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Cast-in-place anchor bolts embedded in plain and steel fibre-reinforced normal- and high-strength con-
crete members were subjected to monotonic tensile loads. The influence of the concrete member thick-
ness, concrete strength, and the addition of steel fibres to the concrete mixture, on the anchorage capacity
and performance was evaluated. The experimental results were evaluated in terms of anchorage capacity,
anchorage ductility and stiffness as well as failure mode and geometry. Furthermore, the validity of
Concrete Capacity (CC) method for predicting the tensile breakout capacity of anchor bolts in plain
and steel fibre-reinforced normal- and high-strength concrete members was evaluated.
The anchorage capacity and ductility increased slightly with increasing member thickness, whereas the

anchorage stiffness decreased slightly. In contrast to the anchorage ductility, the anchorage capacity and
stiffness increased considerably with increasing concrete compressive strength. The anchorage capacity
and ductility also increased significantly with the addition of steel fibres to the concrete mixtures. This
enhanced capacity and ductility resulted from the improved flexural tensile strength and post-peak
cracking behaviour of steel fibre-reinforced concrete.
The average ratio of measured strengths to those predicted by the CC method for anchors in plain con-

crete members was increased from 1.0 to 1.17 with increasing member thickness. In steel fibre-
reinforced concrete, this ratio varied from 1.29 to 1.51, depending on the member thickness and the con-
crete strength.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Fastening systems, which use the mechanical interlock as a load
transfer mechanism to convey external loads to concrete struc-
tures, typically fail via concrete-related failure modes, such as con-
crete cone breakout and concrete splitting. Concrete splitting
failure may occur when an anchor is placed in a relatively thin con-
crete member or very close to adjacent anchor/s or concrete free
edges. Concrete cone breakout failure is characterized by the for-
mation of a cone-shaped fracture surface in concrete at the anchor-
ing zone. This failure mode is fairly common for various types of
anchors under tensile loads. Previous numerical and experimental
studies on single cast-in-place anchor bolts under tension loads
showed that the concrete cone circumferential cracking initiates
at approximately 30% of the ultimate load. In addition, the concrete
cone crack growth is stable up to the ultimate load [1]. It was
observed that at ultimate load, concrete cone cracks do not reach
the concrete surface. The ratio of the length of concrete cone cracks
at ultimate load to the side length of a full-cone envelop varies
from 0.5 to 0.25 with increasing anchor embedment depth [1].
As the deformation at ultimate load is exceeded, the concrete cone
crack growth become unstable and the full-cone envelop forms
completely with increasing deformations at post-peak load.

In general, concrete cone breakout and splitting failures are
characterized as brittle failures because the load-displacement
curves associated with these failures decline sharply after peak
load, due to rapid and unstable propagation of concrete cracks.
For these brittle failure modes, the full tensile capacity of concrete
is utilized, thereby resulting in concrete cracks at the anchoring
zone.

Steel failure may also occur if steel in the anchor experiences a
tensile stress that exceeds its ultimate tensile strength while the
concrete remains undamaged. This failure is considered a
ductile-failure mode and is rarely observed but may occur if the
steel in the anchor is ductile and if the anchor embedment depth
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is extremely large. In addition, a ductile failure for cast-in-place
headed anchors may also be achieved if the concrete contains rein-
forcement in the anchoring zone.

Compared to the ordinary concrete (i.e. non-fibre-reinforced),
Steel Fibre-Reinforced Concrete (SFRC) has shown improved flexu-
ral tensile strength, residual flexural tensile strength and post-peak
cracking behaviour [2]. Several studies showed that the use of SFRC
material leads to an improved structural capacity and performance
(i.e. increased flexural, shear and punching resistance, increased
flexural stiffness, improved ductility, and reduced crack widths
and crack spacing) compared to ordinary concrete [3–5].

It is expected that fastening systems that are susceptible to
brittle-concrete failures may have an improved anchorage capacity
and performance when they are placed in SFRCmembers. Although
currently the use of SFRC has become popular in practice, the
structural behaviour of fastening systems in SFRC has not been
fully investigated.

Over the last few decades, several investigations, via experi-
ments and numerical simulations, of various anchorage systems
in Normal-strength Plain Concrete (NPC) have led to the develop-
ment of theoretical and empirical models for predicting the failure
load of these systems [1,6–12]. The tested anchors were, however,
all embedded in NPC members and, hence, the proposed models
may underestimate the anchorage capacity in SFRC members. In
addition, concrete compressive strength for most of the tested
anchors considered in the previous studies was <50 MPa, albeit
in a short number of tests it was up to 70 MPa. However, the cur-
rent design standards and guidelines allow designing fastening
systems in high-strength concrete with compressive strength of
up to 70 MPa [13–17].

High-strength concrete is, by nature, more brittle than normal-
strength concrete. As investigations on fastenings in this material
have rarely been reported, further experimental evaluations of fas-
tenings in concrete members with compressive strengths >50 MPa
are recommended.

In addition, the influence of global bending stiffness of the con-
crete member (e.g. member thickness and surface reinforcement)
and size of anchor-head on the anchorage capacity and perfor-
mance is neglected by the current models for predicting the tensile
bearing capacity of fastenings. Nilforoush et al. [18,19] have, via
numerical simulations, recently shown that (i) the tensile breakout
capacity of headed anchors increases with increasing the member
thickness or size of anchor-head, and/or if surface reinforcement is
present, (ii) the anchorage is governed by the concrete splitting
failure, rather than the concrete cone breakout failure, if concrete
member is relatively thin and unreinforced.

The use of high-strength SFRC may allow the design of rela-
tively thin structural concrete members for loads corresponding
to normal-strength concrete and, hence, its use is becoming com-
mon practice. Although theoretical models were developed for
the design of such members, further investigations of anchorage
behaviour in relatively thin high-strength SFRC are required.

In this paper, the influence of the member thickness, concrete
strength, and steel-fibre addition to the concrete mixture, on the
tensile breakout capacity and performance of cast-in-place headed
anchors is experimentally investigated. Nineteen single cast-in-
place headed anchors were tested in plain and steel fibre-
reinforced normal- and high-strength concrete members. The
experimental results are presented in terms of load-displacement
curve, anchorage ultimate load, anchor displacement at the ulti-
mate load and at the load corresponding to the initiation of con-
crete cone circumferential cracking (i.e. considered as 30% of the
ultimate load), anchorage stiffness and ductility, and failure mode
and geometry. In addition, the validity of the Concrete Capacity
(CC) method for predicting the tensile breakout capacity of anchor
bolts in plain high-strength concrete and steel fibre-reinforced
normal- and high-strength concrete is evaluated. Furthermore,
another experimental study is ongoing to evaluate the influence
of member thickness, anchor head size and surface reinforcement
on the tensile breakout capacity of headed anchors. The test results
will be presented and discussed in detail in a separate paper.

2. Current models for tensile capacity of anchor bolts in
concrete

In the case of steel failure, the resistance of an anchor is directly
proportional to the steel strength and the cross-sectional area of
the anchor shaft. Although the failure load associated with this fail-
ure is quite simple and well understood, the established theoretical
model for determining the failure load associated with concrete
splitting failure is more complex. In fact, the failure load for split-
ting failure of a particular anchor type is often determined by
approval tests.

The failure load associated with concrete cone breakout can be
reasonably calculated via the Concrete Capacity (CC) method
(referred to as the Concrete Capacity Design (CCD) method in the
US), proposed by Fuchs et al. [12]. The CC method, which is a basic
model for predicting the tensile breakout capacity of fastening sys-
tems in concrete, has been incorporated into (i) several design
standards in the US (e.g. ACI 349-01 [13] and ACI 318-08 [14]),
(ii) various design-oriented documents in Europe (e.g. CEB Design
Guide [15] and CEN/TS 1992-4 [16]), and (iii) internationally in
the fib Bulletin 58 [17]. Based on the CC method, the mean tensile
breakout capacity of a single cast-in-place anchor, unaffected by
concrete free-edge influences or overlapping cones of adjacent
anchors, can be evaluated from:

Nu;m ¼ k
ffiffiffiffiffiffi
f cc

q
h1:5
ef ð1Þ

where Nu,m: mean concrete cone breakout capacity of a single
anchor [N], fcc: concrete cube compressive strength [MPa], hef:
anchor effective embedment depth [mm], and k: empirical factor
[N0.5/mm0.5] of 15.5, obtained from several tests on cast-in-place
undercut and headed anchors in uncracked concrete members.
The CC method assumes a concrete cone angle of �35�, with respect
to the concrete surface, which leads to an idealized projected cone
area of �3.0hef � 3.0hef on the concrete surface [12].

3. Experimental program

The experimental study was performed in the laboratory of the
Division of Structural and Fire Engineering at Luleå University of
Technology (LTU), Sweden. A total of nineteen single cast-in-
place anchor bolts were subjected to monotonic tensile loading.
Testing parameters, such as the concrete member thickness, con-
crete compressive strength, and the addition of steel fibres to the
concrete base material, were considered. Four different test series
were considered in this experimental program (see Table 1 for
matrix of experimental program). The typical geometry of the test
specimens, including both the side and top views, is shown in
Fig. 1. The test specimens were designed to fail via brittle-failure
modes associated with concrete (the designed tensile strength of
the steel anchor bolts was sufficiently high to prevent steel failure).
In all test series, a single anchor bolt with an effective embedment
depth of hef = 220 mm was placed in the center of a concrete slab.
The length (L) and width (W) of concrete slabs for all specimens
were identical (L =W = 1300 mm), whereas the height of concrete
slabs (H) varied from 1.5 to 3.0 times the anchor embedment depth
(i.e. H = 330, 440 and 660 mm).

In series (i)–(iv), the anchor bolts were tested in Normal-
strength Plain Concrete (NPC) members, Normal-strength steel
Fibre-Reinforced Concrete (NFRC) members, High-strength Plain



Table 1
Matrix of experimental program.

Case Test ID Slab height (mm) Slab length & width (mm) Concrete mixture

i NPC-330-T1 330

1300 Normal-strength Plain Concrete (NPC)

NPC-330-T2
NPC-330-T3

NPC-440-T1 440
NPC-440-T2
NPC-440-T3

NPC-660-T1 660
NPC-660-T2
NPC-660-T3

ii NFRC-330-T1 330

1300 Normal-strength steel Fibre-Reinforced Concrete (NFRC)
NFRC-330-T2

NFRC-440-T1 440
NFRC-440-T2

iii HPC-440-T1 440 1300 High-strength Plain Concrete (HPC)
HPC-440-T2

iv HFRC-330-T1 330

1300 High-strength steel Fibre-Reinforced Concrete (HFRC)
HFRC-330-T2

HFRC-440-T1 440
HFRC-440-T2

Fig. 1. Typical geometry of test specimens: (a) side view and (b) top view.
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Concrete (HPC) members, and High-strength steel Fibre-Reinforced
Concrete (HFRC) members, respectively. The test specimens were
identified by names with three parts: the first, second, and third
parts respectively specify the type of concrete base material, con-
crete member thickness, and the test replicate number.
3.1. Cast-in-place anchor bolts

The steel headed anchors consisted of M36 standard threaded
rods (shaft diameter: d0 = 36 mm) with a round bearing nut (diam-
eter: dh = 55 mm, thickness: th = 30 mm) at the end. As shown in
Fig. 2(a), the threaded rod was covered with a thin plastic tube
(thickness: 2 mm) to prevent friction and adhesion between the
rod and the concrete. The threaded rods composed of a grade
10.9 steel which had a yield strength fyk and ultimate strength fuk
of 900 and 1000 MPa, respectively, as stipulated by the
manufacturer.
3.2. Concrete specimens

The concrete slabs were cast with ready-mix concrete of grades
C30/37 and C65/80 (referred to as normal-strength and high-
strength concrete). Two different mixtures were used for each con-
crete grade (i.e. plain concrete and concrete with steel wire fibres
of hooked-end type). The mix proportions of all concrete mixtures
are given in Table 2. The water-cement ratio (w/c) of normal- and
high-strength mixtures was 0.55 and 0.35, respectively. The fibre
content for the steel fibre-reinforced concrete mixtures was
80 kg/m3 (corresponding to �1% of the concrete volume). The steel
fibre-reinforced concrete mixtures and the plain concrete mixtures



Fig. 2. (a) Anchor bolt geometry; (b) Hooked-end type steel fibres.

Table 2
Concrete mixtures and properties.

Concrete type NPC NFRC HPC HFRC
Concrete class C30/37 C30/37 C65/80 C65/80

w/c 0.55 0.55 0.35 0.35
Cement-CEM II/A-LL 42.5R (kg/m3) 380 380 610 610
Aggregate 0–4 mm (kg/m3) 500 500 400 400
Aggregate 4–8 mm (kg/m3) 450 450 450 450
Aggregate 8–16 mm (kg/m3) 840 840 830 830
Additives (% of cement weight) – 0.65 – 0.65
Steel fibre (kg/m3) – 80 – 80

Mechanical properties Mean (COV%)

Density (kg/m3) 2304 (0.5%) 2307 (0.6%) 2353 (1.1%) 2378 (0.8%)
fccm (MPa) 40.1 (2.8%) 39.2 (4.1%) 81.7 (1.9%) 80.3 (3.4%)
fctm,sp (MPa) 3.2 (4.3%) 4.0 (8.1%) 4.2 (8.9%) 7.2 (4.1%)
Gf (N/m) 145 (6.4%) – 204 (12.5%) –

fccm = mean concrete cube compressive strength.
fctm,sp = mean concrete tensile splitting strength.
Gf = mean concrete fracture energy.
COV = coefficient of variation.
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consisted of the same concrete ingredients. However, a high-range
water-reducing admixture of �0.65% of the cement weight was
added to the fibre-reinforced concrete mixtures to sustain the flow
consistency of this concrete. The applied steel fibres had an aspect
ratio of 65 corresponding to a length and diameter of 60 mm and
0.92 mm, respectively (see fibre geometry in Fig. 2b).

Directly after casting, the concrete slabs were covered by poly-
ethylene sheets for 24 h and then cured with wet burlap for an
additional 7 days. The concrete slabs were kept indoors at an ambi-
ent temperature of 10 �C until testing. The anchor pullout loading
was carried out after the concrete had cured for �60 days to
exclude the influence of concrete strength growth at the time of
anchor pullout testing.

During casting the concrete slabs, additional concrete cubes
(side: 150 mm) were cast from the same concrete batches to
evaluate the compressive and tensile splitting strength of the
concrete mixtures (at least ten cubes from each batch: five cubes
for the compressive test and the other five cubes for the tensile
splitting test). Furthermore, additional concrete beams
(L550 �W150 � H150 mm) were cast from each concrete batch
to evaluate the fracture properties of concrete (i.e. the fracture
energy for the plain concrete mixtures, and the flexural tensile
strength and residual flexural tensile strength for the fibre-
reinforced concrete mixtures). The concrete cubes and beams were
cured under the same curing conditions as the concrete slabs.

The compressive and tensile splitting strengths of concrete, at
the time of anchor pullout loading, were evaluated in accordance
with EN 12390-3 [20] and EN 12390-6 [21], respectively. The mean
values along with the coefficients of variation (COV) of the mea-
sured concrete cube compressive strength and concrete tensile
splitting strength are listed in Table 2. For the plain concrete mix-
tures, the concrete fracture energy was measured by means of a
three-point bending loading test on standard concrete notched
beams in accordance with RILEM TC 50-FMC [22]. The mean values
and corresponding coefficients of variation of concrete fracture
energy are given in Table 2. The flexural tensile strength and resid-
ual flexural tensile strength for the fibre-reinforced concrete mix-
tures were also measured by means of a three-point bending
loading test on standard concrete notched beams in accordance
with CEN-EN 14651 [23]. The load versus CMOD (i.e. crack mouth
opening displacement) curves for all concrete mixtures are pre-
sented in Fig. 3. The flexural tensile strength and residual flexural
tensile strength for the fibre-reinforced concrete mixtures are pre-
sented in Table 3.
4. Testing procedure

4.1. Test setup and loading equipment

A genral view of the test setup and loading equipment is shown
in Fig. 4. Anchor pullout loading was performed in an unconfined
test setup. To prevent the vertical movement of the testing con-
crete slab, a stiff circular steel ring with an inner diameter of
Lsup = 4.0�hef = 880 mm was used as a vertical support. This ring
was placed on a thin gypsum layer on the concrete surface to
accommodate the concrete surface roughness. Loading was per-
formed on the top of the anchor shaft using a displacement-
controlled system to capture the post-peak load-displacement
behaviour of anchor bolts. This loading was applied to the bolts
by means of a hollow cylinder hydraulic jack with a capacity of
100 ton. The load was applied to the bolt through a 36-mm diam-
eter high-strength steel rod which was directly connected to the
top of the anchor shaft using a coupling nut. The jack was placed



Fig. 3. Load-CMOD curves for various concrete mixtures: (a) NPC, (b) NFRC, (c) HPC, and (d) HFRC.

Table 3
Flexural tensile strength and residual flexural tensile strength of NFRC and HFRC mixtures.

Mixture fctm,fl fRm,fl 1 fRm,fl 2 fRm,fl 3 fRm,fl 4 fRm,fl 5 fRm,fl 10 fRm,fl 20

NFRC 5.8 6.6 7.2 7.0 6.6 6.4 4.8 2.8
HFRC 7.4 8.3 8.3 7.6 6.0 5.2 3.2 1.8

fctm,fl = mean concrete flexural tensile strength [N/mm2].
fRm,fl 1, fRm,fl 2, fRm,fl 3, ..... fRm,fl 20 = mean residual flexural tensile strength respectively at CMOD = 1.0, 2.0, 3.0. . ., 20 mm [N/mm2].

Fig. 4. General view of test setup: (a) photo, and (b) schematic view.
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on a stiff cross steel beam rested on the circular steel ring (see
Fig. 4). Prior to pullout loading, the bolts were all manually pre-
loaded to �30 kN using a mechanical tightening nut at the end of
the loading rod to provide full confinement between the ring and
the testing concrete slab. The bolts were then loaded, under
displacement-control, at a constant displacement rate of 1 mm/
min until the peak load was reached. After the peak load, the dis-
placement controlled loading was continued; however, the dis-
placement rate was increased to 2 mm/min.

4.2. Instrumentation

The applied load was measured by a load cell that was placed on
the top of the hydraulic jack. For measuring the anchor displace-
ment, a measurement platform fabricated from a square steel plate
was secured perpendicular to the anchor bolt, at 50 mm above the
concrete surface, using a hex nut above and another below the
platform (see Fig. 4b). The surface of the platform served as the ref-
erence level for the anchor displacement. This displacement was
measured by two wire sensors installed symmetrically on the cor-
ners of the platform. These sensors measured the displacement of
the anchors relative to two rigid points outside the concrete slab,
on the solid ground, by means of two rigid frames. The frames were
supported from outside the slabs in which their contacts with any
other structural member and testing equipment, which could have
produced inaccurate displacement readings, were prevented. The
sensors could measure displacements of up to 150 mm with an
accuracy of <0.1%. The axial displacement of the anchor bolts, to
the end of loading, was taken as the average of the two wire sensor
measurements.

To ensure the accuracy of the displacement readings, the dis-
placement was also measured with two linear variable differential
transformers (LVDTs) installed symmetrically at the other corners
of the measurement platform: at an identical distance of 100 mm
from the anchor. The LVDTs had a maximum traveling length of
25 mm and an accuracy of <0.001 mm. A data acquisition system
was used to continuously record the load and displacement data.
The displacements measured by the wire sensors were relatively
close to those measured by the LVDTs, thereby confirming the
accuracy of the measurements performed by the sensors.

5. Experimental results and discussion

Experimental results, including the ultimate load for the tested
anchors (Nu,test), the anchor displacement at the initiation of con-
crete cone cracks (D0.3Nu), and the anchor displacement at ultimate
load (DNu) are summarized in Table 4. This table also shows the
mean concrete cube compressive strength (fccm) on the day the
anchor bolts were tested. As the table shows, fccm varied from
�39 to 41 MPa and �80 to 82 MPa for normal-strength and high-
strength concrete mixtures, respectively. The CC method (Eq. (1))
stipulates that the tensile breakout capacity is proportional to
the square root of the concrete compressive strength. Therefore,
a normalized ultimate load (N�

u;test) to the average concrete com-
pressive strength of fcc = 40 MPa and fcc = 81 MPa, respectively for
anchor bolts in normal-strength and high-strength concrete, was
calculated by multiplying the measured values with the factor
(40/fcc,test)0.5 and (81/fcc,test)0.5. Table 4 also presents the mean nor-
malized capacity at tests (N�

u;test), the failure load predicted by the
CC method (Nu;calc:), the corresponding ratio of the mean normal-
ized capacity to the predicted value (N�

u;test=Nu;calc:), and the
observed failure modes.

The anchorage ductility was evaluated by defining a ductility
factor (DF) which was considered as the ratio of the displacement
at ultimate load to the displacement at initiation of concrete cone
cracks (DNu/D0.3Nu). The mean values of ductility factor for the
tested headed anchors are shown in Fig. 5. The anchorage stiffness
was also measured as the secant stiffness to 30% of the ultimate
load (K0.3Nu) and also to the ultimate load (KNu). Fig. 6 shows the
mean values of K0.3Nu and KNu for the tested headed anchors in con-
crete members of various thicknesses and base materials.

5.1. Overall behaviour

In general, the anchorage capacity and the displacement at ulti-
mate load increased slightly with increasing member thickness.
The test results showed that, the anchorage capacity and stiffness
increases by increasing the concrete compressive strength, while
the displacement at ultimate load and anchorage ductility
decreases significantly. The anchorage capacity and ductility as
well as the displacement at ultimate load improved significantly
when steel fibres are present in the concrete mixture.

5.2. Influence of member thickness

The load-displacement curves of anchor bolts in normal-
strength plain concrete (NPC) members of various thicknesses
are shown in Fig. 7. As the figure shows, the ultimate load and
anchor displacement at ultimate load increase slightly with
increasing thickness of the member. In addition, the anchorage
ductility (DF) increases by increasing member thickness (see
Fig. 5), whereas the anchorage stiffness (K0.3Nu and KNu) decreases
slightly (see Fig. 6).

Fig. 7 also shows that the post-peak anchorage behaviour in
NPC members is quite brittle, especially for those anchors housed
in the thinnest concrete slabs. This behaviour is evidenced by the
sharp decline of the load-displacement curves after peak loads,
which is due to the development of rapid and unstable concrete
cracks after the peak load.

The experimental results of case (i) indicate that the ratio of the
measured failure load to that predicted by the CC method (Eq. (1))
increases with increasing thickness of the concrete member (see
Table 4). This ratio for anchor bolts in concrete members with a
thickness of 1.5, 2.0 and 3.0 times the anchor embedment depth
is 1.0, 1.08 and 1.17, respectively. The measured capacity of headed
anchors in the thinnest NPC members agrees quite well with the
value predicted by Eq. (1). However, it seems that Eq. (1) underes-
timates the mean tensile breakout capacity of anchor bolts in thick
NPC members. These results concur with the numerical results by
Nilforoush et al. [18,19].

5.3. Influence of concrete strength

The load-displacement curves of anchor bolts in HPC and NPC
members are compared in Fig. 8. As the figure shows, the headed
anchors in HPC members have significantly higher capacity, but
lower anchor displacement at the peak load, than those in NPC
members. Fig. 5 also shows that the anchorage ductility decreases
significantly in HPC members. Although K0.3Nu for the headed
anchors in HPC members remains almost unchanged, compared
with those in NPC members, KNu increases significantly (see
Fig. 6). In contrast to the load-displacement curves of anchor bolts
in NPC members, the curves associated with bolts in HPC members
are quite linear and exhibit a well-defined ultimate load and
displacement. This might be attributed to the brittle nature of
high-strength concrete in comparison with the ordinary normal-
strength concrete. Furthermore, the post-peak anchorage beha-
viour in HPC members became extremely brittle: no crack was
observed on the concrete surface until the peak load was reached
and the anchor bolts failed with no prior noticeable anchor dis-
placement after the peak load. Directly after peak load, failure



Table 4
Experimental results.

Case Test ID fccm [MPa] Nu;test [kN] D0.3Nu [mm] DNu [mm] N�
u;test [kN] N�

u;test [kN] Nu;calc: [kN] N�
u;test=Nu;calc: Failure mode

i NPC-330-T1 41.0 329.0 0.29 5.92 324.8
320.0 319.9 1.00 cone + splittingNPC-330-T2 41.0 319.4 0.28 4.48 315.4

NPC-330-T3 41.0 323.7 0.31 5.17 319.7

NPC-440-T1 38.9 331.4 0.31 7.47 335.9
343.9 319.9 1.08 cone breakoutNPC-440-T2 38.9 353.2 0.29 6.25 358.0

NPC-440-T3 38.9 333.3 0.34 6.82 337.9

NPC-660-T1 40.1 384.3 0.34 6.90 383.6
374.9 319.9 1.17 cone breakoutNPC-660-T2 40.1 366.0 0.35 8.96 365.4

NPC-660-T3 40.1 376.5 0.35 8.45 375.8

ii NFRC-330-T1 39.2 401.9 0.38 11.54 405.9
411.7 319.9 1.29 cone + radial cracks

NFRC-330-T2 39.2 413.5 0.35 10.51 417.6

NFRC-440-T1 39.2 441.5 0.42 17.99 445.9
437.1 319.9 1.37 cone + radial cracks

NFRC-440-T2 39.2 424.2 0.40 11.10 428.4

iii HPC-440-T1 81.7 430.6 0.37 3.47 428.7
481.4 455.2 1.06 cone breakout

HPC-440-T2 81.7 536.5 0.47 3.44 534.1

iv HFRC-330-T1 80.3 669.1 0.59 11.39 672.2
622.7 455.2 1.37 cone + radial cracks

HFRC-330-T2 80.3 570.5 0.49 7.58 573.2

HFRC-440-T1 80.3 681.7 0.68 12.78 684.9
686.5 455.2 1.51 cone + radial cracks

HFRC-440-T2 80.3 685.0 0.69 14.09 688.1

Nu;test = ultimate load at test; D0.3Nu = anchor displacement at the initiation of concrete cone cracks (considered as displacement at 30% of the ultimate load); DNu = anchor
displacement at ultimate load; N�

u;test = normalized ultimate load to concrete compressive strength of 40 and 80 MPa for anchors in normal- and high-strength concrete
members, respectively; N�

u;test = mean normalized ultimate capacity at test; Nu;calc: = mean tensile breakout capacity predicted by the CC method (Eq. (1)) for anchor bolts in
normal- and high-strength concrete with compressive strengths of 40 and 80 MPa, respectively.

Fig. 5. Ductility factor (DF) for tested headed anchors in concrete with various
geometries and compositions.
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occurred suddenly with a loud concrete crushing noise. This brittle
failure of the headed anchors in HPC members may be prevented
by reinforcing concrete member.
Fig. 6. (a) Secant stiffness to 30% of the ultimate loa
As Table 3 shows, the ratio of the measured failure load associ-
ated with anchor bolts in HPC members to that predicted by the CC
method is 1.06. Although it seems that the CC method can reason-
ably estimate the failure load in HPC members with compressive
strengths of up to 80 MPa, the anchorage behaviour in HPC mem-
bers is quite brittle. Therefore, caution should be exercised in the
design of fastenings in plain high-strength concrete.
5.4. Influence of steel fibres in concrete

The load-displacement curves of anchor bolts in NFRC and HFRC
members of various thicknesses are shown in Figs. 9 and 10,
respectively. Figs. 9 and 10 also show the failure load predicted
by the CC method (Eq. (1)) in concrete members with compressive
strengths of 40 and 81 MPa, respectively.

The figures show that, regardless of the member thickness, the
maximum load and the anchor displacement at ultimate load
increase significantly when steel fibres are present in the concrete
mixture. Furthermore, the post-peak failure load and anchor dis-
placement increase significantly (see, Figs. 9 and 10). The headed
anchors in NFRC and HFRC members carried pullout loads of
d, and (b) Secant stiffness to the ultimate load.



Fig. 7. Load-displacement curves of anchor bolts in NPC members of various thicknesses: (a) H = 1.5�hef, (b) H = 2.0�hef, and (c) H = 3.0�hef.

Fig. 8. Comparison of load-displacement curves of anchor bolts in NPC and HPC
members.
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>300 kN at anchor displacements of up to 40 mm. The addition of
steel fibres also resulted in a significant increase in the anchorage
ductility (see Fig. 5). As anchor displacement at peak load was con-
sidered for evaluating the ductility factor and anchor bolts in SFRC
members showed quite larger displacements after peak load (com-
pared to the anchors in plain concrete members), thus the actual
ductility factor of anchors in SFRC may be quite larger than the val-
ues presented in Fig. 5.
Fig. 9. Comparison of load-displacement curves of anchor bolts in NPC and
As Table 4 shows, when H is increased from 1.5hef to 2.0hef, the
ratio of the failure load to the load predicted by the CC method var-
ies from (i) 1.29 to 1.37 and (ii) 1.37 to 1.51 for anchor bolts in
NFRC and HFRC members, respectively. This indicates that the
anchorage capacity in SFRC members also increases with increas-
ing member thickness. The ratio of the failure load to the load pre-
dicted by the CC method further indicates that the CC method
considerably underestimates the tensile breakout capacity of
anchor bolts in SFRC. As the compressive strength of NPC and
HPC mixtures are approximately identical to NFRC and HFRC mix-
tures, respectively, it seems that the concrete cone failure load of
anchor bolts in the steel fibre-reinforced concrete is influenced
by the fracture properties of concrete (i.e. tensile strength and frac-
ture energy), rather than the compressive strength.

5.5. Failure mode and failure geometry

Fig. 11 shows the crack patterns at failure for anchor bolts in
NPC members of various thicknesses. The NPC members all
undergo concrete cone breakout, except for the thinnest NPCmem-
bers which failed via mixed-mode concrete cone and splitting fail-
ure. In fact, by increasing the load on anchor bolts in the thinnest
NPC members, the concrete cone circumferential cracks are initi-
ated at the anchor head and then propagated towards the concrete
surface. However, concrete bending/splitting cracking also occurs
and dominates the failure mode, eventually dividing the concrete
slab into two separate pieces at the anchor peak load. This mixed
mode failure mechanism explains the more brittle post-peak
NFRC members of various thicknesses: (a) H = 1.5�hef and (b) H = 2.0�hef.



Fig. 10. Comparison of load-displacement curves of anchor bolts in HPC and HFRC members of various thicknesses: (a) H = 1.5�hef and (b) H = 2.0�hef.

Fig. 11. Crack pattern at failure in plain normal-strength concrete members of various thicknesses: (a) H = 1.5�hef, (b) H = 2.0�hef, and (c) H = 3.0�hef.
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behaviour of anchor bolts in the thinnest NPC slabs compared with
those in the thickest members (see Fig. 7). Increasing member
thickness and the consequent increased global bending stiffness
of the concrete member, leads to transition of the failure mode
from mixed-mode concrete cone and splitting to pure concrete
cone breakout. This increase in stiffness prevents premature bend-
ing/splitting cracking, thereby resulting in the formation of con-
crete cone cracks which dominate the failure mode. These
findings correspond closely with the results of the recent numeri-
cal study by Nilforoush et al. [18,19].

Fig. 12 shows the failure pattern of the anchor bolts in HPC
members. These bolts were failed via mixed-mode concrete cone
and splitting failure. In contrast to the mixed-mode failure
observed in the thinnest NPC members, the concrete surface of
HPC members remains free of bending/splitting cracks until the
peak load is reached. In fact, concrete cone circumferential crack-
ing occurs abruptly and dominates the failure. Although the
anchors in HPC members fail primarily via concrete cone breakout,
a severe bending/splitting crack forms rapidly, after peak load, and
divides the concrete slabs at the mid-span. As the HPC slabs were
unreinforced, it seems that they have reached their ultimate bend-
ing strengths at the anchor peak load. This might be the reason for
the brittle post-peak behaviour of anchor bolts in HPC members.
The brittle post-peak behaviour of anchor bolts in HPC members
may have been avoided if the concrete slabs had been reinforced
[19,24].

The failure pattern of anchor bolts in NFRC and HFRC members
of various thicknesses are shown in Figs. 13–16. The steel fibres are
randomly distributed in the concrete slabs. In general, at similar
anchor displacements, fewer concrete cracks form for anchor bolts
housed in NFRC and HFRC members than those housed in NPC and
HPC members. Similar to the anchor bolts in the plain concrete, the
bolts in NFRC and HFRC fail primarily via concrete cone breakout.
However, additional radial bending cracks form on the surface of
the steel fibre-reinforced concrete slabs, and propagate from the
loaded anchor bolt towards the concrete free edges. These cracks
in the thin and thick NFRC members are initiated at �76% and
94% of the ultimate load, respectively (corresponding to an anchor
displacement of �5.9 mm and 9.8 mm, respectively). Similarly,
radial bending cracks in the thin and thick HFRC members are ini-
tiated at �79% and 92% of the ultimate load, respectively (corre-
sponding to an anchor displacement of �3.7 mm and 7.7 mm,
respectively). The initiation of these cracks is postponed with
increasing member thickness, and the occurrence thereof can be
prevented by reinforcing the concrete members. Although radial
cracks occur in anchor bolts housed in NFRC and HFRC slabs, these
bolts are quite ductile and can carry pullout loads of >300 kN at
anchor displacements of up to 40 mm.

The concrete cones formed in NFRC and HFRC have similar
shapes to those formed in NPC and HPC. However, the concrete
cones on the surface of the steel fibre-reinforced concrete slabs
have smaller diameters than those formed on the plain concrete
slabs. Furthermore, the average cone angle, with respect to the
concrete surface, varies from 25 to 30� and 30 to 35� for the bolts
in plain concrete and steel fibre-reinforced concrete, respectively.
Although the failure cone area on the surface of the steel fibre-
reinforced concrete is smaller than that of the plain concrete, the
enhanced capacity and ductility can be attributed to the improved



Fig. 12. Crack pattern at failure in HPC members: (a) top view and (b) section view.

Fig. 13. Crack pattern at failure in thin NFRC members (H = 1.5�hef): (a) top view and (b) cone geometry.

Fig. 14. Crack pattern at failure in thick NFRC members (H = 2.0�hef): (a) top view and (b) cone geometry.

Fig. 15. Crack pattern at failure in thin HFRC members (H = 1.5�hef): (a) top view and (b) cone geometry.
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Fig. 16. Crack pattern at failure in thick HFRC members (H = 2.0�hef): (a) top view and (b) cone geometry.
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flexural tensile strength, residual flexural tensile strength and
post-peak cracking behaviour of steel fibre-reinforced concrete
(see Fig. 3).

6. Conclusions

The tensile breakout capacity and performance of cast-in-place
headed anchors embedded in plain and steel fibre-reinforced
normal- and high-strength concrete members of various thick-
nesses were experimentally evaluated. Testing parameters such
as the member thickness, concrete compressive strength, and the
addition of steel fibres to the concrete base material were consid-
ered. Based on the experimental results, the following conclusions
can be drawn:

1. The tensile breakout capacity of headed anchors increases with
increasing the thickness of concrete member. The maximum
load observed during testing of the thinnest plain concrete
members corresponds closely with that predicted by the Con-
crete Capacity (CC) method (Eq. (1)). However, the anchorage
capacity increases up to 17% with increasing the member thick-
ness from 1.5 to 3.0 times the anchor embedment depth.

2. The tensile bearing capacity of anchor bolts increases by
increasing concrete strength. However, the anchorage beha-
viour in the High-strength Plain Concrete (HPC) members was
more brittle than that in the Normal-strength Plain Concrete
(NPC) members. These bolts failed suddenly without prior
noticeable anchor displacement after peak load. The CC method
(Eq. (1)) provides reasonable estimation of the failure load of
anchor bolts in high-strength concrete members with compres-
sive strengths of up to 80 MPa. However, caution should be
exercised in designing anchor bolts in HPC members. It is highly
recommended to confine concrete member by some orthogonal
surface reinforcement to overcome the brittle post-peak beha-
viour of anchors in HPC. Alternatively, the addition of 80 kg/
m3 steel fibres of hooked-end type to concrete can prevent
the brittle post-peak behaviour of headed anchors in both
NPC and HPC members.

3. The addition of steel fibres to the concrete mixture leads to a
significant increase in the tensile breakout capacity of headed
anchors in both normal- and high-strength concretes. The
anchor displacement at ultimate load and the anchorage resid-
ual strength and ductility also increase significantly. The exper-
imental results showed that the CC method (Eq. (1))
considerably underestimates the tensile breakout capacity of
headed anchors in steel-fibre reinforced concrete.

4. The tested headed anchors all failed via concrete cone breakout,
except for those in the thinnest NPC members which failed via
concrete splitting. The splitting-failure mode of the thin plain
concretes transitioned to concrete cone breakout when the
member thickness was increased.
5. At the same anchor displacement, fewer concrete cracks formed
in anchor bolts in Normal-strength Fibre-Reinforced (NFRC) and
High-strength Fibre-Reinforced Concrete (HFRC) members than
in NPC and HPC members.

6. To propose a reliable model for predicting failure load of
anchors in SFRC material, further experimental and numerical
evaluations of anchors at various embedment depths in SFRC
members of various geometries and properties are required.
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