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Abstract. This paper looks into how the shape of headed bars may influence the durability of reinforced concrete structures.
Nowadays the only heads used in site works are cylindrical in shape. An alternative shape of head is studied in this piece of
work. The new head reduces the concentration of stresses and so the appearance of cracks. In this work durability is studied
based on both, first cracking and failure mode. An experimental campaign of 12 specimens and finite element modelling are
described. The specimens were subjected to an accelerated corrosion process using an electrical current supply. Direct current
was impressed on the specimens until breaking. Test results and the results obtained from numerical models are presented.
Results are presented in term of comparison between the two shapes of heads studied. It was shown that the shape of the head
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has a significant influence on durability of reinforced concrete structures with headed reinforcing bars.
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1. Introduction

Headed bars in reinforced concrete structures are used in
heavily reinforced zones in order to reduce the development
length of reinforcing bars, which result in a decongestion of
the anchorage zone. Moreover, headed reinforcement
presents lower slip, improves confinement in the nodes and
enhances the response to cyclic loadings. The anchorage in
a headed bar partly involves bearing the head against
concrete, leading to an important reduction of the
development length of the rebar.

Although the ACI 318 (2019) addresses the use of
headed reinforcement, there is no provision in the Eurocode
2 (EC2) (European Committee for Standardization 2013)
regarding the use of bars with heads. However, EC2 (§8.8)
(European Committee for Standardization, 2013) suggests
that large diameter bars ‘“should be anchored with
mechanical devices”.

EC2:4-2 (CEN/TS 1992-4-2:2009, 2009) allows the use
of cast-in headed bars to anchor the concrete by means of
tension, shear or a combination of both as long as they have
an ETA (European Technical Approval) or certification to
demonstrate its usefulness for the intended use and assuring
that the anchor has been rigorously tested. A study of the
failure modes of the anchorage of headed bars under tension
according to both (ACI-318, 2019) and EC2:4-2 (2009) can
be found in Gil-Martin and Hernandez-Montes (2019). The
optimum embedment depth for headed anchors was recently
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Fig. 1Development length of a deformed bar in function of
its diameter for f."=30 MPa and f,=400 MPa. Adapted from
(Gil-Martin and Hernandez-Montes 2019)

investigated by Delhomme et al. (2016) based on tension
tests of anchor rods.

The ACI-318 (2019) code allows the use of heads to
anchor deformed bars in tension if several conditions are
fulfilled regarding bottom and side concrete covers, spacing
between bars, yield strength (f,<420 MPa), bar size (¢par<36
mm) and concrete compressive cylinder strength (f’c<40
MPa). The ACI-318 (2019) (825.4.4) establishes a
minimum area for the net bearing area of the head, Aupy,
which must be at least four times the area of the bar, Ay.
Fig. 1 shows the development length of a deformed bar
according to (ACI Commitee 318, 2019) as a function of its
diameter for f."=30 MPa and f,=400 MPa.

From Fig. 1 it is evident that the development length can
be significantly reduced if headed bars are used.
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Fig. 2 Headed bars. (a) adapted from www.hrc-usa.com (b)
adapted from www.erico.com (Lenton® brand product)

The heads can be welded, fattened (Fig. 2(a)) or
threaded (Fig. 2(b)), the latter option being the most
advantageous from the standpoint of handling, since the
bars can be transported and tied without the heads (to be put
in place at the end of the process).

Anchorage of the reinforcement using heads has been
widely investigated (Hawkins 1968, Furche and
Eligehausen 1992, Bashandy 1996, DeVries 1996,
Thompson et al. 2002). The efficiency of this type of
anchoring has been studied both experimentally and
through numerical methods, mainly analysing the behaviour
of the bar subjected to extraction-pull-out type tests.
However, as far as the authors know, until now no study has
explored how the shape of the head affects the durability of
the RC member.

Traditionally, the head was cylindrical in shape (see Fig.
2), implying the existence of a flat contact surface with
concrete and corners where concentration of stresses exists.
Such stress concentrations could produce cracks, thereby
accelerating the deterioration of the concrete cover (Fig. 3).

Durability is a great challenge in the scientific world of
concrete structures (Mehta and Burrows 2001), and
important technological advances have been made in this
direction.

In the case of concrete structures, durability is not a
matter of the concrete itself, whose deterioration is
uncommon. To the contrary, problems related to the
durability of a concrete structure are most likely caused by
corrosion of the steel reinforcing bars (Coccia et al. 2016),
which according to Fang et al. (2004) leads to: cracking in
the cover concrete, reduction of the cross-sectional area of
reinforcing bars, and loss of bond between concrete and
reinforcements. The latter is the most critical factor
according to Auyeung (2001).

It is well known that the corrosion of the rebars is one
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Fig. 3 Potential drawback of cylindrical heads

of the most relevant factors affecting degradation, causing
problems and loss of bearing capacity in RC structures
(Imperatore et al. 2012, Malerba et al. 2017). The effects of
the corrosion not only reduces the diameter of the rebar, but
can also affect the material constitutive relationship
(Ouglova et al. 2006).

Corrosion products provoke an increase in volume of
the rebar, which is equivalent to apply an outward pressure
on the surrounding concrete. This pressure leads to cause
the cover cracking. Once cracks appear, the process of
corrosion is accelerated due to the greater level of exposure
of the reinforcement to aggressive agents.

Because chemical adhesion is almost lost in corroded
reinforcement, in corroded deformed rebars bond is mainly
due to mechanical friction between ribs and concrete
(Imperatore et al. 2012). In the case of the headed bars,
whose anchorage relies mainly on bearing of the head -
instead of the development length, the loss of bond strength
due to corrosion may not play such a critical role in the
durability of the RC member.

In practice, heads are cylindrical (see Fig. 2). As stated
before, the shape of this head itself, with smooth surfaces
and corners, together with the rust layer generated during
the corrosion can cause cracking and spalling of the
concrete cover (Fig. 3). In this work a new shape of head is
studied: the hemispherical one. The new head has not outer
flat surface in contact with concrete, which can improve the
mechanical behaviour of the anchor due to both shrinkage
of the surrounding concrete and reduction of stress
concentration at the head edges.

The aim of this study was to assess the influence of the
shape of the head upon the durability of the structural
member. In this work durability is studied based on both,
first cracking and failure mode. Following (Mangat and
Elgarf 1999), an experimental study is carried out in which
bond deterioration is induced by an accelerated corrosion
process in the reinforcement using direct current.

In this work, two shapes of the head: cylindrical (the
traditional one) and hemispherical and two sizes of rebar
(12 and 25 mm diameters, respectively) have been studied.

A comparative study of the behaviour of two types of
studied heads is presented.

Specimens with the same rebar diameter were tested
simultaneously. Each series of six specimens underwent a
process of accelerated corrosion by direct current (DC) in a
saline environment. In each series, three specimens of each
type of head were tested (i.e., three specimens with
hemispherical heads and another three with cylindrical
ones).
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Fig. 4 Dimensions of the studied head bars (all dimensions are in mm)
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Fig. 5 Specimens

Table 1 Concrete mixture proportions

Mixture composition of concrete specimens (kg/m?)

Tostici Ratio of

Cement Sand Gravel Water Plasticizing - water/cement
admixture

300 968 978 180 0.9 0.60

The behaviour of the tested heads has also been
numerically simulated using 3D Finite Element (FE)
models. Jebara et al. (2016) carried out 3D numerical
analysis of single headed stud anchors and concluded that
numerical model agreed well with experimental results.

2. Description of the specimens

To study the influence of shape, both cylindrical and
hemispherical heads were threaded (3-4 threads) to rebars
of 12 and 25 mm diameter. The dimensions of the heads are
summarized in Fig. 4. Headed bars were placed in moulds
before the concrete cast, the concrete covers at both sides
and behind the head being twice the diameter of the rebar.
All specimens were properly compacted to exclude the
existence of cavities.

In order to protect the concrete-air interface, the rebars
were painted with epoxy resin, except the head and 45 mm
from the head. Both rebars and heads were made of
standardized products. In all cases, the corrugated bars were
made of steel with f,=400 MPa (UNE 36068:2011, 2011), a
common steel reinforcing bars used in reinforced concrete
construction. The heads are made of carbon steel 1.1191
(UNE-EN 10083-1:2008, 2008), which is a structural steel
for general use, weldable and widely used for pieces with a
resistance ranging between 650 and 800 MPa and whose
chemical composition in weight, according to the supplier,
is 0.45% C and 0.65% Mn.

Table 2 Denomination of specimens, bearing areas of the
rebar cross-section

1C-12 1S-12 1C-25 1S-25
Specimens 2C-12 2S-12 2C-25 2S-25
3C-12 3S-12 3C-25 3S-25
Abrg (mm?) 849 2060.9
Ap (mm?) 113 490.9

The concrete mixture proportions are reported in Table
1. The cement used was Portland CEM II/A-V 42,5 R and
the aggregates were dolomitic sand and gravel with a
maximum size of 16 mm. The slump cone of the fresh
concrete was 9 cm and the 28-day compressive strength of
the concrete was 34 MPa (measured on 150x300 mm
cylindrical specimens).

Fig. 5 displays the studied head bars, their placing in the
moulds and the final specimens.

All the specimens were covered with plastic and
removed from their moulds the day after concreting. They
were cured at room temperature in a room with 100%
relative humidity for 28 days after casting.

Then the specimens were kept under dry conditions for a
week, until starting the corrosion test to which specimens
were subjected. The specimens (headed bar embedded in a
cube of concrete) were subjected to an accelerated corrosion
process in order to induce cracking. The corrosion test was
kept until specimens were seriously damaged (from visual
inspection).

A total of 12 specimens were tested. The denomination
of each is a number followed by C (cylindrical) or S
(hemispherical) depending on the shape of the head, and the
diameter of the rebar. Table 2 shows the name of the
specimens and both the area of the rebar and the bearing
area of the head, A, and Aurg respectively. As can be seen,
the ratio Aprg/Ap is greater than 4 for all the specimens,
following the ACI-318 (2019) prescription for the use of
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Fig. 6 General view of the accelerated corrosion process of
C-25 and S-25 specimens
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Fig. 7 Impressed current evolution

headed bars in tension.

3. Accelerated corrosion tests

In order to accelerate steel corrosion different
techniques exist. A discussion of the most widely used
techniques to accelerate steel corrosion in laboratories can
be found in Malumbela et al. (2012).

In this work an impressed current technique was used.
This technique has been widely used in concrete durability
tests to obtain corrosion results within a reasonable period
of time (El-Maaddawy and Soudki 2003, Ibrahim et al.
2018, Zhang et al. 2019).

An electrochemical potential was induced between the
reinforcing steel embedded in concrete, which acted as the
anode, and a stainless steel plate under the concrete cube,
used as the cathode. Each test specimen was placed in a
container with 3% NaCl solution to a level of 2 cm to allow
for chloride penetration and to increase the electrical
conductivity between the anode and the cathode. The
current was impressed on the steel reinforcing bars by
means of two 24 V power supplies, one per group of rebars
with the same diameter. The test specimens were connected
in series in order to guarantee that the same impressed
current passed through by the six specimens of the group
(Fig. 6).

Both the intensity of the current and the potential
supplied by the source were monitored and daily recorded.
The current intensity varied during the test due to different
factors (temperature, chlorides penetration, initial cracking
process) as can be seen in Fig. 7.

The current flow was converted to metal loss by using
the Faraday's law (Eq. (1)).

M-It

Am = T (D

Weight loss (%)

""""""""""""""""""" c25

T T T d
0 1000 2000 3000 4000

Time of impress current (hours)

Fig. 8 Average steel weight evolution and first cracking

Table 3 Specimens weight loss (%) at time when the first
surface crack appeared

Specimen ~ Weight loss (%) Specimen ~ Weight loss (%)
1C-12 3.35 1C-25 1.70
2C-12 3.35 2C-25 1.45
3C-12 6.10" 3C-25 1.70
1S-12 4.05 1S-25 2.65
2S-12 4.05 28-25 3.12
3S-12 4.05 3S-25 3.50

* Discarded specimen due to excessive deviation in its group

with Am being the mass of steel consumed (in g), M=
atomic weight of metal (equal to 56 for Fe), I=current
intensity (in A), z=ionic charge (equal to 2), t=time (in s)
and F=Faraday’s constant (equal to 96.500 A-s).

Because the set up was identical for the six corrosion
specimens of each group (see Fig. 6), the amount of
current consumed for water hydrolysis has been considered
identical in all the specimens. That is, it is assumed that
the effect of water hydrolysis is the same for all the
specimens of identical dimensions regardless of the shape
of the head. Accordingly, it has been neglected in the
comparative study presented here.

The steel weight loss, defined as the quotient between
the metal loss given by Eq. (1) and the initial mass of the
embedded steel (i.e., the mass of the head plus the part of
the rebar inside the concrete cube), has been calculated for
each specimen.

Close, daily visual inspection of the state of the test
specimens was carried out to detect the appearance of
cracks. Table 3 summarizes the weight loss at the time
when the first surface cracks appeared. It can be seen that
the cracks appeared almost for the same weight loss in
identical specimens, despite the dispersion associated with
this type of measurements. Because measurements
corresponding to specimen 3C-12 significantly differ from
that of the other two samples of the same sort (i.e., 1C-12
and 2C-12), this specimen has not been considered.

The average weight loss evolution has been represented
as a function of time, t, in Fig. 8.

Results in Fig. 8 and Table 3 show that the weight loss
(in percentage of the initial mass of the embedded steel, i.e.,
head plus portion of rebar inside the concrete cube)
necessary to cause first cracking is higher in the case of
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Fig. 9 Rebars of 12 mm diameter. (a) main crack in hemispherical heads (specimen 3S-12); (b) main crack in cylindrical
heads (specimen 2C-12); (c) corroded bars with hemispherical heads; (d) corroded bars with cylindrical heads; (e) break
of the concrete cube surrounding the heads (specimens 1S-12, 1C-12 and 3S-12); (f) observed mode of failure
associated with cylindrical heads (specimen 4C-12); (g) observed mode of failure associated with hemispherical heads

(specimen 3S-12)

Fig. 10 Rebars of 25 mm diameter. (a) corroded bars with hemispherical heads; (b) corroded bars with cylindrical heads;
(c) main crack in specimen 1S-25; (d) main crack in specimen 3S-25; (e) main crack in specimen 2C-25 (side 1); (f)
main crack in specimen 2C-25 (side opposite 1); (g) observed mode of failure of specimen 5S-25; (h) observed mode of
failure of specimen 1C-25; (i) observed mode of failure of specimen 3C-25

hemispherical heads than in the case of traditional ones
(cylindrical). In term of time, Fig. 8 shows that surface first
cracking appears earlier in the case of 12 mm diameter
hemispherical heads and almost at the same time for both
types of heads in the case of 25 mm diameter rebars.

Corrosion stains were detected on the specimens before
cracking. Both stains (brown coloured) and cracks appeared
first in specimens with cylindrical head.

In all the tested specimens, cracking starts at the centre
of the base of the specimens in contact with the stainless

steel plate used as cathode. Over time, these micro-cracks
were both lengthening and widening until reach the edge of
the concrete cubes. However, once these first cracks affect
the full width of the samples, the new cracks present
different patterns for both types of heads. In the case of the
cylindrical heads, the propagation of the crack is
perpendicular to the base but after about 2-3 cm a sudden
change of direction happens (see Figs. 9(b), 10(e) and 10(f))
and cracks propagate parallel to the side of the cube at the
level of the external side of the head (see Fig. 10(i)). On the
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other hand, in the case of hemispherical specimens crack
also propagate perpendicularly to the base but after 3-4 cm
it suffers an erratic change of direction. This inclined crack
propagates indistinctly toward the opposite face (see Figs.
10(c) and 10(d)) or to the lateral side of the concrete cube
(as in Fig. 9(a)). As the level of corrosion progresses,
concrete deterioration was greater due to the widening of
cracks.

The corrosion process was halted simultaneously for all
the specimens of each series (one series per rebar diameter)
when the widths of the cracks in the surface of all the
concrete cubes were large enough to consider that
specimens were burst. At that point, each specimen was
broken and further examined.

4. Breakage of the corroded specimens

The specimens were subjected to an accelerated
corrosion process, as explained in the previous section, until
the width of the cracks was so large that all the specimens
of the series were burst (see Figs. 9(a) and 9(b)). At that
moment, the corrosion-induced test was stopped and the
concrete surrounding the rebar was removed manually,
using a hammer (Figs. 9(c) and 9(d)).

The pictures in Fig. 9 correspond to 12 mm diameter
rebars. At first glance, it was evident that corrosion had
rounded the edge that delimited the bearing area in
spherical heads-where the thickness was minimum (see Fig.
9(c)). In the case of the cylindrical ones (Fig. 9(d)), the
reduction of the bearing diameter of the head was less
evident, but in this case wide cavities in the heads appeared,
induced by corrosion. The concrete was found to come off
more easily with the blow of the hammer in the case of the
cylindrical heads. Regarding the failure mode, the
cylindrical heads were separated from concrete by a smooth
surface at the level of the outside part of the head (Figs. 9(e)
and 9(f)), whereas no plane of weakness appeared among
the hemispherical ones (Fig. 9(g)). Findings were similar
for the specimens with 25 mm diameter rebars. The
noteworthier pictures corresponding to rebar of 25 mm are
offered in Fig. 10.

Figs. 10(@) and 10(b) respectively show the
hemispherical and cylindrical headed bars after the
corrosion process. The dark brown surface due to corrosion
was more evident on the smaller specimens. Again, the
concrete came off the cylindrical ones more easily under the
blow of the hammer. The main cracks in specimens with
hemispherical heads (1S-25 and 3S-25) are indicated in
Figs. 10(c) and 10(d), respectively. In Figs. 10(e) and 10(f),
the main cracks in specimen 2C-25 on opposite lateral sides
reveal the existence of a plane of weakness in the outer part
of the cylindrical head. Such a plane of weakness does not
appear in the spherical heads, as can be seen in Fig. 10(g).
The mode of failure in the cylindrical bars is the one that
appears in Figs. 10(h) and 10(i), where, as in the case of the
12 mm diameter bars, the plane of rupture develops at the
level of the outermost side of the head.

5. Numerical analysis

As Ayinde et al. (2019) did, numerical analysis is used
to study the effect of corrosion.

Numerical thermo-mechanical analysis of the tested
specimens was carried out. Given their symmetry, just half
of each specimen was modelled (Fig. 11(a)). For the sake of
simplicity, both the rebar and the head are assumed to be
made of the same material.

The model has been meshed with hexahedral-shaped 3D
solid elements automatically generated. The mesh density
has been stablished after some iterations based on the
convergence of the solution.

Both, steel and concrete have been considered elastic,
homogeneous and isotropous materials. A bilinear
constitutive model has been considered for the steel
elements (i.e., reinforcing bars and heads). For concrete in
compression, the nonlinear uniaxial model produced by
EC2 (European Committee for Standardization 2013) is
adopted. In order to model cracking, the tensile strength of
concrete is considered. For convenience in the numerical
analysis, the stress-strain relationship for concrete in tension
is characterized by linear strain-softening in which the
tensile stress is gradually reduced to zero at increasing
strain.

The most important parameters of both materials (steel
and concrete) are summarized in Table 4. As allowed under
the regulations for simplified calculations, a safe constant
value of the thermal conductivity was considered for both
steel and concrete; here, the value was fictitiously
multiplied by 100 in order to simulate the effect of
corrosion. As Ghojel (2004) did, a conductance of 100
W/m?2K was considered for the contact.

Even when the weight loss is not homogeneous because
the corrosion products are distributed throughout the
concrete pores (Zhao et al. 2011), for the sake of simplicity
and in line with that other researchers did (Chernin et al.
2010, Kim et al. 2010, Lu et al. 2011), a uniform
distribution of rust layer around steel rebar has been

Table 4 Properties of concrete and steel

Material Property 20°C (+273 K)
fem [MPa]=fcx+8 33
Tensile Strength [MPa] 2.56 *
Elastic modulus, Ecn [MPa] 3.148-10%"
concrete &1 [%0] — étrain'at pe_ak stress- 0.21
Poisson’s ratio 0.2
Thermal expansion coefficient [K'] ~ 10-106-102™
Specific heat [J/KgK] 1000
Thermal conductivity [W/mK] 1.6
fy [MPa] 400
Elastic modulus, Es[MPa] 2-10°
Poisson’s ratio 0.3
steel Thermal expansion coefficient [K™] 12-106
Specific heat [J/KgK] 600
Thermal conductivity [W/mK] 45.102™

* According to EC2 [2];
** Actual value divided by 100
*** Actual value multiplied by 100
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Fig. 11 Numerical model. (a) model corresponding to hemispherical head embedded in concrete cube; (b) temperature field
from thermal analysis for S-25 specimens; (c) temperature field from thermal analysis for C-12 specimens

considered in this study.

In the numerical models (Ayinde et al. 2019, Zhou et al.
2019), the outward pressure on the surrounding concrete
(i.e., around the rebar and against the concrete) due to the
increase in volume during corrosion has been simulated by
applying an increase of temperature at the embedded rebar,
which results in an expansion of the steel.

In the thermal analysis, a linear heat flow with no mass
transport effects is considered. Temperature has been
gradually increased until generating significant crushing
and cracking levels around the rebar. The applied
temperatures to specimens verify that the temperature/rebar
diameter ratio is the same for both series. The maximum
applied temperatures were 350°C and 168<C (+273 K),
respectively for the 25 mm and 12 mm diameter rebar.
Heating was applied to all nodes located at the end of the
bar while a reference temperature of 20C (+273 K) was
stablished at the external surfaces of the concrete cube.

Temperatures in each node of the model obtained from
the thermal analysis (Figs. 11(b) and 11(c)) constituted the
only load considered for the mechanical study, in which
three-dimensional solid element types were used to model
both concrete and steel and for both, thermal and
mechanical analysis. Results obtained from thermal analysis
corresponding to 12 mm rebar and for both shapes of head
are presented in Figs. 11(b) and 11(c).

As stated earlier, both the head and rebar were assumed
to be of the same material (f,=400 MPa), and a bilinear
kinematic hardening model (defined by the yield stress and
the hardening modulus of elasticity) was used to define the
strain-stress curve of steel. The concrete is modelled by an
eight-node brick element capable of simulating the cracking
and crushing behaviour of concrete. This element is based
on the Willam and Warnke (1975) failure criterion being
cracking and crushing defined by a failure surface
depending on whether the principal stress is tensile or
compressive respectively.

In the mechanical model the expansion coefficient of
concrete was fictitiously divided by 100 in order to impose
that only steel expands during the simulated corrosion
process.

The effect of reinforcement corrosion on bond
properties has been widely studied using FE models and
pull-out tests (Reinhardt et al. 1984, Lee et al. 2002) and is
out of the scope of this study.

Fig. 12 depicts crushing and first cracks obtained

(a) failure areas in C-25 specimen

VA

(b) failure areas in S-25 specimen

Fig. 12 Numerical model

through FE analysis for each specimen.

Fig.12 corresponds to 25 mm diameter rebar when a
temperature of 350°C is applied to the model.

Fig. 12 displays points where failure of concrete has
been reached, either by crushing or by cracking. This figure
shows different failure pattern in both heads. The volume of
affected concrete in the surrounding of the head is bigger in
the case of cylindrical head than in the hemispherical one.
Comparison of both figures in Fig. 12 also shows that the
concentration of damaged concrete in the surfaces of the
head in contact with concrete is higher in the case of the
cylindrical head. The above may cause loss of bond
between concrete or even the split of the concrete around
the reinforcing bar. Moreover, in Fig. 12 can be observed
that the elements of the mesh affected by cracking/crushing
define planes of weakness that propagate from the corners
of the cylindrical head, where stress concentrations exist, to
the edges of the specimen.

In Fig. 12(a) it is evident that cracks propagate from the
external perimeter of the cylindrical head, generating a flat
breaking surface consistent with experiments (see Figs.
10(h) and 10(i)). The level of damage in Fig. 12(b),
hemispherical head, seems to be smaller.

The above is in line with the experimental evidences
depicted in the pictures of Figs. 9 and 10 in which concrete
in the outside part of the cylindrical head could be easily
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separated from the steel by a blow of the hammer.

Numerical results confirm that observed in the
experimental campaign; that is, that the shape of the heads
plays an important role in the growth of existing micro-
cracks.

It is interesting to note that stress concentration at
corners, owing to other effects such a shrinkage, is not dealt
with in this paper. Such stress concentration, however, is
known to generate critical zones involved in the onset of
crack propagation.

5. Conclusions

Two types of heads of reinforcing headed bars were
used to investigate the influence of the shape of the head in
the durability of RC members. Comparisons were made
based on both experimental results and finite element
models. This study reached the following conclusions:

» According to the results of accelerated corrosion
process presented in this work, the loss weight for which
first crack appears at the surface of concrete is higher in
the case of hemispherical head than in the cylindrical
one. The above evidence a better behaviour of the first
shape of head.
* Crack propagation is indeed highly influenced by the
shape of the head, leading to different failure modes.
Cylindrical heads tend to break along a flat plane
defined by the outermost surface of the head. No similar
weakness plane is apparent in the case of the
hemispherical heads.
« The reduction of damage in the cover could translate
into a rise in durability of the RC structures with
hemispherical headed bars.
» Numerical models results, in which the increase of
volume of the steel since the corrosion has been
simulated by heating of embedded steel, are in line with
the experiments and confirm the influence of the shape
of the head in the durability of the RC member.
* New head shapes might therefore be designed with the
aim of reduce the stress concentration and in view of the
influence of the head shape in the failure mode. More
research is necessary in order to discover the more
suitable head that satisfies both durability and
ergonomic (ease of handling in site) requirements.
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