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Abstract

A beam-end test is proposed in this paper and in the new fib Model Code 2020

to determine the effects of concrete type, confinement effects, and casting posi-

tion on the anchorage strength of reinforcing bars. Two bars are cast in each

specimen (in the two opposite corners), one in a “good” casting position and

the other in “poor” casting position. The proposed test aims to be an economi-

cal bond test capable to represent actual conditions of anchored bars in real

design practice. The test is also intended to verify whether existing provisions

for bond and anchorage in the fib Model Code are suitable in nonconventional

concrete. The validity of the proposed beam end type bond test is assessed by

the results of more 60 tests on rebars having anchorage length of about

20 times the bar diameter in plain concrete, in fiber reinforced concrete, and

in recycled aggregate concrete. Experimental results provide information both

on the “top cast effect” in three types of concrete and on the effectiveness of fib

Model Code provisions for anchorage when nonconventional concrete is used.
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1 | INTRODUCTION

Bond behavior affects several aspects of the performance
of RC members. At serviceability limit states (SLS), crack
spacing, crack width, beam deflection, and tension stiff-
ening are all influenced by bond. At Ultimate Limit State
(ULS), bond governs the capacity of anchorages and lap
joints but bond also influences rotational capacity in plas-
tic hinge regions, depending on yield penetration away
from the crack.1,2

The capacity of anchorages and lap splices of rebars
in concrete is a function of several factors as (1) the
anchorage (or splice) length; (2) the resistance to splitting
crack development provided by the concrete cover

(including cover thickness and concrete tensile
strength)1,3–5; (3) the bar diameter, because the size effect
decreases the bond strength (BS) with increasing bar
diameter6; (4) the rib geometry7,8 which influences the
interaction with the surrounding concrete; (5) the con-
finement provided by transverse reinforcement (if any) as
links crossing the splitting surface9–11; (6) the transverse
compression due to the reaction at the beam supports
(when present); and (7) the casting position since, after
pouring concrete, the mix water rises and large aggre-
gates tend to drop down.12,13 Therefore, near to the top
surface, concrete may have lower mechanical properties
due to its higher porosity and to the plastic settlement of
concrete around the bars.
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There are two principal modes of failure of anchor-
ages and splices: (1) a pull-out type failure where the con-
crete shears across the top of the ribs and leaves a quite
relative smooth bore where the bar has been pulled out;
this is a relatively ductile failure; (2) a splitting failure
with longitudinal cracks along the bar axis (provoked by
the radial stresses generated by the ribs in the concrete
cover), which can cause spalling of the cover. The split-
ting failure is the weaker of the two failure modes and
generally occurs when the cover is less the 2.5–3.0 times
the bar diameter.1,3–5 This brittle failure can be controlled
by transverse reinforcement crossing the potential split-
ting surface,9,10 by the postcracking tensile strength of
fiber-reinforced concrete (FRC),14 or by transverse pres-
sure (i.e., for anchorages at beam supports).2

As documented in the fib Bulletin 72,15 the capacity
of an anchorage or a lap may be evaluated with the for-
mulation proposed in fib Model Codel 201016 which has
been reformulated for design in the new MC2020
(Chapter 20).17 This semi-empirical model was calibrated
on the basis of test results on anchorages and laps having
a length longer than 10 db in conventional concrete with
a compressive strength ranging between 15 and 110 MPa.
The arrival into the market of new types of concrete hav-
ing mechanical and physical properties different from
conventional concrete (such as FRC, recycled aggregate
concrete [RAC], self-consolidating concrete, ultrahigh-
performance concrete, etc.) as well as new types of rebars
(including nonmetallic rebars) may require the develop-
ment of specific design formulation of anchorages. At the
same time, by considering the presence of different types
of deformed bars into the market, it may be necessary to
control the rebar bond performance; therefore, a reliable
and practical bond test, representative of practical appli-
cations, should be adopted.

The standard tests available in international codes
and standards or adopted by the research community dif-
fer significantly. In the pull-out test proposed by RILEM/
CEB/FIP18 and EN10080:2005,19 the bar is in tension and
the concrete is in compression. This (pull-out) test has
been widely used because it is economical to manufac-
ture and to test and because it represents the concept of
bar anchoring. However, this configuration is not repre-
sentative of any practical situation. Furthermore, the bar
presents a short embedded length (5 db) which causes a
quite uniform distribution of bond stresses along the
bond length (while it varies in longer anchorages). More-
over, a large concrete cover (4.5 db, which is not repre-
sentative for practice) and the friction arising at bottom
bearing plate tends to confine the specimen, thus making
the test not suitable to investigate splitting failure mode.
It should be also noted that the stress developed by the
bar is not directly proportional to the bond length;

therefore, it is not possible to evaluate the capacity of real
anchorages (where bond length typically exceeds 20 db)
on the basis of the results of pull-out test with a short
embedded length. Finally, pull-out specimen addresses
only what would be classified in design Codes as a good
casting location since good compaction of the concrete
without voids around the bars is expected. The top cast
(TC) ratio (the ratio between the bond strength of a bar
near the top surface of a concrete element and that close
to the bottom surface) tends to increase quite markedly
as the bond length ratio (bond length divided by bar
diameter) increases.12 In fact, with a bond length equal to
5–10 times the bar diameter, the TC ratio is close to
0.512,13 while, for practical values of bond length, the TC
ratio increases to one since the top bars tend to have a
bond strength similar to the bottom bars.12 Therefore, the
investigated bond length significantly influences the test
results.

An alternative test is the beam test proposed by
RILEM/CEB/FIP,18 adopted by EN 10080:2005,19 prEN
10080:2023,20 and by Eurocode 2.21 In this test, the
anchorage is placed in good bond condition close to the
beam support where concrete is in tension, thus making
the test more representative of actual conditions in struc-
tural elements. The bond length is 10 bar diameters
(10 db, thus double than that of pull-out test but still not
representative of practice) but the anchorage is character-
ized by a very high confinement of transverse reinforce-
ment to avoid the shear failure of the beam specimen. In
fact, the density of transverse reinforcement is about four
times greater than that typical of practical design; there-
fore, the splitting failure of the anchorage, typical of real
cases, is unlikely. The concrete cover is quasiconstant
(minimum cover to the center of the bar is 50 mm), inde-
pendent of the bar diameter; therefore, the cover to bar
diameter ratio decreases with increasing bar size. Fur-
thermore, in the beam test, the loaded end slip of the
anchored bar (relevant for the crack widths and for ten-
sion stiffening) can be hardly measured. It should be also
noted that it also is very difficult to handle the specimen
during setting up the test because of its large dimensions
(and weight) as well as the discontinuity at midspan
(consequently manufacture of the specimens is not cost-
effective). For all these reasons, the beam test cannot be
used with sufficient degree of confidence to investigate
all the parameters governing anchorage capacity. Fur-
thermore, a wide experimental campaign showed a very
limited correlation between RILEM pull-out and RILEM
beam end tests (with a significant scatter of test results)
because of the markedly different bond conditions.22

The potential purposes of a bond test were already
identified and discussed in 2003 by Cairns and Plizzari.23

These are mainly: (i) the routine quality control of
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reinforcement; (ii) the performance classification for
novel materials; (iii) the development of constitutive
bond-slip laws for numerical analysis; (iv) the bench-
marking of research studies and (v) the provision of
design data. Cairns and Plizzari stated that the “principal
purpose of a Standard bond test is to verify that a bar can
be used with existing design guidance, itself derived from
tests on situations representative of practical use.”23 This
underlines that “Performance classification” is the main
aim for a Standard bond test among all the possible func-
tions listed above. It should be noted that a Standard
bond test may also provide useful information and data
for benchmarking of research studies, which can benefit
from a beam end test representative of the actual behavior
of anchorages.

Aim of this paper is to outline the format of an
enhanced test method for bond and anchorages and to
begin the process of calibration of the required structural
performance.

2 | RESEARCH SIGNIFICANCE

A new beam end test is proposed in this paper and in the
draft of Chapter 20 of the new Model Code 202017 that
aims to improve the current Standard test procedures.
The proposed standard bond test is mainly intended for
“performance classification” of anchorages since the rou-
tine quality control of the ribbed bars can be adequately
ensured by the measurement of the rib geometry after
production as in EN ISO 15630-1:2019.24 Moreover, it
aims to be an economical bond test with limited dimen-
sions but capable of representing actual conditions of
anchored bars in real practice, and able to investigate the
casting position effect. The proposed test method
describes procedures to assess the anchorage capacity of
steel reinforcing bars in concrete. This test may also be
used to determine the limits of validity of the equations
proposed in MC202017 since they were derived from a
wide database collecting results from specimens made of
conventional concrete. Thus, the proposed beam end test
method is primarily intended to verify whether existing
provisions for bond and anchorage in the fib Model Code
are suitable also in non-conventional types of concrete;
however, the proposed test may also be adopted to assess
the performance of new types of reinforcement, espe-
cially when their geometries are not included in the exist-
ing standards.

The paper mainly focuses on the principles governing
the design of a beam end test for the evaluation of anchor-
age capacity with an outline of the test setup specifica-
tions; however, the description does not aim to define all
aspects for the purposes of a Standard. The effectiveness

of the proposed beam end test is assessed through a wide
experimental campaign for determining the anchorage
capacity of steel rebars in plain concrete (PC), RCA, and
FRC, which are nowadays often used in practical applica-
tions. The tests were carried out both at the University of
Brescia (Italy) and at Heriot-Watt (Edinburgh, UK).

3 | A STANDARD BEAM END TEST

3.1 | Principle of the test

The principle of the test is to load a bar, that is cast into a
concrete block representing the end section of a flexural
element over a defined length, by a tensile force (F). The
other end of the bar remains unstressed and a longitudi-
nal equilibrating reaction is directly applied at the bottom
portion of the specimen (Figure 1). In order to balance
the overturning moment, two opposite vertical reactions
R have to be applied to the specimen ends which allow a
strut-and-tie mechanism to be developed in the block
(Figure 1b) with the anchorage length set in the tensile
portion of the concrete block and with an inclination of
the compressive strut of about 45� (Figure 2).

The beam end specimen allows two bars to be
tested in a single specimen. It is diagonally symmetric
so that the second test can be done just by turning the
specimen around. Two bars are arranged in the two
opposite corners, in order to allow one bar to be tested
in a “good” casting position and the other in a “poor”
casting position at a distance of at least 300 mm from
the bottom face, as defined in the draft MC202017 and
in draft Eurocode 2.25 The embedded length of the bar
is set to a value dependent on the concrete compressive
strength and steel grade and corresponds only to a part
of the specimen length (Figure 2a). Since the beam-end
test aims at verifying anchorage performance, the
anchorage length is to be designed to develop a bar
stress fs,tgt (as determined from Equation (2), proposed
in fib MC201016) of about 80% of the characteristic
yield strength fyk. Plastic sleeves (bond breakers) are
placed at both bar ends (>db and > 5 db at the loaded
and unloaded bar ends, respectively) to control the
position of the anchorage and to avoid a localized
cone-type failure of the concrete at the loaded end of
the specimen. The unbonded length at the free end
aims to avoid the confinement provided by transverse
pressure at the beam support (Figure 2a).

The bar to be tested extends beyond the length of the
specimen. Displacement gauges are placed to both ends
of the test bar for measuring the bar-to-concrete slip
(i.e., the relative displacement between steel and
concrete).

METELLI ET AL. 3
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The recommended concrete cover is equal to 1.5 db to
represent common practical situations where splitting
failure is expected prior yielding of the anchored bars
(Figure 2b,c). Closed steel links are placed to provide
transverse reinforcement within the range used in cur-
rent practice, corresponding to a stirrups index of con-
finement (Ktr)

16 of about 1%; the latter is defined as:

K tr ¼ nt nst Ast= nb db lbð Þ ð1Þ

where Ast is the area of the cross section of one leg
(mm2); nst the total number of confining stirrups within
the anchorage/lap length; nt the number of legs of a stir-
rup crossing the potential splitting failure surface (nt = 1
for corner bar); nb is the number of anchored bars or
pairs of lapped bars; db is the diameter of the bar (mm);
and lb is the lap/anchorage length (mm).

It should be noted that the general form of the beam
end test proposed is similar to that proposed by ASTM
944:201526 where there is only a single bar placed at the
midface of the bottom side with larger concrete cover
(equal to 38 mm). As laps in beams may often be located
in a “poor” casting position near the top of the concrete
element, the Standard test should cover this condition as
well. In the proposed beam-end test, the recommended
location of the bar is at a corner (Figure 2b), where con-
crete confinement may be weaker but links are more
effective; in the corner location, the bar shall be oriented
with one set of ribs pointing towards the adjacent corner
in order to favor a side-face splitting failure in the con-
crete block corner (Figure 2c).

In case of splitting failure of the anchorage, the
maximum stress in the bar (fstm) at anchorage (split-
ting) failure may be calculated with the semiempirical

FIGURE 1 Schematic view of the beam end test specimen: position of the bars (a); applied load and reactions (b).

FIGURE 2 Beam end test specimen: longitudinal view (a); cross section and detailing of the concrete cover (b); splitting cracks at corner

specimen (c).
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formulation proposed by fib Model Code 201016

(Equation 2):

f stm ¼ 54
f cm
25

� �0:25 25
db

� �0:20 lb
db

� �0:55

α2þkm K tr½ � ð2Þ

where fcm is the mean concrete compressive strength, db
is the bar diameter, lb is the anchorage length. In
Equation (2), the maximum bar stress may benefit from
the confinement contributions of concrete cover and
transverse reinforcement as expressed by α2 = [(cmin/
db)

0.25 (cmax/cmin)
0.10] and by the stirrup index of confine-

ment Ktr. The effectiveness factor of confining reinforce-
ment is expressed by the factor km which depends on bar
arrangements, varying between 12 and 0,16 cmax and cmin

are the largest and the smallest of: (i) one-half the clear
spacing between anchored or lapped bars (cs), (ii) bottom
cover (cy), and (iii) side cover (cx), respectively. In the
proposed beam end test with a corner bar, α2 = 1.11 since
cmin = cx = cy = 1.5 db and cmax = cmin while the effec-
tiveness factor km is equal to 12 because the anchored bar
is adjacent to the link crossing the potential splitting
crack (see fib MC201016 and fib Bulletin 7215 for further
details). Setting parameters to these values appropriate to
the proposed specimen leads to Equation (2a):

f stm ¼ 66
f cm
25

� �0:25 25
db

� �0:20 lb
db

� �0:55

ð2aÞ

Re-arranging Equation (2a) to determine the anchor-
age length gives Equation (3):

lb ¼
f s,tgt
66

� �1:8
f cm
25

� ��0:45 25
db

� ��0:36

db ð3Þ

where fs,tgt is the target anchorage strength, set equal to
0.8 fyk.

The height (H) and the length (L) of the specimen
are set by assuming an inclination of the concrete strut
of 45� and that the vertical reactions are applied
beyond the anchorage length through bearing plates
5 db long and 10 mm thick, over the width of the speci-
men (Figure 2a); a minimum distance of the top bar
from the bottom surface of specimen of at least
300 mm shall be set in order to guarantee the “poor
boor condition” of the top bar. Finally, the specimen
width (B) may be set as the greater of 15 db and
250 mm in order to avoid any interference between
opposite bars in the failure mechanism as well as the
concrete cone failure of the tensile portion of the block.

In summary, the specimen size should fit the following
requirements:

H¼ max lbþ11
2
db

� �
; 300þ2dbð Þ

� �
�15mm ð4aÞ

L¼ max lbþ6dbð Þ; Hþ0:5dbð Þf g�15mm ð4bÞ

B¼ max 15db;250mmf g�15mm ð4cÞ

In Figure 3a,b, the anchorage length and the speci-
men depth are plotted against the bar size for B500 and
B700 steel grade, respectively, by varying the concrete
strength from C25/30 to C70/80 and assuming the con-
finement factors from cover and reinforcement α2 = 1.11
and α3 = 0.13, respectively (being α3 = kmKtr and
fcm = fck + 8 MPa). It should be noted that the specimen
depth tends to increase more than linearly since the lb/db
ratio is not constant with the bar size; furthermore, the
specimen depth is governed by the requirement for
guaranteeing “poor bond condition” of the top bar when
small bar size is used (Figure 3). For a bar size commonly
used in beams and slabs (≤16 mm), the sizes of the beam
end specimen are rather limited, thus making the speci-
men easy to manufacture and handle.

As an example, for a corner bar diameter of 16 mm
and a target anchorage strength fst,tgt = 0.8 fyk, an anchor-
age length of 308 mm (lb = 19.3 db) and a specimen depth
of 400 mm (H = 25 db) should be provided when using a
C25/30 concrete and a B500 steel grade (Figure 3a).

Finally, it should be observed that the beam end test
might also provide local bond properties between rein-
forcement and concrete when a shorter embedded length
is used (lb ≤ 5 db); in this case, details for and transverse
reinforcement, test setup to promote a pull-out failure
may be found in27 where the bond-slip law of reinforce-
ment bars with different rib geometries is investigated.

3.2 | Preparation of samples

The test bar shall be in “manufactured” condition with-
out losing mill scale, preferably entirely free from rust. If
the test bar is corroded, the conditions of the bar shall be
described in the test report and possibly supported by
photographs of the surface. The bar shall not be cleaned
in any way that might change its roughness.

The fresh concrete is cast vertically in the molds with
the bars laid horizontally (Figure 2). Concrete shall be
compacted and cured as specified by the mix designer in
a manner consistent with the method proposed for practi-
cal use of the material.

METELLI ET AL. 5
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3.3 | Test setup

A sketch of a suitable test setup is shown in Figure 4. The
top bar is pulled at one end while a bottom restrain pre-
vents any longitudinal translation of the concrete block.
The reacting bench may be a self-balanced frame

consisting of two L-shaped rigid steel profiles simply sup-
ported by the floor. The steel bench should be stiff
enough to ensure that the applied load remains parallel
to the bar axis during testing. Two vertical ties connected
by a transverse rigid steel beam are placed at the back of
the specimen to avoid any rotation of the test block.

FIGURE 3 anchorage length lb and height H of the beam end specimen versus bar size for B500 (a) and B700 (b) steel grade (corner bar

with cx = cy = 1.5 db).

FIGURE 4 Typical test setup: plan view (a) and side elevation (b).

6 METELLI ET AL.
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The loading system should be capable of measuring
the applied tensile load (to an accuracy of ±2% of the
applied force) by means of a load cell placed between the
loading apparatus and the reacting steel bench
(Figure 4). The compressive bottom portion of the speci-
men should be not greater than 5 db (corresponding to
about 0.20 H). Displacements of the loaded end of the
longitudinal bar are measured by two linear variable dif-
ferential transformers (LVDTs) having an accuracy of
0.001 mm (Figure 4b) both positioned on a plane through
the bar axis. One LVDT placed at the free end of the bar
measures the unloaded end slip. Further measuring
devices may be placed on the specimen side to monitor
the crack opening and its propagation.

3.4 | Test procedure and interpretation
of test results

Performance of the bar would be assessed by several mea-
sures, namely: peak bar stress (fs,ex), bar stress at loaded
end slip of 0.05 mm (δL,0.05, relevant to crack width, ten-
sion stiffening, and beam deflection), free end slip at peak
load (δU,max), stress at unloaded end slip of 0.02 mm
(δuL,0.02, related to anchorage stiffness); diagrams of force
or stress (fs) versus free end slip (δU) relations shall be
provided. Measured displacements at the loaded end
have to be adjusted to take into account the elastic defor-
mation of the bar outside the embedded length. The
development of side and face splitting crack width (ws

and wf, respectively) might be also checked both on the
vertical and on top surface of the specimen, respectively.

4 | EXPERIMENTAL PROGRAM

The format of the proposed beam end test is assessed
within two broad experimental programs carried out at
the University of Brescia (Italy) and at Heriot-Watt Uni-
versity (Edinburgh, UK). The former is addressed at
comparing the anchorage behavior and the casting posi-
tion effect of steel rebars in PC with those in RAC and
FRC having similar compressive strength. This experi-
mental campaign consists of four batches with three
samples each (24 tests). One bar diameter was investi-
gated (16 mm) placed at corner location of the beam-
end specimen with a 1.5 db concrete cover and an
anchorage length of 20 db. The specimen was 450 mm
long, 400 mm depth, and 300 mm wide (Figure 5). Two
stirrups having a diameter of 6 mm are arranged along
anchorage length (Ktr = 1.1%). In the fourth series with
RAC, three more specimens were tested with double
transverse reinforcement (Ktr = 2.2%) to allow the

anchorage to reach the yield strength of the bar (about
450 MPa).

The experimental study carried out at Heriot-Watt
University mainly aims at demonstrating the conformity
of the proposed beam-end test to practical conditions by
comparing results from beam-end tests with the mean
anchorage strength determined according to Equation (2)
from fib MC2010.16 Two series consisting of 10 specimens
were tested with either the bar in corner or center loca-
tion (Figure 6). In the latter configuration, the anchorage
strength may benefit from a higher concrete confinement
with respect to the corner location, but the transverse
reinforcing stirrups are less effective since the vertical
links are not adjacent to the anchored bar.

In each series, two bar diameters are tested (10 and
16 mm) in normal strength concrete with the cover vary-
ing between 1.0 db and 3.1 db. The cross section of the
beam-end specimen size was 200 � 300 mm and the
length of the specimen was 280 mm for the 10 mm rein-
forcing bar and 400 mm for the 16 mm reinforcing bar.
The embedded lengths of main bars were set as 18.5 db
for a 10 mm and 19 db for a 16 mm bar. Stirrups with a
diameter of 6 mm were provided at 100 mm spacing over
the anchorage length, corresponding to two and three
stirrups for 10 and 16 mm bar, respectively (stirrup index
of confinement of 3.06% and 1.74%).

Table 1 exhibits all the geometrical and mechanical
properties of the specimens, namely: concrete cover,
anchorage length, diameter and number of the confining
links and the stirrups index of confinement along with
the maximum stress in the bar (fstm) determined accord-
ing to the MC2010 semiempirical equation (Equation 2)
by assuming a concrete compressive-strength target
fcm = 33 MPa.

4.1 | Material properties

Steel grade B500C (according to EN 1008019) was used
for all types of reinforcement. The 16 mm rebars tested in

FIGURE 5 Dimensions of beam end specimens tested at the

University of Brescia (Italy).
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Italy had a relative rib area fr = 0.079 and mean yield
strength fym = 526 MPa while those used in
United Kingdom had a fr = 0.07 or 0.08 and a fym = 570
and 560 MPa, for 10 and 16 mm rebars, respectively. The

same mix design was used for the reference PC and
FRC mixtures (Table 2) tested in Italy, both with a target
concrete class of C25/30; the concrete was supplied
by local ready-mix company. Hooked-end steel fibers

FIGURE 6 Dimensions of beam end specimens testes at the Heriot-Watt University (UK).

8 METELLI ET AL.
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(Lf = 60 mm, df = 0.40 mm with a tensile strength of
1200 MPa) were used with a volume fraction of 0.5% (cor-
responding to about 40 kg/m3). PC had a slump of
220 mm, whereas FRC had a lower slump (170 mm, mea-
sured according to EN 12350-228), due to the addition of
fibers. Six standard 150 mm cube control specimens were
used for each mixture to evaluate the concrete compres-
sive strength. Cubes were cured in the laboratory until
testing the beams. At the time of the bond tests, the PC
and FRC specimens had an average cube compressive
strength (fcm,cube,ex) of about 36 MPa. The postcracking
tensile strength of FRC, determined according to
EN1465129 was characterized by the following parame-
ters: fR1m = 7.18 MPa and fR3m = 7.65 MPa.

The RAC was supplied by a ready-mix company with a
C25/30 target class. In RAC, the water–cement ratio was
0.52 and 25% of natural coarse aggregate was replaced by
recycled aggregate having a diameter ranging between
8 and 22 mm (Table 2). The latter was obtained from blast
furnace slags, whose density ranges between 3100 and
3250 kg/m3. At the time of the bond tests, the RAC had an
average compressive cube strength (fcm,cube,ex) of about
40 MPa (determined on 20 cube specimens). The slump of
RAC was 170 mm (S4 workability class).

In Series 5 and 6 tested in the United Kingdom, PC had
an average cube compressive strength of 40.6 or 44.9 MPa.

4.2 | Discussion of test results

The main experimental results of Series 1–4 are listed in
Table 3 where maximum load (Pu), maximum bar stress
(fs,ex), maximum unloaded end slip (δUL,max), bar stress at
a loaded end slip of 0.05 mm (fs,δL0.05) and at free end slip

of 0.02 mm (fs,δUL0.02) are reported for each specimen
along with the secant stiffness (KUL0.02) of the anchorage
measured at free end slip of 0.02 mm. In Series 5 and
6, only the peak load at failure was recorded (Table 4).

Figure 7 shows the comparison of the bar stress (fs,ex)
versus unloaded-end slip (δUL) curves between top and bot-
tom anchorages for each series. The curves clearly show
higher bar stresses and a stiffer behavior of bars in bottom
location where good bond conditions are expected. None of
the specimens showed any descending postpeak behavior,
confirming the brittle behavior of anchorages with low con-
finement of transverse reinforcement (without transverse
pressure). At the same time, it should be observed that top
anchorages exploited larger unloaded end slip at peak load.
This effect increases with the value of the stirrup index of
confinement (Ktr), as expected in Series 4 (Figure 7) where
the amount of confining transverse reinforcement, which
was doubled with respect to the other series, allowed a bet-
ter control of the propagation of the splitting cracks.

As far as the failure mode is concerned, most of speci-
mens failed because of the development of side-face split-
ting crack which quickly developed from the loaded end
towards the free end (Figure 8a). However, the anchorage
in bottom location of PC_2 specimen and all bottom
anchorages in RAC of Series 4, presented a mixed failure
mode with both a concrete cone at the loaded end and
longitudinal splitting cracks (Figure 8b). Finally, in the
specimen FRC_1 the bottom anchored bar yielded.

4.2.1 | Anchorage strength.

In order to better compare the performance of the
anchorages, the maximum nominal bar stress measured

TABLE 2 Mixture proportions of FRC and RAC.

Plain or FRC RAC

Cement content CEM I-32-5R (kg/m3) 320 Cement content CEM 32.5 II/B-LL (kg/m3) 320

Water (L/m3) 155 Water (L/m3) 165

Water/cement ratio (�) 0.48 Water/cement ratio (�) 0.52

Sand (0/2 mm) (kg/m3) 183 Sand (0/2 mm) (kg/m3) 204

Sand (0/6 mm) (kg/m3) 568 Sand (2/6 mm) (kg/m3) 593

Coarse aggregate (6/14 mm) (kg/m3) 906 Coarse aggregate (6/20 mm) (kg/m3) 473

Gravel (15/30) (kg/m3) 224 Gravel (20/32) (kg/m3) 226

Max. aggregate dimension (mm) 22.4 Max. aggregate dimension (mm) 32

Fibers (kg/m3) 40 Recycled aggregate (8/22 mm) (kg/m3) 510

Vf (%) 0.5 — (%) —

Superplasticizer (L/m3) 6.0 Superplasticizer (L/m3) 5.0

Abbreviations: FRC, fiber-reinforced concrete; RAC, recycled aggregate concrete.
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TABLE 4 Test results of Series 5 and 6.

Series Position d (mm) c (mm) fcm (MPa) fstm (MPa) P (kN) f s,ex (MPa) BS (�) TC (�) Failure mode

5 C Top 10 22 37.4 546 29.0 369 0.68 0.70 SP

C Top 10 31 37.4 583 31.3 399 0.68 0.63 SP

C Top 10 16 33.8 501 21.5 274 0.55 0.49 SP

C Top 10 25 33.8 545 28.3 360 0.66 0.58 SP

C Top 16 22 37.4 427 73.4 365 0.86 0.90 SP

C Top 16 31 37.4 459 82.0 408 0.89 0.94 SP

C Top 16 46 37.4 499 86.3 429 0.86 0.83 SP

C Top 16 16 33.8 389 53.6 267 0.69 0.61 SP

C Top 16 25 33.8 427 67.7 337 0.79 0.64 SP

C Top 16 40 33.8 472 105.6 525 1.11 0.80 SP

Mean value

(cv)

0.78

21%

0.71

21%

C Bottom 10 22 37.4 546 41.1 524 0.96 SP

C Bottom 10 31 37.4 583 50.0 637 — Y

C Bottom 10 16 33.8 501 43.5 554 1.11 SP

C Bottom 10 25 33.8 545 48.5 618 — Y

C Bottom 16 22 37.4 427 81.8 407 0.95 SP

C Bottom 16 31 37.4 459 87.5 435 0.95 SP

C Bottom 16 46 37.4 499 103.5 515 1.03 SP

C Bottom 16 16 33.8 389 88.6 441 1.13 SP

C Bottom 16 25 33.8 427 105.8 526 1.23 SP

C Bottom 16 40 33.8 472 131.2 653 — Y

Mean value

(cv)

1.05

14%

6 Ce Top 10 22 34.5 485 40.5 516 1.06 0.91 SP

Ce Top 10 31 37.4 511 38.0 484 0.95 0.81 SP

Ce Top 10 16 33.8 451 35.0 446 0.99 0.69 SP

Ce Top 10 25 33.8 482 35.4 451 0.94 0.76 SP

Ce Top 16 22 37.4 551 73.9 368 0.67 0.73 SP

Ce Top 16 31 37.4 572 74.9 373 0.65 0.78 SP

Ce Top 16 46 37.4 599 89.2 444 0.74 0.86 SP

Ce Top 16 16 33.8 518 66.1 329 0.63 0.60 SP

Ce Top 16 25 33.8 545 76.5 380 0.70 0.69 SP

Ce Top 16 40 33.8 575 82.1 409 0.71 0.67 SP

Mean value

(cv)

0.80

20%

0.75

13%

Ce Bottom 10 22 34.5 485 44.4 565 1.16 SP

Ce Bottom 10 31 37.4 511 46.8 596 — Y

Ce Bottom 10 16 33.8 451 50.8 647 — Y

Ce Bottom 10 25 33.8 482 46.8 596 — Y

Ce Bottom 16 22 37.4 551 101.8 506 0.92 SP

Ce Bottom 16 31 37.4 572 95.8 477 0.83 SP

Ce Bottom 16 46 37.4 599 103.5 515 0.86 SP

Ce Bottom 16 16 33.8 518 109.7 546 1.05 SP

Ce Bottom 16 25 33.8 545 111.0 552 1.01 SP

Ce Bottom 16 40 33.8 575 122.9 612 — Y

Mean value

(cv)

0.97

13%

Abbreviations: BS, bond strength ratio; Co: cone failure; C: corner; Ce: center; SP, splitting of concrete cover; TC, top cast ratio; Y, bar yielding.
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in the test (fs,ex) is normalized to the mean bar stress
determined according to the MC2010 formulation
(Equation 2); this provides a better comparison between
experimental results and code prediction among speci-
mens having different concrete strength and confinement
from stirrups and concrete cover. The main test results
along with the BS ratio (BS = fs,ex/fstm) and the TC ratio

(expressed as the ratio between the maximum bar
stress developed by a top bar with respect with that
measured in the corresponding bottom cast one,
TC = fs,ex

top / fs,ex
bot) are reported in Tables 3 and 4.

In Figure 9a, the mean BS ratio is depicted for top
and bottom bars of each series. For the bottom bars, the
BS ratio ranges between 0.96 and 1.05 in PC (Series 1, 5,

FIGURE 7 Test results of Series 1–4; bar stress fs,ex versus unloaded end slip δUL (in Series 2 the unloaded end slip of FRC_2-bottom is

missing for recording error). FRC, fiber-reinforced concrete; PC, plain concrete; RAC, recycled aggregate concrete.

FIGURE 8 Splitting failure (a) and mixed failure mode with concrete cone blowing off (b).

14 METELLI ET AL.
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and 6) with a coefficient of variation lower than 14%; in
RAC (Series 3 and 4), BS ratio is 0.96, while it is >1 only
in Series 2 concerning FRC specimens, thus confirming
the beneficial effect of confinement provided by FRC
postcracking strength on the anchorage strength. The
experimental BS ratio of PC specimens confirm the reli-
ability of the MC2010 formulation (Equation 2) to predict
the anchorage strength. However, the BS ratio decreased
to 0.76 and to about 0.6 for the top bars in PC and RAC,
respectively; this result evidences the influence of bleed-
ing and of plastic settlement of fresh concrete (casting
position effect) on the anchorage strength of bars cast
near the top of a pour. The mean TC ratio of each series
is reported in the histogram of Figure 9b, which evi-
dences the strength reduction for top bars with respect to
the bottom ones. The decrease of the anchorage resis-
tance ranges between 29% and 21% in PC while it is 16%
in FRC. A significant decrease of anchorage strength in
poor casting position is measured for RAC (40%) which
may be due to the density of recycled aggregates derived
from blast furnace slags (BFS) that was 15% greater than

that of the natural gravel. This difference may lead to a
higher percentage of BFS aggregates in the lower part of
the specimen. This kind of segregation may have caused
different mechanical properties between the bottom and
the top portion of the concrete element.

This different strength was confirmed by two pull-out
tests on concrete cover (measured according to EN
1250-4-330) which provided a concrete strength of 33 and
16 MPa, of the bottom and top cover of specimen RAC_1,
respectively (Figure 10). This result suggests that the
replacement of fine and coarse natural aggregate with
BFS in RAC should be adequately proportioned to avoid
any concrete segregation.

The experimental campaign provides also useful
results on the brittleness of the anchorages in different
concrete typologies, both in poor and good casting condi-
tion. In Figure 11, the maximum unloaded end slip
(δUL,max) of the anchorages in top or in bottom locations
is plotted for each series. A markedly less brittle behavior
of bars in top location can be seen: the maximum end slip
reaches a value close to 0.7 mm when transverse

FIGURE 9 Bond strength (BS) ratio (a) and top cast (TC) ratio (b). FRC, fiber-reinforced concrete; PC, plain concrete; RAC, recycled

aggregate concrete.

FIGURE 10 Pull-out test on concrete cover of a RAC

specimen.

FIGURE 11 Maximum unloaded end slip measured in Series

1–4. FRC, fiber-reinforced concrete; PC, plain concrete; RAC,

recycled aggregate concrete.

METELLI ET AL. 15
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confinement is provided by steel fibers (Series 2) or by
doubling the stirrups index of confinement (Series 4).
The capability of FRC to control the anchorage failure
can be observed also for anchorages in bottom location,
since the maximum free end slip is five times greater
than that of anchorages in PC.

4.2.2 | Anchorage stiffness

Finally, the performance of anchorage behavior at SLS
(related to crack width control) can be expressed by the bar
stress (fs,δL0.05) at a loaded end slip of 0.05 mm. To this aim,
in Figure 12a the mean value of the bar stress of each series
is plotted both for top and bottom location. First, it should
be noted that the bar stress is never >240 MPa, as required
at SLS to control the crack width.21 Furthermore, the top
anchorages show a markedly softer behavior (with a
decrease between 32% and 41% of the stiffness) with respect
to the bottom bars. However, the test results present a large
scatter with a coefficient of variation even >50% (Table 3).

A lower scatter of the anchorage stiffness can be
obtained when measuring the bar stress (fs,δUL0.02) at an
unloaded end slip of 0.02 mm (coefficient of variation
ffi 11% in Series 1, 3, and 4, and ffi 28% in Series 4). The
secant stiffness KδUL,0.02 of the bar stress (fs,ex) versus slip
(δUL) curve at an unloaded end slip of 0.02 mm is plotted in
Figure 12b; it should be noted that the casting position also
affects the anchorage stiffness of top bars with a
decrease of 21% and 26% in PC and FRC, respectively,
when compared with bottom ones. As already observed
for the anchorage strength, the stiffness reduction is
greater in RAC (equal to 46% and 65% in Series 3
and 4, respectively). These results may support the
assumption of a more uniform distribution of bond
stress in top location, which may mitigate the casting
position effect in long anchorages/laps.12

5 | CONCLUDING REMARKS

This paper outlines a beam end test that is particularly
useful to verify the applicability of existing provisions for
bond and anchorage in the fib Model Code when using
nonconventional concrete; however, the proposed test
may also adopted for assessing the performance of new
types of reinforcement.

After presenting and discussion the geometry of the
new beam-end specimen, experimental results of 64 tests
of long anchorages of steel ribbed bars in different types
of concrete (PC, FRC, and RAC) are presented. The tests
were carried out in two different laboratories.

Based on the test results, the following remarks can
be made:

1. The proposed bond test is cost-effective with limited
dimensions and easy handling; this test is capable to
represent actual conditions of anchored bars in real
design practice and it allows the casting position effect
to be better investigated;

2. The tests results confirm the reliability of the MC2010
formulation to predict the strength of long anchor-
ages, and hence its viability to serve as the basis for
the design of the anchorage length to be used in a
standardized bond test;

3. Anchorages having a length of about 20 times the bar
diameter show a strength reduction of about 25% in
top location with respect to the bottom one in normal
strength concrete;

4. The use of FRC leads to a significant increase in the
anchorage strength and a slight reduction of the TC
effect with respect to PC;

5. Anchorages in bottom location of RAC specimens
show a resistance similar to that in conventional con-
crete; however, a greater TC effect is observed in
RAC, probably due to the segregation of concrete with

FIGURE 12 Mean bar stress at a loaded end slip of 0.05 mm (a); anchorage stiffness measured at an unloaded end slip of 0.02 mm (b).

FRC, fiber-reinforced concrete; PC, plain concrete; RAC, recycled aggregate concrete.
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blast furnace slag. Therefore, the current provisions of
fib-Model Code on casting position can hardly be
applied to RAC. However, a proper mix design of the
RAC concrete would guarantee a more homogeneous
mixture to limit the cast effect of the top bars.

NOTATIONS

al distance of anchored bars to the confining link
Ast cross sectional area of one leg of confining

stirrups
B width of the beam end specimen
BS bond strength ratio
C corner bar
Ce center bar
cs clear spacing between anchored bars
cx side concrete cover
cy bottom concrete cover
db diameter of the anchored bar
dsw stirrup diameter
fcm mean concrete strength
fR relative rib area (bond index)
fs measured bar stress
fs,ex nominal bar stress measured at peak load
fs,tgt target stress developed by the anchorage at

failure
fstm maximum anchored bar stress according to

fib-MC2010 formulation
fsδL,0.05 measured bar stress for a loaded end slip of

0.05 mm
fsδUL,0.02 measured bar stress for an unloaded end slip

of 0.02 mm
fum mean tensile strength of steel rebars
fyk characteristic yield strength steel rebars
fym mean yield strength steel rebars
H height of the beam end specimen
km effectiveness factor of confining reinforcement
Ktr stirrup index of confinement
KUL,0.02 secant stiffness of the stress vs. slip curve for

an unloaded end slip of 0.02 mm
L length of the beam end specimen
lb anchorage length
N number of tested specimen in each series
nb number of anchored bars
nst total number of confining stirrups along the

anchorage length
nt number of stirrup's legs crossing the splitting

failure surface
P, Pu applied load, ultimate load
TC ratio between the maximum bar stress devel-

oped by a top bar with respect with that mea-
sured in the corresponding bottom cast one

w crack width

α2 confinement coefficient provided concrete
cover (as expressed by MC2010)

δL slip of the bar loaded end
δU slip of the bar unloaded end

ACKNOWLEDGMENTS
The authors would like to thank the technicians Augusto
Botturi, Andrea Delbarba of the Laboratory P. Pisa of the
University of Brescia for their know-how and assistance
during the laboratory activities of this study. The authors
are grateful to the Eng. S. A. Haydar, S. Khoury, and
A. Dorici for performing the experimental campaign dur-
ing the work of their master thesis at University of Brescia.
The supports by Alfacciai Group in providing the steel bars
and Gatti spa in providing RAC concretes are gratefully
acknowledged. A special thank goes to Eng. E. Marchina
for the support in the experimental program.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

ORCID
Giovanni Metelli https://orcid.org/0000-0002-4334-4108
John Cairns https://orcid.org/0000-0001-9886-3661

REFERENCES
1. Tepfers R. A theory of bond applied to overlapped tensile rein-

forcement splices for deformed bars. Chalmers University of
Technology, Goteborg, Publ 73/2, 328 pp., 1973.

2. fib. Bond of reinforcement in concrete, Bulletin N.10,
state-of-art report, T.G. “bond models”. 2000, Convener Ralejs
Tepfers, 427 pp., ISBN 978-2-88394-050-5.

3. Cairns J, Jones K. The splitting forces generated by bond. Mag-
azine of Concrete Research. 1995;47(171):153–65.

4. Gambarova PG, Rosati GP. Bond and splitting in bar pull-out:
behavioural laws and concrete-cover role. Mag Concr Res.
1997;49(179):99–110.

5. Giuriani E, Plizzari GA. Interrelation of splitting and flex-
ural cracks in RC beams. J Struct Eng ASCE. 1998;124(9):
1032–40.

6. Bamonte PF, Gambarova PG. High-bond bars in NSC and
HPC: study on size effect and on the local bond stress–slip law.
J Struct Eng. 2007;133(2):225–34.

7. Cairns J, Jones K. (1995) influence of rib geometry on strength
of lapped joints: an experimental and analytical study. Mag
Concr Res. 1995;47(172):253–62.

8. Metelli G, Plizzari GA. Influence of the relative rib area on
bond behaviour. Mag Concr Res. 2014;66(6):277–94. https://
doi.org/10.1680/macr.13.00198

9. Giuriani E, Plizzari GA, Schumm C. Role of stirrups and resid-
ual tensile strength of cracker concrete on bond. J Struct Eng
ASCE. 1991;117(1):1–18.

10. Plizzari GA, Deldossi MA, Massimo S. Transverse reinforce-
ment effects on anchored deformed bars. Mag Concr Res. 1998;
50(2):161–77.

METELLI ET AL. 17

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202300124 by U

niversita D
i B

rescia, W
iley O

nline L
ibrary on [05/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4334-4108
https://orcid.org/0000-0002-4334-4108
https://orcid.org/0000-0001-9886-3661
https://orcid.org/0000-0001-9886-3661
https://doi.org/10.1680/macr.13.00198
https://doi.org/10.1680/macr.13.00198


11. Metelli G, Marchina E, Plizzari GA. Effects of the position
of confining transverse links on lap strength. Struct
Concr. 2022;23(5):2928–41. https://doi.org/10.1002/suco.
202100642

12. Cairns J. Top cast effect: influence of bond length on splitting
mode failure. Struct Concr. 2022;23(5):2696–709. https://doi.
org/10.1002/suco.202100376

13. Moccia F, Fern�andez Ruiz M, Metelli G, Muttoni A, Plizzari G.
Casting position effects on bond performance of reinforcement
bars. Struct Concr. 2021;22(3):1612–32.

14. Metelli G, Marchina E, Plizzari GA. Experimental study on
staggered lapped bars in fiber reinforced concrete beams. Com-
pos Struct. 2017;179:655–64.

15. fib. Bond and anchorage of embedded reinforcement: back-
ground to the fib model code for concrete structures 2010. Bul-
letin N.72, technical report, T.G. “bond models 4.5”. 2014,
Convener: John Cairns, 170 pp. ISBN 978-2-88394-112-0.

16. fib. International Federation for Structural Concrete. Model
code for concrete structures 2010. Berlin, Germany: Ernst &
Sohn; 2013. p. 434.

17. fib. International Federation for Structural Concrete. Draft
Model Code for Concrete Structures. 2020.

18. RILEM/CEB/FIP. Recommendation RC 6: bond test for rein-
forcing steel, 2. Pullout Test. 1978.

19. EN 10080:2005. Steel for reinforcement of concrete – Weldable
reinforcing steel – General. European Committee for
Standardization.

20. pr EN10080. Steel for the reinforcement of concrete -Weldable rein-
forcing steel - general. European Committee for Standardization.
2023.

21. EN 1992-1-1. Eurocode 2: design of concrete structures - part
1–1: general rules, and rules for buildings, European Commit-
tee for Standardization. 2004.

22. Bony JC, Claude G, Soretz S. 'Comparison of beam tests and
pull-out tests', Betonstahl in Entwieklung 58 24 p., also in
RILEM BuLletin No. 28. 1972.

23. Cairns J, Plizzari GA. Towards a harmonised European bond
test. Mater Struct/Mater Constr. 2003;36(262):498–506.

24. EN ISO 15630-1. Steel for the reinforcement and prestressing of
concrete - Test methods - part 1: reinforcing bars, rods and wire
(ISO 15630-1:2019). 2019.

25. pr EN 1992-1-1. Eurocode 2: design of concrete structures - part
1–1: general rules, and rules for buildings, bridges and civil
engineering structures, European Committee for Standardiza-
tion. 2021.

26. ASTM A944-10. Standard test method for comparing bond
strength of steel reinforcement bars to concrete using beam-end
specimens. 2015.

27. Sippel TM, Hofmann J. The beam end test as a test specimen
for the bond of reinforcement bars in concrete. 5th

international conference of bond in concrete 2022. 2022, Uni-
versity of Stuttgart (Germany), 25-27th July 2022:528-40.

28. EN 12350-2. Testing fresh concrete – slump test. European
Committee for Standardization. 2001.

29. EN 14651. Test method for metallic fibre concrete. Measuring
the flexural tensile strength, CEN. 2005.

30. EN 12504-1. Testing concrete in structures - part 3: determina-
tion of pull-out force, CEN. 2019.

AUTHOR BIOGRAPHIES

Giovanni Metelli
DICATAM, University of Brescia,
Via Branze, 43, 25123 Brescia, Italy
mail: giovanni.metelli@unibs.it

John Cairns
EGIS, Heriot-Watt University, Edin-
burgh UK
j.j.cairns@hw.ac.uk

Giovanni Plizzari
DICATAM, University of Brescia,
Via Branze, 43, 25123 Brescia, Italy
giovanni.plizzari@unibs.it

How to cite this article: Metelli G, Cairns J,
Plizzari G. A new fib Model Code proposal for a
beam-end type bond test. Structural Concrete.
2023. https://doi.org/10.1002/suco.202300124

18 METELLI ET AL.

 17517648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/suco.202300124 by U

niversita D
i B

rescia, W
iley O

nline L
ibrary on [05/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/suco.202100642
https://doi.org/10.1002/suco.202100642
https://doi.org/10.1002/suco.202100376
https://doi.org/10.1002/suco.202100376
https://doi.org/10.1002/suco.202300124

	A new fib Model Code proposal for a beam-end type bond test
	1  INTRODUCTION
	2  RESEARCH SIGNIFICANCE
	3  A STANDARD BEAM END TEST
	3.1  Principle of the test
	3.2  Preparation of samples
	3.3  Test setup
	3.4  Test procedure and interpretation of test results

	4  EXPERIMENTAL PROGRAM
	4.1  Material properties
	4.2  Discussion of test results
	4.2.1  Anchorage strength.
	4.2.2  Anchorage stiffness


	5  CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


