
3 3
/ \ 3 VIR M e ]
I = ‘”:r I +l1- 'Uu <] =— A, =KL —
LY g o =g . ET "
Deflection Coefficient, K (Annexure A, table A.2)
f= M +M, B = 1208
l M, ) M. _.M_j {from Maritz, 2003
I - - X ; I3
Loading on Beam Bending Moment Ciagram K= 0083| 1- ? ] k= 0080
AN
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p %] 039 Uncracked Condition

MM, | MM I, i 4 MM MM, g s A

I I [roeni®] | (207 erun? [ I I fran’] | (0% e | )

w000 | 010 | 506407 03 01 10.00 010 | 5.06+07 03 0.1

5.00 [P IR 05 u.2 500 020 | soe0/ 05 0.2

333 020 | sk 0 0.3 233 020 | s0e07 BE 0.3

250 040 | 506407 11 04 250 040 | 5.0E407 L1 0.4

2.00 050 | 508407 14 0.5 2,00 050 | 5.06+07 1.4 05

167 060 | 5.06407 L6 0.5 167 060 | 5.0e+07 16 0.5

143 0.70 S5.0E407 12 06 143 0.70 S.0E+07 19 06

125 080 | 500407 22 07 1.25 080 | 500407 22 07

111 .20 S.0E+07 24 08 111 0.20 5.0e+07 2.4 0.8

1.00 Loo S.0E+07 27 09 1.00 Loo 5.0E407 27 02

0.91 110 | 326407 38 13 091 110 | 508407 2.0 L0

0.83 1.20 3.2E+07 51 17 0,83 1.20 5.0E+07 32 1.1

077 130 | 276407 66 22 077 130 | 5.08407 35 L2

071 140 | 236407 23 28 071 140 | 5.0E+07 EE] 13

067 1.50 10.3 34 0.67 150 508407 4.1 14

0.63 160 12.3 4.1 0.63 1Le0 S.0E+07 43 14

059 170 | Leew07 | 146 49 053 170 | 508407 EY L5

056 LED | LaEsD7 | 16.S 56 058 180 | 508407 19 16

0.53 190 | n2es07 | 193 6.5 053 180 | 5.08407 51 L7

050 200 | viesor | 218 73 0,50 200 | 5.06+07 54 18

048 210 | vaes07 | 243 81 0.48 210 | 5.0E+07 57 13

045 2,20 110407 6.9 an 045 2.20 500407 o0 20

043 2.30 L1E4Q7 .4 98 043 230 5.0E407 -] 2.1

D.42 240 | roesor | 320 10.7 042 240 | 5.0E+07 55 22

040 2,50 9.BE+06 3.3 115 0.40 250 S.0E+07 68 23

038 260 | 95Es06 | 371 12.4 038 260 | 5.0E407 7.0 2.4

037 270 | 92646 | 396 13.2 037 270 | 5.0E+07 7.3 2.4

036 280 | 90e+06 | 421 14.1 036 280 | 5.0£407 7.6 25

0.34 290 | 886406 | 445 14.9 0.34 280 | 5.06+07 7.8 26

.33 300 | sbkive | 4n0 15.7 0,33 300 | s0E07 8.1 2

Predicted Results from Design Codes
SABS 0100 EC2 BS 8110 ACI 318 Uncracked Section Uncracked Section
p [%] 0.39 0.39 0.39 0.39 1, (SABS) 1, [EC2)
MM, Mo/M., la a I a e & I a I, A S [

I Il Jnm‘] [mm] [} mm] [rmmi’] [mm] [rmm] [mm] i’ [mm] (| [mm]
0.00 0.00 5.0E+07 0.00 5.1E+07 0.00 5.1E+07 0.00 5.0E+07 0.00 5.06-07 0.00 5.1E+07 0.00
10.00 0.10 5.0E+07 0.11 5.1E+07 0.08 5.1E+07 0.08 5.0E+07 0.1 5.06-07 0.1 5.1E+07 01
5.00 0.20 5.0E+07 0.21 5.1E+07 0.15 5. 1E+07 0.16 5,0E+07 0.2 S.0E-07 oz 5.1E+07 0z
3.33 0.30 5.0E+07 032 5.1E+07 0.24 5.1E+07 0.2¢ 5.0E+07 0.3 5.0£-07 0.3 5.1E+07 02
2.50 0.40 5.0E+07 042 51E407 0.31 5.1E407 0.3 5,06+07 0.4 5.06-07 0.4 5.1E+07 03
2.00 0.50 5.0E+07 0.53 5.1E+07 0.39 5.1E+07 0.39 5.0E+07 0.5 5.06-07 0.5 5.1E+07 04
167 0.60 5.0E+07 0.63 5.1E407 0.47 5,1E+07 0.47 5.0E+07 0.5 5.06-07 06 5.1E+07 05
1.43 0.70 5.0E+07 074 S.1E407 0.55 5.1E407 0.55 5.0E+07 0.6 5.06-07 0.7 5.1E+07 06
1.25 0.0 5.0E+07 0.84 5.1E+07 063 5.5E+06 1.17 5.0E+07 0.7 S.0E-D7 (a3 5.1E+07 06
111 0.90 5.0E+07 0.95 5.1E+07 071 5.56+06 1.89 5.0E+07 0.8 5.06-07 0.9 5.1E+07 07
1.00 1.00 5.0E+07 1.05 5.1E+07 0.79 5.5E+06 262 5.0E+07 0.9 5.06-07 11 5.1E+07 08
0.91 1.10 3.9E+07 148 2.4E407 1.80 5.5E406 3.35 3.9E+07 13 5.06-07 12 5.1E+07 09
0.83 1.20 3.2E407 198 1.86407 2.7 5.5E406 4.08 3.26+07 1.7 5.06-07 13 5.1E+07 09
0.77 1.30 276107 2.58 1.4E107 3.62 5.5£106 4.81 2.76:07 2.2 5.06 07 14 5.1€107 10
0.71 1.40 2.3E407 3.25 1.3£407 4.45 5.56+06 5.53 2.3E+07 2.8 5.06-07 15 5.1E+07 11
0.67 150 2.0E+07 4.00 1.1E+07 5.25 5.56+06 6.26 2.0E+07 34 5.06-07 16 5.1E+07 12
0.63 1.60 1.80+07 481 1.10+07 G.04 5.50+06 6.99 1.80+07 4.1 S.0C-07 1.7 5.10+07 13
0.59 1.70 16E+07 5.68 1.0E+07 6.78 556406 172 1.6E+07 a9 5.0£-07 18 5.1E+07 13
0.56 1.80 1.4E+07 6.59 9.66+06 7.51 5.50+06 B.44 1.4€+07 5.6 5.0£-07 19 5.1E+07 14
0.53 1.90 1.3E+07 7.53 9.3E+06 8.23 5.56406 9.17 1.3E+07 6.5 5.06-07 20 5.1E+07 15
0.50 2.00 1.2E407 8.49 9.0E+06 8.92 556406 9.90 1.26+07 7.3 5.06-07 21 5.1E+07 16
0.48 2.10 1.3F+07 9.48 8 8F+06 9.61 5.5F+06 1063 1.2F+07 81 5.0F=07 2.2 S.1E+07 17
0.45 2.20 1.1E+07 10.47 B8.6E+06 10.28 5.5E+06 11.36 1.1E+07 9.0 S.0E-07 23 5.1E+07 17
0.43 2.30 1.1E+07 1147 8.4E+06 10.95 5.56+06 12.08 11E+07 9.8 5.06-07 24 5.1E+07 18
0.42 2.40 1.0E+07 12.47 8.3E+06 11.61 5.5E+06 12.81 1.0E+07 10.7 5.06-07 25 5.1E+07 19
0.40 2.50 9.5E+06 13.46 B.2e+6 12.26 2.59E+06 13.54 9.8t+06 11.5 5.0e-07 26 9.1E+0/ 20
0.38 2,60 9.5E+06 14.45 8.1E+06 12.80 5.5E406 14.27 9.5E+06 12.4 S.0E-07 27 5.1E+07 20
0.37 2.70 9.2E+06 15.43 8.0E+06 13.54 5.5E406 14.99 ©.26+06 13.2 5.06-07 28 5.1€+07 21
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0.36 2.80 9.0E+06 16.40 7.9E+06 14.17 5.5E+06 15.72 S.0E+06 14.1 5.06-07 30 5.1E+07 22
0.34 2.90 B.BE+HIG 17.36 7.8E+06 14.50 5.5E+06 16.45 E8.8E+06 149 5.0E-07 31 5.1E+07 23
0.33 3.00 B.BE+DG 18.32 7.8E+06 15.43 5.5E+06 17.18 E.BE+DE 15.7 5.0E-07 32 0.0E+00 24
Degree of Cracking versus Deflection (p = 0.39%)
20 Uncracked Ig
18 Uncracked lu
16 — ACI313
14 // o orr £cz
™ 12 F i ——
R —_— - — - — SABS5 0100
& i -t = 85 8110
s 08
06 f/ Cracked lcr
oy - 1 | = = = Mer_EC2
02 — — — Mer_SABS 0100
0.0 sesssees WMer_ACI 318
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 £.00 9.00 10,00 Experiment
Deflection [mm]
LT 4,52 mm
c2 SADRS 0100 ACI 318 BS 8110
MM, 148 112 131 1.48
a [mm] 510 158 227 6.12
Bl bep 110 0.34 0.49 132
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