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Summary

This paper presents an application of composite construction to solve the problem of anchoring
the cables to concrete towers in cable-stayed bridges. The use of steel saddles made out of
perforated plates is proposed as a compact, economical and fatigue resistant solution to this
problem. Design and analysis of such a solution is presented as applied to a cable-stayed bridge
with a 203 m long central span.

1. Introduction

A well known design problem in cable-stayed bridges consists in anchoring the cables in the
tower. As concrete towers are usually the most economic alternative to transmit predominantly
axial compression loads to the foundations, many problems arise to transmit horizontal cable force
components from front stays to backstays. Moreover, in moderate spans it is difficult to fit both
anchorages inside the tower. Several solutions have been proposed to this problem [1,2] although
many of them are not fully satisfactory.

Basically the available alternatives consist either in overlapping anchorages (which may lead to
awkward arrangements of tubes, anchorages and cables) or designing an internal gallery inside the
tower (which means complicated prestressing arrangements as well as important dimensional
constraints both for the size of the tower and to manage the jacks) or, finally, anchoring the cables
in steel elements which may adopt very different shapes and sizes [2-5].

The solution which is presented here consists in the use of steel saddles which are embedded in
tower concrete and which support both anchorages. Adherence between the saddles and concrete
is obtained by means of perforated plates. This solution allows a very slender design of the towers
asbwe)ll as a quick positionning of the saddles (thus avoiding usually lengthy positionning of stay
tubes).

The design of the saddles has to take into account both their intrinsic resisting properties and the
force transmission to concrete. The rationale of the design as well as the analysis of such elements
is presented in this paper to show that this is a very valuable alternative for anchoring cable stays
in concrete towers.
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2. Tower concept

The project for which we have developped this saddle concept is the Papaloapan bridge (Mexico),
which was opened for traffic in 1995. This is a cable-stayed bridge with concrete deck and a 203
m long main span (Fig. 1). Because of the very flat landscape, the overall design concept was
aimed at minimize the transverse dimensions of all the elements of the bridge; the depth of the
deck is only 1.44 m for 23.4 m width in order to raise the bridge profile as little as posible to
reduce the approach embankments. The stays are arranged in two vertical planes, on both sides of
the deck.
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Fig. 1. Papaloapan cable-stayed bridge (bridge and tower elevations; shaft cross section)

The towers are made of two independent shafts which are only linked together by a triangular
bracing under the deck. The sense of verticality of these shafts is enhanced by the symmetry of the
cable arrangement, the aspect ratio of the shafts (1/19) and their octogonal constant cross-section.

Then, as result of these conceptual ideas, it was very important to maintain symmetry in all
possible aspects of the design and to avoid any interruption in the vertical contour lines of the
tower shafts. Cable overlapping in the tower was precluded and there was no room for an interior
gallery in the shafts. As a consequence, the natural choice seems to be the use of steel connecting
elements between front and back anchorages. The need te maintain vertical contour lines leaves
no other choice than embedding these steel elements inside the shafis,

3. Saddle concept

The steel elements which are designed to connect front and back anchorages will be called saddles
from now on since their concept is somewhat similar to the saddles of suspension bridges. Their
design has to take into account two main constraints: size has to be reduced such as to fit them
inside the tower and fatigue resistance has to be excellent since there will not be any possibility for
inspection as they are embedded in concrete.

Both reasons made us consider the perforated plate as a suitable concept since it was originally
proposed as a good alternative to the stud connector concept for its fatigue strength [6,7].
Nevertheless important differences may be found between the loads which are applied on a
perforated plate shear connector as described previously and our present saddles.

Shear connection is only part of the static problem in the saddles. They also have to transmit
tension forces between both stays and vertical compression forces to the concrete tower, A
typical design (Fig. 2) consists of a vertical 60 mm thick plate with a double array of 100 mm
diameter circular holes, two horizontal 40 mm thick horizontal plates and some additional
stiffening plates. Design changes slightly as a function of the slope of the cables. Both anchorages
are connected to the vertical plate by means of an intermediate tapered butt-welded cast steel
plate whose cross section changes from rectangular to circular in order to be screwed to an
annular connector holding the cable anchorage.
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Fig. 2. Saddle elevation.

As compared with perforated plates for shear connection [6,7], these plates are thicker and the
holes are also larger. The size of the holes is increased for a number of reasons including the need
for large shear strength, the interest in having rebars across the holes and leaving wide enough
space for concrete aggregates as well as a better control of stress concentrations in the steel
plates. Thickness is much larger than what would be necessary for a shear connector because the
vertical plate has to withstand very large tension forces from both stays. All steel elements are
made of AH-55 steel (roughly equivalent to AE355) and were stress-relieved by means of a
thermic treatment after welding.

4. Saddle design and analysis
4.1 Statical schemes

Among the load cases which have to be considered there are two limit situations which define the
resisting properties of the saddles:

¢ The symmetric load pattern corresponds to roughly similar cable forces on both sides  (Fig.
3). In this case the saddles are supporting tension forces and for such load case the stress
concentrations around the holes may be very significant. The saddles are also transmitting
vertical components to the concrete shaft through the horizontal plates as well as through the
shear connectors.

¢ The unsymmetric load pattern corresponds to unbalanced cable forces; the limit case would be
that which happens during erection when only one cable may be stressed (Fig. 3). In this case
the saddles are mainly shear connecting devices since they transmit horizontal and vertical
forces to the concrete shaft by means of the circular holes as well as through the horizontal
plates (in the case of vertical components).
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Fig. 3. Basic statical schemes.
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Statical analysis of the saddles could be performed by means of a complete 3D finite element
model (Fig. 4). In this model concrete is supposed to be sliding against the steel plate and shear is
only trasmitted through the concrete dowels. Nevertheless, as complicated concrete cracking
patterns make such analysis very unstable, it is difficult to get ultimate strength values. Then such
model is only used for elastic analyses. Consequently the static problem has been divided into
three parts (the shear connection, the steel plates stresses and concrete stresses) as a way to get a
reliable and safe design.

REBARS

STEEL PLATE

Fig. 4. Three-dimensional finite element model.
4.2 Shear connection

Although previous analytical and experimental studies are available [6,7], this kind of connection

is not yet standard and there are no generally accepted formulas to define its ultimate capacity. If
we forget about the plate itself, shear capacity is a function of concrete shear strength (with many
limitations because of the complicated geometrical configuration) and of transverse reinforcement
as in any standard shear analysis.

This case is somewhat different from the perforated plate with a single array of holes since in that
case shear may be transmitted in a fully three-dimensional pattern (normal and parallel to the
plate). The multiple array of holes forces shear transmission to concrete only in the normal
direction to the plate. The problem is then bi-dimensional and, in some sense, simpler. Several
methods have been considered for the design.

If we consider each external plane of the plate as a shear joint and we apply standard design rules
such as CEB-FIP [8], Eurocode [9] or ACI [10], the contribution of concrete will be computed as
the product of a shear stress and a reference area. Depending on the choice of both factors this
contribution could range between 10 and 30 kN for a 100 mm diameter hole and a C40 concrete.
The contribution of reinforcement bars is also subjected to different interpretations specially with
respect to the coefficient of friction to be applied to the shear transmission plane (it may vary
between 0.7 if we consider the contact between the steel plate and concrete and 1.4 for
monolithical concrete). A safe estimation of this coefficient of friction (0.9) would give a 608 kN
contribution for a 32 mm diameter rebar (f,4=420MPa). Then transverse reinforcement is by far
the most important factor in defining shear capacity of the connection.

Another limit state which has to be checked corresponds to cracking at inclined angles but this is
a more standard computation and it happens to be not as demanding for transverse reinforcement
as the previous one. The capacity per hole in the same conditions as before would be 677 kN for
the conservative assumption of having cracks at 45°.

Finally the connection has been checked against the dowel action failure. This point might be
controversial since reinforcement is embedded in the 100 mm diameter concrete cylinder which is
monolithical with the whole shaft. This check gives the most conservative estimation of the
connection shear capacity. According to CEB-FIP Model Code [8], the computed capacity would
be 217 kN per hole.
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Andri's formulas [7] were also used as an estimation of shear capacity but they have to be taken
with care since they have only be shown to be valid for smaller holes and for a three-dimensional
shear transmission pattern. Moreover they give the global capacity of the connection including
plate failure and our design does not maintain the same scale factor for all geometrical
dimensions. As applied here they would predict a 400 kN capacity with a 36 mm rebar per hole
which would could be converted into 316 kN for our 32 mm diameter rebar.

We finally used the dowel action model as the most conservative estimation. Nevertheless this
design process shows how interesting it might be to carry an extensive testing program to define
precisely the shear capacity of this kind of connection.

4.3 Steel plate analysis

The second link in the transmission of forces between the cables and the shaft is the plate
assembly. To check its state of stress a finite element model has been analyzed (Fig. 5). The most
interesting feature of the model may be found in the modelling of the holes. These holes were
considered to be filled with concrete and elastically supported at their center. Horizontal plates
were also elastically supported at their base. In this way it is possible to obtain a reasonable
reaction distribution among the different holes and plates and a reliable stress distribution in the
steel plates. Spring constants were evaluated from the three-dimensional finite element analysis
which was mentioned earlier (Fig. 4). Resulting value was expressed as 3. /G.4/D (where G, is the
concrete shear modulus, A is the area of the hole and D its diameter) to emphasize the concrete
dowel effect which is the origin of this stiffness.

Stress results were checked according to AASHTO Standard [11] in service load design
(allowable stress is 0.55 f,) and against fatigue (stress variation at any point is limited to a value
ranging from 27 to 110 MPa depending on the detail). According to finite element results,
maximum stress is by far the governing design criterion; fatigue is not conditioning in any case the
design of the saddle (maximum stress variation is only 9 MPa). This result is important since it
shows, the interest in using this type of connection for a fatigue sensitive structure.
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Fig. 5. Finite element model of the plate and detail of stresses.

The stress analysis of the saddles shows the importance of the holes as stress concentrators and
the fact that filling with concrete these holes somewhat reduces the stress concentration. If the
analysis is repeated after leaving one of the holes empty, maximum von Mises stress is increased
by 27%. Then many important reasons support the need for a very careful concrete casting
process in order to make the saddle work as it is assumed in the analyses.

With respect to the fatigue strength of this connection it has to be emphasized that the areas of
the plate which show a certain fatigue risk are the stress concentrations around the holes. Since
the holes are machined and stress relieved afterwards it is very unlikely that residual stresses may
be present a these points. Then the fatigue process may be very well controlled through the static
analysis of the plate.
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4.4 Concrete analysis

Previous analyses lead to reaction forces at all the elastic supports. These reaction forces are input
to a new finite element model of the shaft to check concrete stresses. This new analysis does not
discover any new aspect of the connection since all the results may be obtained by equilibrium
conditions and standard design rules. This analysis shows that tensile stresses develop in the
neighbourhood of the saddles due to strain compatibility. Although these stresses are not
important, transverse prestressing was arranged in the direction of the saddles to reduce cracking
and further increase the fatigue strength of the connection. This transverse prestressing (4 no.36
mm diameter bars per saddle) is in any case much less than what it would be necessary to
prestress a hollow shaft to fully transmit cable forces.

5. Conclusions

The perforated plate concept has been selected as a compact and fatigue resistant device to be
used simultaneously as a link to transmit tension forces and as a shear connector to absorb
unbalanced forces to a concrete structure. Its use in cable stayed bridge towers simplifies design
and erection. They are specially interesting for short and medium span bridges where the size of
the towers does not leave much space for other connecting devices. A design methodology has
been presented but it is too conservative. Extensive experimental testing should be performed to
define precisely the strength of such connection.
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Summary

The bearing and deformation behavior of a new shear connector called Concrete Dowel was
subject of extensive experimental and theoretical investigations introduced at the University of the
German Armed Forces during the last years. The main results of these investigations, a new
mechanical model and a draft of a design concept are presented in this paper.

1. Introduction

A new shear connector used for composite beams has been developed since 1986 as ,,Perfobond
Strip“ [1] or ,, Kombi-Dowels* [2]. The so called ,,Concrete Dowels” are built by parts of the con-
crete slab interspersing circle or drop shaped holes, which are located in steel strips welded
upright on I-sectioned steel girders (Fig. 1). It is also possible to locate these holes directly at the
upper edge of the web in 1-sectioned steel girders (Fig. 2).

The previous level of knowledge about the bearing behavior of Concrete Dowels is mainly based
on tests with small holes [1], [2]. In these tests shear yielding of the steel stems remaining
between the holes and local damage of the concrete interspersing the holes were observed as
failure criterias. As a simple mechanical model, the concrete interspersing the holes may be
considered as to build a dowel loaded to shear and extreme local compression. However the
general validity of this model has not been sufficiently proved yet.

As well as the strength, the stiffness and the deformation capacity represent further important
properties of a shear connector. The characteristic deformation capacity of small Concrete
Dowels (width b; < 43 mm) does not justify the assumption of a ductile shear connector, while
large Concrete Dowels up to a width of 100 mm showed really ductile load-slip-behavior in initial
push-out-tests.

Further extensive experimental and theoretical investigations regarding the bearing and
deformation behavior of Concrete Dowels have been introduced at the University of the German
Armed Forces during the last years. The states of stress and the failure mechanism causing
concrete damage are further important subjects of these investigations as well as the main
influence parameters. The main results of these investigations and a draft of a new design concept
are presented below. More detailed informations about these investigations are given in [3].
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Fig. 1 Composite beam with Perfobond Strip Fig. 2 Composite beam with Kombi Dowels

2. Experimental Investigations

Altogether 42 push-out-tests using large Concrete Dowels (h = b; > 70 mm) have been executed
and evaluated according to Eurocode 4 [4]. Figure 3 shows the typical test specimens and the
investigated variant of Concrete Dowels. The influence of the following parameters has been
investigated in these tests: material properties of concrete, dimensions and shape of holes and
stems, tranverse reinforcement, loading of concrete slab.

The typical deformation behavior (load-slip-relation) of Concrete Dowels observed in the tests
can be divided in three characteristic sections named I, II, III (see figure 4 ). At lower load steps
(section I) only small deformations occur. According to Eurocode 4 [4] 25 load cycles with an
amplitude A P = 0,35 Py, have been introduced in this section to remove the adhesion between
steel strip and concrete slab. Longitudinal splitting cracks occur in the concrete slab at a load level
Peack = 0,75 Prax, which cause a sharp increase in deformation with further rising load (section II).

The maximum shear resistance Py, is reached, when local parts of the slab surface are wedging
off close to the Concrete Dowels. After reaching Puax shear resistance is decreasing slowly with
further deformation and progressive concrete erosion (section III).

At the end of the tests some of the concrete slabs have been longitudinally cutted to examine the
condition of the concrete dowels (see figure 5). The concrete interspersing the holes seemed to be
local damaged. Wedges of completely compacted concrete, which have been found close to the
contact surface, must be particularly mentioned.
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Fig. 4 Characteristic deformation behavior Fig. 5 State of damage

3. Mechanical Model

The composite force is transmitted from the steel strip to the concrete slab by extreme local
compression (effect of partial area loading), which acts at the contact surfaces of the hole. The
area, where the load spread is taking place in the concrete dowel, may be separated in two main
parts named zone A and zone B (see Fig. 6).

In the load transmission zone A concrete is confined causing triaxial compression. There the
bearing and deformation behavior of the concrete depends mainly on the pore structure of the
cement stone. Above a critical load step crushing of pore sides occurs caused by the triaxial
compression. Afterwards damaged concrete material fills up the pores.
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Assuming the spring model shown in
Fig. 7 the slip caused by the shear force
P consists of four components (see
equation (1))

Fig. 6 Loading of a Concrete Dowel

S(p)=Ss+SA+SB+SC (1)

< P12
e Component sg results from (local) deformation of the
steel stems remaining between the holes. @
e Component s, is caused by crushing of the pore P é
structure in cement stone of zone A i p - Ke
e Component sp represents the deformations of the s A %
compression field in zone B
o Component sc is due to lateral strain, cracking and
crack opening in zone B —Fil

Fig. 7 Spring model

A limit state is reached, when the pores in zone A are completely filled with damaged concrete
material and no further volume reduction is possible there. The pulverized material causes a quasi-
hydrostatic pressure on the confining concrete, which may lead to splitting of the concrete slab
and finally to local wedging off of parts of the slab surface close to the dowels.

The validity of the presented mechanical model has been successfully proved using nonlinear finite
element analyses. The main conditions and results of these FE-analyses are given in [5].

4. Significant parameters

The tests resulted a nearly linear relation between the compressive strength f., and the shear
resistance Py, of Concrete Dowels (see figure 8). Figure 8 shows as well the effect of an increase
in transverse reinforcement A,,, which rises the shear resistance Py of Concrete Dowels.
Reinforcing bars positioned inside the holes take most effect there.

The shear resistance Pp.x of Concrete Dowels rises with increasing dimensions. Assuming the
mechanical model described in chapter 3, the shear resistance Pn.x depends considerably on the
area A, of the contact surface, where load transmission acts between steel strip and concrete slab.
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Therefore the depth h of the holes and the thickness s of the steel strip must be considered as the
essential dimension parameters. However, in the presented tests a decrease of the ultimate local
compressive stresses f. transmitted in the contact surface has been observed with increasing As.
As shown in figure 9 as well, the ultimate values f;. of large Concrete Dowels have not been

considerably influenced by the shape of the holes.
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In addition some push-out-tests with
concrete slabs loaded to longitudinal
tension have been executed. But the
transverse cracks caused by this loading
did not reduce the bearing capacity Pmax of
the Concrete Dowels.

The loading of the concrete slab by a
(negative) transverse bending moment
rises the bearing capacity of Concrete
Dowels similar to the conditions of stud
shear connectors. A transverse bending
moment mg = -19,0 [kNm/m] loaded to
the concrete slabs of some specimens
caused a 35% increase in bearing capacity
Poax Of Concrete Dowels.

In the presented investigations the pore volume of the cement stone was recognized as an
important parameter for the deformation behavior of Concrete Dowels, but no influence of the
compressive strength f. of concrete was observed in these tests.

The deformation behavior of Concrete Dowels was getting more ductile with increasing
dimensions (see figure 10). Concrete Dowels with dimensions h = b; = 70 [mm] showed a similar
deformation behavior like stud shear connectors with a diameter = 22 mm. But only a small
influence of the shape of the holes was found especially for large Concrete Dowels.
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The results of the push-out tests were evaluated according to Eurocode 4 [4]. The characteristic
deformation capacity 8. amounts about 8,0 [mm] for the Concrete Dowels with h = b; = 70 [mm)]
and du = 10 mm for the one with h =b; = 100 [mm]. Therefore a Concrete Dowel with
dimensions h =b; > 70 [mm] may be considered as a ductile shear connector, because it fullfills
the criterion 8 > 6,0 [mm] according to [4].

All other parameters (transverse reinforcement, loading of concrete slab) showed only small
influence on the deformation behavior of the Concrete Dowels.

5. Design Concept

Based on the mechanical model presented in chapter 3 the design shear resistance Prq of Concrete
Dowels in the ultimate limit state (acc. to [4]) can be determined from equation (2). The factor 1
in equation (2) depends on the dimensions and the shape of the Concrete Dowels and also on the
transverse reinforcement. For example n = 6.8 was evaluated for drop shaped Concrete Dowels
with h=b; = 70 [mm}, by/b; = 0,8 , s = 10 [mm], which requires a transverse reinforcement
determined for the tensile force F, = 0.5 Pgy.

1
Pra=n-fuc-h-s - = @
Yv
where:
fa  the characteristic cylinder strength of the concrete
h height of the holes of Concrete Dowels
$ thickness of the steel strip
v+  partial safety factor; y, = 1,25 according to [4]
n  factor, found by statistical evaluation of test results
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Summary

The results of a numerical simulation of the behavior of steel and concrete composite beams
subjected to cyclic loads are here presented. Both partial and complete shear connections were
considered. The results show that no significant differences in slip occur with partial interaction.
Two groups of beam specimens were numerically tested concerning either connectors distributed
according to the longitudinal shear loads or uniformly spaced. The second group showed values
of the slip considerably greater.

1. Introduction

In steel and concrete composite beams subjected to cyclic loads a particular attention has to be
paid to the connection because it may reach a premature failure due to fatigue. If the connection
during loading cycles remains in the elastic range a large number of cycles is needed before it
collapses (high-cycle fatigue) on the contrary, if inelastic deformations of the connection are
involved, the failure may occur after a limited number of cycles (low-cycle fatigue).

Normally the connections are designed to be able to transmit a longitudinal shear force equal to
the difference between the resisting longitudinal forces, in either the steel member or the concrete
slab (the lesser), at two adjacent sections of maximum moment or free end (complete shear
connection). However, sometimes it is useful or necessary to provide a partial shear connection.
In fact, when precast elements are used for the concrete slab it is quite difficult to obtain complete
shear connections because for constructional needs only limited space is available to allocate the
connectors. Moreover, often the composite system is needed mainly to increase the stiffness of
the structure so that a complete shear connection may cause an excessive resistance.

Current codes {1] for composite bridges do not allow the use of partial shear connections and
moreover the connectors have to be spaced according to the longitudinal shear force so as to
enable the use of the constant stress approach for fatigue. This approach is based on the
hypothesis of linear elastic behavior of elements (high-cycle fatigue approach).

As a matter of fact, the load-slip relationship of the connector is nonlinear even for very low
values of the load. Moreover at the end of the reloading branch of each cycle an increment of slip
As, is accumulated due to the progressive damage both in the concrete in front of the stud and in
the shank of the stud.

On the basis of such considerations the scope of the present research is to simuiate the connector
behavior in a beam by means of a numerical procedure. The investigation concerns bridge-type
beams subjected, for simplicity, to a cyclic uniformly distributed load and arranged with different
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degree of connection in order to check if partial shear connection is really unproposable for
bridges.

To emphasize the problem a low-frequency heavy load was considered as reference in the
simulations so to involve significant nonlinear displacements.

Moreover such a procedure allows to obtain the slip history of the studs in the beam which is
indispensable for the experimental study of the resistance of studs to fatigue when significant
inelastic deformations are involved. In fact, as stated in {2], in these cases the tests have to be
performed using a strain-control procedure instead of the common stress-control one. The slip
history used in that paper [2] was obtained with the same numerical procedure but using a more
rough load-slip relationship for connectors [3].

2. Numerical model.
A numerical approach based on the four noded finite element of Fig. 1 was adopted in the

simulation [3]. Each element has 12 degrees of freedom which become 8 if the uplift of concrete
slab is neglected and the curvature of concrete element and steel beam are the same.

Fig. 1 - Four noded finite element.
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Fig. 2 - Load-slip curves (Q-s) of a connector for repeated loading.

The concrete (C) and the steel (S) are assumed as linear elastic materials while for the connection
the following load-slip relationships are assumed [3,4]. In particular the monotonic curve is
described by the function

Ps
O=a-(1-e *)+vy-s )

where Q is the shear force of the connector, s is the slip between the concrete slab and the steel
beam and the coefficients ., B, v are constants to be experimentally determined.

The unloading curves refer to a local axis with the origin in points (Q;, s;)- where the unloading
starts (Fig. 2)
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_nz '
0.=0,A-(1—e * +2.2)) (with z; = ~1) @)
A '
where s'; is the slip, referred to the local axis, corresponding to a zero value of the load and it
depends to the shear load O,

Sp=c-0 +¢;-0; 3)
1 has the following expression
n=b-0;-b Q)

The coefficients A (Eq. 2), ¢, ¢; (Eq. 3) and b,, b, (Eq. 4) have to be experimentally determined.
The value of coefficient & is obtained by Eq. 2 imposing (', = O, for z; = 1 (s, = 57;). The value of
the slip at the end of the unloading s’; varies with the number of cycles according to the
relationship [4]

. €
(J _1) -y (5)
25+(j-1)
where p and € are constants and the suffix j means cycle number ;.
The reloading curves are referred to the same local axis. Each point of the curves is obtained by
an horizontal translation As; (Fig. 2), starting from the unloading curve, which depends on s';
according to the relationship

AS,- =§'(s|u1'_s'i)’ (6)

where s'; represents the slip value at the beginning of the reloading. £ can be expressed as a
function of s'/s'y; in the following way

thesh G

€42

E=cy-(l-e @ )+cg-z;+¢, )
c3, €4 , C5 are constants and ¢, has the relationship

=2 ®

The increment in slip As,; at the end of the reloading curve, which represents the cumulative
damage at each cycle, may be determined in this way

2 Q-S'J V-
psl ==t (T ©
St J

CG:
s

where v and 1 are constants. The coefficients c5 and ¢, vary with the number of cycles in the
following way

Asl.  Ast
ef =e3- (=) (10)
Sui ui
j
; c3
s =—1-c,'1. ()
C3

3. Specimen details.

The study concerns simply supported bridge-type beams with the geometric characteristics
illustrated in Fig. 3. The yielding stress of structural steel was f,; = 355 MPa (¥, = 1.00), and the
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compressive strength of concrete was f; = 30 MPa (y, = 1.50). The coefficients needed to
describe the load-slip of connectors under repeated loads were derived from experimental results
[5] and they are reported in Table 1. Also the geometric and mechanical characteristics of stud
connectors are indicated in the same table. '

Characteristics of studs Load-slip relationship coefficients
Shank diameter ¢$=19mm| Monotonic Unloading Reloading, Damage
Yielding stress fy =350MPa curve curves curves parameters
Ult. tensile strength ~ f, =4soMPa | 0 =82kN A =0.90 €3 =—Cg £=0.85
B=230kN/mm| b, =0.054kN"' | €4=2.3 p=0.31
Concrete comp.strength fo, =30MPa [ ¥ = SkN/mm by =1.34 Cs 0.4 |v=116-10"* mm/kN
¢ =9.2-10"7 mm/kN3 p=1.7-10"° mm/kN
Exp. stud capacity [4] Q, =100kN ¢y =9.0-107 mm/kN

Table 1 - Characteristics of stud connectors and load-slip relationship coefficients.
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Fig. 3 - Geometrical characteristics of bridge-type beam considered.

As aforesaid the beam was subjected to cyclic uniformly distributed loads which vary between
zero and a maximum value. It is supposed that the structure be built without the use of props so
that the own weight g, of the composite beam was supported by the steel member alone. The own
weight (g3~25 kN/m per each single beam), then, was not considered in the analyses.

Five different degrees of shear connection were assumed for the beams (N/N;= 0.6 = 1.0) and the
connectors were arranged either following the longitudinal shear diagram (triangular distribution)
or equally sspaced (uniform distribution).

The load applied to the beams with complete shear connection was the maximum service load (on
a single beam) for a three lane bridge according to the Italian code (g, ~56 kN/m). The steel
member, the concrete slab and the connection were designed on the basis of the ultimate load
associated to the cited service loads (v = 1.35, v = 1.50).

The same geometric characteristics for concrete slab and steel beam were assumed for the
specimens (beams) with partial shear connection. The load applied was derived from the
equilibrium method [1] on the critical section (maximum moment). The loads evaluated in this
way are reported in Table 2.

4. Results

The numerical simulations concern bridge-type beams with five different degrees of connection
and with two types of arrangement of studs along the span (triangular and uniformly distributed).
The analyses were conducted up to 2000 cycles so as to investigate if the solutions tend to an
almost stable value, in terms of slip or shear force, in the connection. It has to be noted that the
Eq. (9), representing the cumulative damage in the connection, do not include the fast increase in
damage which precede the stud failure [5,6]. So that the results which can be obtained with such a



N. GATTESCO 143

N/ Nf Number Load 9 § :nax sllnin srrll'lax S:ﬁn s&in / S r,:lax
of studs [kN/m] [mm)] [mm] [mm] [mm]
Beams with studs arranged as the longitudinal shear
1.00 255 56.00 0.311 0.161 0.612 0.420 0.685
0.90 230 54.12 0.356 0.179 0.643 0.406 0.631
0.80 204 52.16 0417 0.220 0.690 0.398 0.577
0.70 179 49.07 0.483 0.264 0.736 0.384 0.520
0.60 153 44 .56 0.545 0.307 0.771 0.363 0.470
Beams with studs equally spaced
1.00 255 56.00 0.990 0.345 1.266 0.462 0.365
0.90 230 54.12 1.160 0.397 1.420 0.482 0.340
0.80 204 52.16 1.407 0477 1.650 0.515 0.312
0.70 179 49.07 1.658 0.562 1.880 0.559 0.297
0.60 153 44,56 1.860 0.627 2.057 0.585 0.285
n is equal to 2000 cycles.

Table 2 - Results concerning the beams studied.

simulation are reliable up to 2/3+3/4 of the connector life.

The results concerning the distribution of studs according to the longitudinal shear force
(triangular distribution) are plotted in Fig. 4a. In particular in the figure the variation of the
maximum slip of the extreme connectors with the number of cycles is shown. It is possible to note
that the slip increases significantly in the first 300+400 cycles and then tends to an almost constant
value. The minimum slip (value of the slip at each load removal) varies similarly to the maximum
slip as can be seen in Table 2.

The increase in maximum slip is less pronounced for partial shear connections (N/N;= 0.6 -

Sprax / s;mx =1.41) than for complete shear connection (sp,. / sr'm,x =1.97). So that the difference

between the maximum slip at # = 2000 cycles of the beam with degree of connection N/Ny= 0.6
and that of the beam with full interaction (N/N; = 1.0) is quite limited (~1.26).
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Fig. 4 - Maximum slip versus number of cycles: triangular a) and equally spaced studs b).

This results seems to indicate that the partial shear connection is not a solution very much worse
than the full interaction one.
The increase in maximum slip is less pronounced for partial shear connections (N/N;=0.6 -

st Jsk .. =1.41) than for complete shear connection (s sk =1.97). So that the difference
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between the maximum slip at # = 2000 cycles of the beam with degree of connection N/N;y= 0.6
and that of the beam with full interaction (N/N;= 1.0) is quite limited (~1.26).

This results seems to indicate that the partial shear connection is not a solution very much worse
than the full interaction one. ‘

In Table 2 are also reported the peak values of the slip (Syax, Smin) Of the extreme connectors of
the beam both at the first cycle and at the 2000-th cycle. In the last column of the table the values
of the ratio between the minimum and the maximum slip at the 2000-th cycle are reported.

The curves of the maximum slip versus the number of cycles for beams with equally spaced
connectors are plotted in Fig. 4b. Also these curves tend to an almost constant value of the slip
after 2000 cycles. The increase in slip with cycles is more limited than in Fig. 4a because a greater
redistribution of the shear force along the span is possible (the connectors close to midspan are
initially very little engaged).

The principal results are summarized in Table 2. The values of the slip in these cases are
significant and then considerable inelastic deformations are involved in the connectors at each
cycle so that it is likely to occur the failure of the connectors after a low number of cycles (low-
cycle fatigue) [2].

The loads considered are heavy repeated loads which may be present on the bridge only some
thousands times during the structure life but the scope of the research was to investigate the
effects under such severe loads. Actually at these loads all the other loads with higher frequency
has to be added and then to consider the combined effect.

5. Conclusions

The study refers to low-frequency heavy loads and considers five different degrees of connection.
The results evidence that there is a considerable increase in slip in the first 300+400 cycles and
then it tends to an almost constant value.

The changes between different degrees of interaction, in case of triangular distribution of the
studs, are not very large so that it seems reasonable to considere partial shear connections also for
bridges.

The case with equally spaced connectors indicate very large values of the slip even in the case of
complete shear connection.

This early results are part of a study which aims to increase the knowledge on the problem of
fatigue in the connection of composite systems. Moreover this results provide important
information on the slip history of the connectors in the beam which is needed to perform strain-
control experimental tests on single connectors [2].

Acknowledgement. Thanks to prof. Ezio Giuriani for the time spent in stimulating discussion.
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Summary

A test to measure the incremental slip of stud shear connectors under repeated loading is
described. Results of both symmetric and unidirectional cyclic load tests are presented, together
with empirical equations for the rate of slip growth as a function of load.

1. Introduction

Incremental slip between the concrete slab and the steel beam in a composite beam constructed
with stud shear connectors has been observed by a number of researchers while undertaking
fatigue testing of shear studs, but relatively few have focussed on the importance of incremental
slip in its own right, and attempted to quantify the slip behaviour as a function of load and
number of cycles (see for example Hallam (1976), Hawkins & Mitchell (1984), Oehlers &
Carroll (1987), Oehlers & Coughlan (1986)). Incremental slip occurs due to crushing of the
compression concrete ahead of the shear stud, and yielding of the shear stud.

Under monotonic loading this slip is not detrimental to the behaviour of a composite beam, but
rather it is beneficial because it provides the ductility in the shear connection which allows loads
to be redistributed at the ultimate limit state. Under repeated loading, however, the slip
accumulates with each cycle of load. If the slip increments reduce with load cycles, the slip will
stabilise, and the beam can be considered to have “shaken down” to a stable equilibrium
condition. If the slip increments are constant or increase with each cycle of load, then
shakedown will not occur, and incremental collapse of the beam will result. A serviceability
failure of the structure is the likely outcome of this latter situation.

An experimental investigation of the shakedown behaviour of composite beams conducted at
Monash University (Thirugnanasundralingam 1991) showed that incremental collapse occurred
at loads as low as 53% of the static collapse load. It is clear, therefore, that guidance is needed
for designers on the shakedown loads for composite beams, and the rate at which incremental
slip (and hence incremental beam deflection) will occur if the shakedown load is exceeded. To
meet this need, a series of tests have been undertaken on composite beam specimens with the
specific aim of quantifying the incremental slip behaviour, and obtaining an empirical
relationship between the level of cyclic load and the rate of slip growth per load cycle.
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2. Testsetup

Many authors have discussed the requirements for a test set up that will give a true
representation of the strength of shear studs in composite beams (see for example Viest (1956),
Chapman (1964), Mainstone & Menzies (1967), Davies (1967a and b), Goble (1968), Ollgaard,
Slutter & Driscoll (1971), Hawkins (1973), Johnson & Oechlers (1981), Maeda, Matsui & Hiragi
(1983) and Gattesco & Giuriani (1996)). From this work, the “push-out” test has evolved as the
standard test for the strength of stud shear connectors. The parameters of the test are described
in various codes of practice (see for example Eurocode 4 (ENV 1994-1-1: 1992)). The test has
gained acceptance despite the long recognised fact that prying forces are developed across the
concrete-steel interface, resulting in tension in the shear studs. Therefore, the test can be
considered as a standardised measure of shear stud performance, rather than an accurate
reproduction of the behaviour that occurs in a composite beam. An analogy would be the cube
or cylinder test for concrete, which has developed as a standard test despite the fact that the
loading conditions for concrete in a beam situation are not accurately reproduced in the standard
test.

In undertaking this investigation into the incremental slip of shear stud connectors under
repeated load, an early decision had to be made as to whether to undertake the investigation
using a test rig that would reproduce as accurately as possible the conditions in a composite
beam, or to use the “push-out” test, adapted for cyclic loading, and accept the known differences
between the test conditions and the situation that exists in a composite beam. The push-out test
was adopted for this testing programme, because it was considered that, just as it has gained
acceptance with industry as a standardised measure for the static strength of a shear stud, it has
the potential to be accepted as the standard test for the incremental slip behaviour under repeated
loading.

2.1  The test specimens

The two concrete slabs used for each push-out test were 450 mm (in the direction of the applied
load) by 500 mm x 90 mm thick. Each slab was connected to the flange of a steel I beam with
four 12.5 mm diameter by 50 mm headed shear studs. The studs were arranged in two rows
with a lateral spacing of 65 mm (5.2 diameters). The longitudinal spacing was 50 mm. To
prevent longitudinal splitting, the slabs were reinforced with two layers of 8 mm wires at 100
mm centres. Maeda, Matsui & Hiragi (1983) have identified the need for each pair of slabs to be
cast horizontally with the shear studs vertical. Various researchers have used different methods
to achieve this, including casting the slab for one side of the push-out specimen, inverting the
specimen when the concrete has hardened sufficiently, and casting the other slab. This has the
disadvantage that each specimen is by necessity cast from a separate concrete mix, and given the
variation that occurs in concrete strength between mixes, the two slabs will very likely have
shightly different properties. Another method that has been adopted is to cast the slabs onto
separate steel plates which, when welded to a third plate, form the flanges and web of an I beam.
In this research program, a modification of this procedure was undertaken whereby the studs
were welded to a 20 mm plate. Each plate was subsequently connected to a flange of a rolled
steel I beam by bolting the plate to the beam flange with 10 high strength 12 mm bolts. This
procedure met the objectives of casting the specimens horizontally with the studs vertical, and
from the same concrete mix, but avoided the need for expensive and time consuming welding as
part of the specimen preparation. The plate was greased prior to casting to remove friction
between the concrete and the steel.
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2.2 The testrig

A purpose built reaction frame was constructed for these tests (Figure 1). Because the

Figure 1: Test rig and specimens

specimens were tested under cyclic load, the specimens were clamped between steel plates and
the reaction frame acted in both tension and compression. The steel plates provided horizontal
restraint to the slabs on their compression edge by friction between the concrete and the steel.
The specimens were loaded by a 100 kN servo controlled Instron hydraulic actuator. Monotonic
tests were conducted under displacement control (0.6 mm per minute) and the cyclic load tests
were tested under load control, so that incremental slip measurements could be obtained. Slip
between each slab and the steel plate to which it was connected was measured directly via a
linearly variable differential transformer mounted on the steel plate and reacting against a
bracket on the concrete slab. The compliance of the load frame, and any potential slip in the
bolted connection between the steel plate and the steel I beam was therefore excluded from the
slip measurements.

3. Test results
3.1 Monotonic tests

Four specimens were tested under monotonic loading to establish the static strength of the stud
shear connectors, Pu. The results of those tests are presented in Table 1 below.

Test number Ultimate load per stud, Pu (kN) Slip at ultimate load (mm)
|2 Rl PO o 474 | _PBEssess "
| T P D08 BT 611 ______
I U P 460 _______| ______ s

10 52.4 6.11
average 49.2 5.78

Table 1: Monotonic test results
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3.2 Symmetric cyclic test results

0.6
P/Pu

04

P/Pu

-0.6 -

L slip (mm)

Fig. 2 Load versus slip plots for symmetric cyclic (test 15 - left) and unidirectional cyclic (test 13

- right) loading

slip (mm)

cycle cycle

Fig. 3 Slip per cycle versus cycle plots for symmetric cyclic (test 15 - left) and unidirectional
cyclic (test 13 - right) loading
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Six specimens were tested under cyclic load, where the loading pattern involved complete
reversal of the load. The time for one load cycle was typically three minutes. The rate of
loading was increased as the load range increased in order to keep the cycle time constant. The
load was applied for thirty cycles at each load level. A typical load-slip plot is presented in
Figure 2 (test 15). From the figure it is clear that the slip incremented with every cycle, even at
the lowest applied load level, however it is not immediately clear from the figure whether or not
shakedown was achieved at the lowest applied load level. In order to obtain a better
appreciation of the rate of increase of slip with load cycles, the data was presented as slip versus
cycle number. Again, the data for test 15 is presented in Figure 3. It is clear from this figure
that at a given load range the slip increases approximately linearly with cycles, and so it was
possible to fit a straight line to the data within any given load range. This was repeated for
every test, at every load range, for load in each direction. The slope of the straight line gives the
slip growth per load cycle. This is presented in Figure 4 on a logarithmic scale.
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Fig. 4 Slip growth per cycle versus load plots for symmetric cyclic (test 15 - left) and
unidirectional cyclic (test 13 - right) loading

3.3  Unidirectional cyclic test results

Three specimens were tested under cyclic load, where the load ranged from zero to maximum
load. The time for one load cycle was typically one and a half minutes. A typical load-slip plot
is presented in Figure 2 (test 13), the slip versus cycle number is plotted in Figure 3, and the slip
growth per load cycle is presented in Figure 4 on a logarithmic scale.

3.4 Empirical relationship for the rate of slip growth

From the data presented in Figure 4, best fit lines were calculated to predict the slip growth per
load cycle. This gave the following relationships:

symmetric cyclic load,

log, [slip growth per cycle (mm/cycle)] = -4.41 + [peak load (kN)] x 0.0119 Egn. I

unidirectional cyclic load,
log, [slip growth per cycle (mm/cycle)] = -5.29 + [peak load (kN)] x 0.0130 Egn. 2
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It is evident form figure 4 that symmetric cyclic loading leads to a faster growth of slip.

4, Conclusions

Incremental slip occurs in stud shear connectors under repeated loading, leading to incremental
collapse of composite beams. Symmetric cyclic loading leads to a faster rate of slip growth than
unidirectional cyclic loading. By using a push-out test adapted for cyclic loading, it is possible
to obtain empirical equations for the rate of slip growth as a function of load. This information
can be used by designers to estimate the rate at which incremental collapse will occur in
composite beams under repeated loading.
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Summary

A new numerical method for the evaluation of the characteristics describing the mechanical
behaviour of the shear connection in composite structures, is proposed. The method is based on
F.EM. and takes into account linear and non linear behaviour of the materials. The reliability of
the method is proved by comparison with experimental results.

1. Introduction

From the very beginning of the application of composite structures many investigators have been
concerned with the behaviour of the shear connection between concrete slab and steel beam.
Many different types of shear connectors have been developed and investigated all over the world.
Among them the most preferable are the headed studs and for the determination of their
mechanical behaviour a numerous of papers has been published. In these works the experimental
procedure of the push out test is mostly used in order to obtain the full load-slip curve, the failure
load and the up-lift between slab and beam. Although this procedure has been established as the
basic method for the design of composites elements, it has some disadvantages as time and money
costs and need of specialized laboratories.

Due to the complexity of the three dimensional stress and strain state, no mathematical modeling
of the push out test has been appeared. So, there are not closed analytical solutions of this
problem and the only available formulas for the calculation of the parameters affected the
behaviour of the shear connection, are based on the statistical evaluation of test results.

In our days Finite Elements Method (F.E.M.) can be used to solve such problems. This is the
basic idea for the development of a new numerical method based on F.E. M. which is described in
the current paper. The three parts consisted a composite section are simulated with different types
of standard Finite Elements (F.E.) which can be found in the library of any F.E. package. The
model is then analyzed taking into account linear and non linear behaviour of the materials and
introducing the appropriate yield criteria. According to this procedure all the characteristics of the
shear connection are determined.

The results of the proposed method were compared with experimental data in order to prove the
reliability of the method. Experimental results obtained from series of push-out tests performed in
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the Steel Structures Laboratory of the Democritus University of Thrace (D.U.TH.), according to
the push out test procedure of EC4 [1].

2, Numerical model and analysis

In the developing of the proposed method the basic idea is the modeling of the concrete slab, the
steel beam and the shear connector of a push-out test specimen by different types of finite
elements. In the beginning a simple model had been investigated taking into account the linear
behaviour of the materials [7] and the reliability of that model had been proved by comparison
with experimental results from Nakajiama and Abe[8]. The same model was used for a new series
of push out tests which were performed in the Steel Structures laboratory of D.U.TH. according
to the procedure and full instructions giving in EC4. The experimental results were more accurate
with the F.E. model of the new specimen [6].

In the present paper, a modified F.E. model taking into account the inelastic behaviour of the
materials, is studied. Each of the three parts of the composite section has been modeled by
different elements. The concrete slab is modeled by non linear volume elements, the steel beam by
a rigid bar element and the shear connectors by non linear beam elements. All these elements are
offered as standard ones in all commonly used F.E. packages. In our case COSMOS/M program
is used. The F.E.M. discretization of the push out test, as it is appeared in the F. E.M. program, is
shown in Fig. 1.

The concrete slab is divided into 48 elements along X-direction, 40 elements along Y-direction
and 5 elements along Z-direction. For the steel beam only one element is needed due to the high
stiffness of the used element. Each of the shear connectors, is divided into 4 elements along the Z-
direction. The resulted aspect ratio of the volume elements is 1:1:1.6, which satisfies the limits for
these aspect ratios [3].

Only the half of the push out arrangement is modeled, due to the symmetry and the solution time.
For the application of the support conditions all nodes at X1 and X2 surfaces (Fig. 1) are
restricted to move in Y-direction as these surfaces resist in the compression load. All nodes along
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Fig. 1 Discretization of the push out test



C. KALFAS, P. PAVLIDIS 153

the rigid bar element, which model the steel beam, are restricted to move in Z-direction due to the
symmetry. A basic observation refers to the separation of the concrete behind the shear connector
even when the loading is low [4,10]. According to this observation, a double grid of nodes
towards the shear connectors (in Z-direction) is created producing volume concrete elements. The
concrete nodes in front of the studs are merged with the nodes of the beam elements representing
the studs {(Fig. 1 - Area 1 & 2). The concrete nodes of the second grid behind the studs, are not
merged with the nodes of the beam elements due to the detachment of the concrete. This
assumption eliminates additional stiffness actually added in the area behind the studs.

For each material of the composite section, appropriate yield criterion is considered. The Huber-
von Misses model is used to simulate the behaviour of the shear connector material. For this
model the yield criterion can be written in the form :

F=v3c-0,=0

where : 6 : the effective stress

Oy . the yield stress
For the concrete two models are introduced, the Drucker-Pracker and the Huber-von Misses
model. In Fig. 5 the load-slip curves obtained by both models, are compared with experimental
data. As it seems, better results are obtained by the Drucker-Pracker model, for which the
behaviour and the failure load are more close to the experimental data. For this reason the last
model is preferred. In this case the yield criterion can be written in the form :

F=3aoy-oy+k=0

where : Oy © the mean stress
oy - the effective stress

o, k : material parameters
For the solution of the above F.E. problem the Newton-Raphson iterative method is used. A
solution is reached when the difference between external and internal forces approaches zero. At
each iteration, displacements are modified to minimize this difference. The COSMOS/M program
is used in the non linear mode analysis.
In Fig. 2 the stress concentration is shown when the loading is applied to the model.
Concentration of stresses is occurred at the surfaces X1, X2 (Fig. 1) and in the area in front of the
stud connectors. Experiment verifies that concentration, by the crushed concrete area.
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Fig. 2 Stress concentration when the loading is applied,
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3. EXPERIMENTAL WORK

All the experimental work has been carried out in the Steel Structures Laboratory of the
Democritus University of Thrace (D.U.TH.). Two categories of tests were performed. The first
category is concerned with the determination of the mechanical behaviour of the materials used in
the preparation of the push-out specimen. Such tests were performed according to EC2 [2] and
EC3 specifications for the materials of the concrete slab and shear connector, respectively. In the
second category a series of push-out tests were prepared and performed according to EC4 [1]
specifications.

For the concrete, cube specimens, 15x15x15 mm, were tested according to EC2 [2]. The mean
compressive strength at 28 days was found 21.4 N/mm®. The elastic modules of the concrete is
calculated according to the procedure proposed by EC2 and the strain-stress diagram is shown in
Fig. 4. For the material of the stud connectors, tension test has been performed according to the
procedure proposed by EC3. The idealized stress-strain diagram of the stud connectors is shown
in Fig. 3. No tests for the material of the steel beam have been made, because the beam is
deliberately very rigid in comparison with the other two elements, so a high stiffness element was
introduced for which no additional information is needed.

Each push-out specimen consists of an HE 260 B steel beam of total length 600 mm, two
concrete slabs attached to the flanges of the steel beam with dimensions 500x600x100 mm for
each slab, and stud connectors with a shank of 13 mm in diameter and 75 mm in height. A short
recess of 200 mm wide and 3-4 mm height is formed to the concrete slabs. The natural bond at
the interface between the steel flange and the concrete is prevented by greasing the steel flanges
before casting the slab. During the execution of the test, the slip between the steel beam and the
concrete slabs is measured by four electronic deflectometers, which are placed at the top surface
of the slab in different points to ensure the accuracy of the overall test. All the data from the
gauges and the load cell are registered electronically into the computer for further elaboration.
The mode of failure in all the cases was the shearing off, just above the weld collar of the
connectors. A very small uplift separation was observed.
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Fig. 5 Comparison of experimental data and F.E.M. analysis results

4. COMPARISON OF RESULTS

The comparison between experimental and numerical results, is shown in a slip-shear force plot
(Fig. 5). Values of the shear force per stud are on the vertical axis and the corresponding average
slip values are on the horizontal one. The upper dashed curve represents the best fitted line to the
measurements of the push-out tests described in the previous paragraph. The other two curves
have been obtained by the F.E.M. analysis of the present model. The continuous line represents
the results of the analysis when the Drucker-Pracker yield criterion is used for the concrete, and
the lower curve has been plotted for the results obtained by using the Huber-Von Misses model.
As it is shown from the diagram the results of the F.E.M. analysis are in a good agreement with
the experimental ones and always on the safety side. The Drucker-Pracker curve approaches the
curve of the experimental data more closely. The deviation is very small when the load is low and
becomes greater for higher values of the load. The maximum deviation between the experimental
and the F. E.M. analysis (Drucker-Pracker model) results is about 14%, which is acceptable for
the case.

The deviation appears to have greater values in the region corresponding to intermediate values of
loading. There is only a slight deviation at the point of failure. The mean value of the failure load
calculated from the test measurements, is 84 KN. The corresponding values taken by the present
method are 80 KN and 77 KN for the Drucker-Pracker and the Huber-Von Misses model,
respectively.
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s. CONCLUSIONS

A simple method based on the finite element techniques has been developed to simulate and
analyze the push out arrangement. Appropriate yield criteria are used for the materials. The
numerical results are close to the experimental ones and on the safety side. The method is reliable
for the elastic, which is restricted, and inelastic area.

The advantage of the present method is that the method permits a prediction of the behaviour of
the shear connection and the stud. Since all the numerical results are conservative, but still close
to the experimental ones, the proposed method can be used substituting or together with the
experimental procedure cover cases such test procedures are a great percentage of the overall
cost in money and time. Also, this method is useful in cases of lack of specialized laboratories
needed for the performance of push out tests.
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Summary

As far as steel-concrete composite beams are concerned, the use of high performance concrete
(HPC) gives rise to an increased stiffness in the shear connectors and a reduction in ultimate
slipping.

A numerical simulation referring to simply supported beams demonstrates that, at least in the
case of full interaction, the brittle behaviour of the connection does not significantly affect the
load-bearing capacity of the structure because flexural failure of the midspan section due to
rupture of the materials occurs before any shear failure of the connection due to its capacity for
deformation being exceeded.

1. Introduction

The mechanical characteristics of high performance concrete (HPC) lead to a variation in the
behaviour of the beam-slab system, relating to two distinct factors:

- a variation in the behaviour of the cross section because of the greater strength and stiffness of
the concrete forming the slab;

- a marked change in the behaviour of the shear connectors between the two elements.
Experimental tests on stud connectors, forming part of a research program being developed at the
University Institute of Architecture in Venice, have shown that, as the strength of the concrete
increases, there is an increase in both the strength and the stiffness of the connection, while there
is a significant reduction in its ductility /1/.

It is therefore essential to investigate the effects that the brittle behaviour of the connector may
have on the behaviour of the beams - be it in the case of a full connection or of a partial
connection - because if the slip requirement is greater than the slip capacity of the connectors,
then shear failure will occur before the ultimate flexural load is reached.

A parametric investigation was developed, varying both the mechanical characteristics of the
materials and the geometric dimensions of the cross sections, to assess ductility requirements in
different conditions and identify any design rules.

2.  Effects of the concrete's strength on the behaviour of the connector

Fig. 1 and Table 1 illustrate some of the results of the experimental trials that the authors
performed on the behaviour of stud connectors by means of push-out tests on standard samples.
Said results show that a higher-strength concrete coincides with an increase in strength and
stiffness, but also with a reduction in the extent of slipping at failure (s.) and at the maximum
load (sy).
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Rem (MPa) Pméx (kN) sy (mm) S¢ (mm)
32.50 109.16 5.597 7.865 " | () slipping measured when P has
59.55 153.00 4,398 6.023 "’ fallen t0 0.95 Ppay)
94.40 191.82 3.538 3.740

Table 1 Average experimental values for maximum loads and slipping of Nelson connectors
(Rcm=mean cubic compressive strength, shank diameter ¢=19 mm).

3. Numerical Model

The study assessed the load-bearing capacity of simply supported composite beams, with
uniformly distributed load, considering both the behaviour of the HPC and the load-slip
relationships that can reproduce the behaviour of shear connectors in HPC.

Since the problem is far from linear, an incremental procedure till the collapse was used: at each
step, the solution was found using an iterative process on the cross sections discretized in strips
and along the axis of the beam divided into short lengths dx.

The model assumed the linearity of the strains in the steel beam and slab cross sections (indexes
s and c,respectively) (Fig. 1) and any effects of the lifting of the slab were disregarded in view of
their scarce influence on the slipping value emerging from the study /2/.

Having assumed the sectional deformations (the strain £,5(x) of the top fiber of the steel part; the
curvature %(x) common to the two elements; and the relative slipping s(x)) as unknown
quantities, the conditions of equilibrium were established. In view of the presence of slipping, the
equilibrium condition for the shear stresses at the beam-slab interface was added to the usual
equilibrium conditions for the translation and rotation of the section.

da(x) U(xle) a(x‘s)+ dO’(X,E)
L t&dx glt.x)= %.(ﬂﬂ(ﬂ&%ﬁ ] &
X L
T ez.(:ﬁ‘
¢ &6 3=, (0 +x(x)¢
[ X(x) Zzg in compression

Fig. 1 Deformation in the section and beam length dx.

Taking a secant linear formulation for the constitutive laws into account, the system for finding
the solution took shape as follows:

Gos(IEATHCO[ESH Y EA =0

X
ds(x)

eos(XESPx(o[ENf——HESL=-M(x) m

de5(x)

osCERY ’fl(x YES],=-q(x)

where:
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- [EA], [ES], [EI], [EA]c, [ES]. are the stiffness coefficients of the whole section and of the slab,
depending on the state of deformation across the secant modulus of the materials E¢ sec and

5,5€C>

. [EA] IES] are the stiffness coefficients of the steel section, depending on the variation in the
deforriation 1 dx, across the secant modulus relating to said variation ( Essec =do/de);

- q(x) is the shear action per unit of length coming to bear on the connector (q(x)=Rgec 5(x); Rsec

is the secant stiffness of the connector per unit of length).

The finite differences method was used, applying backward integration, to solve the differential

equations comprising system (1).

Once the boundary conditions had been established (€05(x=0)=0; x(x=0)=0; s(x=L/2)=0), the
solution was obtained by applying the shooting technique, i.e. having assigned an arbitrary value

to s(x=0), system (1) was then solved for the subsequent sections up to the midspan. The

procedure was iterated, updating s(x=0), until the condition s(x=L/2)=0 was satisfied.

4. Numerical analysis

The analysis was performed in order to emphasize the extent of the maximum slip requirement in
relation to changes in the following parameters:

- the reaction of the connector and slab to changes in the strength of the concrete;

- the span of the composite beam;

- the arrangement of the connectors along the beam.

4.1. Properties of the materials

The following constitutive laws were used:

- for the steel: elasto-plastic strain-hardening law, with the strain-hardening amounting to 100
MPa;

- for the concrete: the non-linear laws proposed in the Model Code 1990 with crushing strain
€cy= 0.0038 and, in the case of HPC, in the Recommended Extension to the Model Code /3/,
with crushing strain ¢~ 0.0030.

4.2. Properties and arrangement of the connectors

The load-slip law of the connector was modeled by means of the exponential relationship
proposed by Ollgaard /4/, and already used in /2/, /5/, /6/, /7/, /8/:

P=Py(1-e-Ps)a

where: a=1.7, f=1.15 mm-1, s¢=7.0 mm for the type 1 curves (studs in ordinary concrete)
a=0.5, =1.10 mm-1, s;=3.5 mm for the type 1 curves (studs in HPC) (Fig. 2)

having obtained the values of the coefficients

1.07  Type 1 o € B from an analysis of the results reported
65 in the literature (for the type 1 curve) /9/ or
. Type 2 from a fitting operation on experimental
0.6- findings obtained by the authors (for the type 2
] curve) /1/,
0.4 Two solutions were considered for the
] distribution of the connectors along the beam:
0.2 - evenly distributed (arrangement type A);
g - evenly distributed at intervals, following the
0 — distribution of the shear stresses under a
0 02 0.4 0.8 0.8 constant load (arrangement type B).

s{mm)

Fig. 2 Load-slipping relationships
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4.3. Numerical tests

The investigation considered beams characterized by the cross sections illustrated in Fig. 3, with
spans of 15, 25, 30 and 40 m, mean cylindrical concrete strengths of 35 and 80 MPa, and
connectors having the constitutive laws of Fig. 2, according to the following table.

CODE |NC1-15 [NC2-15 [NC1-25 |HP2-15 |HP2-25 |NC1-30 |NC1-40 |HP2-30 |HP2-40
fom (MPa) 35 35 35 80 80 35 35 80 80
P-s Typel | Type2 | Typel | Type2 | Type2 | Typel | Typel | Type2 | Type2
Span L (m) 15 15 25 15 25 30 40 30 40
L/H 13.0 13.0 21.5 13.0 21.5 13.3 17.8 13.3 17.8

Table 2 Characteristics of beams for numerical tests
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Fig. 3 Cross sections of beams for numerical tests

The maximum global strength of the connectors (Qg) for the creation of the full shear connection
was established by means of an elasto-plastic analysis of the cross section with no slipping.

4.4. Numerical test results

For each of the cases considered, the most significant results are given in Table 3.

CODE NCI-15 |NC2-15 |[NC1-25 |HP2-15 |HP2-25 | NC1-30 | NC1-40 | HP2-30 | HP2-40
Mmax.sez (KN*m) |4830.8 |4830.8 |4830.8 51133 |5113.3 |30225.0 |30225.0 |31645.0 [31645.0
MmaxMmaxsez | 09933 |0.9957 [0.995 [0.986 |0.987 |0.987 |0.989 |0.991 |0.988
slipmax (mm) 3275 |2.583 |4.095 |1.651 |1.841 |3.196 |3.367 |2.563 |2.717
slipmax/su 0.468 |0.738 |0585 |0.470 |0.525 |0.457 |0481 [0.732 |0.776

Table 3 Numerical test results

These data show that, assuming a perfect interaction between the two materials (ec=¢g), the load-
bearing capacity of the beam (M) is always lower than might be expected on the basis of the
flexural strength of its midspan cross section (Mmax,sez)-

In fact, the increase in the load applied, and consequently in the acting moment, coincides with
an increase in the rate of slipping ds/dx=gc-€g (curves a and b, Fig. 5, for the two types of
concrete) and this leads to a reduction in the values of both the maximum resisting moment and
the ultimate moment (curves ¢ and d for the ordinary concretes, and f and g for the HPC, Fig. 5).
The maximum load that the beam can withstand is the load at which the acting moment at the
midspan cross section reaches the same value as the resisting moment, with the corresponding
value of the parameter ds/dx; further loading is impossible because it would induce a
corresponding increment in the acting moment and in ds/dx, and hence a reduction in the
resisting moment. '
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New equilibrium conditions beyond the maximum load condition can only be achieved by
reducing the actions, and the branch of the loading curve up to failure due to the maximum
strength threshold being reached becomes unstable.

My/Mmar ser.
Mmu/umu,lel.
1.00
d
0.96 -
0.986 - Mmax
—_——— Mu
.94 1
9847 Hp2Ais
0.92 -
080358  ods  olz  ols10®

ds/dx in midspan

Fig. 4 Myyq. and M,, with changing values of ds/dx

The reduction in resisting capacity with ds/dx becomes more obvious in the case of HPC slabs.
Moreover, the greater stiffness of the slab and connection - due to the higher strength of the
concrete - gives rise to a reduction in the maximum slipping at failure, so the reduction in load-
bearing capacity remains proportionally almost independent of the type of concrete, and the
ductility of the connectors (though lower than in the case of ordinary concretes) is sufficient to
prevent brittle failure of the beam due to rupture at the connection (Table 3 compares the
findings for NC1-15, NC2-15, HP2-15).

x)L/2
q(1)5/ U — — design strength of shear connection S (mm)
.8 5 AC—T—
————NCc 4.07 0 /4 L/2
HP
3.0 4 S 0 /4 L/®

2x/L

Fig. 5 Shear stresses and slipping along the connection for beams NCI1-15 and HP2-15, and for
stud connector arrangements A and B.

Fig. 5 shows the distributions of the theoretical resisting actions of the connector (which are
uniform in case A, whereas they are twice as great in the supporting area as in the middle of the
beam in case B) and the distributions of the actual stud reactions when the maximum load-
bearing capacity is reached.

From a comparison of the diagrams, it is clear that the design conditions, based on the
assumption f a full plasticization of the connector, coincide substantially with the actual situation
in both types of concrete.
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The beam-stud-slab system therefore seems, even in the case of HPC, to allow for a
redistribution of the stresses, having a generally ductile behavior instead of the brittle behavior
detected in the connector alone.

The two distributions consequently prove virtually equivalent in terms of load-bearing capacity,
but the same cannot be said for the slipping requirement. The diagram in Fig. 5 shows that, in the
case of ordinary concrete, the type B arrangement of the connectors leads to a more uniform
distribution of slipping than with the type A arrangement, also reducing the maximum slipping
value; in the case of HPC, on the other hand, the uneven distribution of the slipping
phenomena is accentuated and their maximum value, which is reached nearly the middle of the
beam, is greater than in the case of the uniform (type A) connector arrangement.

6. Conclusions

This study has shows that the behaviour at failure of composite beams made with HPC is
influenced not only by changes in the behaviour of the connection, but also by the interaction of
the latter with the resistant and deformative reaction of the slab.

In the cases considered here, the ultimate load coincided with flexural failure, thanks also to the
contribution of the HPC slab towards reducing the slip requirement.

The study has also demonstrated that the arrangement of the connection is of little significance
for the purposes of flexural failure, whereas the arrangements considered were far from
comparable in terms of any failure occurring due to the ultimate slipping threshold being
exceeded, so special attention must be paid to the identification of the ideal arrangement of the
connectors.
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Summary

For the design of concrete composite constructions, the transfer of internal stresses across the
bond interface between new and old concrete is a critical aspect. A design method has been
developed with the aid of specific tests for rough, sand-blasted and smooth surfaces. Test results
known from literature have been taken into account. This new design approach considers
cohesion, friction and the shear resistance of the reinforcement in determining the effective shear
transfer. It has been found that, contrary to the usual design approach, the full yield strength of
the reinforcement cannot be equated to the tension clamping force across the interface.

1. Introduction

Placing new concrete on older concrete is a
routine task in construction. It occurs at every
joint in concrete construction work. For some
time now, placing overlays has gained in
importance as a result of the more frequent
strengthening of existing structures. In such
cases, a loadbearing layer of new concrete
(overlay), is placed on the existing concrete
structure. This overlay is usually cast directly
or placed as shotcrete. It functions to augment
the flexural compression or flexural tension
zones, depending on the placement.

One of the problems encountered is the
transfer of internal stresses acting across the
bond interface between the old and the new
concrete. In this respect, knowledge is
required of the resistance of the bond interface to tensile and compressive forces in any direction.
Initially, stresses in the bond interface result from a combination of external loads and internal
forces of constraint. It must be borne in mind that stresses due to shrinkage and temperature
gradients in the new concrete typically reach their maximum at the perimeter of the overlay. The

Fig. 1. Strengthenmg ofa brzdge
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combination of external and internal stresses often exceeds the capacity of the initial bond, thus
requiring the designer to allow for a debonded interface. This is particularly true in the case of
bridge overlays which are subject to fatigue stresses resulting from traffic loads. Furthermore,
these stresses are dependent on time, and bond failure can take place years after overlay
placement.

2. State of the Art

Review of the literature reveals little research into the specific behavior of reinforced bond
interfaces between new and old concrete. The majority-of the existing studies concentrate on the
transfer of shear forces across cracks [6].

The effect on the shear loading capacity of subsequent roughening the surface of the old concrete
was first investigated in 1960 in the United States. A few years later, the so-called shear-friction
theory was developed. This theory attempts to explain the phenomena with the aid of a simple
saw-tooth model. According to

this, the roughness of surfaces in "Pullout" "Friction"
the case of relative displacement 1&-«

always leads to a widening of the 1
interface which sets up stresses in »t’\f A “'f”"b'

steel connectors passing across the e lﬁ
interface. They, in turn, create Ny, I
clamping forces across the

interface and thus also frictional ®. ®

forces. In the middle of the 1970's,
further shear tests were conducted
in New Zealand (Paulay [4]), in the United States (Mattock [5]) and in Germany (Daschner [7]).
In 1987, Tsoukantas and Tassios [8] presented analytical investigations into the shear resistance
of connections between precast concrete components. They cover the different contributing
mechanisms of friction and dowel action (fig. 2).

In 1991/92, Menn [9], in Switzerland, looked into the behaviour of bond between old and new
concrete using a series of beams which had been strengthened by additional reinforcement in a
new layer of concrete placed on the underside of the beams.

The results clearly demonstrated that a significant increase in loadbearing capacity can be
achieved by proper roughening of the surfaces. If the surfaces are very rough, the steel connectors
across the bond interface are primarily stressed in tension, whereas, if the surfaces are smooth,
the shear resistance of the connectors themselves (dowel action) predominates.

Fig. 2 Shear transfer in cracked concrete [8]

3. Laboratory Tests by Hilti Corporate Research

Specific shear tests were carried out in the
laboratories of Hilti corporate research to
investigate the interrelationships of various
degrees of roughness and transferable shear
stresses  with  various amounts of
reinforcement. Using an origine test design,
it was possible to avoid any eccentric .
moments in the specimen and to allow for | |
parallel separation of the interface surfaces |
(fig. 3). The roughened surfaces were
treated with a de-bonding agent before the

new concrete was placed. Fig. 3: Testing arrangement
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The test results confirm the strong influence
of roughness on shear resistance and shear
stiffness. If the load-displacement curves
are regarded in conjunction with the
measured  displacement, the  three
components of cohesion, friction and dowel
action can be isolated and determined
quantitatively. They make different

contributions to the overall resistance (figs. 0 g
4, 5 and 6), depending on surface roughness 0123456789101112131415161718
and amount of reinforcement. Horizontal displacement [mm]

Hence, the frictional component  Fig. 4: Water-blasted surface
predominates when the surface is blasted

with a high-pressure water jet and larger g Test No. 40 (sand-blasted; 2012)
amounts of reinforcement are provided. But ¢,

small shear stresses can also be transferred 149
even when no reinforcement is present, due éuo
to the good interlocking effect of the 100
interface surfaces. In the case of sand-
blasted surfaces, however, shear stresses are
transferred by a combination of friction and
dowel action, but the forces that can be
resisted are generally far smaller than in the 012345678 9101112131415161718
case of high-pressure water blasting. Horizontal displacement [mm]

It was also investigated whether the post  Fip S: Sand-blasted surface
installed rebar connectors are stressed to

yield at ultimate shear transfer. For this 200 Test No. 57.(f | surface; 2612)

purpose, the strain in the connectors at the 180

level of the interface was measured. To 5 160

avoid any disturbance of the bond, and in %140

order to obtain the strain from tensile g !20

loading only, strain gauges were fixed in a g lgg

central bore in the axis of the connectors. = &0

These test results clearly show that, when 40

surfaces have the above-mentioned degrees 20 4f

of roughness, the tensile force in the 0+

connectors does not reach the full tensile 0123456789101112131415161718
yield strength, contrary to assumptions for Hoizoiifal displacementmis]

current design models. Tests carried out with  Fig. 6: Smooth surfaces

connectors of various lengths confirm this result as they showed that reduced anchorage lengths
are sufficient to carry the effective connector tensile force at maximum shear transfer capacity.
Additional connector embedment (e. g., as required for theoretical connector tensile yield) did
not result in increased shear transfer.

The loadbearing behaviour of smooth interface surfaces with connectors was also investigated.
As displacement readings for the horizontal and vertical directions showed, there is in this case
also a separation of the interface under shear loading and, thus, owing to the lack of roughness, a
loss of contact between the shear surfaces. In this case, the entire resistance comes from dowel
action.

On the basis of these findings, design approaches can now be developed which permit separate
and realistic analyses of the various components of shear resistance. As a result, a standardised
level of safety is ensured with respect to resistance, no matter whether the normal stresses at the
interface are set up by an external normal force or internal connectors.
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4. Design of Shear Transfer
4.1 Miscellaneous

The Institute for Concrete Structures of the University of Innsbruck, Austria, provided scientific
support during development of this design method, which is based on EC2 [1]. The evaluation is
contained in the thesis by Randl [10]. A more comprehensive description and examples can be
found in [13].

Structures made of reinforced or prestressed concrete, which have a concrete overlay of at least
60 mm, may be designed as a monolithic building component if the shear forces acting in the
interface between the new and the old concrete are resisted according to the following rules.

4.2. Loadbearing Capacity of Interface

Generally, an interface must be assumed to be cracked for design work. Connectors installed
across the interface must be positioned in such a way that the shear force, Vgg4, between the new
and the old concrete is transferred in the ultimate limit state.

Vra = Trgj-bj-l; 2 Vgq (1)

Vre Design value of interface shear force resistance trgj Design value of the transferable interface shear

Vsa Design value of interface shear force due to stress in zone under review as per formula (2)
actions b;  Width of interface in zone under review

l;  Length of interface in zone under review

The design value of transferable shear stress, Trgj, can be calculated using formula (2) [10].
When doing so, the upper limit is given by the transferable compressive stress in the strut model
for concrete:

TRdj-_—'kT'TRd+l.l'(p'K'fyd+0n)+(1'p' fyd<fcd < BVde (2)
cohesion “friction dowel action compressive strut in concrete

T,, basic value of design shear strength as per [1], p = A,/ b;l, amount of reinforcement from connector

section 4.3.2.3 (smaller value of new/old concrete) n zone under review

k; cohesion factor as per [13], table 1 o, 0,6 f, normal stress to external loads acting on the

p coefficient of friction as per [13], table 1 interface (compression positive)

o coefficient of dowel action as per [13], table 1 f, design value of yield strength of connectors

B coefficient as per [13], table 1 f, design value of cylinder compressive strength of

v coefficient as per [1] formula (4.20) concrete (smaller value of new and old concrete)

x coefficient for tensile force in the connector r  mean roughness derived from sandpatching method

as per [13], table 1 (i.e. difference between peaks and vaileys = 2r)

An evaluation of equations (1) and (3) for S500 grade steel is provided in the diagrams 1 to 3.

—C50/60 Z'g — C50/60 Z'g — C50/60 z'g
—CA45/55 * ——C45/55 y -—C45/55 :
——C40/50 A1 60 —C40/50 6.0 — C40/50 6.0
- % 5.5 — C35/45 5.5 —C35/45 5.5
o 5.0 — C30/37 50 — [—C30/37 50 _
— C20/25 4.5+  |=—C25/30 45 g |—C25/30 4.5%
- a0 8 |—cC2025 40 B |—C20125 4.0 E
e ISE gg Z 2 3
3.0 N - - 3.0 o
A% 25 & +25 & =1 2.5 &
2.0 2.0 = 2.0
1.5 1.5 Zoan 1.5
1.0 1.0 1.0
0.5 0.5 [ 0.5
| 0.0 0.0 Pt 0.0
2N VRO NNT O W
S82EgEn3Es ES3E282E222 SAZEIIRTEE
Amount of reinforcement p [%] Amount of reinforcement p [%] Amount of reinforcement p[%]
Dia_1: Water blasted surfaces Dia 2: Sand-blasted surfaces  Dia 3: Smooth surfaces
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4.3 Stressing of Interface

Normally, the design value of the interface shear force acting, Vsq4, is determined from the
flexural resistance of the cross-section. Consequently, bending is decisive for failure of the cross-
section and reference is made to full connection, as in steel-concrete composite designs [2].

In the perimeter of the concrete overlay, the crack tensile force, F;, of the concrete overlay must
be transferred in accordance with [1], section 4.4.2.2. Particular attention must then be given to
transfer of the moment from the crack tensile force in order to avoid spalling effects.

4.4 Serviceability Limit State and Design Principles

For normal cases, where water blasting is used, the stiffness can be determined, at the
strengthened cross-section assuming full composite action. Where sand-blasted or smooth
interfaces are used, a reduction of the stiffness must be expected.

Variations in surface preparation for the same building component should only be allowed if
resulting stiffnesses along the interface variations are compatible from a displacement standpoint.
It must be noted here that interfaces with small shear stresses, without connectors according to
section 4.3, may be assumed to be non-cracked for stiffness purposes.

The connectors must be adequately anchored in the old concrete and in the overlay. The actual
tensile force, Fgy, to be anchored may be taken as at least F; 205- A -f,4 when surfaces are rough

or sand-blasted.

To shorten the anchorage length in concrete overlays, heads or plates can be provided. The
concrete cone aswell as the bearing stresses in the concrete below the anchoring component must
be checked. The methods of calculation are given in [14].

When surfaces are smooth, shear dowels must be anchored at depths of at least 6 times the
diameter in each case, or, better still, to avoid dowel pull-out at large displacements a value of 9
times the diameter is recommended.

5. Comparison with Literature

In his thesis [10], Randl has proven through a study of literature and with reference to world-
wide research results that the determined design equations are conservative. The results are
shown in figs. 7 and 8.

Mattock, Walraven, Daschner, Hilti

12.0
» Mattock [5): "rough” ACI (r=3mm );
* . fy=350 N/mm?, fc=20-45 N/mm?
10.0 ] * L » Walraven [6]: cracked concrete;
1 *mle g fy=450 N/mm?, fc=25-32 N/mm?
8.0 R | « Daschner [7]: raked surface:
- T t fy=540 N/mm?, fc =15 N/mm?
E 60 I P LT« Hilti [10]: Water blasted;
Z e fy=508 N/mm?, fc=18 N/mm?
= N = Hilti [10}: Water blasted;
e 40 Tt A fy=508-653 N/mm?, fc=36 N/mm?
H l' /" > ---- Design function (charact. values) [10]:
2.0 —.!_ ,o" Water blasted; fck=30 N/mm?2, fyk=500 N/mm?
—— Design function (charact. values) [10]:
0.0 Water blasted; fck=20 N/mm?, fyk=500 N/mm?

00 20 40 60 8.0 10.0
p £, [N/mm?]

Fig. 7 Rough surfaces
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Daschner,M attock,Paulay,Hanson, Hilti
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4 2 = = o Mattock [5]: trowel;
fy=350 N/mm?, fc=35 N/mm?

= Paulay [4]: trowel;
fy=318 N/mm?, fc=24 N/mm?

. o Hanson [3]: trowel;
fy=345 N/mm?, fc=22-29 N/mm?

= Hilti [10]: unworked surface;
fy=508-653 N/mm?2, fc=33 N/mm?

= Hilti [10]: unworked surface;
fy=508-653 N/mm?2, fc=40 N/mm?2

« Hilti [10]: unworked surface;

0 | fy=508-653 N/mm?2, fc=17 N/mm?

—Design function (charact.values) [10]:
4 2 4 6 8 10 12 ooth; fck=20 N/mm?, fyk=500 N/mm?
p fy [N/mm?]
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6. Summary

Contrary to design methods given in the literature, dowel resistance is considered along with
cohesion and friction when determining shear resistance. With increasing roughness of surfaces,
shear resistance and shear stiffness improve greatly. Furthermore, the distribution of total
resistance shared by the three components changes considerably. The design method makes use
of one single equation for calculating the resistance from the three components. In some cases, it
is sufficient for the concrete overlay to be anchored at its perimeter.

This new design approach is particularly notable for its transparency. It is verified by the
literature as well as by extensive testing conducted at Hilti Corporate Research. Through the use
of design diagrams, the method can be made particularly straightforward for designers.
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Summary

This paper presents information on the load-deformation behaviour and the manufacture of
different types of timber-concrete connection. The failure modes of four different connections
and their influence on the load-deformation behaviour and the failure modes of timber-concrete
composite beams is outlined. The design of timber-concrete connections with dowel-type
fasteners is summarised and the effect of load sharing between fasteners on the load-carrying
capacity of the composite beam is emphasised.

1. Introduction

Timber-concrete-composite structures, used as bending members in floor systems, mostly consist
of timber members in the tensile zone, a thin concrete layer in the compression zone and the
connection between timber and concrete. The main advantages of this type of composite
structure are:

increased strength and stiffness compared to timber floors,
improved sound insulation,

increased fire resistance,

easy method to reinforce existing timber floors.

The load-carrying behaviour of timber-concrete-composite structures is essentially influenced by
the strength and stiffness of the connection between timber and concrete. This is valid for both,
the short and long-term behaviour of the composite members. Apart from a large load-carrying
capacity, connections for timber-concrete-composite structures should exhibit a high stiffness
under service loads as well as distinct plastic deformations before failure. In addition, for
economic reasons they should be easy to install.

2. Types of Connection
During a co-operative research project carried out at Delft University of Technology in the

Netherlands and Karlsruhe University in Germany (BlaB et al. 1995), timber-concrete-composite
structures with four different types of connection were studied:
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especially designed screws driven into the timber without pre-drilling under an angle of + 45°,
punched metal plate fasteners,

grooved holes in timber beams filled with concrete and combined with a dowel and

grooved holes in laminated veneer lumber filled with concrete.

2.1 Screws

The screws used in the study were specifically developed for timber-concrete connections. They
are driven into the timber without pre-drilling, resulting in low labour costs for the manufacture
of the connections. Connections with different screw arrangements were investigated by Timmer-
mann and Meierhofer (1993). Instead of placing the screw perpendicular to the joint between
timber and concrete, they placed the screws under an angle of +45°, resulting in a truss-like
loading of the connections, where the screws are loaded in tension and compression rather than
in bending. This fact leads to a much stiffer connection compared to an arrangement
perpendicular to the timber surface. The screw has two heads, the lower pressing the concrete
formwork onto the timber beams. The upper head together with a part of the shank is encased in
concrete.

T R L KT T R R %
N N LN, S N )

30 40 30

Fig. 1 Timber-concrete connection with crossed screws.
2.2 Punched metal plate fasteners

The punched metal plate fasteners, which are very common as connectors in timber trusses, were
first bent about their longitudinal axis to form a right angle. The nails on the plate part later
encased in the concrete layer were cut off in order to prevent voids in the concrete close to the
plate. The other half was then pressed into the timber beam. This type of connection has to be
prefabricated before shipping the beams to the building site.

TETTTTrrTTTTrrTrTT TTTTTrT T e TTTT
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150 [ 540

Fig. 2 Timber-concrete connection with punched metal plate fasteners
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2.3 Grooved connections with dowels

In order to manufacture this type of cleat joint, first grooves with a diameter of 70 mm are routed
30 mm deep into the timber beam surface. Within this indentation, a hole with a diameter of 20
mm is drilled to take the steel dowel. The steel dowels - short pieces of concrete reinforcement

bars - are then driven into the 20 mm holes. Concrete finally covers the upper part of the dowels
and fills the remaining space in the grooves.

=== i

A

150 ‘ 300 l 300 ‘

AL L

5450

Fig. 3 Timber-concrete connection with grooved holes and dowels
24 Grooved connections in LVL

This type of timber-concrete connection is used for composite plate structures, where instead of
timber beams laminated veneer lumber (L' VL) as sheet material is used in the tensile zone. The
joints are manufactured by grooving circular holes with a diameter of 115 mm and a depth of 15
mm into the LVL surface. The holes are conical in vertical direction in order to prevent a
separation between timber and concrete. The concrete filling the flat holes forms a type of cleat
which is able to transfer shear forces. In order to avoid a brittle failure of the concrete cleats, they
are reinforced. The manufacture of the indentations is carried out with computer-controlled
routing machines resulting in very economical connections.

O 0 )&

g O O\ —¢

O O )+
150 250 250

Ll g
AN

Fig. 4 Timber-concrete connection with grooved indentations in LVL



172 CONNECTIONS FOR TIMBER-CONCRETE-COMPOSITE STRUCTURES

3. Load-Carrying Behaviour of Connections

In order to acquire sufficient data about the variation of the load-carrying behaviour, about 50
single shear specimens of every type of connection were tested in short-term tests. Although the
failure modes of the four types were quite different, all types exhibited a high stiffness at service
load level and distinct plastic deformations before failure.

Depending on the thickness of the intermediate layer between timber and concrete, the screws
loaded in tension were either pulled out of the timber or failed in tension in the threaded part of
the shank. After reaching the maximum load, the load on the connection decreased with
increasing withdrawal of the screw (Figure 5 top left). The average maximum load for one pair of
screws was about 18 kN at a displacement of about 1 mm.
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Fig. 5 Load-deformation-diagrams with maximum and minimum stiffness of four different
connections. Screws (top left), punched metal plate fasteners (top right), grooved
connections with dowels (bottom left), and grooved connections in LVL (bottom right)

The connections with punched metal plate fasteners failed due to bending and subsequent
withdrawal of the punched out nails out of the timber. In some cases, nails failed in tension at the
metal plate. The mean maximum load for one plate was about 48 kN, the stiffness modulus at
service load level about 50 kN/mm.

Grooved connections exhibited a particular plastic deformation capability. The tests were
stopped after a relative displacement of 15 mm between timber and concrete was reached. The
failure for grooved connections with dowels was caused by dowel bending combined with
concrete cracking in the vicinity of the dowel. The maximum load for one connector unit
(indentation plus dowel) was about 50 kN, the stiffness modulus at service load level about 75
kN/mm. Grooved connections in LVL acted as large concrete connectors. In some cases, the load
was still increasing when a displacement of 15 mm was reached. Failure was caused by reaching
the embedding strength of the laminated veneer lumber. The average maximum load was about
50 kN per indentation, the corresponding stiffness modulus 120 kN/mm.
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4. Load-carrying Behaviour of Timber-Concrete-Composite Beams

For each type of connection, ten timber-concrete composite beams were tested in short-term
tests. For the composite beams with screws, punched metal plate fasteners and grooved
connections with dowels, the span of the beams with a T-type cross-section was 5,40 m (Fig. 6
top), for the beams with grooved connections in LVL, the span was 4,50 m (Fig. 6 bottom).
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Fig. 6 Test specimens for timber-concrete composite beams. Connections are screws, punched
metal plate fasteners, grooved connections with dowels (top), and grooved connections in
LVL (bottom)

The influence of the connection behaviour on the load-deformation behaviour of the composite
beams depends both on the load-carrying behaviour of the connections and on the load level of
the connection loads before the failure of the beam. Since all four types of connection
approximately exhibit an elastic-plastic load deformation behaviour, the load-deformation
behaviour of the tested composite beams essentially depends on the load level of the fasteners. If
the fasteners between timber and concrete govern the design, the highly loaded fasteners close to
the supports will approach their load-carrying capacity, deform plastically and a certain amount
of plastic deformation of the beams is to be expected before failure. If, on the other hand, the
connection loads remain in the elastic range until the beam fails, the beams will basically behave
linearly until failure.

Depending on the number and capacity of the connections, the behaviour of the tested beams
ranged from linear-elastic until failure until elastic-plastic. The beams with the highest
connection capacity (grooved connections in LVL) exhibited a linear load-deformation behaviour
until failure. The brittle failure was caused by the failure of the LVL-layer under combined
bending and tensile stresses.

The composite T-beams eventually all failed due to the combined bending/tensile failure of the
timber beams. The composite beams with screws and those with grooved connections with
dowels showed a pronounced plastic deformation before failure due to the plastic deformation in
the timber-concrete connections. The failure of the connections close to the supports -
withdrawal of the screws or splitting of the timber end cross-section and cracking of concrete,
respectively - before the failure of the beams could be clearly observed in the tests. The beams
with punched metal plate fasteners displayed a slightly curved load-deformation diagram,
indicating the fact that the first connections approached their load-carrying capacity before the
failure of the composite beam.
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5. Design of Timber-Concrete Connections

Generally, the design of timber-concrete composite structures requires the consideration of the
slip occurring in the joint between timber and concrete. A method for the calculation of the
fastener loads for mechanically jointed beams or columns is e. g. given in Annex B and C of
Eurocode 5 Part 1-1 (ENV 1995-1-1). The design of timber-concrete connections is dealt with in
Eurocode 5 Part 2 - Design of timber structures - Part 2: Bridges. In many cases, the load-
carrying capacity and the slip modulus of the connection have to be determined by tests. Testing
is not required, however, for laterally loaded dowel-type fasteners inserted perpendicular to the
shear plane. If there is no intermediate layer between timber and concrete, the strength of the
joints with screws, dowels and threaded nails may be assumed 20 % higher than for
corresponding timber-to-timber joints according to ENV 1995-1-1. The corresponding stiffness
values may be taken 100 % higher than for corresponding timber-to-timber joints.

If the withdrawal strength and stiffness of screws or threaded nails is known, Eurocode 5 Part 2
also provides a method to design inclined fasteners for timber-concrete connections. The
analytical model assumes a truss-like behaviour of the components, where for uni-directionally
inclined fasteners the shear force is transferred by tensile forces in the fasteners and compression
forces between timber and concrete, and for two-directionally inclined fasteners by tensile and
compression forces in the fasteners.

If tests to determine the load-carrying capacity and the slip modulus of timber-concrete
connections show a distinct plastic behaviour, a redistribution of loads from highly loaded
fasteners to less loaded fasteners will occur in composite beams, as soon as the most stressed
fasteners deform plastically. If the connection governs the design of the composite beam with a
large number of fasteners, the characteristic load-carrying capacity of the beam therefore depends
on the characteristic strength of a number of connections loaded in parallel, rather than on the
characteristic strength of a single connection. This load-sharing increases the load-carrying
capacity of the composite beam and should either be taken into account during the connection
design or when determining the characteristic strength of timber-concrete connections.
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Summary

Buildings can be erected using timber in the floor in order to be more economical and lighter than
conventional concrete constructions. For a span of three to six meters, timber floors made of
vertical nailed planks are built. For a span of seven to fifteen meters, this kind of timber floor is
connected to a concrete deck and becomes a composite wood-concrete system. In this case, the
shear strength is taken by a groove in timber filled with concrete. The timber part can be made of
planks, roundwood, glued laminated timber, regarding the expected aspect of the ceiling.

1. Introduction

Given the constant decrease in energy resources and the new consideration of environmentals
parameters, a way for an increasing use of wood in the construction is open. But the wood
construction should not remain sectarian. In order to be economical, it must work together with
other materials, traditionally used in construction. In the history of timber construction, there have
always been composite constructions — timber frameworks with glue or mortar, walls of stone and
bricks — the most lasting oneswere in timber architecture. Examples from China and Japan to
Frank and Alsacian framework constructions are well known. Essential criteria are a better
behavior of the whole construction during a fire, as well as acoustics and vibration properties.
Today, quality criteria — fire, acoustics, vibration — are easily fulfilled through new shape
applications, i.e. massive nail laminated floors and wood-concrete composite systems for wide-
span and load supporting structures. Nail-laminated decks and wood-concrete decks including a
load-bearing concrete slab present new advantages, especially for houses, schools and public
buildings. Thanks to these techniques, the steadiness and bending properties of structures with
minor dead loads can be economically fulfilled. Fire resistance times of 30, 60 or 90 minutes, as
well as phonic insulation criteria up to 60 dB for walls and decks can be reached. The use of
timber as construction material is the only way to save the world’s forests. Timber use is directly
linked to forest conservation and the planting of new trees.

The material selection is no proof for "good architecture”. It is, however, an important contribution
to the environmental conservation, even if it needs more concentration on the planing phase.
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2. Vertical Nailed Planks

The system of vertical nailed planks has been one of the new techniques developed for several
years at the Chair of Timber Construction at the Swiss Federal Institute of Technology, in
Lausanne (EPFL). Several projects have been realized within the last years with this new method.
This technique certainly matches to the requirements of modern constructions. The system is made
of planks which are vertically nailed to each other (figure 1) and resulting into a plane surface.

These elements may be used without concrete for structural purposes, such as supporting walls,
floors (ceilings) and sloping roofs (figure 2). Depending on the broad requirements, the planks
may be either kept as raw material or painted, or covered with wall paper, or
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Fig. 1 - Nailing pattern for element Fig. 2 - Construction in vertical nailed
construction. planks.

anything else. High acoustical demands may be satisfied with the manufacture of special profiles,
as shown in Figure 3 for ceiling elements. Various solutions which do not requise the use of
special tools are available to manufacture noise absorbers. For instance, a few millimeters shift of
one out of two planks may be enough for the purpose aimed at. Architectural needs may also be a
factor which be considered when proposing solutions.

Figure 4 shows threesolutions out of many others which are available for floors made out of
vertical nailed planks; acoustic insulation may be required, so as impact noise reduction or higher
thermal inertia for the system. There are plenty of solutions and we must keep in mind that they
may be directly used with this new support, provided that they are set up with respect to the wood
material.
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Fig. 4 - Examples of vertical nailed planks floor with different cover layers depending on specific
requirements.

3. The Technique of Composite Structure

The timber-concrete composite structure is a system where the shuttering is directly included into
the bearing part of the system. In this configuration, timber elements are covered by concrete, so
that each component will efficiently work: timber in tension and concrete in compression.

In order to use the composite structure with high performances, it is important that concrete and
timber are linked together with a connection as rigid as possible. In this case, the link between the
two components is done with a system of grooves in the wood and post-tensioned dowels (figure
5).

The tests have shown that the link between the two materials does not depend on the rigidity of the
link, but only on the position and the repartition of the grows. With this consideration, the efficacy
of the liaison can be taken from 85 to 90 % of the composite effect.

Calculations for designing simply supported beams (and unidirectional slabs) are based on a
simplified method taking into account the mechanical properties of both materials and the elastic
behavior of the composite structure. Hypotheses have been made about the load distribution
(uniformly distributed live load) and the real behavior of the groove-dowel detail.

The behavior of the groove-dowel detail is based on the push-rod model used in reinforced
concrete beams. The shear forces are transmitted from the concrete to the wood
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Fig. 5 - Detail: groove and post-tensioned Figure 6 - Forces acting on the wood inside a
HILTI-dowels groove in a timber-concrete composite
Structure.

by compression on the surface of the grooves. Dowels work in traction to take the vertical part of
the inclined compression force on the grooves (figure 6).

Moreover, dowels are post-tensioned after the concrete curing period. The advantage of this post-
tensioning is that the gap - caused by the concrete shrinkage - is drastically reduced.

One can introduce some rebars inside the grooves, perpendicularly to the planks direction. This
solution will improve the transverse distribution of the load on the slab. Apart from this optional
reinforcement, a low diameter reinforcement mesh is advised in concrete to reduce and redistribute
curing cracks over the surface of the concrete.

Because of the parallel system created by the nailed planks (see figures 1 and 2), low quality
timber can be used with reevaluated properties. As a matter of fact, one single low quality plank
has a social behavior once it is connected with other planks and it is no more necessary to design
such elements with the quality of the lowest plank. Hence, designing becomes also more efficient
and less expensive in materials.

Figure 7 shows the groove and dowel distribution for a simply supported beam. They are
concentrated near the supports, under assumption of a distributed load, in order to take internal
shear forces with efficiency. Several constructions have already been erected using this new
connection detail. Vertical nailed planks are often used for the tension part of the
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Fig. 7 - Groove positioning according to the Fig. 8 - Wood elements and dowels for a
shear force diagram. timber-concrete composite slab: School in
Triesenberg (FL).

composite structure in housing (figure 8), but we can also use round posts or glue laminated
elements for longer span or higher load solicitations, like for bridges or industrial buildings.

Today’s experience shows that this kind of system is still at a developing stage, but it is enough
advanced to be applied in different ways. Composite timber-concrete systems show a great
flexibility in their application. This technique has both the usual advantage of timber structure and
the advantage of concrete structure. Figure 9 shows the behavior of three different floors submitted
to the same live load, with regards to the dead load and the acoustical insulation.
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Fig. 9 - Behavior comparison of different floors.
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4. Conclusion

Wood planks are usually considered as by-products from the sawmill factories. Their uses are not
regarded with interest by engineers who would rather work with more industrialized wood based
products. This paper shows an interesting alternative to use a sawmill product directly as a
building material. It is worth noticing that this technique can be transfered to small and middle-size
industries without too much financial investment.

Vertical nail planks have been already used as massive construction elements for different parts of
several buildings, including multi-story buildings; walls, roofs and floors, with or without a
composite action with concrete. All the advantages of massive timber constructions are conserved
such as fire resistance. Moreover, concrete with its self-weight improves thermal inertia ,
acoustical insulation and gives a greater stiffness to the system. It also protects wooden parts from
water damages caused by either plumbing problems or fire extinguishing.

The timber-concrete composite structure shown in this paper is drastically improving the stiffness
of floors and is in accordance with the latest requirements for modern conveniences housing. As
proposed in this paper, this system can be used in a broad variety of constructions, including
bridges and factory buildings with the same philosophy of using timber materials at its best, with
other complementary structural components.
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Summary

When using carbon fibre reinforced laminates for concrete strengthening, the anchoring stresses
in the end zones cause special problems. A special shear test specimen is used to study the shear
stress distribution and the fracture behaviour in displacement controlled tensile tests. The
fracture energy and the bond strength are calculated using fracture mechanics. This paper
presents the results of these experiments, and compares the bond strengths predicted by non-
linear fracture mechanics and by the actually applied phenomenological design methods.

1. Carbon Fibre Reinforced Plastic (CFRP)

The evolution in the technology of new materials makes it possible to replace the classical steel
plates for concrete strengthening by new high-grade materials. This has led to the idea of
replacing the steel plates by fibre reinforced composite sheets made of unidirectional, continuous
fibres such as glass, carbon and polymers, bonded together with a matrix such as epoxy resin
[1,2]. Carbon fibre reinforced epoxy laminates are the most appropriate for strengthening
concrete beams. In the early stage these laminates had to be autoclaved, which was difficult to
execute in practice. Since the availability of so-called prepreg laminates, these difficulties have
disappeared. Prepreg epoxy laminates are preimpregnated with an epoxy resin, which holds the
fibres together. The prepreg sheets are very flexible and can be cut easily by means of scissors.
At application, the prepreg sheets are impregnated again with the right mixing ratio of epoxy
resin components and the chemical reaction is started. When the first layer has hardened
enough, the second layer can be applied in the same manner. Several layers, up to 10, can be
applied. These prepreg sheets are first developed and produced in Japan. Recently, new UD
laminates, which are not preimpregnated, are available. In Belgium the first application of
CFRP-laminates took place at the beginning of 1996 [3,4].
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2. CFRP laminates versus steel plates

The CFRP laminates have a lot of advantages to classical steel plates. The mechanical

properties are superior (table 1).

Properties CFRP HS CFRP HM Steel
Characteristic tensile strength (N/mm?) 2500 2000 360
Young’s Modulus (N/mm?) 240000 650000 210000
Fibre Cross-section (cm?m) 1.67 0.95 -
Fibre Areal weight (g/m?) 300 200 —-
Width of sheet (cm) 25/33 25/33 -
Length of sheet (m) 100 25 6

Table 1 Typical properties of CFRP-sheets and steel plates

The tensile strength of the prepreg sheets is 5 to 10 times higher than that of steel, whereas the
modulus of elasticity is comparable to the modulus of steel. Some carbon fibre laminates reach
a modulus of elasticity up to 650000 MPa. These good mechanical characteristics allow a
smaller cross-section of external reinforcement. Prepreg and UD sheets are also easier to
process. Since the CFRP laminates are much lighter - the density is about 3 times lower than the
density of steel - the sheets can be placed with less manpower. The CFRP sheets are available
on roll, which means that they are available in any length, whereas the steel plates are limited in
practice to 6 metre.

Carbon fibres are very corrosion resistant. An expensive surface treatment, like for steel, is not
necessary. The CFRP laminates are extremely useful in very corrosive environments, such as
marine and chemical aggressive atmospheres. There are some disadvantages too. Firstitisa
brittle material. The carbon fibre behaves linear elastic till rupture, without a plastic phase. The
rupture occurs without preceding plastic deformation. The anchorage can give problems too.
Due to the high stresses, the CFRP-laminates will peel off easily. The carbon fibres are all
oriented longitudinally and the good mechanical properties are only valid in that direction.
Without special precautions it is for example impossible to drill a hole, needed for the placement
of a dowel. The fibres would be cut and would no longer be able to transfer forces.

And finally the price of CFRP-laminates is rather high. The material is much more expensive
than steel but the processing cost is much lower. To calculate the total project cost using CFRP
laminates all the above elements have to be taken into account.

3. Anchorage of CFRP-laminates

Because of the higher stresses in the CFRP-laminates, the stresses and stress concentrations in
the anchorage zone will increase too. Without any precaution the CFRP-laminate might peel
off. Extrapolation of the experimental results on the anchorage of steel plates is not allowed.
Research concerning the anchoring phenomena has been started at the Reyntjens Laboratory.
This investigation deals with the stress distribution and force transfer at the ends of the laminates
using non-linear fracture mechanics. The aim is to obtain design rules, based on theoretical and
experimental results, to make a safe and economical design possible.

Preliminary shear experiments have been done at the Reyntjens Laboratory [5]. Two concrete
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Fig. 1 Test specimen

prisms (150 mm x 150 mm x 300 mm) are connected by gluing 3 layers of CFRP laminates at
two opposite sides (figure 1). On the other sides steel plates are glued to apply the tensile force.
The test specimen is loaded in a displacement controlled tension machine. Two cardan
transmissions assure that the tensile forces act centrically.
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Fig. 2 Shear stresses of specimen A6 (100mm x 200mm)

The load, the deformation of the gap between the two prisms and the strains of the CFRP
laminates are recorded during testing. The deformations of the gap are registered with two
LVDT-transducers placed at two opposite edges. The strains are measured with strain gauges
glued on the CFRP-sheets.

Two series of test specimens, A and B, were manufactured. The compressive strength were
respectively 47.9 N/mm? and 46.0 N/mm’.

The results show that at the end of the CFRP-sheet a shear stress peak occurs at low forces.
When a maximum shear stress is reached the concrete starts to crack. At increasing load, the
shear stress peak occur further away from the end zone and the maximum shear stress attains
higher values (figure 2). This behaviour seems to be the same as for externally bonded steel
plates. The fracture load was compared with the fracture load calculated with the method of
Van Gemert [6,7], and with the theory proposed by Tiljsten [8] (table 2).
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Test Bond | Measured Theoretical Difference
Specimen | Length | fracture load fracture load
Taljsten | Van Gemert | Tiljsten | Van Gemert

(mm) P(kN) P (kN) P (kN) () (%)
Al 175 38.7 377 18.9 2.6 512
A2 150 36.2 313 16.2 13.5 552
A3 225 41.2 36.2 243 12.1 41.0
A4 200 321 30.9 213 3.7 33.6
A5 200 48.5 43.9 27.0 9.5 443
B1 200 55.1 441 - 300 20.0 456
B2 250 50.8 43.7 375 14.0 26.2
B3 250 46.1 35.6 30.0 228 34.9
B4 250 340 27.6 283 18.8 16.8
BS 200 42 4 39.0 24.0 8.0 434

Table 2 Test results

The theory used by Taljsten is based on a non-linear fracture energy concept. Steel plates to
concrete connections were tested in pure shear, i.e. mode II failure. Both symmetrical and non-
symmetrical overlap-joints were considered. When a brittle adhesive (G> 1.0 Gpa), such as
most epoxy adhesives, is used, the NLFM theory leads to the following expression:

P _ bJZECFRP errp Gf
max 1+a
E t
o = CARP "CFRP
concrets tcnm:nu
with E modulus of elasticity (N/mm?)
t thickness (mm)
G fracture energy (Nmm/mm?)
b width of CFRP laminate (mm)

The difficulties of this method are the exact definition of “the fracture energy” and how to
calculate this fracture energy from the measured values of the load, deformation and shear
stresses. This method can not be used as a design rule. For that purpose a relation between the
concrete properties, which can be easily determined, and the fracture energy is needed.
Research should be done in that area, especially concerning the fracture energy in glued
connections between concrete and other materials, like steel or CFRP-sheets.

The method of Van Gemert is a design rule. The only parameter needed is the tensile strength at
the concrete surface, which can easily be measured by means of the pull-off test.
The fracture load found in this way gives the load at cracking of the concrete in the initial force
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transfer zone. It does not take into account the reserve available after first cracking. This
explains the differences with the experiments. A triangular shear stress distribution is assumed
on the basis of a large number of experiments (figure 3). With this assumption an anchorage
length is calculated. A large safety factor is used to apply this method for design cases.
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Fig. 3 Shear stress distribution (Van Gemert)
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fous pull-off strength of concrete surface (N/mm?)

The bonded {ength of the CFRP-sheets on the test prisms were varied too. The fracture load
increases when the bonded length increases (figure 4).
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Fig. 4 Influence of bonded length to fracture load (width 80 mm)

However the influence of the bonded length will decrease at larger lengths. Before cracking, the
shear stresses reach a maximum value at the end of the CFRP-sheet (figure 5). When the shear
stress exceeds the pull-off strength of the concrete surface, the concrete starts to crack [6].

At higher loads, the maximum shear stress shifts to the right (figure 5) and attains higher values.
When the direct tensile strength, which is larger than the pull-off strength, is reached, the crack
will extend and the sheet will peel off in a brittle way.
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Fig. 5 Shear stress distribution before and after cracking

Once the tensile force from the CFRP-sheet is transfered into the concrete, there are nearly no
shear stresses between the remaining sheet and the concrete. This means that when the bonded
length exceeds a critical length, the fracture load remains constant. The determination of this
critical length can be done experimentally.

In figure 4, the fracture load has not yet attained a constant value, which means that the critical
bonded length is at least larger than 275 mm.

4. Conclusions

The use of carbon fibre reinforced materials offers great opportunities in concrete strengthening.
A lot of research has to be done to really understand the behaviour in the concrete-CFRP
connection. The end zones are the most critical points. Because of the higher stresses in the
CFRP laminates, the risk of peeling off increases. Experiments show that the behaviour of
externally bonded CFRP-laminates is similar to externally bonded steel plates. A non linear
fracture mechanics based design is possible, if the fracture energy G; of the bonded connection is
known. Actually Gy must be determined experimentally, but further research should ailow to
calculate G; from the characteristics of the connection and its constituents.
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