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and points of application of load (Stuttgart test system).
A secondary reinforcement was made and prepared in the con-
crete table of all slabs, representing monolithic link between ribs 
and table. The experimental yield strain of this reinforcement was 
eys=4.6‰. This reinforcement is designed to combat cross-bend-
ing of the concrete table due to the applied loadings, as well as 
represent the most realistic situation based on the superposition of 
the reinforcement of a slab with beam element, especially in slabs 
of L2000 group, who had concrete tables verified to flexure accord-
ing to the Brazilian standard.

4.2 Slabs’ monitoring

The reinforcements’ strains were monitored using electrical strain 
gauges (EERs) manufactured by Excel Sensors with grid dimen-
sions (3.18x3.18) mm² - model PA-06-125AA-120L, which were in-
stalled on the steel bars. The concrete’s strains at the top surface of 
the slabs were also monitored with electrical strain gages (EERs) 
from the same manufacturer - model PA-06-201BA-120L. Strains 
in the ribs along the longitudinal direction were monitored at mid-
span and on the table in the transverse direction. The strain gaug-
es were positioned in regions that showed greater tensile stress for 
flexural and composition reinforcements, and compression of the 
upper face of the concrete slabs (Figure 6). Already the displace-
ment measurements were obtained from gauges positioned on the 
bottom surface of the slab (Figure 7). These gauges were digital 
comparators watches of Digimess brand, with maximum course of 
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50 mm and reading accuracy of 0.01 mm, and were supported in 
auxiliary structures without contact with the test system.

4.3 Slabs’ casting

The waffle slabs were made in two stages, the first of which were 
molded slabs of L1300 group and, in the second, slabs of L2000 
group. The slabs molds were of compressed sawed wood pound 
of 10 mm thick. Then, the reinforcements were carefully positioned 
and mounted in the molds with the aid of plastic spacers, includ-
ing negative and assembly reinforcements (stirrups of composition 
and staples) in order to keep the planned useful height for all slabs, 
as shown in Figure 8.
The monitoring of the ribs’ longitudinal and distribution rein-
forcements was performed at points defined according to design 
specifications, receiving a preparation before gluing for removal 
of surface irregularities with rasp tool. After surface cleaning, the 
gages were bonded with adhesives based on epoxy and, after 
welding of connecting cables to terminals, were also protected 
with resin-based epoxy to later be surrounded by isolating tape. 
The casting of the slabs was carried out from commercially sup-
plied mixed concrete whose compression strength of 30 MPa at 
28 days was applied, with rolled pebble of 19 mm of maximum 
diameter. It took an approximate volume of 3 m³ of concrete 
for the slabs and proofs, also considering possible losses. The 
concrete placement was completed with the regularization of 
the surface and removal of the excess material (Figure 9). While 
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Figure 12 – Slabs' vertical displacements: (a) L1300-30; (b) L1300-50; (c) L1300-80; (d) L1300-100
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the slabs casting, 18 cylindrical proofs with dimensions of 100 
mm diameter and 200 mm in length for the tests to obtain the 
mechanical properties of concrete were cast. The curing of con-
crete took place in a laboratory environment for 7 days, made 
with regular wetting. Figure 10 shows the identified and stored 
slabs before tests.

4.4 Test system

The test system was mounted on the reaction slab at the Civil 
Engineering Laboratory (LEC) of the Federal University of Para 
(UFPA) with the main objective to obtain the response of the struc-
ture to the distributed load applied transversely to the ribs. Thus, 
the slabs were tested using auxiliary devices with rollers over bear-
ing blocks, supporting the load applied perpendicular to the longi-
tudinal axis of the ribs, on the upper surface of the panel, through 
a simply supported steel beam for loading distribution in two points 
simulating a simple flexure situation, coupled to a steel frame on 
the reaction concrete slab, according to Figure 11.
The applied loadings were established by load steps every 5 
kN. Prior to beginning the test, the slabs were subjected to 

a preload of 0.5 kN in order to stabilize the system. The as-
sembly of the test system was carried out with the aid of a 
forklift capacity of approximately 50 kN. The information about 
the strains were obtained using a modular data acquisition: 
ALMEMO ® 5690-2 m, from Ahlborn, compatible with the soft-
ware AMRWinControl, who proceeded to read the gauges po-
sitioned in steel and concrete.

5. Results

5.1 Vertical displacements

The experimental vertical displacements (d) are shown in Figures 
12 and 13, and Table 2 shows the maximum values of these dis-
placements. Slabs of L1300 group showed similar curves, been 
differing only in the slab L1300-100, where there is a clear separa-
tion between these curves. However, slabs of L2000 group have 
kept constant this distance, even in slabs with thinner tables. Con-
sidering the L1300-100 slab, this was due to their greater stiffness, 
resulting in higher resistance and displacements. This same be-
havior was observed in slabs of L2000 group, but the greater spac-



659IBRACON Structures and Materials Journal • 2014 • vol. 7  • nº 4

W. M. SOUZA  |  T. R. G. CAETANO  |  M. P. FERREIRA  |  D. R. C. OLIVEIRA 

ing between the ribs resulted in greater vertical displacements.
Almost all slabs exceeded the Brazilian regulatory limit for vertical 
displacements, where only the L1300-30 and L1300-50 slabs did 
not, due to their lower height not cracked concrete than others and 
hence lower load capacity. This behavior indicates that the table, 
or the beam flanges, can change the behavior of the slab and the 
increase of its thickness stiffens the slab so that its strength and 
vertical displacements increase, influencing its ductility, because 
there is an increase in the contribution of the concrete compressed 
leading to a rebalancing of the resistant forces (steel and con-
crete), allowing the longitudinal reinforcement strain until it reaches 
the yield stress of steel. Therefore, increasing the thickness of the 
table resulted in greater load capacity of the slabs, longitudinal re-
inforcement yielding and larger vertical displacements.

5.2 Flexural reinforcements’ strains

The graphs of main and distribution flexural reinforcements’ strains 
are shown in Figures 14 and 15. Table 3 shows the maximum 
strains of the steel of the flexural reinforcement of the test slabs and 
the respective sensors witch registered them. The slabs showed 
increased strains of the reinforcement proportional to the increase 

Figure 13 – Slabs' vertical displacements: (a) L2000-30; (b) L2000-50; (c) L2000-80; (d) L2000-100
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in thickness of the table, allowing the longitudinal reinforcement 
reached the yield strain, and the strains of the flexural reinforce-
ment of the slabs L1300-80, L1300-100, L2000-50, L2000-80 and 
L2000-100 exceeded 17%, 82%, 8%, 91% and 143% the yield 
strain of the 12.5 mm (2.3 ‰) steel bar, respectively.
Analyzing the graphs for external and central ribs you can it can be 

Table 2 – Slabs' maximum vertical displacements

Slab
Pu

(kN)
dmax

(mm)
   

L1300-30
L1300-50
L1300-80
L1300-100
L2000-30
L2000-50
L2000-80
L2000-100

200
210
290
360
160
220
330
370

1,81
3,56
7,38
11,32
9,54
12,69
14,08
15,41
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Figure 14 – L1300 slabs' reinforcement strains: (a) flexure of external rib; 
(b) flexure of midrib; (c) distribution of the table
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seen that in the group of slabs L1300 ribs showed seemed curves, 
and the midrib showed greater strain, while the group of slabs 
L2000 ribs present very disparate curves due to external ribs dis-
play strains close to the yield one for the longitudinal reinforcement 
rebars, for the slabs with hf=80 mm and hf=100 mm. This occurs 
because the slabs L1300 presented distance between the ribs1 
axes less than the normative limit, which is how it is calculated as 
a slab. However, this does not occur in the slabs L2000, because 
of this distance greater than 650 mm, which leads to be calculated 
as beams. Therefore, the central rib of the L2000 slabs absorb 
greater load, passing through the table lower intensity of load for 
the external ribs. So the Brazilian standard points to the need of 
analyzing this concrete table against flexure.
The curves for the distribution reinforcement’s strains show that 
the slabs of both groups have certain similarity at the beginning 
and approximately after 200 kN these values tend to be propor-
tional to the increase in the thickness of the tables. This is because 
the applied load is close to that for yielding of the longitudinal re-
inforcement, leaving the loading hat was previously absorbed by 
flexural reinforcement (now plasticized) to be redistributed by the 
concrete resistance mechanisms of the ribs and distribution rein-

forcement of the table, and this is redistributive capacity of the slab 
which allows a general increase in resistance with thicker tables, 
even for ribs without the shear reinforcement.

5.3 Concrete’s strains

The graphs of strains in concrete are shown in Figures 16 and 17. 
Table 3 shows the maximum strains of the concrete of the tested 
slabs and the respective sensors that recorded them. Unlike what 
occurred with the reinforcement’s strains, the slabs did not show 
an increase in the values of the concrete strains proportional to the 
increase of thickness of the concrete table, or at least it was not 
clear this relationship, but all strains were much lower than the limit 
3.5 ‰ for bended elements. In both groups of slabs curves were 
very close only for the initial stages of loading, tending to distance 
from each other as they neared the collapse.

5.4 Cracking pattern

The cracking pattern was similar for all slabs, which took its begin-
ning with excessive cracking of the ribs. Initially, flexural cracks arose 
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Figure 15 – L2000 slabs' reinforcement strains: (a) flexure of external rib; 
(b) flexure of midrib; (c) distribution of the table
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Table 3 – Slabs' maximum steel and concrete strains

Slab
es,max

(‰)
ec,max

(‰)
   

L1300-30
L1300-50
L1300-80
L1300-100
L2000-30
L2000-50
L2000-80
L2000-100

1,8 (Es3)
2,1 (Es1)
2,7 (Es1)
4,2 (Es1)
1,6 (Es1)
2,5 (Es1)
5,6 (Es1)
4,5 (Es2)

-0,46 (Es1)
-0,48 (Es1)

-0,39 (Es1 and Es3)
-0,82 (Es2)
-0,35 (Es1)
-0,44 (Es1)

-0,67 (Es2 e Es3)
-1,02 (Es1)

   

with posterior inclination near the supports, which set the imminence 
of shear failure, and after certain load the shear failure of the exter-
nal rib was observed in most slabs, followed by the midrib, where 
the failure surface crossed the table leading to its detachment. This 
type of failure occurred due to the central rib provide well-defined T 
cross section, while the outer ribs presented L cross-section, result-

ing in increased rigidity for the middle rib, remaining more integrate 
than the outer rib, even under high loads, while the detachment of 
the table confirms this resistant activity monolithically with the rib.
On the upper surface of the slab there was a longitudinal crack-
ing pattern between rib and table, which indicates the presence of  

Table 4 – Ultimate loads and failure modes of the slabs

Slab

*C (Shear); **CSE (Shear without yielding); ***CCE (Shear with yielding).

Pys

(kN)
Pu

(kN)
Experimental 
failure mode

Theoretical 
failure mode

    

L1300-30
L1300-50
L1300-80
L1300-100
L2000-30
L2000-50
L2000-80
L2000-100

–
–

220
240
–

180
270
350

200
210
290
360
160
220
330
370

CSE**
CSE**

CCE***
CCE***

CSE
CCE
CCE
CCE

C*
C*
C*
C*
C*
C*
C*
C*
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Figure 16 – L1300 slabs' concrete strains: (a) flexure of external rib; 
(b) flexure of midrib; (c) distribution of the table
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Table 5 – Comparison between theoretical and experimental results

Slab VNBR 

(kN)
VACI

(kN)
VEC2

(kN)
Pu 

(kN)

NBR 6118 ACI 318 EC 2 Experimental Experimental/Theoretical

L1300-30
L1300-50
L1300-80
L1300-100
L2000-30
L2000-50
L2000-80
L2000-100

240
240
240
240
260
260
260
260

264
264
264
264
264
264
264
264

151
151
151
151
151
151
151
151

200
210
290
360
160
220
330
370

P /Vu NBR P /Vu ACI P /Vu EC2

0,83
0,88
1,21
1,50
0,62
0,85
1,27
1,42

0,76
0,80
1,10
1,36
0,61
0,83
1,25
1,40

1,32
1,39
1,92
2,38
1,05
1,45
2,18
2,45

negative moment, and this cracking in some slabs reached the 
transverse section of the rib. This crack in the upper surface is pro-
vided by the standard for ribbed slabs with distance between its 
axes beyond 650 mm, but below this there is no normative value 

analysis with respect to tables but the tables of L1300 slabs showed 
excessive cracking parallel to the ribs. The cracking patterns of the 
outer ribs of the slabs are shown in Figure 18. These ribs presented 
higher degree of cracking and it was where most failures occurred.



663IBRACON Structures and Materials Journal • 2014 • vol. 7  • nº 4

W. M. SOUZA  |  T. R. G. CAETANO  |  M. P. FERREIRA  |  D. R. C. OLIVEIRA 

Figure 17 – L2000 slabs' concrete strains: (a) flexure of external rib; 
(b) flexure of midrib; (c) distribution of the table
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5.5 Ultimate loads and failure modes

Table 4 shows the failure modes observed and estimated. In 
group L1300 is observed that 50% of the slabs presented shear 
failures without flexural reinforcement yielding and the other with 
yielding due to the increase of the compressed area which led to 
the increase of strain in the longitudinal reinforcement in order to 
balance the external bending moment. However, with respect to 
L2000 group, only with slabs hf =30 mm showed no yielding in the 
longitudinal reinforcement, while the others showed it, since there 
is also an increase of the compressed area and the increase in the 
length of the table width cooperating, adding considerable ductility 
to the observed failure mode.
There is a proportionality between the increase thickness of the co-
operating concrete table with the increase final load. The gain was 
such that it reached 80% in L1300 group relative to the slab with 
tables of 30 mm thickness and equal to 131% in the L2000 with 
respect to the slab with table of 30 mm thickness, showing that the 
gain in this group is greater than in the previous one, because there 
is the sum of the cooperating thickness and length of the tables.
With the increase in bearing capacity due to the increase of the 
tables thickness values all the slabs failure with intense crack-

ing. Failure by shear with or without yielding of the longitudinal 
reinforcement, leading to a collapse preceded by visible displace-
ments and the development of inclined shear crack between the 
support and load points. In all slabs the shear failure was sub-
stantial, demonstrating the collaboration of resistant mechanism, 
especially the aggregates interlock and longitudinal reinforcement 
dowelling as well as the height of the non-cracked concrete area of 
the slabs with thicker tables.

5.6 Codes’ prescriptions analysis

Table 5 shows the results estimated by the NBR 6118 [2], AC1318 
[12] and Eurocode 2 [13] codes, and the experimental results. 
Note that these codes do not consider the contribution of the 
table (hf), only the effective depth (d) and the rib width (bw) as 
variables related to the geometry that contribute to the shear 
strength, differ in their estimates due to such verification as a 
slab or beam or the values of the resistant stress. Brazilian and 
American codes overestimated the shear strength for slabs with 
hf=30 mm and hf=50 mm, while the European code introduced 
more conservative values in relation to the experimental results. 
The best results were obtained for the slabs with table thickness 
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Figure 18 – Cracking pattern of the slabs' external ribs
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of 80 mm and 100 mm, although conservative, but in general the 
NBR 6118 [2] and ACI 318 [12] codes were more accurate than 
the Eurocode 2 [13]. Thus, the codes’ estimates are conserva-
tives without consideration of the tables’ participation in the shear 
strength of the slabs.

6. Conclusion

For the tested slabs could be observed that increasing the thick-
ness of the table provides greater shear strength, but the L2000 
group had higher failure loads also because of the increased co-
operating width. The midrib flexural reinforcement, as expected, 
showed greater strains due to the layout of the test system which 
led higher loading demand on this rib. However, even with such 
configuration it was possible to note that the other ribs, as well 
as the table, cooperated to the ultimate resistance. The flexural 
reinforcement strains were proportional to the increase of the table 
height due to the rebalancing of resistant forces against the in-
creased concrete compressed area, leading to larger strains and 
allowing its yielding. The limit strain 3.5‰ for concrete crush in 
flexure was not observed. On the upper surface of all the slabs 
there was a crack pattern in the table-rib joint indicating the pres-
ence of negative bending moment, which confirms the Brazilian 
code’s prescription to check the table against flexural effects for 
distance between ribs greater than 650 mm. However, in slabs 
with this distance less than 650 mm the Brazilian code does not 
recommend this analysis, and the slabs of L1300 group presented 
cracks due to negative bending moments. The estimates for the 
ultimate resistance showed that the NBR 6118 [2] and ACI 318 [12] 
codes presented very similar values and overestimated the bear-
ing capacity for slabs with thin tables, unlike what happened with 
the Eurocode 2 [13], which presented more conservative values by 
adopting a lower resistant stress.
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