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A B S T R A C T   

Literature has recently provided the analytical model that predicts the shear strength of the anchor embedded 
into masonry. It is apparent that this model does not apply to the anchor embedded into concrete, as the ultimate 
contact pressures are different. A gap in the literature was hence filled, but there existed a remaining gap. In 
order to fill that last gap, further research was done. This paper is herein an account of that work. The paper deals 
with the anchor post-installed by drilling into an already compact concrete structure, used to transmit applied 
loads from an attachment to the concrete, subjected to a force acting at the end that emerges from the concrete 
and orthogonal to the anchor (shear force with no axial force), with large clearance from the edges, either alone 
or with large clearance from other anchors. Being post-installed, the embedded part of the anchor is a straight 
shaft with no hook at the embedded end, and with no nuts, washers, or plates attached to the shaft. The paper 
presents an analytical model absent in literature prior to this study that predicts the maximum shear force the 
anchor can carry, thus called “shear strength” of the anchor. The assumptions of the analytical model were 
established from the results of a non-linear numerical model specifically constructed by the author. The pre-
dictive capacity of the analytical model and accuracy of its results were assessed and verified by experimental 
tests of real anchorages specifically designed and performed by the author. This paper also presents the nu-
merical model and the comparisons of the analytical predictions to those experimental results, as well as com-
parisons to experimental results borrowed from literature and code provisions.   

1. Introduction: subject matter and specific advancement over 
the present state of the art 

The present paper focuses on the connector consisting in a straight 
shaft – called “anchor” – post-installed into hardened concrete, used to 
transmit applied loads from a structure – called “attachment” – to an 
existing concrete structure. One end of the anchor is embedded into the 
concrete while the other end protrudes from the concrete surface and is 
subjected to a transverse force, i.e., a force orthogonal to the anchor. 
That force is called “shear force” and is denoted by V (hence the anchor 
is given the name “shear anchor”). The term “shear force” refers to the 
external force applied to the anchor, while the internal forces in the 
anchor induced by the shear force are internal bending moment and 
internal shear force (but no or marginal internal axial force). The anchor 
is far from the edges and other anchors, and its shaft is strong (Section 
2). 

As detailed in Section 3, which provides the background and the 
state of the art, this issue constitutes a gap in scientific and technical 
literature. The same anchor but embedded into masonry was the subject 
of a recently published paper [1], which has presented a two-step 

analytical model. The first step provides the ultimate contact pres-
sures, and the second step of that model predicts the shear strength of 
the masonry shear anchor. Needless to say, [1] does not apply to the 
shear anchor embedded into concrete because the mechanism that re-
sists the contact pressures between anchor and concrete is different, and 
consequently the ultimate contact pressures are different. 

Recent literature also includes the mathematical model of the anchor 
group post-installed in concrete [2]. That analytical model predicts the 
anchor group effect on the shear anchor, while it applies neither to the 
single anchor (individual anchor) nor to the anchor groups with suffi-
cient spacing between the anchors (anchor groups whose strength is not 
governed by the group effect, i.e., whose shear strength does not depend 
on anchor spacing). 

In order to fill that gap and completely resolve the issue of the shear 
anchor, the author carried out a similar research activity devoted to 
analyzing the shear anchor post-installed into concrete, which is either 
single or part of a group whose strength is the sum of the strengths of 
each single anchor (i.e., the strength of the group does not depend on the 
spacing of the anchors). This paper reports that activity. In the hope that 
this effort will be useful to the research, profession, and industry, the 
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author presents here an analytical, closed-form model that predicts the 
shear strength of an anchor post-installed into hardened concrete. The 
anchor’s shear strength, which is the ultimate value of V, is denoted by 
Vu. 

An anchor post-installed into an existing structure is different than 
an anchor cast in a new structure, being the latter placed before pouring 
the concrete while the former inserted into hardened concrete. The 
embedded end of an anchor that is installed before pouring the concrete 
often is hooked, and the embedded part of the shaft typically includes 
nuts, washers, and/or plates. Moreover, the concrete includes specific 
bars and stirrups that improve the anchoring capacity of the concrete. 
Those devices largely strengthen the shear strength of the anchor. 
Conversely, the post-installed anchor is a straight shaft (rectilinear 
shank) with no strengthening devices along it. Moreover, no bars and 
stirrups embrace the anchor, as the reinforced concrete structure had not 
been designed to bear an anchor. 

Accordingly, this paper uses the term “concrete” although the 
members are usually made of reinforced concrete, because the members 
do not include any bar or stirrup specifically placed to strengthen the 
capacity of the concrete to bear the anchor. 

The attachment that is considered in this research work induces no 
more than marginal axial force in the anchor (negligible tensile force), as 
detailed in Section 2, and plays no role in the ultimate behavior of the 
anchor. 

This paper directly refers to anchors made of steel, but it encom-
passes any anchor stronger and stiffer than the surrounding concrete. 

Metal anchors can be divided into two types: adhesive anchors and 
mechanical anchors. The model that has been constructed does not make 
any differences between the types of anchors, as the anchor that is 
considered is subjected to shear force and no more than small axial force. 
Thus, the pull-out mechanism (extraction force) is not involved, and the 
bond consists only in the contact between concrete and embedded sys-
tem (the embedded system is the anchor plus, in the case of adhesive 
anchor, the anchoring material). 

The whole fastening system is called “anchorage”. The anchorage is 
hence composed of anchor, drilled hole, concrete that surrounds the 
drilled hole, and anchoring material in the case of adhesive anchor. 

2. Strength hierarchy and requirements 

The anchorage that this paper focuses on satisfies a strength hier-
archy criterion according to which the embedded system is the strongest 
component, while the concrete that surrounds the drilled hole is the 
weakest component, so that the failure of the anchorage is dictated by 
the surrounding concrete. That strength hierarchy is not a restriction or 
an assumption of the model but a necessary condition for a design to be 
optimal and a job well executed. 

This paper is devoted to the anchor with sufficient clearance from the 
edges of the concrete structure it is embedded into, and from other an-
chors in the case of anchor group, so that the shear strength does not 
depend on those clearances. 

The respect of the strength hierarchy shall be checked at the end of 
the assessment process by verifying that the steel-governed shear 
strength, edge-governed shear strength, and group-governed shear 
strength, which can be predicted by using models borrowed from liter-
ature or numerical models, are greater than the concrete-governed shear 
strength predicted by the analytical model presented in this paper. 

Furthermore, the anchor must be subjected to no more than mod-
erate tensile axial force. If the axial force is more than moderate, in fact, 
then the prediction of this model overrates the actual shear strength of 
the anchor because there is a significant interaction between shear force 
and axial force. More specifically, if the axial force is no more than 
moderate, that interaction is negligible. If conversely the axial force is 
greater, the interaction substantially reduces the shear strength. Again, 
that is not a restriction or an assumption of the model but a necessary 
condition in order to take full advantage of the potential of the anchor 

and concrete. 
For that reason, the shear force applied to an anchor group should 

have no more than moderate eccentricity with respect to the concrete 
surface. In fact, such eccentricity induces bending moment acting on the 
whole group, which in turn gives rise to a couple composed of a 
compressive force and a tensile force. The compressive force results in 
compressive contact pressures acting onto the concrete surface, while 
the tensile force introduces internal tensile axial forces in some anchors. 
While those compressive contact pressures play no role in anchor’s shear 
strength, the internal tensile axial force in an anchor gives rise to the 
above-mentioned interaction, which may cause a decrease in the shear 
strength. For that reason, moreover, the connection between the 
attachment and the anchor group must be a hinge. 

Differently than for the anchor group, for the single anchor the ec-
centricity of the shear force does not give rise to any axial force, because 
this eccentricity induces a bending moment that acts on the single an-
chor, which is resisted in the same way as the shear force. Nevertheless, 
this eccentricity reduces the shear strength as well. So, the eccentricity 
of the shear force applied to an anchor, on one hand, is accounted for by 
this model, but on the other hand, should be as small as possible. 

The anchor is (the anchors are) usually collected by a plate, which is 
adherent to the concrete surface and is connected to the attachment. 
That plate, which usually is made of steel, provides the anchor with 
some extra strength because it restrains the rotation of the anchor’s 
external end. Nevertheless, that supplementary strength is often small, 
as proven in [1] for the masonry shear anchor and confirmed in this 
research work for the concrete shear anchor. Thus, that extra strength is 
here neglected, which is a simplifying and conservative assumption. 
Modeling ignores hence that plate and considers the anchor as inde-
pendent of the attachment. Accordingly, the external end of the anchor 
is assumed to be free, and the shear force is directly applied to it. 

The anchor must be installed in uncracked concrete; a strip of con-
crete around the anchor and parallel to the shear force must be un-
cracked (i.e., the anchor must be post-installed by drilling in an 
uncracked portion of concrete). However, that strip has not to be large, 
as proven by the tests presented in the following. 

In brief, this paper is devoted to analyzing any post-installed anchor 
(i.e., installed into hardened concrete), however installed and bonded, 
subjected to a shear force V acting at the end protruding from the con-
crete surface and no more than marginal axial force, with large edge 
distance, and (in the case of anchor group) with large anchor spacing. 
The shear strength is hence dictated by the concrete that surrounds the 
anchor, while it depends neither on the distance from the edges, nor on 
the spacing of the anchors, and nor even on the strength of the materials 
that compose the embedded system. 

3. Gaping absence in literature about the shear anchor 

This section presents an overview of the previously published papers 
on concrete anchors and refers to some academic articles, with the 
double aim of showing the gap identified in the Introduction and 
providing key sources on the topic. 

Anchor embedded into concrete has been the subject matter of many 
papers. The vast majority of them deals with cast-in anchors (some 
mainstream papers are [3–12]), while post-installed anchors are dealt 
with by the minor part of them (e.g., [13–20]). Moreover, this minor 
part mainly deals with pull-out strength, combined shear force and axial 
tensile force, and cyclic or seismic loadings [21–24]. As a result, the pure 
shear behavior of anchors post-installed into hardened concrete 
(embedded in existing structures) and subjected to static (monotonic) 
loadings is dealt with by a relatively small number of papers. 

In addition, almost all those papers investigate the strength dictated 
by the distance of the anchor from the edges (edge effect) [25–29], 
group effect (anchor group spacing) [2,30–33], and dowel action 
(strength dictated by the metal of the anchor’s shaft) [11,21,34–36]. 
Conversely, the strength of an anchor whose clearance from the edges is 
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large (no edge effect), whose spacing between the adjacent anchors is 
large (no anchor group effect), and whose shaft is strong (no dowel 
action failure mechanism) is dealt with by a relatively slight number of 
papers. So, only a small amount of literature covers the subject of an-
chors whose strength is dictated by the surrounding concrete. 

Another lack of balance in the literature that must be highlighted is 
that most of the papers about anchors present experimental research 
works [3,9,11,20,22,24–28,31–34,37–51], empirical formulations [4, 
10,13,14,20,26,33,40,44,45,52–57], and numerical analyses [3,32,35, 
36,58–65], while only a small minority of the published papers present 
analytical models. And again, the papers that present analytical models 
not only are a minor fraction of the literature about anchors, but also are 
devoted to analyzing the failure modes dictated by clearance from the 
edges [8,39,66], anchor spacing [2,30,67], or steel (metal) failure [11, 
35], but not by the concrete that surrounds the anchor. Other literature 
sources about anchor’s analytical modeling are [68], which provides a 
comprehensive literature review, [41], which describes four types of 
available expansion concrete anchors (i.e., anchors that transfer loads to 
the concrete by expanding laterally against the sides of a drilled hole) 
and includes some information about modeling, and [1,69–71], which 
provide analytical models of the masonry anchor under different loading 
conditions. 

Ultimately, literature does not provide any analytical model to pre-
dict the shear strength of a post-installed concrete anchor that is suffi-
ciently far from the edges and from the other anchors (anchor group), 
with a sufficiently strong shaft. This is not to be considered a criticism 
about published work. The true fact is that this subject matter has simply 
not been tackled yet. In actuality, the research work presented in this 
paper has been carried out to fill that gap. 

This activity is part of a comprehensive research program composed 
of two other activities, which were devoted to addressing the masonry 
shear anchor [1] and the concrete anchor group [2], respectively. The 
former has filled the analogous gap for masonry structures, while the 
latter for close- spaced anchors. 

The concrete anchor is also dealt with by many codes, standards, 
reports, and test methods edited by organizations for technical assess-
ment and by technical committees [72–83]. However, the technical 
literature follows the scientific literature [84,85]. Accordingly, those 
documents mainly focus on cast-in anchors, pull-out strength, combined 
tension and shear, concrete edge failure, anchor group effect, and an-
chor’s shaft failure. Moreover, those documents only present empirical 
formulas and testing methods. Conversely post-installed anchors, shear 
strength dictated by the concrete that surrounds the anchor, and 
analytical modeling have received much less attention in the technical 
literature. 

Ultimately, the above account of what has been published on the 
topic has shown that neither the scientific literature nor the technical 
literature has tackled the post-installed anchor that has both sufficiently 
large diameter and sufficiently long embedded length, and that is suf-
ficiently far from both the edges and other anchors. Furthermore, upon 
closer inspection, the above literature review has proven that a straight 
shaft anchor embedded into concrete, with no nut, washer, or plate 
along the embedded shaft can be analyzed for shear only empirically but 
not analytically. 

Evidence of what has been stated above can be inferred by analyzing 
a popular document [73], i.e., Appendix B (“Anchoring to concrete”) of 
ACI Committee 349. The formulation presented in that document is 
empirical. As such, it has no theoretical justification. Section 11 of this 
paper shows that [73] gives good estimates only for anchorages both 
similar to those used to calibrate the formulas (medium diameters) and 
whose failure is not dictated by the surrounding concrete. On the con-
trary, [73] drastically underestimates the shear strength of small di-
ameters and drastically overestimates the shear strength for large 
diameters, and above all, drastically misestimates the shear strength of 
the anchors whose failure is dictated by the crushing of the surrounding 
concrete. The flaw stemming from small and large diameters, which is 

due to the empirical nature of the formulation, is something that both 
researchers and practitioners are already very well aware of and has also 
been pointed out previously in literature [84]. The flaw stemming from 
concrete crushing failure mode, which is due to a formulation that ig-
nores the contact pressures, has not been pointed out before, although 
ignoring it can lead to unsafe predictions. 

The above considerations are also confirmed by another popular 
document [74], i.e., ACI Committee 318–19. An excerpt from Chapter 
17 (Anchoring to concrete) of [74] (which more or less is equal to the 
previous ACI 318–14) prescribes: “For post-installed anchors where sleeves 
extend through the shear plane, Vsa (Ed. Vsa = shear strength) shall be based 
on the 5% fractile of results of tests performed and evaluated in accordance 
with ACI 355.2. Alternatively, Eq. (17.7.1.2b) shall be permitted to be 
used.” The provisions of [74] are hence either an empirical formula or a 
testing program, while no analytical formula is provided. But, above all, 
not even [74] encompasses anchor’s shear strength dictated by the 
surrounding concrete. Section 11 of this paper shows that these pro-
visions, which are almost equal to those of [73], are largely inaccurate. 

Producers and manufactures have attempted to provide practitioners 
with plain tools, by publishing reports and instructions, and making 
software programs available that allow for the implementation of their 
formulations. Regrettably, that activity has not attempted to fill the gap 
that has not been addressed by literature. As a result, the predictions of 
those formulations and that software can be either excessively conser-
vative or totally unsafe. The first case occurs for the anchors with a small 
clearance from the edges or from other anchors, or having a weak shaft, 
due to the empirical nature of those formulations. In fact, the experi-
mental data exhibits a very large dispersion, which implies that the 5% 
fractile is drastically lower than the mean value (0.50 fractile). The 
second case occurs for the anchors whose shear strength is dictated by 
the surrounding concrete, due to crushing. In fact, those formulations 
and those software programs ignore the actual failure mode of the an-
chor whose shaft is sufficiently strong and whose clearances from the 
edges and other anchors are sufficient. 

That gap in scientific and technical literature implies that the shear 
strength of a post-installed concrete anchor cannot be predicted at the 
design stage but must be measured on-site by tests at the construction 
stage. Indeed, the only topic related to concrete anchors that is broadly 
covered by the scientific literature is the definition of testing procedures 
[7,10,11,13,14,26,31,35,50,68,70–85], and the only topic sufficiently 
covered by codes and recommendations is the standardization of 
methods to test anchors for use in concrete [72–82]. 

4. General reference system and nomenclature 

The reference structure is an anchor embedded into a semi-space 
(half-space). The half-space is the concrete, the surface of the half- 
space is the outer face of the concrete, and the complementary half- 
space is the air. The diagram of the reference structure is shown in Fig. 1. 

It should be anticipated right away that the model presented in this 
paper introduces two different semi-spaces (half-spaces). The first one is 
that of Fig. 1, while the second one is presented in the following. 

In the case of adhesive anchor, the schematic includes the anchoring 
material. In fact, the anchoring material and the interface between an-
chor and anchoring material play no role in the ultimate behavior. Thus, 
modeling considers the whole embedded system without any 
differentiation. 

The diameter of the drilled hole is denoted by ϕ (Fig. 2) and the 
diameter of the anchor by Ω (Fig. 1). Thus, ϕ – Ω is the space between 
anchor and surrounding concrete (gap), which in the case of adhesive 
anchor is occupied by the anchoring material while in the case of me-
chanical anchor is zero (ϕ = Ω). 

The length of the anchor is denoted by L (Fig. 1). The external end of 
the anchor protrudes from the concrete surface and is connected to the 
attachment, while the internal end is embedded in the concrete. 

The external end of the anchor is either collected by a (steel) plate or 
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embedded into a concrete or timber component of the attachment. That 
connection restrains the rotation of the external end. As such, the 
connection provides the anchor’s shear strength with a resisting 
contribution. As anticipated in Section 2, both this research and [1] have 
proven that this extra strength is no more than moderate. For the sake of 
simplicity, thus, that extra strength is herein neglected, which is a suf-
ficiently accurate and safe assumption. Accordingly, the shear force V is 
applied at the anchor’s external end, which is assumed to be free (Fig. 1), 
i.e., no bending moment is applied at the external end. 

The distance of the external end from the concrete surface is denoted 
by e (Fig. 1). The embedded length of the anchor is hence L – e. Thus, the 
shear force V, which is applied at the external end, is eccentric by e to the 
concrete surface. 

The positions in the space are described using a right-handed Car-
tesian coordinate system whose origin is on the surface of the half-space 
(i.e., on the outer face of the concrete), at the center of the anchor. The x- 
axis and y-axis lie on the surface. The z-axis is in the depth direction, and 
its positive direction is from the surface to inwards (Fig. 2). 

The positions in the x-y plane are identified by the coordinate α along 
with the segment ϕ (Fig. 2). That coordinate system is alternative to the 
Cartesian coordinate system. For a given z, the coordinate α of a point A 
is the angle between two radii from A that pass through the edges of the 
segment of length ϕ, parallel to the x-axis, tangent to the drilled hole, 
and symmetric to the y-axis. A given α does not identify a single point of 
the x-y plane (aside from α = π), but a plane curve. That coordinate 
system allows the diameter ϕ of the drilled hole to be eliminated. 

5. Numerical modeling of the shear anchor embedded into 
concrete 

The author constructed a non-linear numerical model that allowed 
the ultimate behavior of a concrete anchor to be simulated. The 
embedded system – anchor and anchoring material – was modeled as 
elastic, using the relevant elasticity moduli. The interface between an-
chor and anchoring material was modeled as a bilateral contact (adhe-
sive anchor). The interface between uncracked surrounding concrete 
and embedded system was modeled as a bilateral contact in the case of 
adhesive anchors and as a unilateral contact in the chase of mechanical 
anchor. The interface between cracked surrounding concrete and 
embedded system was modeled as a unilateral contact. 

The concrete in compression was modeled with the following 
constitutive law: 

σc =

Ec

Ec1

εc

εc1
−

ε2
c

ε2
c1

1 +

(
Ec

Ec1
− 2

)
εc

εc1

fcm (1)  

where εc denotes the compressive strains and σc the compressive 
stresses. Compressive strains and stresses are assumed to be positive. 

The stress fcm of Eq. (1) is the concrete compressive strength (the 
uniaxial crushing strength of the concrete), expressed in N/mm2, εc1 
= 2.2‰, Ec1 = fcm /εc1, and Ec is the tangent modulus given by Eq. (2), 
where Ec is expressed in N/mm2. 

E c = 11026⋅f 0.3
cm (2) 

For σc < 0.4⋅fcm and εc < εc1 (ascending branch), the stresses calcu-
lated using the linear equation σc = Ec⋅εc differ no more than marginally 
from the stresses calculated using the non-linear Eq. (1). The strain εL 
= 0.4⋅fcm/Ec can thus be called “pseudo-elastic limit”. 

The descending part of Eq. (1) is valid for σc /fcm ≤ 0.5. The stress σc 
equal to 0.5⋅fcm is denoted by σcλ and the strain at σcλ is denoted by εcλ. 
The strain εcλ is provided by the following Eq. (3). 
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For εc > εcλ the descending branch of the σc – εc relationship was 
described using the following Eq. (4): 

σc =
1

fcm⋅

[(
Ψ
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2
ν 2

)

⋅
(

εc

εc1

)2

+

(
4
λ
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(4)  

where 

Ψ =

4⋅
[

ν 2⋅
(

Ec

Ec1
− 2

)

+ 2⋅ν −
Ec

Ec1

]

[

ν⋅
(

Ec

Ec1
− 2

)

+ 1
] 2 (5)  

in which 

ν =
εcλ

εc1
(6) 

Eq. (4) can be used either with a concrete crushing strain, denoted by 
εcu, or without any limit on the concrete strain εc. The model results 
demonstrated that the shear strength of the anchor depends slightly on 
εcu, since the greater εcu the greater the resultants of the internal forces 
acting on the anchor but the lower their lever arm, and vice versa. 
Therefore, Eq. (4) was used without any concrete crushing strain. 

The uncracked concrete subjected to tension was modeled using a 

Fig. 1. Reference structure, with the forces acting at ultimate on the embedded 
system, including their application point and their distance from the rotation 
center. The transverse cross-section on the right refers to the adhesive anchor. 

Fig. 2. Cartesian coordinate system x-y-z with origin O, and α-coordinate sys-
tem of a generic point A. Contact pressures pc at the coordinate z. 
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stress-strain constitutive law composed of a bilinear relationship having 
two ascending branches with decreasing slope. 

The cracked concrete was modeled using a stress-crack opening 
constitutive law composed of a bilinear stress-crack opening relation-
ship having two descending branches with decreasing negative slope 
[86]. 

The anchorage was modeled using an open-source finite element 
software, in which the author implemented Eqs. (1–6), and the above 
described tensile and cracking relationships. 

The non-linear numerical model allows reliable and comprehensive 
results to be obtained, but the application of the model requires 
spending a lot of time and effort. All things considered, this non-linear 
numerical model is useful and applicable to the research, but defi-
nitely it is not easily usable and applicable to the profession. 

The non-linear numerical model was therefore used to carry out a 
wide-ranging analysis, which included an exhaustive variety of geom-
etries and materials of anchors and concretes. The results of that analysis 
allowed the behavior shared by concrete shear anchors to be identified. 
Afterwards, that behavior was expressed in the form of mechanical as-
sumptions. Those assumptions allowed an analytical model to be 
constructed. 

The results of the numerical analysis and the behavior shared by the 
shear anchors embedded into concrete is described in the following 
Subsections 5.1 and 5.2, while the assumptions established from those 
behaviors are stated in Section 6. 

5.1. Results of the numerical analysis 

Modeling encompassed the single anchor with both strong shaft and 
sufficient clearance from the edges. Therefore, failure was ever dictated 
by the concrete surrounding the anchor. 

The displacements of the anchor induced by the shear force were 
found to be the result of substantial strains in the concrete, while the 
strains in the anchor and in the anchoring material were negligible. That 
results demonstrated hence that the anchor undergoes a rigid body 
motion (Fig. 3). 

More specifically, the deviations from the rigid body motion resulted 
to be definitively negligible if the ratio between the length L and the 
diameter Ω of the anchor is: L/Ω ≤ 24 (slenderness ratio limit). For 
greater ratios, the bending behavior of the anchor is no more negligible. 
It is to note that the slenderness limit of [73] is 8. This numerical 
analysis has hence proven that the anchor can be slenderer than the limit 
prescribed by the ACI Committee. 

In the case of the adhesive anchor with resin (which is soft compared 

to mortar), when the gap between the anchor and the drilled hole (i.e., 
the thickness of the anchoring material) respected the limits defined in 
[1], then the relative displacement of the anchor to the drilled hole was 
proven to be insignificant. When on the other hand, those limits were 
not respected, the relative displacement was proven to be significant. 

Anchor’s displacement can hence be decomposed into a translation 
and a rotation. The translation was discovered to be ever small and its 
contribution to be ever negligible with respect to the contribution of the 
rotation. Thus, the translation is hereinafter ignored. 

Eventually (Fig. 3), the movement of the anchor was proven to 
consist of a rigid rotation around a center. The distance between the 
concrete surface and the rotation center is denoted by λ and the distance 
between the embedded end and the rotation center by β, with λ > β and 
L = λ + β + e. 

The drilled hole can be split into two cylinders, one of length λ and 
the other of length β, which in turn can be split into two half cylinders, 
one with positive y (lower half-cylinder of length λ, as the positive di-
rection of y is that of V, and therefore the y-axis is directed downwards, 
as shown by Figs. 1 and 2), and the other with negative y (upper half- 
cylinder of length β). The rotation makes the anchor push against the 
surface of the half-cylinder of length λ oriented towards the positive y 
(lower one) and detach from the surface of the complementary half- 
cylinder of length λ (upper one), and vice versa for the half-cylinders 
of length β. 

That pushing action generates contact pressures, which are 
exchanged between the concrete and the embedded system. Those 
pressures are parallel to the shear force (i.e., are directed along the y- 
axis), and are smeared both across the entire width (x-axis) and along 
the entire length (z-axis) of two above-mentioned half-cylinders that the 
anchor presses against. The contact pressures are denoted by pc. 

Ultimately, the contact pressures pc acting on the concrete half- 
cylinder whose length is λ (lower half-cylinder) are directed along the 
positive y-direction (as V), while the contact pressures pc acting on the 
concrete half-cylinder whose length is β (upper half-cylinder) are 
directed along the negative y-direction. The same contact pressures but 
with opposite direction (sign) act on the anchor (on the embedded 
system). 

The contact pressures acting on the anchor equilibrate the shear 
force V applied at the external end of the anchor. On the other hand, the 
contact pressures having equal but opposite direction that act on the 
concrete dictate the shear strength of the anchor, since failure is gov-
erned by the concrete that surrounds the anchor, as proven by the nu-
merical results and explained in the following. 

The detachment of the anchor and anchoring material from the other 
half-cylinders was found to generate interface tensile stresses, which 
resulted either to be marginal or to crack the concrete and then to 
disappear. In the case of mechanical anchor, those tensile stresses 
resulted to be zero even in the uncracked concrete. Thus, the tensile 
stresses in the concrete are hereinafter ignored. 

The numerical results showed that, if the external end is connected to 
a steel plate (with a nut or a weld) or is embedded into concrete or 
timber, then the shear strength of the anchor is greater than if it is free. 
Nevertheless, as previously anticipated and as found in [1] for the ma-
sonry shear anchor, that increase in strength was found to be significant 
only if the diameter of the anchor is particularly large, while for the 
anchors that are commonly employed that supplementary strength was 
found to be no more than moderate (more often small than not). As such, 
it is neglected. The external end is hence modeled as free. The role 
played by the plate in anchor’s shear strength will be studied at the next 
research step. 

From a certain level of the shear force onward, some concrete strains 
were found to exceed the pseudo-elastic limit. Increasing further the 
shear force, the rotation of the anchor increased progressively quicker, i. 
e., resulted in a decrease in the stiffness of the anchorage. 

Eventually, at a certain anchor’s rotation, the shear force at the 
external end could not be increased any longer, and for further increases 

Fig. 3. Failure mode of an anchor post-installed into concrete, with L/Ω ≤ 24. 
The assumed failure mode ignores the extra-strength provided by the fixture, 
which makes the segment e bend (as that extra strength is no more 
than moderate). 
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in rotation the shear force that could be applied started decreasing. That 
rotation identifies the ultimate limit state of the anchor, and that shear 
force defines the shear strength of the anchor. 

The shear force carried by an anchor was found both to increase kind 
of slowly when the anchor rotation approached the ultimate limit state 
and to decrease reasonably slowly when the anchor rotation increased 
from the ultimate. 

The numerical modeling demonstrated hence that an anchor can 
guarantee a pseudo-plastic behavior for rotations from appreciably 
lower to substantially greater than the ultimate rotation. 

Everything else being equal, the shear strength of an anchor 
embedded into uncracked concrete and that of an anchor embedded into 
cracked concrete resulted to differ marginally. The numerical results 
demonstrated that the former surpasses the latter of less than 4.4%. That 
result agrees with [50], where those differences were found to be lower 
than 3.5%. 

The stress state that exists in the concrete prior the installation of the 
anchor was proven that does not influence the shear strength of the 
anchorage. 

Due to the rigid body behavior of the anchor (Fig. 3), the compres-
sive strains at the drilled hole have a bi-triangular profile along the z- 
axis (Fig. 4). Since λ > β, the strain profile is asymmetric. The maximum 
absolute value of the strains occurs at the concrete surface. 

At the ultimate limit state, the strain at the concrete surface resulted 
to differ no more than marginally from εc1, i.e., at ultimate the strain at 
x = 0; y = ϕ/2; z = 0 (on the drilled hole at the outer concrete surface) 
was discovered to be almost equal to 2.2‰. 

At ultimate, the strain at the embedded end, which is denoted by εβ, 
was found to be ever pseudo-elastic, i.e., lower than the strain εL defined 
in Section 5. 

The contact pressures pc are the result of those compressive strains of 
the concrete at the drilled hole and of the non-linear constitutive law of 
concrete (Eqs. 1, 3, 4). Accordingly, two stress profiles act on the anchor 
– namely, one from z = 0 to z = λ with negative direction and one from 
z = λ to z = L with positive direction. Of course, the same stresses act on 
the concrete with opposite directions. 

The numerical results demonstrated that the resultant force of the 
stress profile acting onto the segment λ and its application point depend 
only on the maximum value of the contact pressure and λ, while they do 
not depend on the shape of the stress profile. That outcome was (and is) 
the result of the pseudo-plastic behavior of the anchorage. 

That result allowed the stress profile from z = 0 to z = λ at ultimate 
to be replaced by a resultant force and an application point that depend 
only on pc and λ, which drastically simplified the analytical model that 
was constructed based on the numerical output. 

The resultant force of the contact pressures acting on the segment λ 
of the drilled hole at ultimate of any anchor, which is denoted by Fλ, was 

proven to be well approximated by the following equation: 

Fλ = 0.84⋅
( pcm

33.0

)0.11
⋅ϕ⋅λ⋅pcm (7)  

whose units are N and mm (the pressures are expressed in N/mm2 while 
Fλ in N). Consequently, the model requires expressing each quantity in N 
and mm. 

In Eq. (7), pcm is the maximum contact pressure tolerated by the 
concrete. The resultant force Fλ acting on the anchor and the shear force 
V are parallel and oppositely directed. 

Moreover, the distance between the application point of Fλ and the 
rotation center, which is denoted by dλ, was proven to be well approx-
imated by the following expression: 

dλ = 0.58⋅λ (8) 

Ultimately, Eqs. (7) and (8) exhibit only negligible differences from 
the values obtained from the non-linear numerical analysis and there-
fore they can be used in lieu of the actual stress profiles. 

The stresses σz, τzx, and τzy resulted to be negligible. The principal 
stresses in the third direction, σ3, resulted to be negligible too because it 
differs marginally from σz. The stress state was hence proven to be two- 
dimensional, which is in agreement with [1]. 

The fact that σ3 and σz are negligible implies only that they can be 
taken as zero, not that they play no role. Indeed, σ3 = 0 entails that the 
concrete is not confined in the z direction, while it is confined in the 
other two directions. That basic behavior drastically differentiates 
concrete anchor from masonry anchor because it implies a failure en-
velope different than that of masonry [1]. 

As proven in [1], the shear anchor generates a biaxial compressive 
stress state in the concrete. Let us consider the two-dimensional stress 
state in the x-y plane at a given z. The numerical results have proven that 
the major principal stress σ1 and minor principal stress σ2 can be accu-
rately expressed by the following formulas: 

σ1(z) =
pc(z)

π ⋅[α + sin(α)] (9)  

σ2(z) =
pc(z)

π ⋅[α − sin(α)] (10)  

where compressions are positive. Hence, those formulas define and 
quantify the above-described biaxial compressive stress state that the 
shear anchor induces in the concrete. 

The bi-axial stress state described by Eqs. (9) and (10) holds true for 
cracked concrete too, as long as at least a narrow and short strip of 
concrete around the anchor and parallel to the shear force is uncracked 
before inserting the anchor. The reason is that the maximum compres-
sive stress occurs near the anchor. The dimensions of that strip are in 
proportion to ϕ. However, a width of 150 mm and a length of 400 mm 
are adequate to almost any anchor. 

5.2. Maximum compressive contact pressure 

Eq. (7) requires knowing the maximum contact pressure pcm that the 
concrete can resist. According to Eqs. (9) and (10), σ1 and σ2 at z depend 
only on pc at z (while σ3 = 0). So, the principal stresses do not depend on 
the profile of the contact pressures along z, but only on the contact 
pressure pc at z. 

On one hand, the compressive principal stress σ1 is greater than the 
compressive principal stress σ2, as the former is the maximum principal 
stress (in absolute value). On the other hand, however, the latter was 
found to be not appreciably lower than the former around the drilled 
hole. 

The two principal stresses σ1 and σ2 play two opposite roles in the 
ultimate behavior of the concrete. The maximum compressive principal 
stress σ1(z) is the contact pressure that resists the shear force, while the 

Fig. 4. Profile of the compressive strains at ultimate along the concrete that 
shapes the drilled hole. 
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compressive principal stress σ2(z) confines the concrete in the y-direc-
tion. However, the minimum principal stress σ3, which is nil, provides 
the concrete with no confinement in the z-direction. As a result, the total 
confinement action is not great, although not negligible. 

Eq. (9) shows that the maximum σ1 occurs at α = π. Eq. (10) shows 
that the maximum σ2 occurs at α = π. The two maxima occur hence at 
the same point, whose Cartesian coordinates are x = 0, y = ϕ/2, z = 0. 

Since the confinement provided by σ2 is no more than moderate 
(given that σ3 is zero), the maximum compressive contact pressure pcm 
depends much more on σ1 than on σ2. The stress state that dictates pcm is 
thus dictated by the principal stresses at α = π and its principal stresses 
are σ1 = pcm (compression), σ2 = pcm (compression), and σ3 = 0. 

All the acceptable formulations show that the increase in strength 
due to a biaxial confinement is much lower than that provided by a 
triaxial confinement, as well substantially lower than that due to biaxial 
confinement of masonry [1]. The Mohr-Coulomb failure criterion that 
can be used for masonry is hence here not valid, as it describes the 
conditions for which an isotropic material will fail, with any effect from 
the principal stress σ3 being neglected. 

The compressive strength fcm of the above-described stress state can 
be taken as:  

fcm = 1⋅15⋅fc                                                                                 (11) 

where fc is the strength of concrete under a uniaxial state of stress. 
Eq. (11) was derived from the models of literature that best agree 

with test data about bi-axial stress state of concrete, so that (11) is at the 
same time an accurate and safe estimation. It is to note that fcm from (11) 
was used in Eqs. (1), (2), and (4) too. 

Combining Eq. (11) and the stress state at the point α = π, the 
maximum contact pressure pcm turns out to be:  

pcm = 1⋅15⋅fc                                                                                (12) 

Ultimately, pcm to use in Eq. (7) is that provided by Eq. (12). 

6. Mechanical assumptions 

The ultimate behavior depicted in Subsections 5.1 and 5.2 can be 
captured by five mechanical assumptions. 

1. Stresses in the concrete are induced only by the compressive 
contact pressures due to the shear force Vu. 

2. The compressive strain along the drilled hole (along z) is an 
asymmetric bi-triangular profile that at x = 0; y = ϕ/2; z = 0 is equal to 
2.2‰, at z = λ is zero, and at z = λ + β is equal to the strain εβ which is 
lower than the pseudo-elastic limit εL. 

3. For a given z, the compressive strain is uniform for y from – ϕ/2 to 
+ ϕ/2. 

4. The resultant force Fλ of the compressive contact pressures acting 
on the segment λ at ultimate is defined by Eq. (7), in which pcm is given 
by Eq. (12). 

5. The distance dλ of the point of application of Fλ from the center of 
rotation is defined by Eq. (8). 

By virtue of Assumption 1, the only stresses to consider are those 
induced by the anchorage. Neither the position at which the anchor is 
installed, nor the direction of the shear force has thus any influence. By 
virtue of Assumption 1, moreover, the tensile interface stresses can be 
neglected. 

Assumption 2 and 3 imply that the ultimate profile of the compres-
sive strains along the concrete that shapes the drilled hole (i.e., along z) 
is a plane strip of width ϕ, which starts from a known value and passes 
through the rotation center (uniform strains along any semi- 
circumference of the drilled hole, i.e., along y). 

Assumption 2 also implies neglecting the strengthening effect pro-
vided by the plate (fixture). By virtue of Assumption 2, the resultant 
force Fβ of the contact pressures acting on β at ultimate is produced by 
elastic contact pressures. Assumption 2 and 3 imply that the profile of 

the strain at the interface between concrete and embedded system is 
straight, which allows εβ to be defined. Actually, Assumption 3 is not 
strictly necessary. It has been made only for the sake of clarity. 

Assumption 4 provides the magnitude of the resultant force Fλ pro-
duced by the contact pressures acting on the segment λ at ultimate, 
while Assumption 5 provides the position of Fλ at ultimate. 

7. Analytical model 

The five assumptions allow the analytical model to be constructed. 
The strain at the anchor’s internal end εβ can be derived from Assump-
tion 2 and 3 (Fig. 4): 

εβ = 0.0022⋅
β
λ

(13) 

The stress σβ produced by εβ can be obtained using the elasticity 
modulus of the concrete Ec: 

σβ = 0.0022⋅
β
λ

⋅Ec (14) 

The resultant force of the contact pressures acting on β at ultimate, 
which has been denoted by Fβ, is equal to the volume of a triangular 
prism whose sides are β, ϕ, and σβ: 

Fβ =
ϕ⋅β⋅σβ

2
(15) 

The force Fβ is transverse to the anchor and parallel to Vu, with the 
same direction (Fig. 1). Replacing σβ with Eq. (14), Eq. (15) becomes: 

Fβ = 0.0011⋅ϕ⋅
β2

λ
⋅Ec (16) 

Given that the resultant force Fβ is applied at the centroid of that 
prism, the distance of Fβ from the rotation center, which is denoted by dβ, 
is equal to: 

dβ =
2⋅β
3

(17) 

The remaining unknowns of the problem are 1- the position of the 
rotation center; 2- and the ultimate shear force Vu, which is what the 
model aims at predicting. 

The rotational equilibrium equation around the anchor’s end pro-
truding from the concrete gives: 

Fβ⋅
(
dβ + λ + e

)
− Fλ⋅(λ − dλ + e) = 0 (18) 

Using Assumption 4 and 5, and plugging Eqs. (15) and (17) into Eq. 
(18), the following equation turns out: 

0.0011⋅ϕ⋅
β2

λ
⋅Ec⋅

(
2⋅β
3

+ λ + e
)

− 0.84⋅
( pcm

33.0

)0.11
⋅ϕ⋅λ⋅pcm⋅(0.42⋅λ + e)

= 0 (19) 

where pcm is given by Eq. (12). 
The diameter ϕ can be eliminated from (19), as it is obviously 

different than zero. 

0.0011⋅
β2

λ
⋅Ec⋅

(
2⋅β
3

+ λ + e
)

− 0.84⋅
( pcm

33.0

)0.11
⋅λ⋅pcm⋅(0.42⋅λ + e)

= 0 (20) 

Eq. (20) shows that the position of the rotation center depends 
neither on the diameter of the anchor Ω nor on the diameter of the 
drilled hole ϕ, but only on the strength and stiffness of the concrete. 

Both β and λ are unknown, which would make it seem that Eq. (20) 
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has two unknowns. Nevertheless, the geometric relationship shown by 
Fig. 1 relates β and λ, i.e., β + λ + e = L. That relationship allows β to be 
expressed as a function of λ, or vice versa. In so doing, Eq. (20) is 
transformed into an equation with only one unknown, whose solution 
provides λ (or β). Then, the relationship between λ and β gives β (or λ). 

The problem can then be solved using the condition for the trans-
lational equilibrium of a rigid body in the direction of V: 

Fβ − Fλ + Vu = 0 →

Vu = 0.84⋅
( pcm

33.0

)0.11
⋅λ⋅ϕ⋅pcm − 0.0011⋅ϕ⋅

β2

λ
⋅Ec

(21) 

All the quantities on the right of Eq. (21) are known, which allows Vu 
to be obtained. 

In brief, the analytical model consists of Eqs. (20) and (21). The data 
of the model are the length L and the diameter ϕ of the drilled hole, the 
eccentricity e of the external end, and the uniaxial crushing (compres-
sive) strength of the concrete fc, while the maximum contact pressure 
tolerated by the concrete pcm and the elasticity modulus of the concrete 
Ec can be obtained from fc using Eqs. (12) and (2), respectively, with fcm 
of Eq. (2) given by Eq. (11). 

Eqs. (20) and (21) are expressed in closed form. Once β is replaced by 
a function of λ (or vice versa) in (20), the two-equation system has two 
unknowns. Once λ (or β) is obtained from (20), and then β (or λ) is ob-
tained from the above geometric relationship, those values, together 
with pcm and Ec, shall be plugged into (21). In so doing, Vu is eventually 
obtained. 

The explicit solution is not presented since the formulas would be, 
not only cumbersome, but above all useless. In fact, it is much easier to 
solve the two-equation system using a computer program (e.g., Matlab). 
Nevertheless, Section 10 presents a simplified expression. 

8. Experimental verification of the analytical model 

The author used professional cases of which he was both the struc-
tural designer and the works supervisor as an opportunity to perform 
experiments devoted to verifying the predictive capacity and accuracy of 
the analytical model. 

The author first designed the experiments, then directed the on-site 
testing, and finally analyzed the collected experimental results. The 
experimental activity consisted of 16 failure tests. 

8.1. Specimens that were tested to failure 

The anchors were made of steel and were post-installed into concrete 
walls. The 16 tests – data and results – are reported in Table 1. 

Every concrete portion where an anchor was post-installed, had been 
previously tested in order to know its compressive strength. To that end, 
samples of concrete were extracted from the walls (using a core drill) 
and were brought to a laboratory, where they were loaded axially until 
failure, so as to measure the concrete compressive strength. The concrete 
was also tested on site using the rebound hammer (Schmidt hammer) 

and measuring the ultrasonic pulse velocity, according to the Sonreb 
method. Every slenderness ratio of the anchors that were tested satisfied 
L/Ω ≤ 18. 

8.2. Test method and test set-up 

The author designed a test set-up, which is applicable and useful for 
shear testing any anchor (Figs. 5 and 6). In fact, the Author had used this 
test set-up for testing the masonry anchors of [1] and will use it to carry 
out the other steps of this research. 

The test set-up is comprised of a hydraulic jack, the control unit, two 
adhesive steel anchors, a steel beam of I-section, a steel bar of square 
section (alongside a steel plate, as an alternative to the steel bar), and 
two displacement transducers. 

The testing method is comprised of the following steps. The anchor to 
be tested and two adhesive anchors are post-installed into the concrete, 
the former above and the latter below at the same height. The steel beam 
is then placed onto those two anchors and the jack is placed between 
that beam and the anchor to be tested. The jack is supported by the 
former one and is connected to the latter ones by means of a steel bar 
having tiny square section, which concentrates the force of the jack onto 
a small area of the anchor’s length. Every component of the test set-up is 
substantially stronger and stiffer than the anchor to be tested. 

The experiments have proven that neither the direction of the force 
nor the stress state due to the loads of the building affects the shear 
strength of the anchor. If the jack is underneath the tested anchor, the 
potential for harm in terms of human injury or ill-health, and damage to 
structure is minor, while if it is above the hazard is substantially greater. 
With all of this considered, the test set-up applies the force to the tested 
anchor from below, while in reality the attachment applies the force to 
the anchor from above. 

8.3. Shear tests 

The tests were performed using the set-up described in Subsection 
8.2 (Figs. 5 and 6). In each test, the force applied by the jack to the 
anchor was increased from zero up to the complete collapse of the 
anchorage (Figs. 7–11 and 13). 

Figs. 7–11 show some of the shear tests that were performed. Fig. 12 
shows two force-displacement curves. Fig. 13 shows the failure mode, i. 
e., concrete crushing. The walls where the anchors were embedded were 
coated by plaster. In all the tests, the plaster was not removed because it 
allowed concrete crushing to be better observed without altering the 
behavior of the anchor (the plaster was neither thick nor hard). Each 
load process included some unloadings, in order to identify the pseudo- 
elastic limit of the anchorage (Fig. 12). 

Each test measured the ultimate shear force resisted by the anchor, 
i.e., the maximum shear force carried by the anchorage (Table 1), and 
the load-displacement curve, i.e., the response of the anchorage to the 
shear loading (Fig. 12). 

Table 1 
Shear strengths measured by the tests and predicted by the model, for 16 anchors embedded into concrete. 1st row: number of the case study (S1-S16). 2nd, 3rd, 4th, 5th 

rows: mechanical and geometric parameters of each anchor, which allow Eqs. (20) and (21) to be applied. 2nd to last row: anchor’s shear strength Vu-exp measured by 
the test (with one digit after the decimal point). Last row: anchor’s shear strength Vu predicted by the analytical model (with two digits after the decimal point). 1st and 
2nd columns: symbols and relevant units. Columns from the 3rd to the last: number of each of the 16 tests, data, experimental result, i.e., Vu-exp, and theoretical 
prediction of the model, i.e., Vu.    

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

fc N/mm2 9.0 10.0 12.0 14.0 16.0 18.0 20.0 20.0 23.0 26.0 28.0 30.0 35.0 40.0 42.0 45.0 
L mm 126.0 138.0 160.0 172.0 192.0 212.0 227.0 255.0 224.0 241.0 246.0 290.0 318.0 278.0 370.0 397.0 
ϕ mm 10.0 12.0 12.0 12.0 14.0 16.0 18.0 20.0 20.0 22.0 24.0 26.0 28.0 30.0 35.0 40.0 
e mm 6.0 8.0 10.0 10.0 12.0 12.0 7.0 5.0 14.0 11.0 16.0 15.0 18.0 18.0 20.0 22.0 
Vu-exp kN 4.7 6.7 9.0 11.7 16.8 23.2 33.7 42.4 38.3 52.2 59.0 84.4 123.9 131.6 226.7 302.1 
Vu kN 4.27 6.11 8.48 10.82 16.01 23.15 33.08 42.41 38.80 54.29 62.17 88.08 120.27 126.41 211.91 277.73  
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8.4. Analysis of the experimental results 

The shear force applied by the test set-up to the tested anchors was 
directed upwards, while the shear force applied by an attachment to an 
anchor is directed downwards. According to Assumption 1, however, the 
direction of the vertical shear force has no influence on the behavior of 
the anchor. For the sake of avoiding confusion, the analysis of the 
experimental results takes the positive direction of the y-axis as upwards 
(in the Cartesian coordinate system shown in Fig. 2 the y-axis is hence 
upwards), i.e., the positive direction is taken to be that of the shear force 
applied in the experiments. 

The nominal steel strength of the tested anchors (carbon steel) was 
650 N/mm2, while the nominal yield strength was 520 N/mm2. 

Failure of every tested anchorage was dictated by the concrete that 
surrounded the anchor (Fig. 13), i.e., the failure mode was always that 
reproduced by the model (shown in Fig. 3). 

The shear strengths measured by the tests are reported in Table 1 
(symbol Vu-exp) together with the relevant parameters. Each load value 
given in Table 1 is the peak of the relevant load-displacement curve. 

Fig. 12 reports the load-displacement curves of two tests. The ordi-
nate shows the loads, i.e., the shear force applied by the jack at each 
loading step. The abscissa shows the displacements, i.e., the vertical 
translation at each loading step of the point of the masonry surface at 
x = 0, y = ϕ/2, z = 0. Those two curves are representative of all the 
experiments performed. 

The behavior of the tested anchors met closely with the assumptions 
of the analytical model, which was expected as the assumptions had 
been derived from a sophisticated non-linear numerical modeling. For 
instance, the validity of Assumption 2 was confirmed by the fact that the 
embedded part of each anchor underwent no more than elastic de-
formations (Fig. 10). 

The two curves of Fig. 12, as well as the other 14 load-displacement 

curves, exhibit a significant elastic behavior, followed by an elasto- 
plastic and then a plastic behavior, which are as much significant. The 
16 curves also show that the ultimate displacement and plastic defor-
mation (rotation) of each tested anchor are large, so that the shear 
strength is dictated by the maximum contact pressure carried by the 
concrete pcm and not by the rupture strain of the concrete. 

8.5. Comparison between the theoretical predictions and the experimental 
results 

Each test was simulated with the analytical model. Each theoretical 
prediction is reported in Table 1, together with the shear strength from 
the experiment, which allows the former to be compared to the latter. 

The comparison shows that for every anchor, the difference between 
the predicted shear strength and the experimental shear strength was 
within ± 10%. Not only is that range of deviations small, but also it 
corresponds to the accuracy of the tests performed for estimating the 
concrete compressive strength of each structure (in-place tests and 
laboratory tests by drilling and testing core samples). 

Ergo, the test results verified the capacity of the analytical model 
presented in Section 7 to accurately predict the shear strength of an 
anchor embedded into concrete. 

9. Experimental results attainable from the literature 

The accuracy of the model was also tested borrowing experimental 
results from the scientific literature. The anchors experimented in [9, 32, 
50] failed by the rupture of the surrounding concrete. Those tests can 
therefore be simulated by this model. Those experimentations included 
the measure of the strength of the concrete and steel. 

The free parameters to insert into the model for the 12 anchors tested 
in [9] are: L = 169 mm or 219 mm; ϕ = 19 mm (3/4″); e = 10.0 mm; fc 

Fig. 5. Test set-up represented for the anchor with Ω = 20 mm and L – e = 300 mm: cross section of the concrete wall and longitudinal section of the tested anchor 
embedded into the wall (the anchor above in the drawing). The figure shows the jack (a cylinder with a head). The jack applies the shear force to the bottom of the 
anchor through a steel bar of square section, which reduces the eccentricity of the shear force. The figure also shows the I-section steel beam that collects the reaction 
force of the jack, which is supported by two anchors of large diameter and long embedded length. 

P. Foraboschi                                                                                                                                                                                                                                    



Engineering Structures 302 (2024) 117427

10

= 46.1 N/mm2. For L = 169 mm, the model gives Vu = 51.11 kN, and 
for L = 219 mm gives Vu = 76.13 kN. The average shear strength 
measured in the 6 tests with L = 169 mm was Vu = 64.38 kN, and in the 
6 tests with L = 219 mm was Vu = 90.5 kN. The experimental results are 
hence 20.6% and 15.9% more, respectively, than the theoretical pre-
dictions, which is a satisfactory result because each tested anchor had a 
heavy hex nut at the embedded end. 

The free parameters to insert into the model for the 2 anchors tested 
in [50] are: fc = 38.5 N/mm2; L = 112 mm; ϕ = 10.0 and 12.0 mm; e 
= 12.0 mm. For ϕ = 10.0 the model gives Vu = 14.66 kN and for ϕ 
= 12.0 mm gives 19.91 kN. The shear strengths measured by the tests 
were Vu = 15.85 kN and 24.52 kN for the 10-mm and 12-mm anchors, 
respectively. The experimental results are hence 7.5% and 18.8% more 
than the theoretical predictions, which is a satisfactory result because 
the test set-up provided the anchors with extra strength. 

The free parameters to insert into the model for the anchor tested in 
[32] are: fc = 60.1 N/mm2; L = 405 mm; ϕ = 20.0 mm; e = 12.5 mm. 
For those values, the model gives Vu = 201.1 kN. The shear strength 
measured by the test was Vu = 231.0 kN, which is 14.9% more than the 
theoretical value. That result is satisfactory because the tested anchor 
had a nut at the embedded end. 

10. Simplified analytical expression 

In order to allow the structural designer to take the initial choices 
when the anchor is one of the options, this research effort has tested 
whether or not the simplified formula proposed in [1] for the masonry 
anchor, i.e., Eq. 20 of that paper, can be used for the concrete anchor, at 
least for making a first and rough approximation only. 

That formula was found to be capable of providing predictions that, 
although not conservative, are not drastically far from those given by the 
analytical model, i.e., Eqs. (20) and (21). Thus, that formula can be 
borrowed from [1] and applied to the concrete anchor. The shear 
strength from that formula is denoted by Vu-max:  

Vu-max = 0⋅414⋅ϕ⋅L⋅qmc                                                                   (22) 

where qmc is the maximum contact pressure that the anchor can 
transmit to the concrete. 

Eq. (11) allows qmc to be replaced by fc:  

Vu-max = 0⋅476⋅ϕ⋅L⋅fc                                                                     (23) 

Ultimately, Eq. (23) is a simplified formula devoted to assisting the 
structural designer when he has to decide whether the shear anchor is a 
viable solution in order to connect an attachment to a concrete structure. 
On the contrary, that formula should be used neither to execute safety 
verifications nor to design the anchor. 

11. Discussion 

The marginal differences between the theoretical predictions and the 
experimental results are the logical outcome of the way the analytical 
model has been constructed, as it is based on the results of a wide- 
ranging analysis performed with a sophisticated non-linear numerical 
model. 

It is hardly necessary to mention that the analytical model was not 
calibrated against the results of those experiments, as it is a predictive 
model. Accordingly, this model is devoted to describing the behavior of 
any anchor, and not only of the anchors that were tested, as it occurs for 

Fig. 6. Test set-up represented for the anchor with Ω = 20 mm and L – e = 300 mm: frontal view (the cross section cuts the set-up but not the concrete). The jack (a 
cylinder with the head that moves along the vertical axis) pushes the steel bar (transverse to the tested anchor), which in its turn pushes the anchor’s segment 
protruding from the concrete surface (the anchor above in the diagram). The I-section steel beam that supports the jack is simply supported by the two lower anchors 
and is stiffened by a transverse plate welded at its midspan. The test set-up applies the shear force from downwards (as this is the safest test arrangement). 
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empirical formulations. 
As expected, by enlarging the embedded depth L – e the load-bearing 

capacity of the shear anchor extends and heightens, but only as long as 
the slenderness ratio L/Ω is lower than the rigid body limit. The slen-
derness ratio limit for which the anchor exhibits a rigid body behavior 
resulting from this research is considerably higher than that suggested in 
[73], i.e., 24 in lieu of 8. 

A less expected result is that all the rest being equal, the greater the 
diameter of the drilled hole ϕ the greater Vu, while the diameter of the 
anchor Ω has no influence on Vu. In short, anchor’s shear strength de-
pends on ϕ but not on Ω. 

That result implies that, everything else being equal, the gap be-
tween anchor and drilled hole of adhesive anchor makes it stronger 
compared to mechanical anchor (in the former ϕ > Ω, while in the latter 
ϕ = Ω). Furthermore, the gap of the anchor bonded with mortar 
anchoring material makes it stronger compared the anchor bonded with 
resin anchoring material (ϕ – Ω of the former is greater than that of the 
latter). However, the choice of which anchor to use depends on the 
project at hand. 

The analytical model presented in this paper was applied to a wide 
range of anchorages representative of the variety of real cases. The re-
sults of that application have shown that, if the anchor is well designed, 
properly installed, and optimally placed, it definitely fails by the mode 
shown in Fig. 3, as the shear strength predicted by the analytical model 
is ever lower than the shear strength of every other failure mode. 
Therefore, as long as there is sufficient clearance from both the edges 
and other anchors, and the shaft is sufficiently strong, anchor’s shear 
strength is dictated by the failure of the concrete in front of the anchor, 
and hence its value is that predicted by this model. 

It is hence expected that the relevant codes will be reviewed, in order 
to incorporate this failure mode (e.g., [73,74,83], which ignore the 
shear strength of the anchor dictated by the failure of the concrete in 
front of the anchor). 

What seems to be an exception is the case of the anchor with a 
particularly large diameter, made of a strong steel, and post-installed 
into a concrete with a relatively flat downward slope of the σ-ε soft-
ening curve. That anchor can bear a shear force greater than the shear 
force that has triggered the crushing of the concrete in front of the an-
chor. This extra-strength with respect to that predicted by this model is 
provided by the dowel action. The dowel mechanism depends however 
on the depth of the concrete along which the contract pressures decrease 
no more than slightly from the maximum contact pressure tolerated by 
the concrete pcm, and this depth in turn depends on the actual downward 
slope of the concrete softening curve. The softening behavior of the 
concrete in front of the anchor is however difficult to predict. Therefore, 
that extra-strength should not be accounted for in safety assessment 
calculations, while it should be incorporated into the qualitative eval-
uations about the post-failure behavior of the anchor under design. 

As reviewed in Section 3, the literature about anchors includes 
important experimentations, which are a landmark for theoretical ac-
tivity. Some of them are [41,53,54,68], which present the 
above-mentioned specific phenomenon. That is, some tested anchorages 
allowed the applied shear load to be increased even after the concrete in 
front of the anchor had crushed and, owing to the dowel action, this 
increase continued up to the steel rupture. Nevertheless, those test re-
sults also showed that this phenomenon cannot be reliably predicted, as 
it depends on uncontrollable factors. 

Fig. 7. Shear test performed using the procedure presented in Section 8. This 
test used a steel plate in lieu of the square-section steel bar because in so doing 
the eccentricity was lower (that bar appears on the I-section, unused). 

Fig. 8. Shear test performed on an anchor embedded into a concrete wall. The 
plaster was not removed before the test because on one hand, it did not alter the 
behavior of the anchor, while on the other hand, it allowed concrete crushing to 
be better observed and identified. 
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The case studies of Table 1 were also analyzed using the provisions 
of two widely used documents edited by the American Concrete Insti-
tute, i.e., [73] and [74], which have been reviewed in Section 3. That 
state-of-the-art application has borrowed the formulations provided by 
Appendix B (Subsection B.6) of [73] and by Chapter 17 (Subsection 
17.7) of [74]. More specifically, that application has used the formula 
B-15 taken from [73], with fut = 1.75⋅fy, and the formulas 1a/b, 1.3, 
2.1a/b, 2.2, 3.1, 4.1a/b, and 6.1 of Subsections 17.7.2, together with the 

formulas 1a/b of Subsections 17.7.3, taken from [74]. The formulas 
were applied using a distance of the anchor from the edge of 200 mm 
(7.847 in, as [73] uses imperial units), a depth of concrete of 800 mm 
(31.388 in) and high strength steel. In so doing, the effects of proximity 
to the edges, small depth of the concrete structure, and failure of the 
steel did not dictate the shear strength of the analyzed anchors. 

Table 2 compares the shear strengths calculated using [73] and [74] 
to those obtained from this model. While the provisions from [73] and 
[74] are almost equal to each other, they are significantly different than 
the predictions of the analytical model. As shown in Table 2, not only do 
the formulations of [73] and [74] not provide accurate predictions, but 
also imply systematic errors, which derive from what has been pointed 
out in Section 3 and that can result in either an underestimation or an 
overestimation. 

12. Conclusions 

This research has tackled the problem of describing the ultimate 
behavior of the shear anchor post-installed into a concrete structure. 
This paper accounts for that activity and delivers a closed-form equation 
model that predicts the shear strength of an anchor embedded into 
concrete. That model can also be applied to an anchor group on condi-
tion that anchor spacing is not close. 

The model requires knowing the uniaxial compressive strength of the 
concrete, the diameter and length of the anchor, and the length that 
protrudes from the concrete surface (i.e., 4 values). 

The analytical model was constructed based on the results obtained 
from a refined non-linear numerical model. The complexity of the latter 
was concentrated in mechanical assumptions, based on which the 
former was derived. In so doing, the analytical model that was obtained 
is easy and fast to use, and at the same time it is just as accurate as the 
assumptions, which in their turn are as accurate as the non-linear nu-
merical model. 

Research activity included designing and carrying out 16 failure tests 
of 16 different steel anchors embedded in different concrete structures. 
The comparison between the theoretical results from the model and the 
experimental results from those tests has confirmed the reliability and 
accuracy of the analytical model. 

Activity also considered experiments that are present in literature, 
which were reproduced by the analytical model. Once again, the com-
parisons were satisfactory. 

The model applies to well designed, properly installed, and optimally 
placed anchors. Accordingly, failure is dictated by the concrete that 

Fig. 9. Photo taken immediately after the test was completed. The image shows 
the anchor just tested, which is bent upward. This test used the square-section 
steel bar. 

Fig. 10. Two anchors of different diameters and lengths extracted from the 
concrete after their test. All the anchors extracted from the concrete after the 
tests did not exhibit any plasticity in the embedded part, while the sections that 
emerged from the concrete surface sometimes exhibited large bending (e.g., the 
lower anchor in the figure). 

Fig. 11. This test used a set-up different than that described in Section 8. In this 
test, the force was applied by a jack that pulled the anchor and was restrained to 
a crane by means of a steel cable. This test was performed in the same building 
where a masonry shear anchor was tested as well [1], whose walls on the first 
story were made of concrete while on the upper stories were made of masonry. 
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surrounds the anchor, and not by the structural boundaries, the anchor 
group effect, or the metal shaft. Satisfaction of the above requirements 
shall be checked at the end of the analysis, by verifying that the shear 
strengths governed by the other failure modes are greater than the 
strength provided by this model. 

Combinations of shear force and substantial tensile force are not 
included in this model. This is however not so much a behavior that is 
not covered by this model, but more about a connection between the 
attachment and the concrete that has not been designed in the best way. 

Modern structural engineering has drastically reduced the use of 
analytical models and prefers using the finite element method imple-
mented in the professional software codes. Nevertheless, there are 
structural problems that cannot be solved using the professional soft-
ware codes that are currently available. 

This paper has proven that the numerical analysis of a concrete an-
chor needs a three-dimensional model, together with non-linear 
constitutive laws of the materials and interfaces. The commercial soft-
ware codes are not adequate to perform such analyses, while the soft-
ware codes that can perform such analyses are not adequate outside 
university circles and outside research activity. The model that has been 
proposed in this paper makes a bridge between sophisticated non-linear 
numerical modeling and design activity of practitioners. 

A remark made in Section 3 can also be suitable as a closing remark. 
Although the post-installed anchor behaves differently than the cast-in 
anchor, the post-installed anchor with adequate clearances from the 
boundaries (edges) and from other anchors (adequately spaced) has only 
been marginally dealt with by past published research, and even less by 
codes. In particular, not only does previous literature not provide re-
searchers and practitioners with any analytical model, but above all 
ignores the failure mode due to concrete crushing, which leads to 
erroneous and potentially unsafe predictions. Therefore, there was a gap 
in literature regarding this issue. The author is confident that this paper 
has filled such a gap, and hopes that this model may be useful to 
academia research, as well as applicable to the professional and indus-
trial activity. 
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Fig. 12. Load-displacement curves of the 10th and 13th experiments of Table 1 (S10 and S13, respectively). Abscissa: vertical displacements of the anchor’s cross- 
section at the concrete surface. Ordinate: transverse forces applied by the jack to the anchor. The descending branch of the curves was not represented, as it strongly 
depended on the way the jack was extended. The figure also shows the shear strength Vu of each tested anchor. For the sake of clarity, the diagram shows only the 
unloading from the elastic limit. 

Fig. 13. Closeup of some anchors after the test showing the concrete crushing.  

Table 2 
Comparisons between theoretical predictions and code provision predictions. 1st row: number of the case study (S1-S16), which are those of Table 1. 2nd row: Vu from 
the analytical model, i.e., shear strengths reported in Table 1. 3rd row: shear strength from [73], which is denoted by Vu-a. 4th row: shear strength from [74], which is 
denoted by Vu-b. Each column compares thus the analytical result to ACI code provisions for each case study of Table 1.    

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

Vu kN 4.27 6.11 8.48 10.82 16.01 23.15 33.08 42.41 38.80 54.29 62.17 88.08 120.27 126.41 211.91 277.73 
Vu-a kN 2.01 3.83 5.06 8.34 12.27 21.19 36.12 46.74 58.53 87.71 116.88 175.55 252.01 277.32 514.84 710.99 
Vu-b kN 2.11 3.91 5.88 8.28 11.97 20.95 36.81 47.02 66.61 96.03 129.11 214.12 290.27 300.91 499.21 694.13  
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1,. Stahlbau-Verlags-GmbH, Köln, Germany: 627–672 (in German). 

[47] M. Roik. Tastversuche zum Tragverhalten von senkrecht zum Rand eingebauten 
Ankerschienen, belastet durch. Querzug parallel zum Rand (Preliminary tests to 
anchor channels arranged perpendicularly to the edge and loaded by a shear load 
parallel to the edge). Halfen GmbH, Langenfeld, Germany, 2009 (in German). 

[48] Rosca Bogdan, Serbanoiu Adrian Alexandru. Experimental study on bond 
performance of advanced material based on composite Portland cements 
developed for anchoring systems with post-installed reinforcement bars in 
concrete. Mater Today: Proc 2021;47:2329–36. Part 10. 

[49] Shrestha Rumi, Kessler Hannah, Redmond Laura, Rangaraju Prasad. Behavior of 
anchor bolts in concrete masonry with lightweight grout. Struct J – Acids 2023;120 
(1):163–75. 

[50] Ueda T, Kitipornchai S, Ling K. Experimental investigation of anchor bolts under 
shear. J Struct Eng – ASCE 1990;116(4):910–24. 

[51] Yi Y, Kim H, Boehm RA, Webb ZD, Choi J, Murcia-Delso J, Hrynyk TD, Bayrak O. 
Experimental study on column reinforcing bar anchorage in drilled shaft footings. 
Struct J - Acids 2023;120(4):191–206. 

[52] Epackachi Siamak, Esmaili Omid, Mirghaderi Seyed Rasoul, Behbahani Ali Asghar 
Taheri. Behavior of adhesive bonded anchors under tension and shear loads. 
J Constr Steel Res 2015;114:269–80. 

[53] Fuchs W, Eligehausen R, Breen J. Concrete capacity design (CCD) approach for 
fastening to concrete. Acids Struct J 1995;92(1):73–94 (Jan.-Feb). 

[54] Fuchs W, von Befestigungen Tragverhalten. unter Querlast im ungerissenen Beton 
(Behaviour of Fastenings under Shear Load in Uncracked Concrete). Mitteilungen 
1990;No.. /2, Institut fiir Werkstoffe im Bauwesen, Universitlit Stuttgart, 1990 (in 
German). 

[55] Gong Wenping, Martin James R, Juang CHsein, Dickenson Stephen E, 
McCullough Nason J. A hybrid framework for developing empirical model for 
seismic deformations of anchored sheetpile bulkheads. Soil Dyn Earthq Eng 2019; 
116:192–204. 

[56] Pauletta Margherita, Di Marco Caterina, Frappa Giada, Somma Giuliana, 
Pitacco Igino, Miani Marco, Das Sreekanta, Russo Gaetano. Semi-empirical model 
for shear strength of RC interior beam-column joints subjected to cyclic loads. Eng 
Struct 2020;224:111223. 

P. Foraboschi                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref1
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref1
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref2
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref2
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref3
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref3
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref3
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref4
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref4
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref5
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref5
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref6
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref6
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref6
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref7
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref7
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref7
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref8
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref8
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref8
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref9
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref9
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref10
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref10
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref11
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref11
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref12
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref12
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref13
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref13
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref14
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref14
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref14
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref15
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref15
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref16
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref16
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref17
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref17
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref17
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref18
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref18
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref18
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref19
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref19
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref19
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref20
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref20
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref20
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref21
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref21
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref21
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref22
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref22
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref22
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref23
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref23
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref23
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref24
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref24
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref24
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref25
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref25
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref26
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref26
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref26
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref27
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref27
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref27
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref28
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref28
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref28
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref29
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref29
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref30
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref30
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref30
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref31
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref31
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref31
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref32
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref32
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref32
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref33
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref33
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref33
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref34
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref34
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref35
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref35
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref35
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref36
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref36
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref37
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref37
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref37
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref38
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref38
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref39
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref39
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref39
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref40
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref40
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref41
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref41
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref41
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref41
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref42
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref42
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref42
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref43
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref43
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref43
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref44
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref44
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref44
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref44
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref45
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref45
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref45
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref46
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref46
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref47
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref47
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref47
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref48
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref48
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref48
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref49
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref49
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref50
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref50
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref50
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref50
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref51
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref51
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref51
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref51
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref52
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref52
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref52
http://refhub.elsevier.com/S0141-0296(23)01842-4/sbref52


Engineering Structures 302 (2024) 117427

15

[57] Vita Norbert, Sharma Akanshu. Behaviour of single bonded anchors in non-cracked 
and cracked steel fiber reinforced concrete under short-time tensile loading. Eng 
Struct 2021;245:112900. 

[58] El-Gendy Mohammed G, El-Salakawy Ehab F. Finite-element analysis of FRP- 
reinforced concrete slab-column edge connections subjected to reversed-cyclic 
lateral loads. J Compos Constr 2020;Volume 25(Issue 1) (November). 

[59] Cortez Flores Ilsen Adriana, Fernández Gómez Jaime, Villanueva Llauradó Paula, 
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Mermerdaş Kasım. Modeling and analysis of the shear capacity of adhesive anchors 
post-installed into uncracked concrete. Compos Part B: Eng 2014;60:716–24. 

[61] Jeon Siwoo, Ju Minkwan, Park Jihyuk, Choi Habeun, Park Kyoungsoo. Prediction 
of concrete anchor pull-out failure using cohesive zone modeling. Constr Build 
Mater 2023;383:130993. 

[62] Shoaib Karam Muhammad, Nakamura Hikaru, Yamamoto Yoshihito, Miura Taito. 
Numerical evaluation of the perfobond (PBL) shear connector with transverse rebar 
using coupled rigid Body spring model (RBSM) and solid finite element method 
(FEM). Structures 2022;45:1544–60. 

[63] Luo Da, Zhao Jian. Modeling crushed concrete depth and its impact on anchors 
shear capacities. J Struct Eng 2022;148(5) (February). 

[64] Mahrenholtz Christoph, Eligehausen Rolf. Simulation of tests on cast-in and 
postinstalled column-to-foundation connections to quantify the effect of cyclic 
loading. J Struct Eng – ASCE 2015;142(1) (June). 

[65] Zhao Yong, Yuan Yue, Wang Chun-Lin, Meng Shaoping. Experimental and finite 
element analysis of flexural performance of steel-timber composite beams 
connected by hybrid-anchored screws. Eng Struct 2023;292:116503. 

[66] Suenaga D, Takase Y, Abe T, Orita G, Ando S. Prediction accuracy of random forest, 
XGBoost, LightGBM, and artificial neural network for shear resistance of post- 
installed anchors. Structures 2023;50:1252–63. 
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