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Abstract. Anchorage devices play an important role in post-tensioned bridge structures since they must
sustain heavy loads in order to permit the transfer of the prestressing force to the structure. In external
prestressing, the situation is even more critica since the anchorage mechanisms, with the deviators, are
the only links between the structure and the tendons throughout the service life of the structure. The
behaviour of anchorage devise may be studied by using the finite dement method. To do so, each
component of the anchorage must be adequately represented in order to approximate the anchor
mechanism as accurately as possible. In particular, the modelling of the jaw/tendon device may be carried
out using the real geometry of these two components with an appropriate constitutive contact law or by
replacing these components by a single equivalent. This paper presents the numerical study of a mono-
strand anchorage device. The results of a comparison between two different representations of the jaw/
tendon device, ether as two distinct components or as a single equivalent, will be examined. In the
double-component setup, the influence of the wedge configuration composing the jaw, and the influence
of lubrication of the anchor, will be assessed.

Key words: anchorage device, contact; finite element; jaw/tendon device; lubrication; yielding; stress
and strain distribution; wedge penetration.

1. Introduction

Post-tensioning is a commonly used technique in the construction industry either for new
structures or to reinforce existing ones. In bridge design, post-tensioning regained popularity during
the 80's with the introduction of new high performance concrete and the evolution of the post-
tensioning technique itself (materia, methodology,...). This technique requires the tensioning of
prestressing tendons which are anchored to the concrete section using metallic anchorage devices.
Different types of the device of specific shapes and mechanical characteristics may be found in the
market. These are developed mainly by private companies involved in the prestressing industry and
are offered in a variety of capacities, according to the size and number of tendons to be anchored.
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In this paper, the numerical behavior of a mono-strand anchorage device will be examined. In
particular, the influence of the anchor gripping action will be assessed.

The design and development of anchorage mechanisms is generaly carried out by companies
speciaized in the prestressing field using laboratory tests, and more recently, finite element analysis
(Bastien et al. 2002). To date, very few papers have been published involving the numerical analysis
of anchoring mechanisms. In this regard, Marceau (2001) and Bastien et al. (2002) represent one of
the few papers dealing with the numerical behavior of multi-strand anchorage mechanisms.

The finite element method figures as a complementary step only to laboratory tests because these
tests, while well adapted to inform about the global behaviour of the mechanism, cannot assess the
state of stress/strain developed in the core of mechanism parts. It should be made clear here that a
typica anchorage consists of a thick metallic cylindrical plate caled the anchor head, which is
perforated by one or more conical cavities in which a tendon is gripped by a jaw. This jaw is made
according to the requirements of the specific post-tensioning system used, by two or three wedges
called herein split-wedges. The anchor head is set on the concrete section by means of another plate
called “anchor plate”, the latter being bolted to the concrete.

In order to ensure adequate behaviour representation, the interaction between the components of
the mechanism, as well as their non-linear behaviour, must be take into account for in a finite
element model. Therefore, a proper model should take into consideration the modelisation of :
solids using an elasto-plastic law and a large strain approach, contact between the anchor head and
anchor plate interface, contact between each jaw and the corresponding anchor head conical cavity
and contact between the jaw and the gripped tendon.

Marceau et al. (2002) and Marceau et al. (2001b) describe the numerical model that will be used
from now in the text, as well as the description of the different anchor components and the
associated contact interfaces. More over, the authors introduce a new constitutive contact law called
the gripping/contact law based on a phenomenological approach to simulate the jaw gripping action
on a tendon. ldentification of the law parameters was done using the finite eement method in
combination with a neural network approach and results of experimenta tests conducted on five
mono-strand anchorage devices. This gripping/contact law will be used in this paper to study the
behaviour of a mono-strand anchor head in relation with the uniformity of the gripping action. Figs. 1
to 3 give geometric details of a jaw made of three metallic pieces assembled together (split-wedges)
a the top using a metallic ring. The finite element analysis which have been conducted to date were
dl implicitly based on the fact that the spilt-wedges were uniformly distributed around the tendon

Fig. 1 Mono-strand anchorage
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Fig. 2 Geometrical description of the anchorage device

and installed as such during congtruction, as shown in Fig. 4 for case 1. However, due to
construction practice, this condition represents an ideal situation, and wedge regrouping, such as
described in cases 2 and 3 of Fig. 4 are possible; case 3 being considered as the extreme situation.

Therefore, the aim of this paper is to describe the influence of different split-wedges and will
include configurations of mono-strand anchor head behaviour. Three different cases are examined
and numerica information regarding the von Mises equivalent stress distribution in the anchor head,
as well as at the surface periphery of the anchor head are presented. The penetration of the split-
wedges along the anchor head conical cavity is aso presented under service loading. In order to
assess another extreme case in connection with the penetration of the jaw aong the anchor cavity,
the practice of lubrication will be examined. Finally, the paper will provide additional information
related to the way the jaw-tendon assembly is represented in the numerical model.

The jaw and tendon may be represented as two different components or by a single equivalent
system. In the latter representation, the jaw/tendon gripping action is considered to be such that the
two components (jaw and tendon) are assumed to act as a unit. Therefore, the jaw/tendon assembly
is replaced by a single truncated conical component. This component has the same globa
dimensions as the jaw/tendon assembly, and is meshed as such. Since, in practice, the wedges are
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Fig. 3 Details of the wedge gripping devices

thick pieces submitted to a surface hardening process, and since a tendon exhibits linear eastic
behaviour under service loads, the cone associated to the device is considered to be linear elastic.
For this jaw-tendon representation, the load is applied at the top of the truncated cone by imposing
a uniform pressure on the equivalent jaw/tendon system. In the case where the jaw and tendon are
considered as two different components, loading is applied by pulling the bottom end of the tendon.

2. Numerical model

The complexity of the mechanical behaviour of an anchorage device provides a broad range of
investigative possibilities. During the process of submitting the anchorage device to heavy
prestressing loads, a number of phenomena may be observed including : wedge-tendon gripping
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Fig. 4 Details of the split-wedge configurations

action; friction at the wedge/cavity interfaces; friction at anchor block/anchor plate interface; plastic
strains, and large relative displacements at certain interfaces. An adequate finite element model
should be able to take into account al these mechanical phenomena.

This study, takes in to account three types of nonlinearity : large strain (large displacement),
plasticity, and contact between certain interfaces. In the latter, large relative displacement between
interfaces has been considered using a dave-master concept (Marceau 2001, Laursen and Simo
1993). The penalty/augmented Lagrangian method has been used for the evaluation of the stresses at
the various interfaces. This approach yields accurate results and makes non-compatible meshes
possible between different components of the anchorage device. All mathematical and numerical
techniques used for this model can be found in Marceau (2001). The mode has been tested and
validated using information from the literature.

It should be noted in, that for the wedge-tendon contact interface (see Fig. 3), a new contact law
taking into account all the experimental observations is necessary (Marceau et al. 2002). Firstly, the
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Fig. 5 Normal stress law for the wedge-tendon interface

interface behaviour is considered orthotropic in the RTL directions. The normal contact stresses are
assumed to act in the radid direction (R), while the longitudinal direction (L) is considered paralle
to the tendon profile. While a Coulomb friction law is considered in the tangential direction (T), no
relaive displacement is assumed between the tendon and wedges in the longitudinal direction (L).
Indeed, in this direction, and contrary to the wedge-aveolus interface, the relative displacement is
considered very small, allowing for the present simplification. In the radial direction, hyperbolic law
is proposed and defined as (see Fig. 5):

ty = L &

g
where 1 represents the gtiffness in the radia direction and g, the actual radia distance between the
wedge and the tendon, such that:

9=00—0u (2
Oy = -0 U (XL —UP(Wo(€), ] 3)

where g, defines the fictitious gap between the wedge and the tendon. The terms gl and 92
represent the displacement field of the slave and master contact surfaces respectively.

The parameter g, can be associated with the depth of the notches. As seen in Fig. 5, for a given
value, when g = ¢, the radia stress is zero. At this point, the notches begin to penetrate into the
tendon and the stiffness increases progressively. When g, — o, the latter being the maximum
alowed penetration, the radial stress increases rapidly. This radia stress will increase more or less
rapidly depending on the value of 1. Thus n and g can be considered as unknown parameters that
need to be identified.
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From a mathematical point of view, the admissible conditions can be defined by:

g=0

9=0o
tr>0 @)

t(X4, Hg(X', 1) 20
For the radial direction and
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_'T_ tTT _ i

=L 1, ®)

for the longitudina and tangentia directions with i, & : and ET, defining the Coulomb friction
coefficient in the tangential direction and the wedge-tendon relative velocities in the corresponding
directions. In the same manner, fr, and fr, represent the stress rate adong the longitudina and
tangential directions respectively. Regularization is obtained using the penalty numbers g and &;.

3. Finite element simulation

Taking into consideration the geometrical symmetry of the mono-strand anchorage device, only
one-sixth of it has been represented when the split-wedges where considered uniformly distributed
around the tendon, as in case 1 (see Fig. 4(a)). When two or more split-wedges are grouped around
the tendon, as for cases 2 and 3, one-half of the anchorage device has been modelled (Fig. 4(b) and
Fig. 4(c)). The different meshes are presented in Fig. 6. For these meshes, symmetry conditions
have been applied in a standard way, while quadratic interpolation elements were used to discretize
the various anchorage components. These hexahedral and triangular prism elements were based on
the large strain deformation theory, and 3 x 3x 3 Gauss points and 3 x 3 Hammer-Gauss points
were the schemes used respectively for integration. For the contact interfaces, eight-noded
quadrilateral and six-noded triangular elements were used. Their integration schemes were based on
a 3x3 Gauss points and a three Hammer points respectively. The numerical resolution was
performed using the Newton-Raphson and arc-length methods. Contact interfaces were solved using
a penalty coefficient of 10° in both normal and tangential directions, using four Lagrangian
augmentations.

Since each split-wedge occupies a conical portion of 112° inside the anchor cavity, in the idea
case of their proper distribution inside this cavity, each split-wedge will be separated from the two
others at an angle of 8°. This angle corresponds to an arc length of about 2.4 mm at the top portion
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of the anchor cavity perimeter. Fig. 6(a) shows one-sixth of the discretized anchorage device, which

corresponding to an angle of

4°, is apparent in Fig. 6(a). Along the two symmetric axes shown, usua symmetric conditions were
applied leaving one side of the wedge portion represented in Fig. 6(a) free from any boundary
conditions. It is aso obvious in this figure that the jaw/tendon system exceeds the top of the anchor

incorporates one-half wedge (sector of 56°). Therefore, a free space

head by 5.0 mm before loading, as observed in laboratory during testing. The anchor head was
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considered to set on a rigid support in order to represent the experimental setup. The finite element
mesh associated with Fig. 6(a) is made up 3,828 dements, 4,057 nodes, and 12,171 degrees of
freedom.

As shown in Fig. 4(b), case 2 deals with the situation where two of the three wedges grouped side
by side, leaving two free portions of about 3.6 mm in arc length. For case 3, the three wedges are
side by side, leaving only one 7.2 mm arc length opening (see Fig. 4(c)). In these two situations,
one-half of the anchorage device (sector of 180°) has been discretized. As shown in Figs. 6(b) and
6(c), these meshes incorporate one entire wedge (sector of 112°) plus one-haf wedge (sector of
56°). In these two Situations, some additional contact interfaces arise from the wedge regrouping.
Indeed, one and two additional contact interfaces must be taken into account at the joining wedges
for cases 2 and 3 respectively. As can be seen in Fig. 6(c), a small gap till exists and appears a
one of two additional interfaces. This situation results from the complex geometry of the wedges, as
shown aready in Fig. 3. In cases 2 and 3, 11,890 elements and 11,447 nodes congtitute the meshing
leading to atotal of 34,341 degrees of freedom for case 2 and 34,206 degrees of freedom for case 3.

Tables 1 and 2 show the anchor components and tendon mechanical characteristics used in the
numerical analysis. The anchor head exhibits an easto-plastic behaviour while the split-wedges are
considered eastic, due to the high hardness of their surface corresponding to a hest treatment
process (Bastien 1992).

Consideration of contact is based on the work of Marceau (2001). The Coulomb frictional
coefficient between the anchor head and anchor plate (u,,) were set to 0.3 while the one between
the jaw and anchor cavity (u,,) was fixed to 0.09. As far as the gripping/contact law is concerned,
the following parameters were used: the stiffness parameter was set to 11 = 3,000 MPa, the Coulomb
frictional coefficient in the tangential direction to u,, = 0.3 and the maximum gripping depth to g, =
1.5 mm as described in Marceau et al. (2002).

Table 1 Mechanical properties of the anchorage device

Component Yield limit Ultimate stress Strain at failure
omponen (MPa) (MPa) %)

Anchor head 400 750 16

Anchor plate 260 400 22
Wedge 400 Elastic behaviour

Young modulus: 2,0 - 10° MPa, Poisson ratio: 0,30

Table 2 Characteristics of the tendon

Effective area (mm?) 139
Nominal stress at failure (MPa) 1770
Nominal force at failure (kN) 246
Admissible stress (MPa) (0,8 - 1770) 1416
Admissible stress (kN) 197

Young modulus: 2,0 -10° MPa, Poisson ratio: 0,30
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4. Results and discussion

As prescribed by many design codes (Bastien et al. 2002), the admissible service load corresponds
to 80 percent of the ultimate strength of the tendon (0.80F,). This load level represents the
maximum prestressing force allowed during jacking procedure. Considering the characteristics of
the tendon described in Table 2, dl finite element results are presented for a maximum load of 196
kN, corresponding to 0.80F,. The first part of this section deals with the influence of the jaw/tendon
device on the behaviour of the anchorage mechanism. Secondly, some results are presented with
regard to the influence of the split-wedges configuration (cases 1 to 3) and finaly, the numerica
moded is used to simulate the effect of lubrication of the jaw/cavity interface.

4.1 Jaw/tendon device versus truncated cone

Fig. 7 shows the influence of the red jaw/tendon device on the behaviour of the anchorage
mechanism, comparatively to a monolithic truncated cone for the numerical simulation of anchorage
mechanisms, as performed by Marceau et al. (2001a). In the former, three dimensional anaysis
were performed using the mesh shown in Fig. 6(a). For the latter, the particular symmetry condition
implies the possibility to solve the problem using axisymmetrical formulation. To provide a valid
comparison, both models were studied using the same Coulomb frictiona coefficient (0.09) between
the jaw and the cavity. Firstly, Fig. 7(a) shows that the penetration of the jaw/tendon device is larger
than that occurring with the truncated cone (3.3 mm versus 0.4 mm at (0.80F,). The small
penetration of the cone is due to its large stiffness in the radial and circumferentia directions. In
this sense, it is clear that the truncated cone allows lower values of stress and strain that those
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—&— Split wedges r : : § —&— Split wedges
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(a) Penetration of the gripping device into the cavity (b) Yielding of the anchorage

Fig. 7 Influence of the split-wedges on the behaviour of the anchorage device
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obtained with the jaw/tendon device. For the jaw/tendon device, the gripping/contact constitutive
law, as well as the gap between wedges, allow progressive penetration of the triangular notches in
the tendon. It should be noted that similar values for the penetration of the jaw/tendon device in the
cavity were obtained from experimental tests (Marceau et al. 2002). This penetration of the jaw/
tendon device causes an increase of the yielded volume of the anchorage head, as shown in Fig. 7(b),
comparatively to the truncated cone. Considering these facts, it can be hazardous to draw practica
conclusions from the numerical smulations or tests using truncated cones.

4.2 Misalignment of the wedges in the cavity
In this sub-section, numerical simulations were performed to study the influence of splitwedge

misalignment on the mechanical behaviour of the anchorage mechanism. The three most critica
split-wedge configurations are described in Fig. 4, and defined as cases 1 to 3 respectively. As
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described in Fig. 2, the total height of the anchor block is 55 mm. Figs. 8 to 10 show the strain
distribution on the peripheral face of the anchorage head at three different levels: 15, 30, and 45
mm from base. Referring to Fig. 4 for the definition of the angle (0), these last figures show that
there is a large difference between strains obtained with the split-wedge and the truncated cone,
which is a constant value. In particular, it is shown that strains increase for angles corresponding to
the middle of a wedge and, therefore, to the location between the wedge and the anchor block
where pressure value is maximum. In this manner, the strain values are higher at the top of the
anchor block and decrease to the bottom. Also, Fig. 10 shows that radial strain distribution causes
the anchor block to deform according to an éliptic shape. This situation has the effect of reducing
the total contact area between the tendon/wedge device and the cavity and, therefore, the efficiency
of the anchor block.

On the other hand, the Fig. 11 shows the von Mises stress distribution aong the same paths. It
can be concluded that the misalignment of the split-wedge does not affect the results significantly.
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However, the use of the rea jaw/tendon provides the possibility to identify yielded regions for
which the truncated cone has never reached the yield stress. Also, Fig. 11 shows that von Mises
stress increases from the region located between two wedges (6 = 0°, 100°) to a maximum vaue
located near to the middle of a wedge (6 = 60° 180°). Along the height of the anchor block,
yielding appears from the top (45 mm) and spreads over the second level (30 mm), but not over the
level corresponding to 15 mm. Compared to the results obtained with the jaw/tendon device, it can
be concluded that those of the truncated cone are largely underestimated.

Finally, Fig. 12 shows that the misalignment of the split-wedge has no significant effect on the
penetration of the jaw/tendon device in the cavity or on the yielded volume. However, this is not the
case if these results are compared with those obtained with the truncated cone (see Fig. 7) for which
the difference is very significant.
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4.3 Lubrication of the jaw/cavity interface

The lubrication of the jaw/cavity interface can be studied by reducing the Coulomb frictiona
coefficient at this interface. To do so, the value is modified from 0.09 to 0.02, which can be
compared to a lubrication using graphite paste. Using the idea split-wedge configuration (see Fig. 4),
Fig. 13 shows that lubrication has a significant effect on the penetration of the jaw/tendon device
and the yielded volume. Particularly, Fig. 13(b) shows that the whole volume of the anchor bloc is
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yielded for the lubricated case. In the same way, Fig. 14(b) indicates that the equivalent plastic
strain increases by about 130 percent for the lubricated case, compared with the case without
lubrication, which is in agreement with the excessive penetration of the wedges as shown in Fig. 13(a).

5. Conclusions

In this paper, a comparative finite element study was presented to verify the influence of the jaw/
tendon device on the mechanical behaviour of an anchorage mechanism. To do so, simulations were
performed using a truncated cone, which can be seen as an idedlization of the real jaw/tendon
device, and finaly, with the real jaw/tendon device itsaf. The latter was modelled using particular
contact congtitutive law at the jaw/tendon interface to adequately simulate the penetration of the
triangular notched into the tendon. The results show that such modelling provides a better way to
represent the real behaviour of the anchorage mechanism which has been confirmed by experimental
tests. In particular, the use of the jaw/tendon device has a significant effect on the yidding of the
anchor block, due to the excessive penetration of the jaw/tendon device into the alveolus. This
situation is mainly due to the gap between each wedge composing the jaw, providing the possibility
for each of them to be easily deformed along hoop and radial directions.

Also, simulations were carried out to verify the effect of misalignment of the split wedges
composing the jaw. The considered cases show that misalignment has no significant effect on the
penetration of the jaw/tendon device and yidding of the anchor block. However, the results
presenting strains and von Mises stress distributions demonstrate that the higher values are located
in the regions where contact pressures are maximum, such as in the middle of a wedge.

Finally, some results are presented regarding the effect of lubrication of the jaw/alveolus interface.
This procedure, which is very widespread in practice, is very faithful and is not recommended due
to the effect of the excessive penetration of the jaw/tendon device in the anchor block, and of
course, the high yielding level reached in the anchor block.
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