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ABSTRACT

In some existing nuclear facilities in France, composite concrete floors were designed to support only
gravity loads. Therefore those slabs were constructed without earthquake design provisions. In order to
assess the structural dynamic behaviour and seismic margins of such slabs with regards to the resistance
calculated with construction codes used in France for existing buildings, CEA and IRSN has launched in
2008, a research program, which is divided into two parts: (1) an experimental program performed on two
full scale identical models, one being subjected to a mono-axial in-plane static cyclic loading up to failure
(tested at GINGER CEBTP) and the other being subjected to a series of bi-axial horizontal seismic
excitations (tested at CEA/Saclay on AZALEE shaking table); (2) some numerical analyses performed on
the tests results, using the finite-element code CAST3M developed at CEA/Saclay.

This paper is dedicated to the presentation of the two experimental campaigns:
e Presentation of the models (geometry, reinforcement detailing, construction, material properties),
e Instrumentation of both models,
e Experimental campaign protocol,
e Main tests results.
Numerical analyses performed after the experimental campaigns are presented in a second paper in this
conference.

INTRODUCTION

In some existing French nuclear facilities built before 1990, floors are composed of a cast in-place slab
poured on precast reinforced (or pre-stressed) concrete plates. This type of composite floors has often
been designed under uniformly distributed gravity loads. Therefore, constructive arrangements are not
satisfactory to support seismic loads. The anchoring length of the lower reinforcement achieved inside the
floor plate is often insufficient, either on edge or intermediate supporting walls or beams constituting the
structural bracing elements. There is no additional reinforcement in the cast in-place upper slab to
improve the anchoring or overlapping of the rebars. In most of floors, upper reinforcement is
discontinuous, whereas connecting reinforcement ensuring an effective mechanical bond between the
precast element and the poured concrete topping is also missing. Moreover, there is no connection
between adjacent plates: the load-carrying capacity in two horizontal directions is necessary in seismic
situation, because floor slabs work as diaphragms to transfer horizontal earthquake-induced inertial forces
(in-plane shear forces) to the lateral resistant system of the structure.
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In order to assess the actual seismic behaviour of such composite floors and to highlight margins
compared to the resistance calculated with construction codes used in France, CEA and IRSN have
launched in 2008, a research program based on experimental tests performed on two full-scale identical
models representing a typical composite floor, which can be found in existing French nuclear facilities.
The first model (Model-1), tested at GINGER CEBTP, was subjected to a mono-axial in-plane static
cyclic loading until collapse. The second model (Model-2), tested at CEA/Saclay on the AZALEE
shaking table, was subjected to a series of increasing bi-axial horizontal seismic excitations. These
experimental campaigns have been completed by some numerical analyses performed on the tests results
and reported in a second paper (Part 2: numerical analyses) in this conference.

DESIGN OF THE MODELS AND EXPERIMENTAL SET-UPS
Design and construction of the models

The models were conceived in reference to the main objective exposed in the introduction, as part of a
floor mainly subjected to in-plane forces representative of seismic loading. The tested in-plane floor
dimensions were 4.27 m width and 2.46 m length; the small value of the length/width ratio induced a high
shear stiffness and the predominance of shear over-bending in the failure mechanism. At one end, the
horizontal floor was clamped into a stiff caisson made of four reinforced-concrete walls and attached to
the test frame by vertical post-stressed tendons. At the other end, it was vertically supported by two
hinged steel columns, in order to maximize shear effects along the stiff caisson (Figure 1). Model-1 was
dedicated to the static cyclic test and Model-2, to the seismic sequence.
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Figure 1: Dimensions of the model (unit: mm): (a) top; (b) elevation; (c) longitudinal section

The floor was composite, consisting of two precast reinforced-concrete planks (70 mm thick) located side
by side and in mutual contact along an unreinforced longitudinal joint, and a cast-in-place topping slab
(90 mm thick). The total thickness of the floor was h = 0.16 m. The slab was provided with two edge-
beams which reinforcement insuring a high in-plane bending strength and with a reinforced concrete
cross-beam in the vertical plane of the steel columns. It was used to fix the additional loading blocks for
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the seismic test. The precast planks were provided with protruding straight rebars along three of their
sides to connect them to the cast-in-place concrete in the clamping caisson, the edge-beams and the cross-
beam. Particularly at the clamped end, these rebars were not in continuity with any reinforcement inside
the vertical wall, and their length was 11 cm, significantly under the normal anchorage length. This
deficient detailing was retained voluntarily to reproduce cases which can be encountered in practice. The
cast-in-place topping slab was unreinforced except for the disposal of anchored or continuous rebars at
the junction with the clamping wall and the cross-beam. More specifically, there was no reinforcement at
the joint level between both precast planks. The upper faces of the precast planks were trowelled to make
them rather rough. There was no transverse reinforcement between the planks and the cast-in-place

topping.

Reinforcement of precast concrete planks was designed using D10 deformed bars in two orthogonal
layers (Figure 2), with a measured mean yield strength of f, = 571 MPa. Reinforcement of precast planks
P1 and P2 were similar. D8 U-shape bars with a measured mean yield strength of f, = 517 MPa ensured a
link between precast slabs and topping slab. For precast slabs P1 and P2, part of interest of the models,
this configuration was representative of the reference building.
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Figure 2: Reinforcement of (a) precast planks and (b) topping slab
Concrete properties

To be representative of a rather weak material possibly existing in real buildings, a target compressive
strength of about 25MPa was considered for the floor. The other parts of the model were cast with a
concrete of higher performances.
At the age of the model test, the control specimens resulted in the following mean properties:

e Model-1: compressive strength f.., = 25.5 MPa; modulus 21.5 GPa; splitting strength 2.85 MPa,

e Model-2: compressive strength f.,, = 25 MPa; modulus 20.5 GPa; splitting strength 2.15 MPa.
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Additional masses (seismic tests only)

Additional masses had to be fixed on Model-2 (Figure 3), in order to generate a sufficient level of inertial
force to load and potentially damage the composite floor. The masses were fixed on the cross-beam at the
edge of the slab: (i) on the upper part, 11 steel masses (unit mass: 1000 kg — total mass: 11000 kg) and (ii)
on the lower part, 160 lead blocks (unit mass: 67 kg — total mass: 10700 kg). The total additional mass of
Model-2 was hence around 21700 kg.

Figure 3: Additional masses fixed on Model-2
Experimental set-ups and loading

Figure 4 presents the experimental set-up for Model-1. It was tested at GINGER CEBTP Elancourt,
LEEMS laboratory. The model was loaded by two opposite hydraulic actuators, acting horizontally along
Y direction at the intersection of the floor plane with the vertical cross-beam plane. The out-of-plane
bending or torsion, induced by the dead-weight or by the transverse component of the actuator force due
to its inclination following the floor deformation, as well as by vertical displacement due to the
deformation of the test frame at the base of the steel columns, were negligible.

A program of alternate horizontal forces cycles was performed. For small forces, it was done under load
control; for medium and high forces, it was under displacement control (hydraulic pressure monitored by
the horizontal displacement of the actuator) and two successive cycles were realized at the same
displacement limits.

An accidental preliminary monotonic loading induced some cracking as it was foreseen but without the
complete set of corresponding measurement. The probable behaviour was set up afterwards. After this,
five monotonic loading steps were applied in the opposite direction. Then 11 alternate cycles were
realized, the last one in the post-failure range.

Figure 4: Static cyclic test set-up (Model-1)
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Figure 5 presents the experimental set-up for Model-2. It was tested at CEA Saclay, EMSI Laboratory, on
the AZALEE shaking table. This six degrees of freedom table is equipped with 8 actuators (1000 kN
force each) and an aluminium platform of 6mx6m. The maximum payload is 1000 kN. Maximum
displacement range is +/- 125 mm in each direction.

Figure 5: Seismic test set-up (Model-2)

As the seismic loading was bi-axial horizontal, two time-histories were used during all the seismic test
sequence (Figure 6). These signals result from a previous dynamic analysis performed on the typical
building and correspond to the transferred seismic motion on the floor level from a set of natural seismic
input signals. Here, Y direction is the same as for the models (see Figure 1(a)).
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Figure 6: Seismic loading signals

The experimental program consisted of two phases:
e Phase 1: 13 bi-axial horizontal shaking table tests ranging in X direction from PGA = 0.03 g to
2.00g and in Y direction, from PGA =0.05 g to 1.90 g;
e Phase 2: 5 uniaxial shaking table tests ranging in Y direction from PGA =0.2 gto 1.70 g.
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Natural frequencies of Model-2 were measured using random excitation before and after each test in the
X, Y and Z directions. For this purpose, a low intensity excitation (maximum PGA = 0.05-0.07 g)
containing a frequency range of 1-30 Hz was used. The response recorded on the model was used to
identify the natural frequencies of the relevant vibration modes.

INSTRUMENTATION SET-UPS

Two different instrumentation set-ups were defined for Model-1 and Model-2. However, in order to
perform comparisons between the two experimental campaigns, several points were instrumented in the
same way. It concerned mainly strain gauges on reinforcement and concrete on the planks and
displacements measurement.

For Model-1, the following measurements were done: - The overall displacements in the three principal
directions by LVDTs, at the level of the cross-beam (mainly the displacement along the actuators’ axis,
which is used to servo-control the force), at the floor clamping and at the base of the clamping caisson. -
The overall length variation of the diagonals of the floor, by means of wires acting on LVDTs. - The local
displacements, still by LVDTs, at the interfaces between the two slabs and between the slabs and its
surrounding elements, to obtain the sliding and opening. - The local deformation of steel and concrete by
strain gauges, to obtain the steel stress in the reinforcement of the planks, of the edge-beams and of the
cross-beam, and to measure the concrete strain along the interfaces between the floor and the clamping
caisson and cross-beam. - The separation between the precast planks and the cast-in-place topping due to
failure of the adhesion, by the measure of the propagation time of ultrasonic waves through the floor
thickness. - The opening of some cracks, by means of transducers glued to the concrete across the crack,
after it appears.

For Model-2, the following measurements were done: -The motion of the shaking table in the three
principal directions (acceleration and displacement/rotation). —The overall accelerations in the three
principal directions at the foundation and floor levels. —The overall displacements in the three principal
directions at the level of the foundation, the cross-beam, and the floor clamping. - The overall length
variation of the diagonals of the floor, by means of wires acting on displacement transducers. - The local
displacements at the interfaces between both slabs and between the slabs and their surrounding elements,
to obtain the sliding and opening. - The local deformation of steel and concrete by strain gauges, to obtain
the steel stress in the reinforcement of the planks, of the edge-beams and of the cross-beam, and to
measure the concrete strain along the interfaces between the floor and the clamping caisson and cross-
beam.

MODEL-1 TESTS RESULTS ANALYSIS
Overall behaviour and failure

The first cracks to appear were flexural ones. The corresponding load fitted rather well with a calculation
which takes into account the non-linear elastic stress distribution in a short corbel compared to the linear
distribution in a slender beam, which results in an amplification of the maximum tensile stress (see
Leonhardt 1970)). The shear cracks appeared at a quite smaller loading level compared to the elastic
prediction, due to a redistribution induced by the flexural cracks; the elastic value predicts the “critical”
crack instead, which corresponds to the initiation of the failure mechanism.

The appearance of the cracks and the measured stresses in the flexural reinforcement under increasing
forces show clearly the development of a strut and tie mechanism resulting in a typical shear failure, with
a largely opened shear crack (about 5 mm) not far from the diagonal. This mechanism occured for each
loading direction. It has the appearance of the monolithic behaviour: the shear cracks affect the whole
floor thickness and have no significant discontinuity where they intersect the longitudinal joint between
the planks.
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Figure 7 gives the force-displacement curves for all the cycles and figure 8 presents a view of the failure
mechanism. The failure was finally due to local punching under the actuators, which slightly reduced the
measured maximum resistance with respect to the shear mechanism. A parabolic extrapolation of the
load-displacement curve was used to assess the probable shear resistance: Vg, = 1400 kN; estimated
horizontal ultimate displacement is about 15 mm.

Figure 7: Force-displacement curves - Model-1 Figure 8: Ultimate state of the floor - Model-1
(after unloading; cracks partially closed)

Deviation from a monolithic behaviour

Although the failure seems to correspond to a monolithic behaviour, the measures show that there are
some disorders which result in a certain deviation from the monolith. The ultrasonic waves revealed that a
separation between the cast-in-place concrete topping and the precast planks begins at about 80% of the
failure load. It affects an important area adjacent to the longitudinal joint between the planks when the
failure is reached. The sliding along this joint is negligible up to 40 % of the failure load. Then it
increases regularly, with a maximum value in the vicinity of the critical shear crack, to about 5 mm at
failure. It is much smaller near the cross-beam, about 1 mm. The sliding at the interfaces between the
floor and the edge-beams also increases regularly, but with a small maximum value of about 0.5 mm. The
strains measured in the rebars protruding from the planks into the clamping caisson and into the cross-
beam show that the sliding along the joint makes the behaviours of the two planks independent to some
extent. But no longitudinal crack along the joint was visible at the upper face of the floor; so the
preceding behaviour does not concern the floor in its whole thickness.

Prediction of the failure load

The preliminary design of the model did consider several resisting mechanism: short beam flexural
resistance; short beam shear resistance (by the formula recalled afterwards); shear friction resistance at
the clamped end of the floor; sliding along the joint between the planks and locking effect of the cross-
beam; shear friction at the interface between the floor and the edge-beams. Despite the great uncertainty
affecting some mechanisms, it seems reasonable that the weakest mechanism was the overall shear
failure.

From the strains measured in the edge-beams flexural reinforcement, we observe: i) they do not yield,
thus the bending resistance was not attained; ii) the strains are almost the same all along the beams, which
indicates that it behaves as a tie. This is coherent with a shear failure mechanism of short beams (corbel).
There was no transverse continuous shear reinforcement, because of the joint between the two planks.
The failure load (in MN) was estimated by the empiric formula issued from about 450 tests results on
rectangular unreinforced elements (Rafla, 1971; Kordina and Blume, 1985), in which all the main
parameters are taken into account, and slightly modified to introduce the effect of the longitudinal
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distributed reinforcement (spacing s, = 0.275 m) and the contribution of the edge-beams (height h> = 0.30
m; width t = 0.20 m):

Vire = 0.54 £ (po1 + p2)'” (d*) " k. h' d (1)

Ratios of longitudinal reinforcement (in %): flexural tie py; = 0.28% ; distributed in planks p¢, = 0.09%
(reduced for insufficient anchorage length).
Size parameter. Distance of the reinforcement to the compressed face d = 4.17 m, modified in d*
(expressed in cm in the formula):

d*=(0.9 per d+pr2sg) /0.9 (pu +pr) =3.26 m
Slenderness factor (span of the floor from clamped end to cross-beam axis: a =2.375 m):

k,=6-22(a/d)=4.75

Modified thickness including the edge-beams: h* =h+2 (h’—h) (t/b)=0.173 m

Assuming the floor is a monolith, the formula (1) gives Vg, = 1577 kN, which is 13% higher than the test
value. As an extreme assumption of the complete loss of adhesion between the planks and the cast-in-
place topping, the planks are totally neglected. The parameters are modified: py; = 0.44%; p, = 0; d* =d
=4.17 m; h* = 0.11 m; the formula (1) gives Vg, = 990 kN, which is 29% lower than the test value. It
shows that the behaviour was close to the monolithic one.

MODEL-2 TESTS RESULTS ANALYSIS

Overall behaviour and damage

Table 1 gives the range of global force values in the slab (axial force F and shear force Fy), deduced from
the acceleration measurements performed on the model during the tests. These forces cannot be directly

measured as in the case of the static tests.

Table 1: Range values of global forces on the cross section of the slab (Model-2)

Force F, (kN) Force F, (kN)

Test number PGA (g) Compression Tension Shear Shear
max max min max

1 X:0.06 —Y:0.05 -18.0 20.1 -36.0 57.3
2 X:0.06 —Y:0.12 -14.0 16.0 -31.5 47.0
3 X:0.25-Y:0.30 -79.0 81.4 -100.7 88.9
4 X:0.32 -Y:0.35 -98.5 97.9 -110.6 117.6
5 X:0.40 —Y:0.45 -121.1 122.3 -146.9 161.3
6 X:0.80 —Y:0.80 -239.3 239.0 -296.4 308.2
7 X:1.00-Y:1.10 -311.6 313.4 -314.3 355.0
8 X:1.40-Y:1.40 -452.9 396.4 -401.2 459.8
9 X:2.00-Y:1.90 -650.0 432.9 -532.6 631.4

The initial stiffness of the slab in Y direction was estimated to 11x10* N/m. At the end of the bi-axial
seismic tests sequence, this stiffness was divided by 2. Figure 9 gives the force-displacement curve (Y
direction) deduced from the results of the last bi-axial test (Test n°9). As the maximum acceleration
capacity of the shaking table was reached, seismic tests at higher acceleration were not performed. The
only crack that appeared during the seismic sequence was along the joint between the two planks during
Test n°8. A maximum of 0.1 mm sliding was measured during Test n°9 with a residual value of 0.03 mm.
The length variation along the floor diagonals remained inferior to 0.05%.
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Figure 9: Force-Displacement curve — Model-2 — Seismic test n°9
COMPARISON OF RESULTS — MODEL-1 AND MODEL-2

Figure 10 presents a comparison of the behaviour of Model-1 and Model-2. Blue line is the first cycles of
the static test. Red line is the envelope of the curves obtained during the seismic test. In the negative part
of the loading, there is a good agreement between both models. In the positive part of the loading, the
difference between the curves is due to an accidental preliminary monotonic loading inducing some
cracking.

800
——STATIC TEST
-o-SEISMIC TEST
600

—
45/(4/
7

o
Displacement Y direction (mm)

Figure 10: Force-Displacement curve — Comparison between Model-1 and Model-2
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This comparison shows that the behaviour of Model-2 can be extrapolated to Model-1, especially at low
loading levels (in the elastic domain), even if the loading configurations of both models are different
(mono-axial vs. bi-axial).

SEISMIC MARGIN

Initially, the research program was motivated by concerns about the seismic resistance of existing
composite floors such as described in this paper. The in-plane shear strength of the slabs calculated
according to the French seismic code PS92 (2001), is to be assessed especially against shear friction
failures in the joint zone between the slabs and the supporting shear walls (at the clamped end of the
floor). Hereafter, we will compare the experimental results with the resistance values calculated with the
French code and also with Eurocode 8 - Part 3 (2005). In doing this code verification, we should sit in the
conservative side. So the precast planks are completely neglected as in the extreme case for the failure
load prediction.

Shear friction resistance with respect to French code PS92
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According to PS92, the shear friction resistance of a reinforced concrete element (wall or slab) can be
calculated by the following formula:

V =0.35f;;ax + (F, + A'fo)tge (tgp = 0.7)
where f; is the tensile strength of concrete, a, the element thickness, x, the compressed width of the cross
section, Fy, the resultant of the compressive stress, A’, the section area of distributed reinforcement and
finally, f, is the yield strength of the steel. In the case of Model-2, the floor is subjected to bi-axial
excitations and the whole cross section of the floor can be subjected to tensile stress. The formula reduces
to (14 DS steels in the X direction in the topping slab, f. = 517 MPa):

V=Af,tgp = (14w x 0.004?) x 517 X 0.7 = 0.25MN

The seismic tests did not bring Model-2 to a significant damage state, but we can see from Figure 10 that
the resistance is greater than 0.63 MN. As a result, the seismic margin of the floor concerning the shear
friction is greater than 2.5 (0.63/0.25) with respect to PS92, in the most unfavourable behaviour
conditions, i.e. considering that the whole cross section of the floor is tensioned.

Diagonal tension resistance with respect to Eurocode 8 — Part 3

According to Eurocode 8 - Part 3 (2005), the diagonal tension failure resistance of a squat shear element
(wall or slab) under cyclic loading can be calculated by the following formula (Annex A, Eq A16):

4/ (1 - 0.02min(5; 12") N . .
Vemax = " (1 + 1.35A 7 ) (1 +0.45(100p40¢))/ min(40; f.)by,zsin26
e cJc

Where v, = 1.0 (partial security factor for secondary element), ugl = 0 (related to the ductility demand);
N, the axial force (= 0 for Model-1), p;¢, the total steel ratio, f,, the compression strength of concrete, by,
, the floor thickness, z = 0.8h, the internal lever arm and 0, the angle between the diagonal and the floor
direction (X direction). This leads us to a shear resistance equal to 1.04 MN which is rather close to the

result obtained earlier from the Rafla-Kordina-Blume formula for Model-1. The seismic margin is
therefore equal to 1.4/1.04 = 1.35.

CONCLUSION

In spite of defects in the model, some of them being intentional to simulate possible practical situations,
the behaviour of the composite floor was quasi-monolithic. The margins of safety with respect to the
French code PS92 and also with respect to Eurocode 8 — Part 3, are satisfactory.
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