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ABSTRACT 

 
 This paper describes a series of full range load tests on two-way, edge-supported 

reinforced concrete slab panels containing either Class L WWF or Class N deformed 
bars. Five rectangular slab panels were tested each with two free edges and two 
adjacent edges continuously supported. A point support was included under the corner 
of each panel at the intersection of the two free edges. Each slab specimen was loaded 
by four transverse loads applied symmetrically in the mid-panel region by a deformation 
controlled actuator in a stiff testing frame. The continuous edge supports were provided 
by clamping two adjacent edges in a carefully designed and constructed testing frame. 
The slabs were instrumented with load cells to measure applied forces and reactions, 
strain gauges to measure strain in the steel reinforcement and on the concrete surfaces, 
linear variable displacement transducers and lasers to measure deflections at all 
stages of loading. The results of the tests are presented and evaluated, with particular 
emphasis on the strength, ductility and failure mode of the slabs. 
 
1. INTRODUCTION 
 

Ductility is a measure of the ability of a structural element or system to sustain plastic 
deformations before collapse, without substantial loss of load resistance (Warner et al. 
1998). Ductility is an essential property of concrete structures and many of the 
assumptions made routinely in their analysis and design depend on the structure being 
ductile. Ductility allows for redistribution of internal forces from highly stressed regions 
to less stressed areas, so that structures can develop the full strength of the critical 
sections considered in design. On the other hand, brittle structures may not be able to 
do so. Ductile structures experience relatively large deformations before failure and this 
provides warning of impending failure prior to collapse. Ductility also provides 
robustness and resilience in dissipating the internal energy generated by loading. 

The trend in the construction industry to provide more cost effective materials has 
led to the use of higher strength reinforcing steel and concrete, fiber reinforced 
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polymers (FRP), fiber reinforcement and high-strength strands. Unfortunately, the use 
of such materials had an adverse impact on the ductility of reinforced concrete 
structures (Ho Park 2017, Bank 2013, Ma et al. 2016, Mousa 2015, Wang and Belarbi 
2011, Dancygier and Berkover 2016, Sakka 2009, Mohammadhassani et al. 2013). 

The ductility of reinforcing steel is usually specified in terms of its minimum 

elongation at maximum force (u) and the minimum tensile strength to yield stress ratio 

(fsu/fsy). The term su is the minimum permitted value for the strain at peak stress, 
corresponding to the onset of necking (Gilbert and Sakka 2007). For low ductility steel 
(Class L in Australia and Class A in Europe), the Australian code (AS3600-2009) 

specifies a minimum value of su = 1.5%, whereas the minimum value in Europe is su = 

2.5%. Low-ductility reinforcement in the form of cold-worked welded wire fabric with u 
in the range 1.5–3.5% is quite brittle, yet its use is permitted in suspended floor slabs 
for new and existing structures by many national standards, albeit with certain 
restrictions. 

Concrete slabs usually have small flexural reinforcement ratios and are generally 
considered very ductile structural members. However, the use of low ductility 
reinforcing steel in the form of welded wire mesh in one-way slabs loaded to failure has 
been shown to produce sudden and catastrophic failures caused by fracturing of the 
tensile reinforcement with very little plastic deformation prior to collapse (Gilbert 2005; 
Gilbert and Smith 2006; Gilbert and Sakka 2007; Gilbert et al. 2006, 2007, Gilbert and 
Sakka 2009, Gilbert and Sakka 2010, Munter and Patrick 2012a, 2012b). As a result of 
this work, the Australian Standard AS3600-2009 reduced the strength reduction factor 

for flexural elements from  = 0.8 for members containing normal ductility steel 

reinforcement (with su ≥ 5%) to  = 0.64 for member containing low-ductility (Class L) 
reinforcement. This decision has been vindicated for one-way (Foster and Kilpatrick 
2008; Sakka and Gilbert 2008a, 2008b, 2008c; Goldsworthy et al. 2009; Tuladhar and 
Lancini 2014) and two-way (Sakka and Gilbert 2017, 2018) slabs by experimental and 
theoretical work. 

This paper presents the results of full range load tests on two-way, edge-supported 
reinforced concrete slab panels containing either Class L WWF or Class N deformed 
bars. Five rectangular slab panels were tested each with two free edges and two 
adjacent edges continuously supported. The slabs were instrumented with load cells, 
strain gauges, linear variable displacement transducers (LVDT’s) and lasers. 

 
2. EXPERIMENTAL PROGRAM 
 
     2.1 Test Specimens 
 

Five rectangular two-way concrete slabs with two adjacent edges that were fully 
supported and restrained were tested in this phase of the research. Two adjacent 
edges were clamped and were completely restrained from vertical displacements and 
partially restrained from rotational displacements. The other two edges were free with a 
roller point support located at the corner where the two free edges intersect. The roller 
point support was provided in an attempt to minimize the development of membrane 
actions while testing. Fig. 1 shows a schematic diagram of the boundary conditions of 
the test specimens. 



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

The slab specimens had overall dimensions of 2400mm x 3600mm. After 
clamping two adjacent edges of the slab using a specifically designed steel frame, the 
plan dimensions of the slabs became 1590mm x 2790mm with clear spans of 2570mm 
x 1370mm, as shown in Fig. 1. In total, five slabs with different types and ratios of 
reinforcement were tested. Two types of steel reinforcements were used; Class L WWF 
and Class N deformed bars. Fig. 2 shows cross sections through a typical specimen 
and the reinforcement arrangement in the edge-supported two-way slab specimens. 
A local system of x-y axes was adopted for the slabs; as shown in Fig. 1. The origin of 
the coordinate system is located 1,395mm from the free short edge (in the x-direction) 
and 160mm from the long free edge (in the y-direction), as shown. Each slab had two 
layers of orthogonal bars or wires (in the form of either Class L welded wire fabric or 
Class N deformed bars), one layer near the top surface and one layer near the bottom 
surface and each layer of orthogonal reinforcement had bars or wires running in both 
the x and y directions, with a different effective depth, dx or dy in each direction, as 
shown in Fig. 2. The x and y scripts represent the direction (axis) of the relevant bars or 
wires. Table 1 lists the dimensions and reinforcement of each slab while Table 2 
summarizes the properties of the concrete and Table 3 summarizes the properties of 
the reinforcement. The top and bottom reinforcement layouts in the test specimens are 
shown in Fig. 3. All the dimensions shown in the figures are in millimetres. 
 

 
Fig. 1 Schematic diagram for the boundary conditions of the two-way slabs. 

 

 
 

Fig. 2 Cross sections of the tested slabs and reinforcement arrangement. 
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(a)  (b)  
 

Fig. 3 Distribution of (a) top reinforcement mesh and (b) bottom reinforcement mesh. 
 

 
Table 1 Properties of the edge supported two-way slab specimens. 

     X Direction Y Direction 

Slab 
Name 

Lx
a
 

(mm) 
Ly

a
 

(mm) 
D

b
 

(mm) 
Steel n

c
 

Ast 
(mm

2
) 

dx 
(mm) 

p 
(%) 

n
b
 

Ast 
(mm

2
) 

dy 
(mm) 

p 
(%) 

C2R-1 2630 1430 100 
Bot. 8 363 86.7 0.26 14 635 79.1 0.29 

Top 8 363 59.7 0.38 14 635 71.7 0.32 

C2R-2 2630 1430 100 
Bot. 8 567 84.5 0.42 14 992 75.0 0.47 

Top 8 567 67.2 0.53 14 992 75.4 0.47 

C2R-3 2630 1430 100 
Bot. 8 628 80.0 0.49 14 1100 70.0 0.56 

Top 8 628 68.0 0.58 14 1100 78.0 0.51 

C2R-4 2630 1430 100 
Bot. 8 567 79.6 0.45 14 992 70.1 0.51 

Top 8 363 77.7 0.29 14 635 87.3 0.26 

C2R-5 2630 1430 100 
Bot. 5 393 88.6 0.28 8 628 78.6 0.29 

Top 5 393 63.8 0.39 8 628 74.9 0.30 
a Clear span 
b measurements are within ± 5 mm 
b n = number of bars or wires 

  

 

Table 2 Concrete properties of the tested edge supported slabs. 

Slab 
Name 

f'c 
(MPa) 

cu 

(%) 

ft 
(MPa) 

fcf 

(MPa) 
Ec 

(GPa) 

C2R-1 46.8 0.244 3.87 4.75 32.58 

C2R-2 46.8 0.244 3.87 4.75 32.58 

C2R-3 43.1 0.22 4.03 4.64 28.54 

C2R-4 43.1 0.22 4.03 4.64 28.54 

C2R-5 44.0 0.292 3.56 4.60 28.29 
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Table 3 Steel properties of the tested edge supported slabs. 

Slab 
Name 

Steel 
Steel 
Type 

Dia. 
(mm) 

Es 
fy 

(MPa) 
fu 

(MPa) 
fu/fy 

su 

(%) 

C2R-1 
Bot. SL82 7.6 2 x10

5
 602 673 1.12 2.77 

Top SL82 7.6 2 x10
5
 606 669 1.10 2.50 

C2R-2 
Bot. SL102 9.5 2 x10

5
 518 579 1.14 3.73 

Top SL102 9.5 2 x10
5
 596 632 1.06 3.41 

C2R-3 
Bot. N10 10.0 2 x10

5
 565 677 1.20 9.65 

Top N10 10.0 2 x10
5
 565 677 1.20 9.65 

C2R-4 
Bot. SL102 9.5 2 x10

5
 609 660 1.08 3.64 

Top SL82 7.6 2 x10
5
 571 630 1.10 2.45 

C2R-5 
Bot. N10 10.0 2 x10

5
 606 694 1.15 7.25 

Top N10 10.0 2 x10
5
 606 694 1.15 7.25 

 

 
     2.2 Test Setup 
 

A steel frame was designed and fabricated to continuously support two-adjacent 
edges of the specimen and to clamp the concrete slab along these two edges from 
both the top and bottom surfaces to provide restraint against rotation. Fig. 4 shows 
front and rear views of the test setup. More details about the test setup are provided in 
the next section. The clamped portion of the slab was an extension of the slab past the 
face of the continuous support by a distance of 810 mm in each direction, as shown in 
Fig. 5. The length of the clamped portion of the slab was selected to ensure that the top 
reinforcement in the critical negative moment region at the face of each continuous 
support was fully developed. The load was applied to the slabs through four steel 
bearing plates as shown in Fig. 5. 
 
 

 
(a) Front view. 

 
(b) Rear view.  

 
Fig. 4 Test setup showing test frame for the two-way slab tests. 
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Fig. 5 Schematic plan view of the testing setup. 
 

     2.3 Instrumentation 
 

Reactions were measured using 13 load cells as shown in Fig. 6. In addition, strain 
gauges were placed on the concrete surface and on the reinforcing steel wires to 
measure strains and their locations are show in Fig. 7. LVDTs, lasers, and dial gauges 
were placed on different locations of the tested slabs to measure displacements and 
rotations and their locations are shown in Fig. 8. 

 
 
  

 

 
 

(a)  (b)  
 

Fig. 6 Testing setup for the continuous two-way slabs (a) front top isometric view, (b) 
front bottom isometric view. 
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(a)  (b)  

 
(c)  

 
 

Fig. 7 Location of the strain gauges on (a) the top reinforcing wires, (b) the concrete 
surface and the concrete surface. 

 

 
 

Fig. 8 Location of the LVDTs and the lasers used to measure deflections. 
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     3. Results 
 

All the edge-supported two-way slabs were tested in displacement control mode. 
Applied loads, reactions, deflections, and strains were recorded for all slabs throughout 
the entire test period. Table 4 lists the reasons for terminating each test and the types 
of failure observed. 

After each test, the reinforcement was exposed and its condition examined. The 
conditions of the reinforcing wires after each test are summarized in Table 5. In all 
slabs containing Class L WWF, some of the wires fractured before the test was 
terminated, irrespective of whether flexural or shear failure occurred. For the slabs 
containing Class N deformed bars, no reinforcement fractured at any stage throughout 
the test. 

 
Table 4 Reasons for termination of tests and types of failures 

Slab 
Name 

Termination 

C2R-1 Reinforcing wires fracturing and excessive deformations 

C2R -2 Reinforcing wires fracturing and shear failure around loading area 

C2R -3 Shear failure around loading area 

C2R -4 Reinforcing wires fracturing and excessive deformations 

C2R -5 Punching shear failure around the roller corner support 

 
 

Table 5 Reinforcement condition at critical sections after slab test. 

Slab 
Name 

Bottom reinforcement Top reinforcement 

X-Direction Y-Direction X-Direction Y-Direction 

C2R-1 Two wires fractured 
No visible signs of 

damage 
Wires necking Wires necking 

C2R-2 
One wire fractured + 

others necking 
No visible signs of 

damage 
One wire fractured + 

others necking 
Mild necking 

C2R-3 
No visible signs of 

damage 
No visible signs of 

damage 
Mild necking 

No visible signs of 
damage 

C2R-4 
Three wires 

fractured 
No visible signs of 

damage 
Two wires fractured 

Two wires fractured + 
 others necking 

C2R-5 
No visible signs of 

damage 
No visible signs of 

damage 
Very mild necking 

No visible signs of 
damage 

 

 

The test of slab C2R-5 was stopped after reaching an applied load of 90 kN because 
of a problem experienced at the roller corner support. The load was removed, the 
problem was fixed and testing was resumed. However, the early problem caused the 
slab to fail prematurely by punching shear around the point support in the slab corner. 

Fig. 9shows the applied load versus origin deflection for all the two-way edge-
supported slab specimens. This figure and the physical examination of the slabs show 
that all slabs were able to demonstrate high deformations, giving ample warning of 
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failure. However, the high deformations of the slabs reinforced with the Class L WWF 
were associated with fracturing of the reinforcement causing a sudden reduction in load, 
while those with Class N deformed bars did not experience any reinforcement fracturing 
and failure was eventually due to shear. Slabs C2R-2, C2R-3, and C2R-5 all eventually 
failed in a brittle punching shear mode. Unlike the one-way slab tests and the two-way 
corner supported slab tests reported earlier in this thesis, none of the edge supported 
test slabs experienced sudden and complete collapse, when the reinforcement in a 
particular location fractured. The deformation controlled testing arrangements and the 
highly indeterminate nature of these slabs ensured that alternative load paths were 
available. 

 

 
Fig. 9 Load-deflection curves for the edge-supported two-way slabs. 

 
 
Table 6 lists the peak moments along the short and long clamped edges and the 

associated ultimate moment capacities. The slabs negative moment capacities were 
calculated based on the total area of steel provided across the full width of each 
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capacities at both edges because they failed prematurely in punching shear. Slab C2R-
1 experienced slippage in the Macalloy bar that is anchoring the clamping frame to the 
strong floor at the location of LC10. This slippage caused loss of the clamping effect 
over the long clamped edge at the location of LC10 and malfunction of the load cell.  
Hence, a low moment resistance was recorded over the long clamped edge. On the 
other hand, slab C2R-1 was able to reach about 86% of its negative moment capacity 
over the short clamped edge without fracturing any of the top wires over that edge. 

Slab C2R-4 was not able to reach its moment capacity over the short clamped edge 
because some of the top wires over that edge fractured soon after yielding and before 
the yielding of other wires over that edge. The load, then, started to redistribute in the 
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shortest path along the short span towards the long clamped edge. Although the slab 
experienced fracturing of wires over the long clamped edge, the slab was still able to 
develop the full capacity over that edge as it represented the shortest intact path for the 
applied load to flow towards the supports. In addition, the applied loads were also 
carried by actions in addition to bending, including torsion and membrane action that 
assisted in transferring the applied loads towards the long edge. 

 
 
Table 6 Comparison between peak moments and moment capacities for all tested 

slabs 

Slab 
Name 

Maximum resisted 
moments (kN.m) 

Moment  ultimate 
capacities (kN.m) 

Percentage Difference (%) 

Long edge Short edge Long edge Short edge Long edge Short edge 

C2R-1 18.94 12.02 29.63 14.02 -36.09 -14.27 

C2R-2 37.34 16.31 45.49 23.07 -17.92 -29.32 

C2R-3 48.40 15.13 55.36 27.38 -12.57 -44.74 

C2R-4 35.61 10.21 34.15 17.32 4.28 -41.05 

C2R-5 23.81 9.40 31.74 16.76 -24.99 -43.93 

 
 

Table 7 lists the cracking and peak loads of the slab specimens and the associated 

deflections and span to deflection ratios (Ly/). It also lists the deflections and Ly/ 
ratios for the points where the load begins to drop suddenly (due to fracture of a wire or 
shear failure) and at the end of the test.  It is noted that Slabs C2R-1 and C2R-5 have 
almost the same amount of top and bottom steel (see Table 1), C2R-1 containing Class 
L WWF and C2R-5 containing Class N bars. Despite the fact that slab C2R-5 failed 
prematurely in punching shear, slab C2R-5 reached its peak load at a deflection 27% 
higher than the corresponding deflection of C2R-1 and the load started to drop in slab 
C2R-5 (due to punching shear) at a deflection that was 41% higher than the deflection 
of C2R-1 (when the drop in load was due to steel fracture). 

A similar observation can be made when comparing slabs C2R-2 and C2R-3. Slab 
C2R-2 contained Class L WWF and slab C2R-3 contained Class N bars. Both slabs 
had almost the same amount of top and bottom steel, both slabs failed prematurely in 
shear and both had almost the same peak load. However, slab C2R-3 reached peak 
load at a deflection that is 25% higher than that in slab C2R-2 and the load started to 
drop in slab C2R-3 at a deflection that is 21% higher than that in slab C2R-2. 
 

Table 7 Cracking and peak loads, deflections and L/ ratios at end of test for tested 
slabs. 

Slab 
Name 

Cracking Peak load Load drop End of test 

Load 
(kN) 

 
mm 

Ly/ 
Load 
(kN) 


mm 

Ly/ 


mm 
Ly/ 


mm 

Ly/ 

C2R-1 64.7 5.7 251.3 138.5 72.1 19.8 80.3 17.8 119 12.0 

C2R-2 80.2 6.7 213.8 217.0 89.3 16.0 92.6 15.4 101 14.2 
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C2R-3 73.9 4.8 299.2 216.9 111.8 12.8 112.5 12.7 112 12.7 

C2R-4 60.7 3.9 368.6 172.2 97.6 14.7 97.6 14.7 138 10.4 

C2R-5 67.3 5.6 253.6 156.4 91.5 15.6 113.2 12.6 113 12.6 

 
Table 8 lists the peak loads and peak moments and the associated deflections at the 

origin. Slabs C2R-1 and C2R-4, which failed in flexure, reached their peak loads at 
higher deflections than the peak moments. This indicates that load has also been 
carried by mechanisms other than bending (such as torsion and in-plane membrane 
forces). Some of the load redistribution obviously has occurred due to fracturing of 
some wires, as the physical investigation after the test proved. When comparing slabs 
C2R-2 and C2R-3, slab C2R-3 reached peak load and moments at higher deflections 
than slab C2R-2. When comparing slabs C2R-1 and C2R-5, C2R-5 reached peak load 
and moments at higher deflections than C2R-1. 

 
Table 8 Peak loads and moments and their associated deflections at mid-panel 

Slab 
Name 

Peak load (kN) Peak Moments 

Load 


mm 

Long edge 
(kN.m) 



mm 

Short edge 
(kN.m) 



mm 

C2R-1 138.5 72.07 18.94 54.54 12.02 59.55 

C2R-2 217.0 89.27 37.34 91.96 16.31 70.92 

C2R-3 216.9 111.82 48.40 110.75 15.13 111.82 

C2R-4 172.2 97.60 35.61 65.38 10.21 38.29 

C2R-5 156.4 91.49 23.81 113.14 9.4 54.61 

 
Table 9 lists the absorbed work by each tested slab during the loading period. For the 

slabs with similar quantities of reinforcement, the slabs containing Class N bars were 
able to absorb more work than the slabs containing Class L WWF. Slab C2R-3 was 
able to absorb 82% more plastic work than C2R-2 (7,350 kN.mm versus 4,040 kN.mm) 
and C2R-5 was able to absorb 89% more plastic work than C2R-1 (4,690 kN.mm 
versus 2,480 kN.mm). The amount of plastic work absorbed by C2R-5 was 27% higher 
than that absorbed by C2R-4. This was despite the fact that C2R-5 had less top steel 
than C2R-4 and despite the premature failure of C2R-5 in shear. 

The ductility factors and the uniform elongations su of the bottom steel for each slab 
are also listed in Table 9. The only slabs that had ductility factors greater than 2.0 were 
slabs C2R-3 and C2R-5, which contained Class N bars, despite their failure in shear. 
 

Table 9 Work done by tested slabs. 

Slab 
Name 

y u Work  (kN.mm) Ductility Measures 

(mm) (mm) Wy Wu d w su (%) 

C2R-1 31.3 50.0 2,852 5,333 1.60 1.87 2.77 

C2R-2 40.1 59.5 5,270 9,306 1.48 1.77 3.73 

C2R-3 32.0 67.9 3,929 11,279 2.12 2.87 9.65 
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C2R-4 39.9 62.0 4,687 8,391 1.55 1.79 3.64 

C2R-5 28.9 60.3 2,914 7,604 2.09 2.61 7.25 

 
 
5. SUMMARY AND CONCLUSIONS 
 

The edge-supported two-way slabs containing Class L WWF failed by sequential 
fracture of reinforcement after experiencing large deformations and providing significant 
warning of impending failure. The slabs containing Class N deformed bars also 
underwent very significant plastic deformation prior to gradual unloading under 
increasing deformation, but did not experience fracture of any bars. The high 
deformability of all the slabs was mainly due to the high structural indeterminacy and 
the existence of multiple load paths provided by the clamped edges. Unlike the one-
way slabs and two-way corner supported slabs tested and reported earlier in the study 
(Sakka and Gilbert 2008a, 2008b, 2008c and 2008d), where the load was carried by 
bending, a significant portion of the total load on the edge-supported slabs was carried 
by torsion in the slab and by membrane action.  

For the slabs containing WWF, the relatively low uniform elongation of the 
reinforcement and the high degree of strain localization lead to progressive fracturing of 
the wires in critical regions as the load was transferred to adjacent wires. This 
progressive fracturing of reinforcement prevented the development of full plastic 
strength of the slab in bending, but additional strength was available in torsion and 
through membrane action. The assumption that the strength of a particular region can 
be taken as the sum of the strength provided by each reinforcement wire is clearly not 
valid when Class L WWF is used across sections with varying stress levels. The main 
findings of this phase of the research can be summarized as follows: 

1) Structural indeterminacy involving multiple redundancies enables concrete slabs 
reinforced with Class L WWF to deform considerably and show significant signs 
of failure. 

2) Two-way edge-supported slabs containing Class L WWF have little ability to 
maintain peak load while undergoing plastic deformations. The plastic plateau 
that characterizes the overload response of ductile slabs was not present in 
these edge-supported slabs. 

3) Edge-supported two-way slabs reinforced with Class L WWF have lower ductility 
factors than similar slabs reinforced with Class N deformed bars. 

4) Edge-supported slabs reinforced with Class L WWF may not be able to develop 
the ultimate capacity of a section across the width of the slab due to progressive 
fracturing of the reinforcement in the highly stressed moment region. Plastic 
analysis which assumes the ultimate capacity is maintained as the yield line 
develops is clearly not applicable when Class L reinforcement is used, because 
fracture of some wires occurs before the peak load is reached. 
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5) The current design practice of averaging moments at varying regions of a slab 
(such as in a column strip or middle strip) is not be valid when using Class L 
WWF. Reinforcement ductility is an essential requirement if the steel across a 
critical section in a two-way edge supported slab is all required to develop its full 
strength simultaneously without loss in resistance due to premature fracture of 
some wires.  
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