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In this Part 2B presentation, the design strengths of the slabs, determined in
accordance with AS 3600-2009, will be compared directly with the test results.
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It should be noted that the Part 2 paper is principally concerned with comparing
the test results with design strengths based on nominal slab geometries and
material properties, rather than predicted strengths based on the measured slab
geometries and material properties described at the end of the Part 1
presentation.

This graph was prepared for the Peer Review Panel at the time the two-way slab
was being tested, and shows that the moment capacities of the 8 simply-
supported SSOW slabs could be predicted reasonably accurately using
preliminary tensile data for the reinforcing steels. A study of all the test results
along these lines has yet to be fully completed, although extensive checks have
been made to confirm the accuracy of the Curtin Test Report results.




* Ultimate Design Capacities vs Ultimate

Test Action Effects

* Discussion
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For all of the 14 tests being studied here, it is possible to compare the Ultimate
Design Load-Carrying Capacity calculated for each of the methods of analysis
examined, with the Ultimate Applied Test Load recorded in the Curtin Test
Report. This comparison will be considered first.

For all the tests with unrestrained ends, which excludes one of the SSOW slabs,
two DSOW slabs and of course the TW slab, it is possible to calculate the
ultimate test action effects, i.e. maximum bending moments and vertical shear
forces at critical and potentially critical cross-sections. Therefore, in 10 of the
tests the design cross-section strengths can be compared with the test strengths.

The ratios calculated by these two approaches will then be discussed in more
detail by grouping the results according to whether the slabs were determinate or
indeterminate, unrestrained or restrained, and the method of analysis employed.




Design Load-Carrying
oplied Test Load

e 7. Comparison of ultimate design load-carrying capacity and ultimate applied test load.
Test Test AS 3600-2009 Ultimate Design Load Ultimate Load Ratio:
; p : (Daac Lood Factors1.2; Liv Load Factor=1.5
Series Spe'::.nan Method of Analysis + y’p = e 1.5’n A.ﬂ:: :sl P(1.5Q)
ssow SSOW-ST1 Linear elastic ap* 31.50 kN/m 167.5 kNim 5.32
Plastic / membrane 95,25 KNim 176
Plastic 60.15 kN/im 278
SSOW-ST2 | _Statically determinate | 4P 19.49 KNim 46.6 KN/m 239
SSOW-ST3 Statically 8.96 kN/m 25.3 kN'm 254
SSOW-5T4 | Statically 4Pt 24,89 KN/m 56.5 KN/m 235
SSOW-ST5 Statically 4Pt 44.18 kN/m 93.1 kKN'm 211
SSOW-ST6 | _Statically determinate | 4P 45,44 KNIm 101.0 kNim 222
SSOW-ST7 Statically 4Pt 39.29 kN/m 84.0 kN/'m 2.14
SSOW-ST8 | Statically determinate | _4P" 4113 kKNim 87.2 kN/m 212
SSOW-TRIAL Statically 4Pt 24.89 kN/m 56.8 kN/m 228
osow DSOW-ST1 Linear elastic 4P 39.50 kN/m 168.0 kNim 4.25
Plastic / membrane 4Pt 101.50 kN/m 1.66
Plastic 4Pt 58.37 kN/m 288
DSOW-ST2 | tiesr sl e mppert Pt 39.50 kKN/m 163.0 kNim 413
Plastic / membrane aP* 101.50 kKN/m 161
Plastic 4Pt 58.37 kN/m 279
DSOW-ST3 Linear elastic 4P* 2411 kNim 91.0 kN/m 377
aP* 38.52 kN/m 236
DSOW-ST4 d 2411 kNim 90.0 kN/m 373
" 38.52 kNim 234
™ TW-ST1 udl 15.0 kPa 15.5 kPa proof Not tested to
f“’::'" Ioad (1.58 mof | failure, and
ey 152 kPa water) undamaged
2:2P" 66.28 kN 445.0 kN 652
2x2P" 108.80 kN 4.09
oy acion TN 37 Steel Reinforcement
Plastic / yield-line 230.2 kN 193 \nslilu!e Uf AUS"E"E

All of the results for this comparison are summarised in this table from the paper.

The ultimate design load is defined as the factored live load, 1.5Q. The ultimate
applied test load, P, is the maximum load applied per span. The values in the
last column in the table are P, divided by 1.5Q and are called the Load Ratio.

Values shown shaded correspond to conventional design practice, being based
on either linear elastic analysis without moment distribution in the case of the
redundant slabs, or simple statics for the simply-supported slabs.

For the slabs with mixed Class L and N bars, all the steel has been treated as
Class L in design. The load ratio values will be discussed shortly.



Table 8. Ratio of maximum test bending moment to design moment capacity.
Test Test Specimen oM, M; M
Series No. o i

= +
e Mo Mpe:.

(kNm/m) (kNm/m) (kNm/m) (kNm/m) M,
SSOW SSOW-ST2 7.71 - 15.22 - 1.97
SSOW-ST3 7.71 - 16.07 2.08
SSOW-ST4 9.29 - 18.74 - 2.02
SSOW-ST5 14.93 - 28.82 1.93
SSOW-ST6 15.30 - 31.18 2.04
SSOW-ST7 13.50 - 26.18 - 1.94
SSOW-ST8 14.04 - 27.14 - 1.93
SSOW-TRIAL 9.29 18.24 - 1.96 -
DSOW-ST3 7.71 19.5 18.7 - not a hinge 2.53 2.01 - not a hinge
DSOW-ST4 7.71 19.4 20.6 2.52
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In all of the 10 tests with unrestrained ends, it was possible to accurately
calculate the maximum test bending moments, in the positive, and if applicable,
negative moment regions.

Summarised in the last two columns of this table are the values of the ratio of the
maximum test bending moment to the corresponding design moment capacity.
The values of these ratios will be discussed shortly.

Of course, it should be remembered that all of these slabs failed in flexure with
bar fracture.



te Design Capacities vs
ate Test Action Effects

* Summary for 12 slak

Table 9. Ratio of maximum test vertical shear force to design shear capacity.

Test | TestSpecimen o Mo, Vi V., Ve Vs
Series No. ‘ =
(kN/m) (kNim) (kN/m) (kN/m) L, Mo
SSOW SSOW-ST1 50.74 47.63 - 86.67 - 182
SSOW-ST2 47.63 . 26.17 - 0.55 .
SSOW-ST3 47.63 - 15.52 - 0.33

SSOW-ST4 50.74 32.18 0.63
SSOW-STS 60.36 - 49.42 - 0.82
SSOW-ST6 63.48 - 53.45 - 0.84
SSOW-ST7 58.42 - 44.91 - 0.77
SSOW-ST8 61.66 46.55
SSOW-TRIAL 50.74 - 31.33
psow DSOW-ST1 47.63 50.74

86.60 - 1.71

DSOW-ST2 47.63 50.74 - 84.70 - 1.67
DSOW-ST3 47.63 50.74 - 61.35 - 1.21

DSOW-ST4 47.63
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Adding two of the restrained DSOW slabs to this group when assessing shear,
the last two columns of this table contain values of the ratio of the maximum test
vertical shear force to the corresponding design shear capacity.

Bearing in mind that shear failure did not occur in any of these 12 tests, the low
values of this ratio for the 8 simply-supported SSOW slabs, as seen in the
second last column, do not imply low shear strengths.



SSOW-ST2 to SSOW-ST8
& SSOW-TRIAL
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We will consider the ratio values in more detail for the eight statically determinate
SSOW slabs with unrestrained ends.



Unrestrained Slab Test Specimens SSOW-ST2 to SSOW-ST8 & SSOW-TRIAL

AS 3600:2009 Meanof 8 tests =2.27

1.5Q/¢=1.56x(1.5Q) | \ "
\ : ‘

\\ ' g Normal probability distribution
: of test results

20
P
Ratio of ultimate applied test load to factored design live load, ﬁ
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For slabs SSOW-ST2 to ST8 & SSOW-TRIAL supported on rollers, the values of
load ratio P /1.5Q varied from 2.11 to 2.54, with a mean value of 2.27 which is
46% above a value of (1/¢) = (1/0.64)=1.56 corresponding to collapse occurring
for design in accordance with AS 3600— 2009.

Moreover, note that the bell representing the normal probability distribution of the
test results falls well above the 1.56 line.



Unrestrained Slab Test Specimens SSOW-ST2 to SSOW-ST8 & SSOW-TRIAL

AS3600:2009 | Meanof 8 tests = 1.98
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For the same SSOW slabs, the values of moment ratio varied from 1.93 to 2.08,
with a mean of 1.98 which is 27% above a value of 1.56 corresponding to
flexural failure.



Next we'll

* Four Statically Indetert
(from SSOW, DSOW & TW Test Series)
with Restrained Ends or Edges
— Designed using Linear-Elastic Analysis

SSOW-8T1

g ey

DSOW-ST1 and DSOW-ST2
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consider the load ratio values for the four statically indeterminate slabs

with restrained ends or edges when designed using linear-elastic analysis. The
internal bending moments and shear forces have not been estimated for these

tests, yet.
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Discussion

Restrained Slab Test Specimens SSOW-ST1, DSOW-ST1, DSOW-5T2 & TW-ST1
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For slab SSOW-ST1, load ratio P,/1.5Q was a very large value of 5.32. For
slabs DSOW-ST1 and DSOW-ST2, it was 4.25 and 4.13, respectively, even with
support settlement. For TW-ST1 it was 6.52 or 5.75 with the slab modelled as
two one-way strips or as two-way, respectively. The mean value was 5.19, which
is 233% above a value of 1.56 corresponding to collapse by flexural failure in
design.
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Discussion

* Two Statically Indete
Slabs with Unrestrained Ends —
Designed using Linear-Elastic Analysis

DSOW-ST3 & DSOW-5T4

i Iy ———
Steel Reinforcement
Institute of Australia

Now we’ll consider the ratio values for the two statically indeterminate DSOW
slabs with unrestrained ends when designed using linear-elastic analysis
ignoring moment redistribution.
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Discussion

Unrestrained Slab Test Specimens DSOW-ST3 & DSOW-ST4

AS 3600:2009
1.5Qg=1.56x(1.5Q) Meanof 2 tests = 3.75

4 v

Normal probability distribution
of test results

|
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1

1.0 2.0 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0

P
Ratio of ultimate applied test load to factored design live load, —— RIA
1.5Q ——
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For slabs DSOW-ST3 and DSOW-ST4 (the latter initially subjected to support
settlement) similarly high values of the load ratio of 3.77 and 3.73 occurred. The
mean value of 3.75 is 140% above 1.56 corresponding to collapse by flexural
failure in design.
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Unrestrained Slab Test Specimens SSOW-ST2 to SSOW-ST8 & SSOW-TRIAL

AS3600:2009 . Meanof 8 tests =1.98
1g=156 ‘ -
~. e
N '
' Normal probabilkty distribution
: -~ oftestresults
: Mean of 2 DSOW tests = 2.52
; i.e. 27% higher than mean
i ; of 8 SSOW tests
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The values of moment ratio for DSOW-ST3 and ST4 were both about 2.52,
which is significantly higher (about 27%) than the mean of 1.98 for the eight
unrestrained SSOW slabs shown again here. A detailed investigation was made
to explain this apparent anomaly.
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* Moment-curva 0
reinforced Class L cross-sections

Sl 7
Geometric Properties
__ Gross Conc. _Trans (n=7.04)

Area (mm?) x 10° 1130 1189

Inertia (mm¥) x 108 120.2 1242

¥y (mm) 57 56

¥y (mm) 57 57

Sy (mm?) x 103 21282

S, (mm?) x 107 21282

Crack Spacing

2udist+ 0.1 dy/p

Loading (N.M.V + dN.dM.dV.
00,0000 4 00,10,00

All dimensions in millimetres

Clear cover o reinforcement = 20 mm

Concrete Rebar
{te = 420MPa__—__ {t= 635MPa
e ; f sL02(T), 1,7 595 X ¥ DSOW -ve Doubly-Reinforced

a= 19mm || 5
zatompa || SL102(C). f,= 501
g'=213mmm | 5= 37.0 mmim 2 =
Steel Reinforcement
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Using the best available estimates for the geometric and material properties of
the test slabs, moment-curvature analysis was used to study the behaviour of the
doubly-reinforced Class L cross-sections in negative or positive bending. This
slide shows a summary-input screen of the software used.
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Concrete
f¢' = 42.0 MPa

a= 19 mm
ft = 3.10 MPa

sc' =213 mm/m

Rebar
fu = 635 MPa

SLO2(T), f,= 595
SL102(C), f,= 591
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This figure shows that the average overall depth of the slabs was 113 mm, and

also the stress-strain curves assumed for the concrete and bottom SL92 and top

SL102 meshes.
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Discussion

* Moment-curvature analys
reinforced Class L cross-sections

Cross Section __Longitudinal Strain Shrinkage & Thermal Strain
Nine Graphs ftop top|
°

-2.78 21.14

e |

bot 3 bot|
Control : M-ex T ==
Crack Diagram Long. Reinforcement Stress ~ Long. Reinf Stress at Crack
P ftop
0.28, ] ! 1
0.78 619.8 8342

1.29)
1.80

bot bot

30,
Control : M-Phi " Longitudinal Concrete Stress Internal Forces N+M
e L et
—  top| C: 380 KN M: 20 kNm
51 mm
. T: 3ggkn
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This slide shows a summary output screen of the software used.
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Discussion

Control : M-Phi Cross Section | 'Longitudinal Strain Long. Reinf Stress at Crack
- [op top

e i
062 >

Long. Reinf Stress at Crack
top

Control : M-Phi Cross Section __ Longitudinal Strain
™~ top

~

19.;

Control : M-Phi Cross Section Longitudinal Strain Long. Reinf Stress at Crack
[ h QE; top
°

™~ ]

.

2,58 ™~ 35.95

t
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Here the results of the moment-curvature analysis are shown at three different
curvatures.

The top line of four figures corresponds to when about 3 quarters of the peak
moment was reached, at which stage the top figure on the right shows that the
bottom bars were highly stressed but the top bars were just outside the
compressive zone, and therefore carry little if any tensile force.

The middle line of figures shows that at peak moment even the top layer of steel
is highly stressed.

The bottom line of figures shows what happens after the bottom tensile bars
break, and some moment capacity still exists.
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It can be concluded that the doubly-reinforced Class L cross-sections had
additional moment capacity due to significant additional tensile force developing
in the layer of steel nearest the compressive face, despite there only being 20
mm of cover. This reflects the significant ductility of the Ductility Class L mesh
used in the tensile face.

This can be accounted for in design when calculating the nominal moment
capacity, M.

19



* Strain-compatibility.and
assumptions for doubly-reinf
— plane sections remain plane
— concrete has no tensile strength
— resultant tensile & compressive forces balance
— maximum concrete comp. strain, £.=0.003
— uniform concrete comp. stress, o, '

— max. steel tensile stress, f,=1.03f
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— max. steel tensile strain, &,=0.015

For this purpose, the following strain-compatibility and force equilibrium
assumptions may be made. The paper shows how as a result the tensile stress
of the layer of steel nearer the compressive face may be calculated.

Even assuming the minimum permitted uniform strain of 1.5%, the design
moment capacities of the test slabs with doubly-reinforced sections would be
increased by about 10 to 20%.
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Discussion

* All Statically Indete i
Designed using Plastic Analy5|s

SSOW-ST1

Bl gy gy 0 S8 g

DSOW-ST1 and DSOW-ST2

Bmmn Py

DSOW-ST3 and DSOW-ST4

Steel Reinforcement
Institute of Australia

Although not permitted by AS 3600-2009 when designing slabs incorporating
Class L mesh, plastic analysis more accurately represented the behaviour of the
indeterminate slabs, particularly when compressive membrane action could
develop.
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* Ultimate Design Capacities vs Ultimate

Test Action Effects

* Discussion
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In conclusion:

The elastic methods of analysis in AS 3600-2009, when applied to the design of
the redundant slabs with restrained ends or edges, have been shown to be very
conservative, particularly with the 20% penalty applied to ¢.

Interestingly, plastic analysis could more accurately model real behaviour and
predict ultimate strength, particularly when compressive membrane action
developed. As proven by the support settlement tests, significant amounts of
moment redistribution can actually occur without affecting the ultimate strength of
the slabs designed elastically ignoring moment redistribution.

Vertical shear strength was also considered, and no problems are apparent with
the design rules in AS 3600-2009 applicable to slabs without shear
reinforcement.

It's been shown why the typical doubly-reinforced cross-sections were stronger
than expected. Designers could consider either directly accounting for the two
layers of mesh using the method described, or else not applying the 20% penalty
and treating the slab as if it were only singly-reinforced.
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