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Abstract

The most of the reinforced concrete frame structures of the European building stock have been
built without attention to the seismic action or according to obsolete code. Before the 1970’s,
in all the Mediterranean area, plain rebars were employed for the longitudinal reinforcement
of structural members. Due to their smooth surface, they are characterized by poor bond ca-
pacity, this results in a significant slip of the loaded bar from the surrounding concrete, which
strongly increases the structural deformation capacity compared to modern ribbed rebars.
Whereas the cyclic response of non-conforming reinforced concrete members and structural
sub-assemblies is deeply investigated in literature, a scarce knowledge about anchored plain
bar cyclic behaviour is noticed. In the recent years, detailed non-linear modelling of gravity
load designed structures is widely used for the seismic vulnerability assessment; a deep inves-
tigation on full scale anchorage detailing is then fundamental for the correct modelling of such
Structures..

In the present paper an experimental investigation on different anchorage solution of plain
rebar embedded in concrete is presented,; straight, hook-ended and 45° bent rebar were ana-
lysed, monitoring their axial stress versus slip behaviour. A non-linear stress-slip behaviour
was observed for all the anchorage solutions since the lower loading level. Stiffness degrada-
tion due to cyclic loading was observed; on the other hand, strength decay was visible only for
straight anchorage length. Hook-end device and bar bent resulted effective in providing a good
anchorage performance, on the other hand their response showed a progressive plasticization.

Keywords: Existing RC Buildings, Plain reinforcement, Bar Slip, Experimental Test, Cyclic
behaviour, rebar anchorage.
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1 INTRODUCTION

The Reinforced Concrete (RC) structures built from the World War II to the 1970’s are sig-
nificantly vulnerable against the seismic action [1]-[3]. Lack in the structural organization and
in the seismic detailing, design according to obsolete codes, and interaction with structural or
non-structural stiff elements are the main reasons of not adequate structural response. Moreover,
smooth bars were used until the seventies as reinforcement in RC frame members.

The poor bond capacities of plain reinforcement influence the structural response since they
are related to significant bar slip from the concrete embedment [4]—[8]. The main mechanisms
governing the bond strength are: 1) the chemical adhesion between the smooth rebar and the
surrounding concrete and ii) the micro-interlocking due to concrete small particles wedging
action [9]. These contributions bring to a peak bond strength value, after which the slip trigger-
ing causes a progressive degradation of the bond capacity [10]. Micro-interlocking and fric-
tional resource reduce also under cyclic loading, like clearly shown by experimental tests on a
short anchorage length [11]. Moreover, beyond the reinforcement yielding, a gradual reduction
of the rebar transversal section (due to Poisson effect) causes a further loss of strength [9], [12].
Rebar straight length cannot be enough to guarantee an effective anchorage; end hooked and/or
bent bar are so employed to improve the anchorage performance. In this case the bar slip de-
pends also on the plastic deformation related its straightening, which is required for the slip
development. Pull-out tests on straight smooth rebars of short anchorage length are available in
the literature [11], [13], [14]; however, only one of them [11] investigates the effect of a cyclic
loading. A 80cm hollow square cross section bar was also tested under pull-out force [14],
showing that bond stress profile significantly varies along the bar length; more in detail, the
peak bond strength is shifted inward under the increase of the axial stress.

In the present work an experimental campaign is described, aimed at clarifying some of the
cited aspects. Straight long length anchorage, hook-end and bent rebars are considered. Their
axial stress-slip behaviour was analysed, both before and beyond the bar yielding. In the fol-
lowing, the experimental campaign is described, with reference to the different specimen ge-
ometry and to the adopted loading protocol. The experimental results are then presented and
discussed, paying attention to the different performances related to the investigated anchorage
arrangement. The analysis of the stress-slip behaviour of smooth rebar is fundamental for the
assessment of the deformation capacities of existing RC member in presence of seismic loading.
Indeed, previous experimental tests on columns [11], [15]-[17], beams [18], and beam-column
joints [4], [5], [8], [19] showed the great influence of plain reinforcement slip in the definition
of the crack pattern and in ensuring a significant flexural deformation capacity. The same results
can be also useful for the definition and the validation of analytical or numerical modelling
which explicitly account for the bar slip phenomenon.

2 DESCRIPTION OF THE SPECIMENS

The reference specimens are schematized in Figure 1. For testing convenience, they are or-
ganized so as one or two anchored rebars are embedded in a concrete block; when two bars are
placed in the same block, they were tested separately and they were casted at sufficient distance
to avoid interference between the two tests. The same choice also allows to investigate different
bond conditions effects; indeed, it is possible to qualitatively consider the lower and the upper
bar as being in good and bad bond condition, respectively. No transversal reinforcement is pro-
vided since possible brittle failures were not expected, due to the adopted geometry.

A straight rebar, with no end specific detailing, characterizes the so-called SL specimens.
They are designed to allow the investigation of the bond performance over a significant rebar
length, on which it is expect a non-constant bond stress distribution. A total number of four
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specimens were casted; two of them are instrumented with three couples of strain-gauge, with
the aim of measuring the axial stress on the embedded length. A reduced adherent length is thus
guaranteed in this case, due to the introduction of a local cage to protect the strain gauges around
the bar at the gauge location. The specific anchorage type is representative of the bar embed-
ment into column or beam lengths. The hook-end specimens (H type) are representative of the
T-column-beam joint reinforcement anchorage and of columns rebar anchorage at any cold
joint. Four out of six hook-ended bar specimens are characterized by adherent straight length
(prior to the hook device); in the other two, bond in the same length is prevented a plastic pipe
surrounding the bar. Finally, 45° bent rebars (B type) were tested; they were frequently used in
construction practice for the beam reinforcement over the supports. To monitor the axial stress
along the rebar length, two bent bars (casted in the same concrete block) are instrumented with
two couple of strain gauges, respectively placed at mid-way of the inclined length and in the
last straight length; a steel plate is welded on the bar end, to allow the stress reading by the end
gauges couple.

2.1 Geometry

12mm diameter reinforcing bars are considered; a minimum concrete cover of 100mm and
a bar distance of 250mm or 450mm are guaranteed (respectively for the H and B types). SL
samples are made by a concrete block with 200mm square cross section and a length of 1000mm,
in which a single bar is embedded; two out of four specimens (called SL3 and SL4 in the fol-
lowing) are characterized by a lower 760mm embedded length, due to strain gauges application
along the rebar length (Figure 3). The H sample bar geometry is referred to the Italian Code
indications [20]. A 40 diameter (480mm) straight length precedes the hook device, which is
characterized by an inner bending of 5 diameters (60mm) amplitude and a 3 diameters (36mm)
final straight length. The four bars with embedded straight length are called H1 and H2, the
other two H3. The B specimens are characterized by a 120mm long embedded straight lengths
at the bar ends; their axes distance 450mm in the vertical direction, the 45° inclined length is
thus 537mm long. The inner radius of the bending is equal to 10 diameters (120mm). The two
instrumented rebars are called B2.

2.2 Load frame

The self-balanced steel frame schematized in Figure 2 is used to impose the bar slip. A
3.5mm thread loading screw of 32mm diameter allows a continuous refined control of the dis-
placement imposition. Both tensile and compressive load can be applied to the rebar, thanks to
the reaction guaranteed by two steel pates; one is in contact with the concrete block head, the
other one on the opposite concrete block end. These reaction plates are connected by four
threaded bars, lightly prestressed to avoid relative movements.

The smooth rebar sample is anchored to the frame by means of a mechanical joint made of
an hollow cylinder in which three high hardness steel screws punch the rebar surface. The rebar
head-joint is fixed to a load cell; the latter is then connected by a torsion-free joint to the loading
screw. The frame weight and loading torque are transmitted by the steel plates on external sup-
ports.
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Figure 1 Geometry of the tested specimens.
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Figure 2 Schematic representation of the load frame.

2.3 Materials

Hot rolled reinforcing steel of grade S275 JR is considered [21]. Yielding, fy, and failure, fu,
stress were investigated by a tensile test according to [22]; they were significantly different for
the straight length (SL samples) bars and for the shaped (H and B samples) ones. Also the total
elongation on a 10-diameter reference length across the failure section AL is defined.

The reference concrete mix design was the same for all the samples. Since they were casted
in different times, the average compressive strength, fc, and the elastic modulus, E., are defined
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for each specimen type. The results are reported in Table 1 in terms of mean values; they are
representative of the properties of the material employed in the reference RC frame construction.

Sample Steel Concrete

type fy [MPa] fu [MPa] AL f. [MPa] Ec [MPa]
SL 442 535 13.70 24.71 25490

H 361 519 20.16 19.53 22810

B 363 520 18.98 22.52 25175

Table 1 Mean values of the mechanical properties of the employed materials.
3 INSTRUMENTATION AND LOADING PROTOCOL

3.1 Instrumentation

Load and displacement transducers are used to measure the bar axial stress-slip behaviour.
Three different LVDTs are concentrically placed around the rebar head; they measure the dis-
placement between the load frame head joint and the concrete block. A supplemental LVDT
monitored the slip of the bar tail in SL specimens. The load cell is placed in the load frame, as
it is schematized in Figure 2.

Strain-gauges are used to measure the axial strain along the rebar embedded length. An
80mm length is deactivated around the extensimeter, to protect the gauges and avoid bond in-
terference; the simplified representation of the arrangement is shown in Figure 3. On straight
bars (SL3 and SL4) they are placed with a spacing of 250mm, therefore three different cross
section are monitored. On bent rebars they are placed at midway of the inclined length and in
the straight tail end. In this case, a mechanical anchorage is guaranteed after the last gauges, to
allow a stress reading; indeed, no embedded length is present beyond the gauge deactivated
length.

Low strength polymer

Figure 3 Detailing of the strain gauge isolation from the surrounding concrete.

3.2 Loading protocol

The straight rebars are tested in slip control during all the test. On the other hand, the shaped
bars are load-controlled below the yielding point and slip-controlled beyond it. A summary of
the reference loading protocol is visible in Figure 4.

The unloading phase was always characterized by the recovering of all the imposed slip;
thus, also compressive loads were imposed to the rebar. For the H specimens in which the
straight length was not adherent to the concrete, the unloading is stopped at the null force point
since the application of compression to the rebar triggered its buckling.
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Figure 4 Loading protocol schematization for straight and shaped rebars.

4 EXPERIMENTAL RESULTS

4.1 Straight bar

The experimental results of the four tested rebars are divided according to the total embedded
length (Figure 5). SL1 and SL2 samples are adherent to concrete along all the specimen length
(1000mm); on the other hand, SL3 and SL4 samples are embedded for 760mm, due to strain
gauge application along their length. The former showed the capacity in anchoring the bar
yielding, whereas the latter showed a strength decay at a force lower than yielding. Nevertheless,
the strength degradation is observed after the triggering of the bar tail slip in both the case. After
the reach of the peak force, the cyclic behaviour is controlled by a lower strength. A reloading
force can be observed exploring new slip of larger amplitude; cycling at a target deformation
level, a residual lower strength is instead noticed. Subsequent cycles and slip amplitude within
the range previously explored seemed not to influence the reference strength capacities.

Full embedded length Partial embedded length

Axial load [KN]
5 &
>
rl'l
| A
|
I
|/
o
g

Axial load [KN]

0 i L] L Iz 15 18 2] 24 0 i ] 9 12 15 18 21 24

Bar slip [mm] Bar slip [mm]

Figure 5 Stress-slip behaviour of the SL-type specimens: full and partial embedded length samples response.

4.2 Hook-end bar

In the following the bottom bars of the H specimens are qualitatively identified as being in
good bond condition, whereas the top ones are considered in bad bond conditions. In Figure 6
the response of two different concrete specimens (H1 and H2) is represented up to the reach of
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the bar yielding. A non-linear elastic loading branch was followed by a plastic plateau. The
cyclic behaviour was characterized by a linear force-slip relationship, stiffer for the unloading
and secant during the reloading (oriented to the maximum explored slip point at the previous
cycle). Significant difference in the elastic stiffness is noticed with respect to the identified bond
conditions. The unloading stiffness is not influenced in subsequent cycles and by the explored
drift level; it is higher than the secant value at the yielding point. Good anchoring performance
was observed also in presence of compressive loads; moreover, a less stiff behaviour is noticed
at the load reversal.

In presence of unbonded straight length (H3 specimens), the behaviour was similar (Figure
7); however, a less stiff loading can be observed. In this case the bond conditions seemed not
to affect the force-slip relationship. It is possible to conclude that the hook device alone can
provide the bar anchorage; it is effective also in ensuring the bar overstrength (hardening be-
haviour). This is clearly is visible in Figure 7, where the complete response of the upper bar of
the concrete block H3 is represented up to a slip magnitude of 45mm.
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Figure 6 Experimental response of H1 and H2 samples: lower (good bond) and upper (bad bond) tested rebar
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Figure 7 Cyclic response of H3 sample rebars: focus on the elastic cycles and complete response of the upper
bar.
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4.3 Bent rebar

Since the B type rebars cross the concrete block from top to bottom, and vice versa, in the
following good or bad bond conditions refer to the bar head position (end on which the load
was applied). The response of the bent rebars (Figure 8) was very close to the one of the hook-
ended bars, especially in good bond conditions. The cycles in the range of the elastic stress were
enveloped by a non-linear stress-slip relationship, after which a plastic plateau took place. The
bending of the rebar ensures the anchorage of the bar up to yielding stress, and more, including
overstrength (the graphs of Figure 8 are cut at the cycles of yielding). Only the instrumented
bar (B2 sample) showed difference stress-slip response before yielding (bad bond condition);
indeed it was more deformable.

The bars in bad bond conditions showed an increasing stiffness gradient (concave stress-slip
curve) before yielding. This behaviour was associated with an initial sliding of the rebar, which
was confirmed by a strain reading in both the strain gauge placed on the instrumented rebar in
bad bond condition.
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Figure 8 Stress-slip behaviour of bent rebars under cyclic loading up to the yielding point.
5 RESULTS COMPARISON

5.1 Straight length anchorage

To evaluate the anchorage performance of a straight bar, an average constant bond stress
distribution along the rebar embedded length is considered, as suggested in literature. With
reference to experimental measure of 1) peak, ii) reloading, and iii) residual forces, the calcu-
lated bond capacities are reported in Table 2.

To help the comparison of the experimental evidences with literature available models, a
normalization of the bond strength T, over the concrete compressive strength is taken:

Tb=C fC (l)

with C non dimensional coefficient and f. mean cylindrical concrete compressive strength. The
values reported in Table 2 are lower with respect to the literature available model in term of
peak force [11]-[13], [15]. On the other hand, the reloading and residual capacities well match
with the available indications [11], [15].
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Sample Peak strength Reloading strength Residual strength
Force [kN] Bond [MPa] Force [kN] Bond [MPa] Force [kKN] Bond [MPa]
SL1 51 1.36 22 0.58 12 0.32
SL2 50 1.33 19 0.50 12 0.32
SL3 34 1.18 15 0.52 6 0.28
SL4 31 1.09 12 0.42 8 0.21
Mean Bond [kN] 1.24 Bond [kN] 0.51 Bond [kN] 0.28
C 0.25 C 0.10 C 0.06

Table 2 Estimation of the anchorage capacity along a straight rebar in hypothesis of constant bond stress.

5.2 Shaped anchorage

The difference in stiffness between the response of bars anchored in good or bad bond con-
ditions is clearly visible by the observation of the graphs in Figure 9. The cyclic response below
the yielding point is plot for all the shaped anchored rebars tested; it makes exception the H3
block bars, whose response was not affected by bond conditions. The stiffer behaviour showed
the reach of the bar yielding at a slip level lower than 0.75mm; on the other hand, the less stiff
response showed the yielding reach at a slip magnitude of about 1.50mm. Therefore, two dif-
ferent values of the secant stiffness at yielding can be attributed to the bars in good bond con-
ditions. Moreover, the response in good bond conditions is very similar both for hooked or bent
shape. On the other hand, in bad bond conditions the stress-slip relationships of the different
anchorage solutions is strong; nevertheless, the secant stiffness at yielding is similar.
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Figure 9 Focus on the elastic response of hooked (grey lines) and bent (black lines) rebars.

6 CONCLUSIONS

The experimental cyclic response of different anchorage solutions for smooth rebar is herein
investigated. Long straight anchorage length, hook-end device, and bar bent were tested in pres-
ence of both tensile and compressive loads. The response, in term of force versus slip relation-
ship, was monitored and it is herein discussed.

The straight length anchorage gave equilibrium to different applied force values, depending
on its overall embedded length; in presence of the lower anchorage length (760mm) a peak
strength about the 60% of the bar yielding stress was reached. In all the cases, at the triggering
of the last embedded section slip, a force degradation was observed. Exploring higher slip level,
a reloading bond strength can be defined, while cycling in the same slip range (of previously
explored cycles) a lower residual strength was observed. Hook-end device and bar bent were
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effective in ensuring the bar yielding and overstrength force. No force degradation was ob-
served, and the response was stable, also at the highest slip imposition. The position of the
shaped rebar with respect to the concrete block sample significantly influenced the stiffness of
the response; the lower (good bond condition) bars reached the yielding point at slip level lower
than 0.75mm, the top ones (bad bond condition) at a value of deformation twice. The unloading
of the shaped anchorages showed a residual plastic deformation, also cycling at stress values
lower than the yielding one. Since a straightening is required for the bar pullout under tensile
force, plastic deformations are expected in the hook (or bending) length; moreover, the same
straightening causes high local stress in the surrounding concrete. The different concrete poros-
ity can affect the anchorage slip development, justifying the difference herein presented be-
tween the anchorage response in good or bad bond conditions. This aspect will be considered
in future studies.
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