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1. Introduction 

1.1 Motivation and context 
To increase the load capacity of reinforced concrete (RC) slabs it is proposed to add a layer of 
Ultra High Performance Fiber Reinforced Concrete (UHPFRC) to the top of the slab, 25 to 
75 mm in thickness, with or without small diameter steel reinforcement bars, thus creating a 
composite section (Fig. 1.1). 
 

 
Figure 1.1 Typical composite section [1] 

 

The behavior of composite beams submitted to bending combined or not to shear has been 
investigated by previous experimental campaign. It has been shown that, when used as an 
external tensile reinforcement, the layer of UHPFRC increases the bending and the shear 
resistance of the one-way element [2, 3]. In pure bending, the behavior of the composite beam 
was showed to be monolithical. When submitted to high shear forces combined to bending, the 
failure mode of the composite element may be in bending or in flexure-shear, depending on the 
geometry of the structure and the reinforcement layout of the element. In the case of a flexure-
shear failure, the presence of flexure-shear crack activates a softening process in the concrete 
bellow the interface with th UHPFRC layer and the behavior is no longer monolithical. 

A very small amount of research has been carried out on the behavior of composite slabs that 
carry the load in two directions. Wuest [4] has tested two small slabs in punching with the 
UHPFRC layer as a tensile reinforcement. These tests showed that the layer of UHPFRC 
increases the punching resistance of the slab by resisting to the movement of the punching cone 
which initiated horizontal cracking in the concrete near the interface with the layer of UHPFRC. 
A larger experimental campaign on composite slabs is necessary to understand how the UHPFRC 
layer behaves as a two-dimensional reinforcement and how it modifies the behavior and capacity 
of two-way slabs. 

1.2 Objectives 
The main goal of this new experimental campaign is to extend the knowledge from one-way to 
two-way composite elements. The focus is thus placed on the behavior of large concrete slabs 
with no shear reinforcement submitted to concentrated forces with a layer of UHPFRC acting as a 
two-dimensional tensile reinforcement.  

The tests are designed to study the contribution to the UHPFRC layer to two-way or punching 
shear resistance. The main parameter is the amount of total tensile reinforcement which was 
varied for each test in two ways:  

(1) variation of the UHPFRC layer thickness;  
(2) variation of the amount of steel reinforcement in the UHPFRC layer.  

No shear reinforcement is used and the ratio of reinforcement in the RC section is kept constant. 
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The tests allow studying the following mechanisms: 

− cracking of the UHPFRC layer as a two-dimensional reinforcement; 
− internal cracking of the RC section, including inclined shear cracks and near-interface 

cracking; 
− compressive deformation at the bottom fiber;  
− global rotation and displacements of the slab.  

1.3 Test program 
In total 4 composite slabs were tested. All tests were carried out on 3000×3000 mm square slabs 
with a total thickness of 260 mm (Fig. 1.2), a nominal flexural reinforcement ratio of 0.75% in 
the RC section and no shear reinforcement. 
 

 
Figure 1.2 General punching test setup 

 

The tensile reinforcement of the slabs includes the top layer of steel in the concrete section (Asc1), 
the layer of UHPFRC (AU) and the reinforcement in the UHPFRC layer (AsU). The total 
mechanical ratio of tensile flexural reinforcement (ωtot) is calculated with Equation 1.1 and varies 
for each specimen.  
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𝜔𝑡𝑡𝑡 = �𝜔𝑖 = �  
𝐴𝑖𝑓𝑖
𝐴𝑐𝑓𝑐

 (1.1) 

Ai and fi are the area and tensile elastic limit strength of each reinforcement i, namely sc1, U and 
sU. Ac and fc are the area and compressive strength of concrete. 

All slabs have an effective depth (deff) close to 210 mm. The effective depth is calculated as: 

𝑑𝑒𝑒𝑒 =  
∑𝑑𝑖𝐴𝑖𝑓𝑖
∑𝐴𝑖𝑓𝑖

 (1.2) 

For every type of reinforcement, di is the distance between the bottom fiber and the centroid of 
the layer of reinforcement. 

Table 1.1 gives the detail parameters for each specimen. All slabs were tested in the same 
punching test setup developed at EPFL [5]. The tests were displacement controlled and the force 
was applied at the top surface of the slab, on the UHPFRC layer as shown in Figure 1.2. The slab 
is supported in its center by a 260×260 mm square column. 
 

Table 1.1 Summary of test parameters 

Slab hc 
[mm] 

dsc1  
[mm] 

ρRC 
[%] 

hU 
[mm] 

Steel type in 
UHPFRC 

deff 
[mm] 

ωtot 
[%] 

PBM1 
210 180 0.74 50 

-- 202 14.7 
PBM2 B500 B 206 16.8 
PBM3 inox 208 17.8 
PBM4 235 210 0.77 25 -- 218 12.0 
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2. Slab specimens 

2.1 Materials 
2.1.1 Concrete 
The concrete section was fabricated with C30/37 concrete with a maximum aggregate diameter of 
16 mm. The four slabs were cast on two days, on December 10 and 14, 2012. PBM1&2 were cast 
on the first day from two different batches while PBM3&4 were cast on the second day from the 
same batch.  

For each batch of concrete series of 200×160 mm cylindrical specimens were prepared in order to 
measure the concrete properties by standard tests. The compressive strength and the modulus of 
elasticity were measured at 28 days, while only the compressive strength was measured at the age 
of testing of the slab. All the measured properties for the concrete are found in Table 2.1. Missing 
values were calculated according to the equations proposed in the fib-ModelCode 2010 [6] (Eq. 
2.1-2.3). 

𝑓𝑐𝑐,𝑡 = 𝑓𝑐𝑐,28 ∙ exp �𝑠 ∙ �1 −�28
𝑡
�� (2.1) 

𝐸𝑐𝑐,𝑡 = 𝐸𝑐𝑐,28 ∙ �exp �𝑠 ∙ �1 −�28
𝑡
�� (2.2) 

𝑓𝑐𝑡𝑐 = 0.3 ∙ (𝑓𝑐𝑐 − ∆𝑓)2/3 (2.3) 

According to the fib-ModelCode 2010 [6], s is a coefficient which depends on the strength class 
of cement. In this case, cement of type CEM II was used and the proposed value for s is 0.25. 

A splitting tensile test was also performed on the third batch after the test series. This test shows 
that the equation proposed by the fib-ModelCode 2010 [6] overestimates the tensile resistance 
fctm. 
 

Table 2.1 Mean values of concrete properties from standard testing 

Slab Batch Date of 
casting 

Date of 
testing 

Age of 
testing 
[days] 

fcm,28 
[MPa] 

fcm,test 
[MPa] 

Ecm, 28 
[GPa] 

Ecm,test 
[GPa] 

fctm,test 
[MPa] 

fctm,160 
[MPa] 

PBM1 1 10.12.2012 03.04.2013 114 32.6 30.9 25.5 27.2* 2.4* N/A PBM2 2 21.03.2013 101 36 41.3 27.7 28.6* 3.1* 
PBM3 3 14.12.2012 12.03.2013 88 32.3 39.1 25.5 26.9* 3.0* 2.1 PBM4 28.02.2013 76 35.6* 26.8* 2.7* 
*calculated from the equations proposed in the fib-ModelCode 2010 [6] 
N/A: Not Applicable 

 

2.1.2 UHPFRC 
The UHPFRC layer was fabricated with UHPFRC S3-13, an industrial premix containing 3% by 
volume of 13×0.2 mm straight steel fibers. The layers of UHPFRC were cast on two days, 
January 16 and 18, 2013. PBM1&2 were cast on the first day and PBM3&4 on the second day. 

On each day of casting, four types of specimens were fabricated in order to fully characterize the 
behavior of the UHPFRC S3-13: 
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− 140×70 mm cylinders for the compressive strength and the modulus of elasticity; 
− 160×40×40 mm prisms for the modulus of rupture (MOR) from a bending test and the 

compressive strength on 40×40×40 mm cubes cut from the prisms; 
− 500×200×50 mm plates for the MOR from a bending test and the tensile resistance by an 

inverse analysis of the bending test result; 
− 1000×1000×50 mm plates from which the specimens for the direct tensile test were cut 

out. 

Table 2.2 gives the properties of the UHPFRC S3-13 measured at 28 days.  
 

Table 2.2 UHPFRC S3-13 properties at 28 days 

EUm,,28 
[GPa] 

fUcm,28 
[MPa] 

fUcm,cube 
[MPa] 

MORprism 
[MPa] 

MORplate 
[MPa] 

fUte 
[MPa] 

fUtu 
[MPa] 

εUtu 
[‰] 

44.5 151 198 50.1 30.5 7.5* 10* 5.8* 
*obtained from the inverse analysis realized on the plate bending test results 

 

Table 2.3 gives the compressive resistance and the modulus of elasticity of the UHPFRC at the 
age of the testing of each slab. The missing values were calculated according to the 
recommendations of the SIA for UHPFRC [7]. 

More details about the extensive campaign that was made to characterize this material can be 
found in the dedicated test report [8]. 
 

Table 2.3 UHPFRC S3-13 properties at age of testing 

Slabs 
Age of 
testing 
[days] 

EUm,t 
[GPa] 

fUcm,t 
[MPa] 

PBM1 77 51.6* 172 
PBM2 64 49.1* 157* 
PBM3 53 50.0* 162 
PBM4 41 49.1* 157* 
*calculated from the equations 
proposed in the SIA recommendations 
for UHPFRC [7] 

 

Bending tests 
For the four-point bending tests realized on the 500×200×50 mm, the complete force-deflection 
curves were recorded (Fig 2.1a). These results give a good overview of the deflection-hardening 
and softening behavior of the material and Figure 2.1b gives the maximum and minimum curves 
measured on the specimens tested at 28 days. With those results and a finite element model, it 
was possible to estimate the tensile behavior of the UHPFRC S3-13 by an inverse analysis. 
Figure 2.2 gives the obtained constitutive tensile law for the UHPFRC S3-13. As the specimens 
were cast in a way that allowed a good fiber orientation, the results of the inverse analysis are an 
upper bound of the tensile law for this material. 
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Figure 2.1 Bending test for 200×500×50 mm plates: (a) setup; (b) results. 

 

 
Figure 2.2 Constitutive tensile law for UHPFRC S3-13 obtained from an inverse analysis 

 

Tensile tests 
Dog-bone shaped tensile specimens were cut out from the 1000×1000×50 mm square plates (Fig. 
2.3). The plates were cast in a way similar to the placement of the layer of UHPFRC on the slabs: 
UHPFRC was placed at one side of the mold and pulled in place in order to create a preferential 
orientation of the fibers in one direction. Four plates were fabricated, two on each day of casting. 
For a pair of plates cast on the same day, the specimens were cut-out in parallel to the casting 
direction in on case and perpendicularly in the other case. This allowed capturing variability in 
the fiber orientation of the specimens. The specimens were tested and the full force displacement 
curve was recorded for a measuring base of 350 mm. The stress was calculated by dividing the 
recorded force applied on the specimen by the nominal section of the specimen at its narrowest, 
which is 100×50 mm. Figure 2.4 gives the average curve of the whole tensile test series as well as 
the maximum and minimum measurements. 

The difference between the result form the inverse analysis on the bending tests and the direct 
tensile tests may be explained by the methods of fabrication of the two types of specimens. The 
bending specimens were fabricated individually in a way that favoured a good placement of the 
material and its fibers. The tensile tests were designed to study the variability in the tensile 
behavior of a two dimensional plate as you can find in the case of the reinforcement of a slab [8]. 
The scatter in the tensile test should be interpreted keeping in mind that in the case of a slab, the 
UHPFRC layer is submitted to biaxial stresses and that local redistribution may occur.  
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Table 2.4 Results of the tensile tests 

 
fUte 

[MPa] 
εUel 
[‰] 

fUtu 
[MPa] 

εUtu 
[‰] fUtu / fUte 

Maximum 7.6 0.40 9.2 2.01 1.22 

Minimum 5.3 0.20 5.5 0.28 1.04 

Average 6.6 0.31 7.5 1.17 1.14 

Std. dev. 1.12 0.08 1.15 0.72 0.09 

Cov 1.24 0.01 1.33 0.52 0.01 

 

(a) 

 

(b) 

 
Figure 2.3 Tensile test : (a) dog-bone specimen ; (b) setup. 

 

 
Figure 2.4 Maximum, average and minimum stress displacement curves for the tensile tests 
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2.1.3 Reinforcing steel 
The RC sections of each slab were fabricated with ribbed B500 B steel reinforcement. The top 
layer was built with 16-mm rebars while the bottom layer was built with 10-mm rebars. The 
UHPFRC layer of PBM2 was reinforced with 8-mm ribbed B500 B rebars. In the case of the 
UHPFRC layer of PBM3, it was reinforced using 8-mm ribbed high performance steel (inox). 
Tensile tests were realised on 4 samples of each types of rebars used in the fabrication of the 
slabs. Figure 2.5 shows the results of those tensile tests and Table 2.5 summarizes the properties 
of the rebars. 
 

Table 2.5 Reinforcing steel properties 

Type Ø 
[mm] 

fsy 
[MPa] 

fsu 
[MPa] fsu/fsy 

εsu 
[%] 

Inox 8 772 905 1.17 2.9 

B500 B 
8 532 606 1.14 5.7 

10 518 616 1.19 6.7 
16 546 621 1.13 11.9 

 

 

 
Figure 2.5 Stress-strain diagrams from tensile tests on rebars 

 

2.2 Dimensions and reinforcement detailing 
Figure 2.6 lays out the general geometry of the four slab specimens. Each slab had 8 holes going 
through it to allow the introduction of the downward force. The reinforcement of the slabs was 
placed in two orthogonal directions. The amount of reinforcement was identical in both 
directions. The superposition of the two layers of orthogonal flexural reinforcement at the top of 
the concrete section and in the UHPFRC layer created a strong and a weak axis in the slab. As 
shown in Figure 2.7, the highest layer of tensile reinforcement in the concrete and in the 
UHPFRC was placed along the same axis, which became the strongest one. During testing this 
axis was aligned with direction NS. A minimal reinforcement was also placed at the bottom of 
the slabs. The full reinforcement layout of all the slabs is shown in Figure 2.8. For the complete 
drawings of the formworks and the reinforcement used for the fabrication of the slabs, see 
appendix A. Finally, Table 2.6 gives the nominal and the measured values of different heights of 
the slab geometry. It was measured on the cut slabs after the tests.  
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Table 2.6 Nominal and measured values of different heights 

Slabs 
hU 

[mm] 
hC 

[mm] 
dsU 

[mm] 
dsc1 

[mm] 
dsc2 

[mm] 
Nom. Meas. Nom. Meas. Nom. Meas. Nom. Meas. Nom. Meas. 

PBM1 
50 

47 
210 

211 -- 
180 

189 

30 

35 
PBM2 48 212 230 233 189 32 
PBM3 49 214 230 233 184 38 
PBM4 25 22 235 239 -- 210 211 39 

 

 
Figure 2.6 Slab dimensions 
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Figure 2.7 Diagram of the layout of reinforcement, cut along E-W 

 

 

 
Figure 2.8 Reinforcement layout, cut along E-W: (a) slab PBM1 to 3; (b) slab PBM4. 

 

2.3 Fabrication 
All slabs were fabricated in a prefabrication pant and then delivered to EPFL facilities by truck. 
 

(a) 

 

(b) 

 
Figure 2.9 Fabrication of the concrete section: (a) formwork and reinforcement cage; (b) concrete casting with 

internal vibrator. 
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The concrete section of all slabs was cast upside down with set retarder painted at the bottom of 
the formwork (in green in Figure 2.9a). The concrete was placed using an internal vibrator 
(Fig. 2.9b). The concrete slabs were removed from the formworks 2 to 3 days after casting and 
then turned back upwards in order to wash out with water the first millimeters of concrete paste 
which had been in contact with the retarder. As seen in Figure 2.10, this procedure exposed the 
aggregates of the top surface of concrete that was to be covered with the layer of UHPFRC. This 
surface thus had a roughness of da/4 and allowed to create a good connection between the 
UHPFRC layer and the hardened concrete. 
 

 
Figure 2.10 Washed concrete surface 

 

(a) 

 

(b) 

 
Figure 2.11 Fabrication of the UHPFRC layer: (a) surface of concrete prior to casting; (b) placing of 

UHPFRC. 

 

The slabs were kept inside the plant until the casting of the UHPFRC layer, which was done more 
than one month after the fabrication of the concrete section: 37 days after in the case of PBM1&2 
and 35 days for PBM3&4. Before casting the UHPFRC layer, the rough concrete surface had to 
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be saturated, surface dry (SSD). This means that the concrete capillary pores are filled with water 
but that there is no accumulation at the surface. A saturated surface prevents water from the fresh 
UHPFRC from getting sucked in the hardened concrete which would reduce the water to cement 
ratio near the interface and weaken the connection between the two materials. However, no water 
should be accumulated on the surface as this would have the opposite effect and would increase 
the water to cement ratio [9]. To get a SSD surface, the concrete was moistened on the day before 
casting the UHPFRC layer and again in the hours before. 

The layers of 50 mm of UHPFRC (slabs PBM1 to 3) were cast in two steps due a limitation in the 
batching capacity at the prefabrication plant. The joint between the two steps was near the center 
line of the slab. Since both batches were done quickly one after the other, all the UHPFRC of the 
50 mm layer could be placed in less than 1 hour. The UHPFRC of the previous step was still in a 
fresh state when placing the second one allowing both batches to mix together at the joint. Thus, 
there was no cold joint in the 50 mm layer of UHPFRC. The layer of 25 mm of UHPFRC for slab 
PBM4 could be cast in one step. 

To place the UHPFRC layer, conventional tools were used as seen in Figure 2.11. As much as 
possible, the UHPFRC was pulled in parallel to the strong axis of the slab in order to get a 
preferred orientation of the fibers in that direction. Once the layer was placed, a plastic sheet was 
pulled over it to allow the auto-curing of the material. The formwork was removed over 24 hours 
after the casting. The slabs were then kept inside the plant until the delivery to EPFL where they 
were also kept inside until testing. 
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3. Test Methodology 

3.1 Test setup 
Figure 3.1 shows the full punching test setup that was used for this test series. As said before, the 
slab was resting in its center on a 260×260 mm support plate at the top of a column. A layer of 
plaster was placed between the concrete and the support plate to even out the concrete surface. 
The test was displacement controlled. Four hydraulic jacks applied a displacement to the 
specimen by pushing on the reaction floor. The displacement was transmitted to 4 Dywidag bars. 
The bars were then connected to 4 four welded steel truss which spread the force to 8 other 
Dywidag bars. These bars went through the 8 metal tubes in the slab and then introduced the 
applied force through the 200×200 mm steel plates placed on the UHPFRC layer at the top of the 
slab [5]. All four jacks were connected to the same hydraulic circuit in order to provide a uniform 
and symmetric loading. 
 

 
Figure 3.1 Punching test setup 

 
(a) 

 

(b) 

 

Figure 3.2 Photo of the test setup 
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3.2 Instrumentation 
During the tests both manual and automatic measurements were carried out. The manual 
measurements were taken in many steps for which the loading was paused and the displacement 
was kept constant. They consisted in displacement measurements inside the slabs in order to 
calculate strains. The automatic measurements were taken at a frequency of 0.5 Hz during 
loading and 0.1 Hz during the manual measurement steps. The list of automatic measurements is 
as follows: 

− force; 
− rotation; 
− deflection; 
− variation of slab thickness; 
− strains at the top and bottom surface of the slab. 

 

 
Figure 3.3 Axis convention for sensor coordinates 

 

3.2.1 Force 
The reaction force is measured in 3 different locations: 

− four 1000 kN force transducers on each Dywidag bar, between the reaction floor and the 
hydraulic jack; the punching force is the sum of the measurement done by these four 
sensors. 

− four 1000 kN force transducers in the steel truss where the force is transmitted to the 8-
Dywidag bars; the punching force is again the sum of the measurement done by these four 
sensors. 

− four strain gages on each side of the square steel column to measure the compressive 
deformation in the column; the punching force can be obtain by using Hook’s law. 
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3.2.2 Rotation 
Rotation of the slab was measured with inclinometers (±175 mrad) in five different location all 
located on a circle of 1380 mm radius (Fig. 3.4). 
 

 [mm] 
Figure 3.4 Position of the inclinometers 

 

3.2.3 Deflection 
Deflection measurements were made on the top and the bottom sides of the slab using Linearly 
Variable Displacement Transducers (LVDTs) installed on frames independent from the loading 
setup. These measurements were made with respect to the strong floor.  

On the top of the slab (Fig. 3.5a), 12 LVDTs were placed along the EW axis (weak axis). On the 
bottom side (Fig 3.5b), 9 LVDTs were on the same axis, 3 others measured the movement of the 
support plate and 4 more were placed at each cardinal point on a circle of 1200 mm radius. 
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Sensor x 
[mm] 

y 
[mm] 

IS-02 950 0 
IS-03 750 0 
IS-04 550 0 
IS-05 450 0 
IS-06 350 0 
IS-07 300 0 
IS-08 250 0 
IS-09 200 0 
IS-10 150 0 
IS-11 100 0 
IS-12 0 0 
IS-13 -300 0 

 

Sensor x 
[mm] 

y 
[mm] 

II-01 950 0 
II-02 750 0 
II-03 550 0 
II-04 450 0 
II-05 350 0 
II-06 300 0 
II-07 250 0 
II-08 200 0 
II-09 150 0 
II-N 0 1200 
II-E 1200 0 
II-S 0 -1200 
II-W -1200 0 
IC-E 130 0 
IC-S 0 -130 
IC-W -130 -130 

 
 
 
 
 
 

[mm] 

Figure 3.5 Position of the LVDTs : (a) top side ; (b) bottom side. 

 

3.2.4 Thickness variation 
When a crack appears inside the slab during loading, its thickness will increase proportionally to 
the opening of this crack. In order to identify the load for which a crack opens inside the slab, a 
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thickness variation measurement device [5], illustrated in Figure 3.6, was used. A threaded bar is 
fixed at the bottom side of the slab and goes through it in an Ø8 mm whole. The movement of the 
bottom side relatively to the top side of the slab can then be followed with a LVDT fixed on the 
top side and attached to this bar. The thickness variation was measured in six locations showed in 
Figure 3.7. Sensors EP-03 and 06 were placed far enough from the column to detect any 
horizontal cracking near the interface between the layer of UHPFRC and the concrete. These two 
sensors should not intersect the diagonal cracking. The other sensors serve to identify the load for 
which the diagonal shear cracks appear. 
 

 
Figure 3.6 Thickness variation measurement device [5] 

 

 

Sensor x 
[mm] 

y 
[mm] 

EP-01 295 -150 
EP-02 445 -150 
EP-03 745 -150 
EP-04 -150 -295 
EP-05 -150 -445 
EP-06 -150 -745 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[mm] 

Figure 3.7 Position of the thickness measurements 
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3.2.5 Strains at the surface of the slab 

 

 

Sensor x 
[mm] 

y 
[mm] 

UR-01 250 50 
UR-02 350 50 
UR-03 450 50 
UR-04 550 50 
UR-05 650 50 
UR-06 750 50 
UR-07 850 50 
UR-08 950 50 
UT-01 -250 -25 
UT-02 -450 25 
UT-03 -650 -25 
UT-04 -850 25 
UT-05 -25 200 
UT-06 25 400 
UT-07 -25 600 
UT-08 25 800 

 
 
 
 
 
 

[mm] 

Sensor x 
[mm] 

y 
[mm] 

OR-01 230 50 
OR-02 330 50 
OR-03 430 50 
OT-01 0 -230 
OT-02 0 -330 
OT-03 0 -430 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[mm] 

Figure 3.8 Position of the displacement gages: (a) top side; (b) bottom side. 

 

A series of omega shaped gages were placed at the top and bottom face of the slab in radial (UR 
and OR) and tangential (UT and OT) directions, all illustrated in Figure 3.8. The given 
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coordinates are the center point of each gage length. They all had a base measurement length of 
100 mm. At the top of the slab, on the UHPFRC layer, the gages allowed to identify the load at 
which macrocracks formed and then measure the corresponding crack opening. On the bottom 
concrete side of the slab, the gages measured the compressive strains in the concrete in the 
neighborhood of the column. 

3.2.6 Strains inside the slab 
During the tests, the loading was paused to take manual measurements. At each of these load 
steps, an articulated measurement arm was used to take the space coordinate of various points at 
the bottom surface or inside the slab. Having measured the initial position of these points before 
loading the slab, the measurements made at each load steps allowed to calculate the displacement 
of the points and the strain between them.  

Figure 3.9 gives the nominal position of each point. Points placed on the same axis are spaced at 
75 mm. The internal points are at the bottom of Ø10 mm wholes of various depths. Points 701 to 
703 are on the column support plate to measure its movement. 

 

 
Figure 3.9 Nominal positions of the points 
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Figure 3.10 Photo of manual measurements 

 

3.2.7 Modified instrumentation 
In some cases, the position of the instruments or measuring points had to be modified for various 
reasons. The modified coordinates are indicated in Table 3.1 for each slab. No modification was 
needed for slab PBM3. Cells that are left blank indicate that the coordinate is as originally 
planned. 
 

Table 3.1 Modified coordinates of instruments and measurement points 

 PBM1 PBM2 PBM4 

Sensor x 
[mm] 

y 
[mm] 

x 
[mm] 

y 
[mm] 

x 
[mm] 

y 
[mm] 

EP-01      -100 
EP-02      -100 
EP-03    795  -100 
EP-04     -100 -285 
EP-05     -100  
EP-06     -100  
OR-01  -50    220 
OR-02  -50    320 
OR-03  -50    420 

101-105   60  -50 170* 
111-115   35  -25 170* 
201-208   10  0 170* 
211-218   -15  25 170* 
301-308   -40  50 170* 
401-405 -205*    -170* -40 
411-415 -205*    -170* -15 
501-508 -205*    -170* 10 
511-518 -205*    -170* 35 
601-608 -205*    -170* 60 

*Coordinate of first point of the series; following points on the same axis are 
spaced at 75 mm as planned. 

 

3.3 Test procedure 
All tests were carried out during one day. Before starting the test, a series of manual measurement 
were taken and the automatic instruments were zeroed. At this moment, the slab was submitted to 
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its self-weight and to the weight of the setup (Dywidag bars, steel plates, welded steel-truss and 
instrumentation). 

The test was displacement controlled and the force was applied at a constant speed using a 
manual hydraulic pump. Loading was stopped at selected steps to make the manual 
measurements. For PBM1 and PBM2, tests were stop after the peak force and the sudden drop in 
resistance typical of a punching failure. In the case of PBM3 and PBM4, the displacement 
increase was continued after the resistance drop in order to study the post-peak behavior.   

After the tests, the slab was removed from the setup and the top side of the slab was 
photographed to record the crack pattern of the UHPFRC layer. Then the slab was cut twice: 

(1) along the EW axis; 
(2) the North section was cut again along the NS axis. 

This allowed observing the crack pattern created inside the slab during the test and validate the 
manual internal measurements and the thickness variation measurments. 
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4. Results  

4.1 Overview 
In the next chapter, the test results are presented in the same format for each slab. The slab is 
supposed to have had a punching failure after a sudden drop in the load carrying capacity was 
observed.  

In all cases, the following information is given first: 

(1) Main featureS of the specimen; 
(2) Load steps for manual measurements;  
(3) Specific events during the test progression, if relevant. 

It is followed by series of plot that illustrate the measurements made during the test. The first 
plots have the measured applied force as ordinate. It is calculated as the sum of the 4-force 
transducers located bellow the strong floor to which the self-weight and the weight of the setup 
was added (69 kN). The force is plotted against the following: 

(a) Rotation along the axis NS and EW: average of the measurements by the two inclinometer 
located on this axis; 

(b) Deflection along the axis NS and EW: average of the measurements by the two LVDTs 
located under the slab and on the same axis, at 1200 mm from the center (II-N&II-S, II-
E&II-W); 

(c) Thickness variation; 
(d) Shear deformation at the column face; 
(e) Strains at the bottom fiber of the concrete, in tangential direction: 
(f) Strains at the bottom fiber of the concrete, in radial direction. 

Assuming that all shear deformation is occurring at the column face, Δw, given in plot (d), is 
calculated using the following equation [10]: 

∆𝑤 = (𝑤𝐼𝐼−𝐸 − 𝑤𝐼𝐼−𝐸) −
(𝑤𝐼𝐼−𝐸 − 𝑤𝐼𝐼−09)
(𝑥𝐼𝐼−𝐸 − 𝑥𝐼𝐼−09) ∙

(𝑥𝐼𝐼−𝐸 − 𝑥𝐼𝐼−𝐸) (4.1) 

The next series of plots illustrate the progression of the measurements along a given axis for 
different levels of loading: 

(g) Crack openings in radial direction along the EW axis (sensors UR); 
(h) Crack openings in tangential direction along the EW axis (sensors UT-01 to UT-04); 
(i) Crack openings in tangential direction along the NS axis (sensors UT-05 to UT-08); 
(j) Deformed shape measured on the top side along the axis EW (sensors IS); 
(k) Deformed shape measured on the bottom side along the axis EW (sensors II located on 

this axis). 

Finally, the information extracted from the manual measurements is presented: 

(l) Crack development and opening inside the slab at every load step: cracks traced in black 
were already formed at the given load step while the rest of the full crack pattern is traced 
in gray. 

There is one sub-chapter per slab. These four sub-chapters are followed by a summary of the 
main results for all slabs (section 4.6) and the presentation of the observed crack patterns (section 
4.7). 
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4.2 PBM1: hU = 50 mm, ωtot = 14.7% 

Date of casting the concrete section: 10.12.2012 

Date of casting the UHPFRC layer: 16.01.2013 

Date of testing: 03.04.2013 

Height of UHPFRC layer, hU: 50 mm 

Total mechanical ratio of flexural reinforcement, ωtot; 14.7% 

Type of steel reinforcement in the UHPFRC layer: none 
 

Table 4.1 Load steps for PBM1 

Step Ratio of VR 
[%] 

Vstep,max 
[kN] 

1 52 570 
2 75 814 
3 85 923 
4 89 971 
5 93 1010 
6 97 1056 
7 100 1089 

Failure 97 1051 
Residual 31 335 

 

Comments : 

− After the last step (7), loading was resumed. Failure happened before the force could 
reach again the level it had at the beginning of this last step. 

− Right after the punching failure and the loss in resistance, the test was ended. 
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Figure 4.1 Results for PBM1: hU = 50 mm, ωtot = 14.7% 
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Figure 4.1 Results for PBM1: hU = 50 mm, ωtot = 14.7% (continued) 
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Figure 4.1 Results for PBM1: hU = 50 mm, ωtot = 14.7% (continued) 
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Figure 4.1 Results for PBM1: hU = 50 mm, ωtot = 14.7% (continued) 
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4.3 PBM2: hU = 50 mm, ωtot = 16.8% 

Date of casting the concrete section: 10.12.2012 

Date of casting the UHPFRC layer: 16.01.2013 

Date of testing: 21.03.2013 

Height of UHPFRC layer, hU: 50 mm 

Total mechanical ratio of flexural reinforcement, ωtot; 16.8% 

Type of steel reinforcement in the UHPFRC layer: B500 B 
 

Table 4.2 Load steps for PBM2 

Step Ratio of VR 
[%] 

Vstep,max 
[kN] 

1 48 584 
2 69 845 
3 78 948 
4 82 1001 
5 86 1050 
6 92 1119 
7 96 1178 

Failure 100 1223 
Residual 30 365 

 

Comments : 

− Right after the punching failure and the loss in resistance, the test was ended. 
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Figure 4.2 Results for PBM2: hU = 50 mm, ωtot = 16.8% 
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Figure 4.2 Results for PBM2: hU = 50 mm, ωtot = 16.8% (continued) 
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Figure 4.2 Results for PBM2: hU = 50 mm, ωtot = 16.8% (continued) 
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Figure 4.2 Results for PBM2: hU = 50 mm, ωtot = 16.8% (continued) 
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4.4 PBM3: hU = 50 mm, ωtot = 17.8% 

Date of casting the concrete section: 14.12.2012 

Date of casting the UHPFRC layer: 18.01.2013 

Date of testing: 12.03.2013 

Height of UHPFRC layer, hU: 50 mm 

Total mechanical ratio of flexural reinforcement, ωtot; 17.8% 

Type of steel reinforcement in the UHPFRC layer: inox 
 

Table 4.3 Load steps for PBM3 

Step Ratio of VR 
[%] 

Vstep,max 
[kN] 

1 50 594 
2 72 857 
3 81 961 
4 90 1070 

Failure 100 1186 
Residual 26 308 

 

Comments :  

− After step 2, the slab had to be unloaded from 798 kN to 498 kN to move the support for 
sensor II-S that was blocking the downward movement of the welded truss at the South of 
the setup. Loading was then resumed normally. 

− After load step 3, the loading was resumed without removing the temporary supports that 
were placed under the slab during the manual measurements. The slab was then again 
unloaded from 1068 kN to 778 kN to remove the supports. Loading could then continue 
normally. 

− After the punching failure and the loss in resistance, the displacement was increased by 
40.1 mm before the test was ended. This allowed studying the post-peak behavior of the 
slab. 
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Figure 4.3 Results for PBM3: hU = 50 mm, ωtot = 17.8% 
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Figure 4.3 Results for PBM3: hU = 50 mm, ωtot = 17.8% (continued) 
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Figure 4.3 Results for PBM3: hU = 50 mm, ωtot = 17.8% (continued) 
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Figure 4.3 Results for PBM3: hU = 50 mm, ωtot = 17.8% (continued) 
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4.5 PBM4: hU = 25 mm, ωtot = 12.0% 

Date of casting the concrete section: 14.12.2012 

Date of casting the UHPFRC layer: 18.01.2013 

Date of testing: 28.02.2013 

Height of UHPFRC layer, hU: 25 mm 

Total mechanical ratio of flexural reinforcement, ωtot; 12.0% 

Type of steel reinforcement in the UHPFRC layer: none 
 

Table 4.4 Load steps for PBM4 

Step Ratio of VR 
[%] 

Vstep,max 
[kN] 

1 52 530 
2 75 769 
3 90 919 

Failure 100 1023 
Residual 24 249 

 

Comments :  

− The loading for this slab was slightly eccentric due to a dysfunction of the North 
hydraulic jack which was not loading at the same rate as the 3 other jacks. After 
verification, it is assumed that this eccentricity had no significant effect on the results. 

− After the punching failure and the loss in resistance, the displacement was increased by 
17.2 mm before the test was ended. This allowed studying the post-peak behavior of the 
slab. 

− The internal measurements for this slab were ignored due to insufficient precision. 
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Figure 4.4 Results for PBM4: hU = 25 mm, ωtot = 12.0% 
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Figure 4.4 Results for PBM4: hU = 25 mm, ωtot = 12.0% (continued) 
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Figure 4.4 Results for PBM4: hU = 25 mm, ωtot = 12.0% (continued) 
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4.6 Summarized results for 4 slabs 
This section summarizes the main results of all four slabs. Table 4.5 gives the maximum 
resistance of each slab and the according rotation and deflection for both strong (NS) and weak 
axis (EW). Figure 4.5 compares the force-rotation and the force-deflection curves for the weak 
axis of each slab. 

 
Table 4.5 Main results for all slabs 

Specimen VR 
[kN] 

ψR,NS 
[mrad] 

ψR,EW 
[mrad] 

wR,NS 
[mm] 

wR,EW 
[mm] 

PBM1 1089 8.3 11.9 10.8 14.0 
PBM2 1223 10.1 12.2 13.4 14.8 
PBM3 1186 9.4 11.3 11.4 13.2 
PBM4 1023 7.3 9.1 10.9 10.2 

 

 
Figure 4.5 Summarized results of all slabs 
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4.7 Crack patterns 
Figure 4.6 shows the crack pattern of the UHPFRC layer as observed after the test was 
abandoned. 

 
Figure 4.6 Top side crack pattterns 
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Figures 4.7 and 4.8 show the crack patterns that were observed on the cut slabs. As explained in 
section 3.3, the slabs were cut after the end of the test, first along the EW axis. The North part 
was then cut again along the NS axis. Here are the fully developed crack patterns after the 
punching failure as observed on each axis. In the case of the EW axis, αmin, the minimum angle of 
the punching cone, is also given 
 

 
Figure 4.7 Punching cone observed on the EW cut face 

 

 
Figure 4.8 Punching cone on the NS cut face 
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5. Conclusion 

This report presents the main results of the experimental campaign carried out on composite slabs 
submitted to two-way or punching shear. Further analysis of these results can be found in the 
author’s thesis but general observations can be made: 

− All three slabs with the 50 mm layer (PBMI to 3), with or without reinforcement, failed at 
the same rotation.  

− Internal cracking starts at a force of between 0.71 and 0.87 VR.  
− No near interface cracking between the UHPFRC layer and the concrete section was 

observed before failure. 
− The residual strength after the punching failure is at least 24% of the ultimate strength. 
− After failure, the main diagonal crack rotates just below the interface between the 

concrete and the UHPFRC layer, at the level of the tensile reinforcement in the concrete.  
− All punching cones observed on the cut slabs have a similar shape with an angle towards 

the bottom side between 20° and 30°. 
− All three slabs with the 50 mm layer (PBMI to 3) present only radial cracking at the top of 

the UHPFRC layer (Figure 4.6). These cracks are essentially parallel to one of the 
principal axis (NS or EW).  

− In the case of PBM4, with only a 25 mm layer, the cracking on the top side is essentially 
tangential and describes a circle around the center of the slab. 
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7. Appendix 

7.1  Drawings for specimen fabrication 
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