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Abstract 

This study assesses improvements in the head and extension sleeve parts for a post-installed anchor. The sleeve 
and head details were proposed to enhance the structural performance of the post-installed anchor, and the opti‑
mal structural shape was determined through finite element analysis. The analysis results revealed that the anchor’s 
performance was most efficiently improved when the sleeve length was 9.0 mm and the head length was 3.0 mm. 
In the model with these dimensions applied, the performance improved approximately 1.71 times compared 
to the existing model, validating the effectiveness of the proposed structural details. The improved pull-out strength 
test of anchor diameter M12 showed an increase of 1.25 times in normal-strength concrete and 1.28 times in high-
strength concrete, with an embedded depth of 50 mm. The improved pull-out strength test of anchor diameter 
M16 showed that the pull-out strength increased by 1.42 times for normal-strength concrete and about 1.33 
times for high-strength concrete. This research proposes a modified equation that reflects changes in the effective 
embedded depth and diameter. A comparison of the proposed equation with that of European Technical Approval 
Guideline (ETAG) showed that the correlation coefficient changed from 0.908 to 0.962, and the coefficient of varia‑
tion changed from 18.9 to 10.4%, meaning that the proposed equation reflected the actual experimental values more 
accurately.

Keywords  Concrete cone failure, Design equation, FEM analysis, Header length, Post-installed anchor, Shear strength, 
Sleeve length, Tensile strength

1  Introduction
Concrete anchors can be divided into cast-in anchors, 
which are installed before concrete pouring as shown 
in Fig. 1, and post-installed anchors, which are installed 
after the concrete has hardened. Cast-in anchors become 
integrated with the concrete as it hardens, offering 

excellent anchorage and load transfer performance, but 
they have the disadvantage of being prone to construc-
tion errors and difficult to modify. On the other hand, 
post-installed anchors, while slightly inferior in structural 
performance to cast-in anchors allow for flexible posi-
tioning and modification according to construction pur-
poses, making them widely used in various construction 
sites. Typical examples of post-installed anchor applica-
tions include fixing curtain walls, seismic reinforcement, 
securing attachments for bridges and tunnels, and fixing 
equipment and facilities (Fig. 2).

The performance details for the design standards of 
post-installation anchors are provided in the American 
Concrete Institute (ACI) code and Euro code (Institute 
and (ACI) Committee, 2019; ACI Committee, 2019; ACI 
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Committee et  al., 2011). In Korea, the anchor design 
method is denoted in the appendix of the Korean Build-
ing and Commentary (Korean Building Code and Com-
mentary (KBC) 2016), based on ACI 318-19 (Table  1) 
(ACI Committee, 2019).

As earthquakes are occurring with greater frequency 
and with growing scale, interest in reinforcing the seismic 
performance of buildings is also increasing. Earthquake 
damage to buildings leads to casualties and economic 
losses that are difficult to recover from (Fig. 3).

(a) Cast-in anchors

(b) Post-installed anchors
Fig. 1  Types of anchors (ACI 355.2 figure reconstruction)

Fig. 2  Applications of post-installed anchors

Table 1  Standards regarding post-installation anchors for concrete

Content National anchor design standards and methods by country

USA • ACI Committee 318 (2019) Building Code Requirements for Structural Concrete
• ACI Committee 355.2 (2019) Qualification of Post-installed Mechanical Anchors in Concrete (ACI 355.2-19) and Commentary
• ASTM E488 Standard Test Methods for Strength of Anchors in Concrete and Masonry Elements

Europe region • EOTA (2013) Guideline for European Technical Approval of Metal Anchors for Use in Concrete – Annex C: Design Methods 
for Anchorage (ETAG 001)

Korea • KCI (2021) Anchor Design Code for Concrete (KDS 14 20 54). Sejong, Korea: Ministry of Land, Infrastructure and Transport (MOLIT), 
Korea Concrete Institute (KCI)
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Therefore, it is very important to reinforce old build-
ings to improve their seismic performance by attaching 
a member with high rigidity and strength to an existing 
member to support aged concrete rather than directly 
reinforcing the rigidity and strength of the structural 
members. In most cases, post-installed anchors are rec-
ommended between the reinforcing material and the 
existing member (Fig. 4). Therefore, the performance of 
the anchor must be verified to ensure quality control for 
seismic reinforcement (AIK 2016).

As previously described, post-installed anchors are 
being utilized for a variety of purposes and numer-
ous studies related to them are being conducted. The 
research trends associated with post-installed anchors 

are as follows. Research trends for post-installed anchors 
emphasize finite element analysis of the nonlinear ten-
sile behavior characteristics of the torsion-controlled 
expansion anchors (Dassault Systemes, 1978). The 
anchor depth and torque values are tested to present a 
load–displacement model (Breen et al., 2001). Nonlinear 
finite element analysis studies elucidate the fracture ten-
dency of anchors and the degree of damage to concrete 
due to external loads (ETAG, 2003; European Techni-
cal Approval Guideline (ETAG), 1997; Delhomme et al., 
2018). The resistance performance is then evaluated 
by performing static and dynamic tests on specimens 
not affected by the edge distance to assess the behavior 
of a single anchor based on the presence or absence of 
cracks in the concrete (Alhaidary & Al-Tamimi, 2021). 
The internal force is then confirmed from the tensile test 
using the edge distance as the main variable (Gontarz & 
Podgorski, 2019). For example, Kim et al. (2013) (Lubliner 
et al., 1989) conducted a finite element analysis to com-
pare the effect on torque for post-installed anchors used 
in structures in Korea. Chen et  al. (2020) (Bang et  al., 
2010) investigated the pull-through (PT) and pull-out 
(PO) failure modes of torque-controlled expansion (TCE) 
anchors and developed an empirical model for Np. Pishro 
et al. (2020) (Kim et al., 2013) analyzed local bond stress 
(LBS) between ultra-high-performance concrete (UHPC) 
and reinforcing steel bars, proposed a comprehensive 
LBS equation, and validated it with experimental and 
numerical results. Alhaidary et  al. (2021) (Tsavdaridis 
et  al., 2016) studied the pull-out performance of ETA-
approved and non-ETA-approved anchors in the Middle 
East. They found that ETA-approved anchors were more 
robust under suboptimal site conditions. Siamakani et al. 
(2022) (Korean Building Code and Commentary (KBC) 

Fig. 3  Example of earthquake damage. Source: Architectural Institute of Korea (ACI), damage to non-structural materials described in the Pohang 
earthquake report, https://​www.​aik.​or.​kr/​html/​page05_​05.​jsp

Fig. 4  CFT (concrete filled steel tube) seismic reinforcement
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2016) found that PRs can prevent concrete breakout fail-
ures caused by expansion anchors.

Based on the existing literature and data on post-
installed anchors, the key research objectives of this study 
are as follows. The performance of post-installed anchors 
in concrete is significantly influenced by the frictional 
area between the anchor and the concrete. The factors 
affecting this frictional area mainly originate from the 
structural details of the anchor, which can be improved 
to enhance performance. In this study, we improved the 
structural details of the anchor to secure a sufficient 
frictional area and verified their performance through 
analysis and experimentation. The innovation and con-
tribution of this research can be summarized as follows. 
Firstly, the structural details of the anchor have been 
improved to enhance the anchor’s performance, thereby 
resulting in a more stable resistance against concrete. 
This research can serve as a foundation for enhancing 
the performance of anchors. Moreover, this study, with 
the support of both analytical and experimental evidence, 
confirms the crucial role of the frictional area in improv-
ing the performance of anchors. Consequently, this fac-
tor should be considered in future research endeavors 
related to anchor performance in concrete.

2 � Mechanical Anchor Performance
2.1 � Performance of the Post‑installed Anchor
In this study, we aim to propose structural details to 
improve the structural performance of existing anchors, 
focusing on torque-controlled expansion anchors among 
mechanical post-installed anchors. Torque-controlled 
expansion anchors are anchored in concrete through the 
pressure generated by the expansion of the sleeve and the 

frictional force between the concrete and the sleeve. The 
load and anchoring mechanism of the anchor are illus-
trated in Fig. 5.

To improve the structural performance of post-
installed anchors, we must first examine the process of 
internal force transmission in the anchor, as shown in 
Fig. 5. The anchor strength is mainly determined by the 
degree of increase in the frictional force with concrete in 
the head of the anchor body and the expansion degree 
of the sleeve coupled with the body. In other words, 
when the anchor is bonded to the concrete, the sleeve is 
pushed into the head part and becomes integrated. The 
degree of friction and grip that this integrated part exerts 
within the concrete determines the pull-out strength of 
the anchor. When the length of the anchor head expands, 
as shown in Fig.  6, the frictional force and the keying 
between the anchor and the concrete surface increase, 
and the sleeve further expands as the load is applied, 
which in turn is expected to improve the overall drawing 

Fig. 5  Behavioral characteristics of torque-controlled expansion anchors: a load resistance mechanism, b anchorage mechanism

Fig. 6  Expected concrete cone fracture area due to improvements 
in sleeve and head details
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performance. Furthermore, the angle between the frac-
ture surface of the anchor and the concrete surface is 
reduced, which reduces the destruction area of the con-
crete cone.

In this study, we aim to enhance the structural details 
of existing post-installed anchors and to verify these 
improvements (Fig.  7). Initially, we plan to study the 
anchoring and load mechanisms of post-installed anchors 
through existing literature and materials, and propose 
structural details to improve the anchors’ performance. 
Using the sleeve and head details as variables, we will 
conduct finite FEM analysis and aim to derive the opti-
mal structural shape for the anchor based on the analy-
sis results. Finally, we intend to fabricate a prototype of 
the anchor, perform performance verification tests, and, 
based on the experimental results, propose a new anchor 
design formula to evaluate the performance of the devel-
oped anchor, ensuring the sentences flow naturally.

2.2 � Anchorage Mechanism of Post‑installed Anchors
The contact stress between post-installed anchors and 
concrete is a crucial mechanism for securing the anchor 

within the concrete. Contact stress occurs at the interface 
between the anchor and the concrete and is influenced 
by several factors. Firstly, the strength of both the anchor 
and concrete significantly impacts the contact stress. 
When the sleeve of the post-installed anchor expands, 
if the material strength of the anchor is low, the resist-
ance to the concrete’s compressive strength may be insuf-
ficient, leading to deformation in the steel. Conversely, if 
the compressive strength of the concrete is low, it may be 
unable to accommodate the steel strength of the anchor, 
resulting in concrete splitting or cracking. Therefore, to 
ensure the appropriate contact stress, the strength of 
both the anchor and the concrete must be adequately 
considered. Secondly, the bond strength between the 
anchor and the concrete is related to contact stress. The 
stronger the bond, the more evenly the stress applied to 
the concrete is distributed, resulting in a uniform stress 
distribution. This ensures anchor safety and prevents 
potential issues concerning performance deviation in the 
anchor system.

2.3 � Destruction Mechanism for the Post‑installed Anchor
A post-installed anchor is a structural material that 
transmits the load acting on the external attachments 
installed in existing concrete structures to the base mate-
rial. Recently, as the importance of reinforcing concrete 
structures has increased, evaluation to ensure the perfor-
mance of post-installed anchors has become very impor-
tant. Even though it is safe to bury the anchor when 
pouring concrete, post-installed anchors are widely used 
due to the conversion of construction methods, ease of 
selecting anchor embedding locations, and design and 
construction conditions modified by the additional struc-
tural reinforcement.

Fig.  8 illustrates the failure modes of a post-installed 
anchor under tensile load, and the smallest value of the 
failure strengths can be determined and used as the 
design strength of the post-installed anchor.

The most representative failure mode of a post-
installed anchor under tensile load is concrete breakout 
failure. This type of failure occurs when the embedment 
depth of the anchor is insufficient to cause steel failure, 
resulting in the anchor breaking out in a conical cone 
shape along with a portion of the surrounding concrete. 
The failure strength of concrete breakout can be calcu-
lated based on the concrete’s compressive strength and 
the effective embedment depth, as shown in Eqs. (1) and 
(2), and is specified in ACI 355.2-19:

(1)Ncb =

ANc

ANco
ψed,N ψc, N ψcp,NNb,

Fig. 7  Research flow-chart
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where Ψed,N denotes the modification coefficient by 
edge distance; Ψc,N denotes the modification coefficient 
by cracks in base concrete; Ψcp,N denotes anchor instal-
lation point of base concrete; ANc denotes the projected 
area of base concrete; ANco denotes the projected area of 
anchor fracture surfaces (edge distance 1.5hef or more); 
Nb denotes the characteristic tensile capacity of an 
anchor with a concrete failure mode. In relation to the 
base concrete strength; kc denotes the base concrete fail-
ure strength coefficient (tensile); fck denotes the concrete 
compressive strength design criteria; and hef denotes the 
effective burying depth of the anchor.

3 � Geometric Suggestions to Improve Anchor 
Performance

3.1 � Proposed Structural Details of Post‑installed Anchors
In this study, we aim to improve the structural perfor-
mance of post-installed anchors by enhancing the sleeve 
and head details of the existing anchors. As described 
in Sect.  2.1, improving the sleeve and head details can 
enhance the expansion force of the sleeve acting on the 
concrete, and also improve the frictional force between 
the concrete and the sleeve, thereby enhancing the overall 
bearing capacity of the anchor. Based on this structural 
theory, we have illustrated the detailed improvements for 
the sleeve and head of the existing post-installed anchors 

(2)Nb = kc
√

fck hef
1.5, in Fig. 9, and aim to derive the optimal structural shape 

with the best internal strength of the post-installed 
anchors through finite element analysis.

3.2 � Finite Element Method (FEM) Analysis Parameter 
Setting

As shown in Fig.  10a, the post-installed anchor has a 
screw thread, a washer, and a nut at one end, and at the 
other end, it has a structure where an expansion header 
and an expansion sleeve are hung by processing a thread. 
The post-installed anchor can resist a tensile strength 
with jamming and frictional forces, and the parameters 
that can affect such tensile strength include the length of 
the sleeve and the length of the header (Fig. 10b). There-
fore, this study performs a numerical analysis by setting 
the basic model and six analysis variables for the anchor 
diameter M12 anchor, as shown in Table 2, to select the 
optimal sleeve length and header length. Tables  3 and 
4 show the details of the mesh and material used in the 
FEM analysis. ABAQUS software (version 6.2) (Bang 
et al., 2010) was used for the analysis (Kim et al., 2013).

The finite element analysis in this study was performed 
using ABAQUS. In order to improve the drawing per-
formance of the anchor, a direct parameter capable of 
increasing the friction force was used. The sleeve shape 
and head length were used as variables during the anal-
ysis. Fig. 10b shows the existing and improved shape of 
the installation anchor after the sleeve and head details, 

Fig. 8  Failure mode of the anchor: a concrete breakout, b pull-out failure, c side-face blowout, d concrete splitting

Fig. 9  Sleeve and header detail proposal: a sleeve detail, b header detail. Here, ls in a represents the sleeve length of the existing anchor, and α 
denotes the increased sleeve length, while lh in b represents the head length of the existing anchor, and β denotes the increased head length
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Fig. 10  Shape of anchor: a before and b after

Table 2  Analysis variables (unit: mm)

Content Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7

Sleeve length 6.4 8.0 9.0 10.0 6.4 6.4 6.4

Header length 0.94 0.94 0.94 0.94 1.50 3.00 4.50

Table 3  Mesh and material details for FEM analysis

Mesh detail values Material detail values

Item Content Item Content

Mesh type Solid mesh Model type Linear elastic isotropic

Mesh used Curvature based mesh Default failure criterion Max von Mises stress

Jacobian points 4 Points Yield strength 250 MPa

Maximum element size 2.0047 mm Tensile strength 400 MPa

Tolerance 0.100235 mm Elastic modulus 200,000 MPa

Mesh quality High Poisson’s ratio 0.26

Failed remesh parts with incompatible 
mesh

Off Mass density 7850 g/cm3

Shear modulus 79,300 MPa

Table 4  FEM results (comparison of pull-out load relative to each case)

Content FEM analysis variables

Case-1 Case-2 Case-3 Case-4 Case-5 Case-6 Case-7

Parameter Original Sleeve length Header length

8.0 mm 9.0 mm 10.0 mm 1.5 mm 3.0 mm 4.5 mm

Load (kN) 23.2 25.6 28.2 28.9 30.2 33.1 33.4

Relative ratio 1.00 1.11 1.21 1.25 1.30 1.43 1.44
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developed in this study, were improved. The case param-
eters for finite element analysis are shown in Table  2. 
Case 1 is the structural shape of the existing anchor, cases 
2 to 4 are to derive the optimal length of the sleeve, and 
cases 5 to 7 are to derive the length of the head. Finally, 
in case 8, the case with the most efficient structural per-
formance of the sleeve and head is selected and collected, 
and then the optimal shape is determined. The mesh 
details for finite element analysis of the post-installed 
anchor are as follows. The rear installation anchor has a 
sleeve surrounding the anchor shaft. Since it consists of 
a continuous body, a solid mesh was applied. In addition, 
the overall shape of the rear installation anchor consists 
of curvature.

Accordingly, a "curvature-based mesh" was used to 
form sufficient elements to increase the accuracy of 
interpretation. The model for the post-installed anchor 
is complicated because all elements are composed of 
curvature. Accordingly, to increase the accuracy of 
the analysis, the maximum size of the mesh was set to 
2.0047  mm. In addition, the analysis was performed 
using the "Linear Elastic Isotropic" model to consider 
only the elastic deformation of steel because it is neces-
sary to examine whether a uniform friction area acts on 
the sleeve through stress distribution. The yield strength 
(250  MPa) and tensile strength (400  MPa) of the mate-
rial were applied with ASTM Steel’s "ASTM A36," 
which is most similar to the steel strength of the actual 
anchor. The elastic modulus (Es) of the material was 
200,000  MPa, and the Poisson ratio was 0.26. In addi-
tion, von Mises was applied to define the yield of anchor 
steel in consideration of the three-dimensional stress 
state of the material. Since the tensile force acts along the 
anchor axis of the post-installed anchor, the analysis was 
performed by constraining the anchor’s sleeve and then 
performing displacement control on the anchor axis. The 

method of applying loads and boundary conditions for 
post-installed anchors is as follows. The anchor is sub-
jected to displacement control in the axial direction of 
the anchor body to determine its maximum load capac-
ity. In particular, to verify whether the improved sleeve 
exhibits a uniform stress distribution surface, the friction 
coefficient between the anchor and the sleeve was set to 0 
when defining the boundary conditions.

3.3 � Finite Element Method (FEM) Analysis Results
Fig.  11 illustrates the results for each variable (sleeve 
length and header length) as a relative ratio of the basic 
model. In addition, Table  4 shows the results for each 
analysis variable. As shown in Fig.  11, a greater sleeve 
length resulted in a greater frictional force. However, 
the increase in the internal force decreased as the length 
of the sleeve exceeded 10.0  mm. The internal force 
increased linearly with the head length up to 3.0 mm, but 
the internal force did not significantly increase thereafter 
once the head length reached 4.5 mm.

Fig. 11 shows the relative ratio of the anchor’s strength 
improvement due to the enhancement of sleeve and head 
length compared to the existing model. As seen in (a), as 
the sleeve length increases, the strength improves due to 
the increased friction area, but the increase in strength 
diminishes beyond 10.0  mm. The configuration of the 
sleeve allows for controlling the deformation of the steel 
within the elastic range by maintaining a certain distance 
between sleeves. However, if the sleeve length increases 
excessively, the distance between sleeves narrows, caus-
ing interference, and thus expansion of the sleeve does 
not occur even at the proper torque value, leading to a 
decrease in strength. Therefore, the optimal length of the 
sleeve was determined to be 9.0  mm, where the effect 
of enhancing the anchor’s strength is most efficiently 
secured. In (b), it is observed that the anchor’s strength 
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Fig. 11  Load relative ratio: a sleeve length, b header length
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improves as the head length increases, but the additional 
improvement becomes limited beyond 3 mm. The com-
bination of head and sleeve increases friction and ten-
sile stress within the concrete, enhancing the anchorage 
performance. However, too long a head can cause local 
stress concentration in relatively short sleeves, damaging 
the material, and the elongation of the load transfer path 
can lead to a decrease in strength due to load dispersion. 
Thus, the optimal length of the head was determined to 
be 3.0  mm, where the effect of enhancing the anchor’s 
strength is most efficient (Table 5) (Fig. 12).

4 � Performance Evaluation of the Improved 
Post‑installed Anchor

4.1 � Structural Performance Tests for the Improved 
Post‑installed Anchor

Structural performance tests were conducted to compare 
and analyze the performance of post-installed anchors 
(M12, M16, M20) with improved structural details based 

on the results of finite element analysis. The concrete 
specimens, that were made without reinforcing bars to 
prevent them from affecting the concrete breakout fail-
ure of the anchors, were fabricated as uncracked concrete 
measuring 1800 × 1800 × 300 mm, as shown in Fig.  13. 
The specimens were manufactured with a thickness of 
hmin = 1.5hef or more, and the anchors were installed with 
a minimum anchor spacing of smin = 6d0 or more to pre-
vent splitting and ensure that they did not affect each 
other (Fig.  13). The normal-strength of concrete was 
rated at 21  MPa, and the high-strength at 50  MPa. The 
compressive strength test after 28 days showed a normal-
strength result of 23.5 MPa, and a high-strength result of 
50.5 MPa.

The evaluation of anchor performance before and 
after improvement is shown in Table 6. The experiment 
consisted of an experimental group under the same 
conditions before and after the improvement. The post-
installed anchor system was evaluated through a sin-
gle anchor test, and the test was named as the concrete 
strength-effective embedded depth, according to the 
anchor improvement. For the standard experiment, at 
least five anchor specimens were produced per group 
according to the regulations, and these were evaluated 
by the mean value, standard deviation, and coefficient 
of variation. To satisfy these conditions, a performance 
evaluation was conducted on a total of 80 specimens, 

Table 5  Optimal design results

Content Case-1 Case-8

Parameter Original model Optimal model

Load (kN) 23.2 39.6

Load relative ratio 1.00 1.71

(a) Case-1 (Original model) (b) Case-8 (Optimal model)

0.000131

4.05e+003

2.02e+003

6.07e+003

8.1e+003

1.01e+004

1.21e+004

1.42e+004

1.62e+004

1.82e+004

2.02e+004

2.23e+004

2.43e+004

vonMises(N/mm^2(MPa))

5.5e+003

2.75e+003

8.25e+003

1.1e+003

1.38e+004

1.65e+004

1.93e+004

2.2e+004

2.48e+004

2.75e+004

3.03e+004

3.3e+004

vonMises(N/mm^2(MPa))

8.32e-005

Fig. 12  Analysis result

International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025) | 393



Hur et al. Int J Concr Struct Mater  (2024) 19:3

including 80 extraction tests and 30 shear tests, by classi-
fying the parameters as anchor improvement, embedded 
depth, and concrete strength.

As shown in Table  6, these variables were accounted 
for because the relationship between the post-installed 
anchor and the concrete adhesion stress has a signifi-
cant impact on the experimental results. The existing 
post-installed anchors were not able to sufficiently secure 
the anchor’s bearing capacity as the concrete compres-
sive strength increased. The sleeve of the existing post-
installed anchor has a short length, which increases the 
possibility of steel deformation during expansion, there-
fore, it cannot receive constant expansion force or fully 
secure the anchor’s bearing capacity. However, in the 
case of the developed post-installed anchor, there is no 

concern regarding steel deformation during expansion 
due to the longer sleeve length and the increased fric-
tion area of the sleeve as the length of the head increases, 
resulting in excellent bearing capacity.

Fig. 14 shows the setting diagram of the anchor pull-out 
test and shear tests. The connecting hardware was fas-
tened to the anchor and installed so that the anchor was 
located at the center of the jig. After the jig was coupled 
to the load cell (500 kN), the cylinder was installed on the 
load cell and the anchor–jig–load cell was integrated with 
the full threaded bolt (M24). A linear variable displace-
ment transducer (200 mm) was fixed to a jig to measure 
the displacement, and after connecting a hydraulic jack 
(250 kN) to apply a load, the load was measured with a 
load cell. Torque (50  N·m) was then applied for 10  min 
and the load was completely removed, followed by 50% of 
the torque being reapplied.

4.2 � Experimental Results and Analysis
Figs. 15 and 16 show the final failure photo of the anchor 
extraction test before and after the improvement. 
Tables 7 and 8 show the results of the test according to 
the concrete strength and embedded depth before and 
after the improvement of the M12 anchor. As shown 
in Fig.  15, the fracture area of the anchor before the 
improvement was similar to or exceeding 1.5hef, but after 
the improvement, the fracture area of the anchor was 
smaller than 1.5hef. Since the projected area (ANco) of 
the anchor fracture surface was the denominator in the 
cone fracture Eq. (1), the improved anchor design equa-
tion could have been underestimated. For this reason, 
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Fig. 13  Specimen preparation (unit: mm)

Table 6  Test variables

Type Concrete strength Diameter 
(mm)

Effective 
embedded 
depth (mm)

Pull-out Normal-strength concrete 12 50, 70

16 80

20 100

High-strength concrete 12 50, 70

16 80

20 100

Shear Normal-strength concrete 12 70

16 80

20 100

394 | International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025)



Hur et al. Int J Concr Struct Mater  (2024) 19:3

(a) Pull-out test set-up

Load- cell(500kN)

Anchor

Jig

Bolt
Oil pump(300kN)

Shear J ig

Bolt

Anchor

(b) Shear test set-up
Fig. 14  Anchor test set-up

Fig. 15  Pull-out test results (before): a M12, b M16, c M20

Fig. 16  Pull-out test results (after): a M12, b M16, c M20
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it is considered necessary to modify the design of the 
improved anchor.

The anchor with a 50  mm depth for normal-strength 
concrete before the improvement showed concrete cone 
breakage with all specimens. However, in high-strength 
concrete, three out of five specimens showed a con-
crete cone failure, and two specimens showed a pull-out 
failure. In the case of the 70  mm embedded depth for 
normal-strength concrete, three specimens showed a 
concrete cone failure, and two specimens showed a pull-
out failure. In high-strength concrete, two specimens 
showed a concrete cone failure, and three specimens 
showed a pull-out failure.

In the case of normal-strength concrete before 
improvement, the average strength of the anchor with the 
embedded depth of 50 mm was 25.7kN, with a standard 
deviation of 4.1 and a coefficient of variation of 16.1%. 
Furthermore, the average strength of the anchor with the 

embedded depth of 70 mm was 28.7kN, with a standard 
deviation of 4.4 and a coefficient of variation of 15.1%. 
For the high-strength concrete, the average strength 
of the anchor with an embedded depth of 50  mm was 
26.0kN, with a standard deviation of 1.6, and a coefficient 
of variation of 6.1%. The average strength of the anchor 
with an embedded depth of 70  mm was 33.4kN, with a 
standard deviation of 5.0, and a coefficient of variation 
of 15.1%. For the anchor before improvement, the coef-
ficient of variation was large. This was because of a large 
deformation due to the open sleeve, resulting in a large 
loss in the keying and friction force, which in turn affects 
the pulling strength.

After the improvement, the normal-strength and high-
strength concrete showed concrete cone failure patterns 
at depths of 50  mm and 70  mm. For normal-strength 
concrete, the average strength of the anchor with an 
embedded depth of 50 mm was 32.0kN, with a standard 

Table 7  M12 Pull-out test results in normal-strength concrete

1 N: normal-strength concrete, 2CB: concrete cone failure, PF: pull-out failure

No. Before After

N1-50 N-70 N-50 N-70

Load (kN) Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

1 31.8 4.2 CB 32.1 8.3 CB 33.7 4.7 CB 47.5 9.2 CB

2 23.9 3.7 CB 31.6 9.0 CB 32.8 4.4 CB 43.9 10.6 CB

3 28.1 4.5 CB 25.5 9.5 PF 35.0 4.6 CB 41.3 10.8 CB

4 22.7 4.1 CB 23.1 8.8 PF 28.4 4.6 CB 45.5 9.6 CB

5 22.1 2.3 CB 31.2 7.6 CB 30.3 1.9 CB 44.9 8.9 CB

Average 25.7 2.2 28.7 8.6 32.0 4.0 44.6 9.8

Standard deviation 4.1 4.4 2.7 2.3

Coefficient of variation 16.1% 15.1% 8.4% 5.1%

Table 8  M12 pull-out test results in high-strength concrete

1 H: high-strength concrete, 2CB: concrete cone failure, PF: pull-out failure

No. Before After

H1-50 H-70 H-50 H-70

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

1 26.7 5.0 CB 35.2 8.8 CB 32.84 5.1 CB 52.2 9.8 CB

2 25.2 3.2 PF 30.1 5.0 PF 31.7 4.6 CB 49.8 6.3 CB

3 26.1 5.2 PF 28.5 6.7 PF 33.71 5.23 CB 52.4 6.1 CB

4 23.9 4.6 CB 31.8 7.6 PF 36.04 4.35 CB 47.4 8.0 CB

5 28.1 5.1 CB 41.2 6.4 CB 31.46 4.37 CB 56.3 7.5 CB

Average 26.0 4.6 33.4 7.3 33.2 4.7 51.6 7.5

Standard deviation 1.6 5.0 1.9 3.3

Coefficient of variation 6.1% 15.1% 5.6% 6.4%
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deviation of 2.7, and a coefficient of variation of 8.4%. The 
average strength of the anchor with an embedded depth 
of 70 mm was 44.6kN, with a standard deviation of 2.3, 
and a coefficient of variation of 5.1%. For high-strength 
concrete, the average strength of the anchor with an 
embedded depth of 50 mm was 33.2kN, with a standard 
deviation of 1.9, and a coefficient of variation of 5.6%. 
The average strength of the anchor with an embedded 
depth of 70 mm was 51.6kN, with a standard deviation of 
3.3, and a coefficient of variation of 6.4%. For the anchor 
after improvement, the coefficient of variation was lower 
than that of the anchor before improvement in both nor-
mal and high-strength concretes. The friction area likely 
increased due to an increase in the length of the header 
part, and the open part of the sleeve decreased, so the 
overall gripping force improved.

Tables  9 and 10 show the results according to the 
concrete strength before and after improvement for the 

M16 and M20 anchors. For the M16 anchor, two out of 
five normal-strength and high-strength concrete before 
improvement showed a concrete cone failure, and three 
showed a pull-out failure. However, after improvement, 
the anchor showed concrete cone failure in both nor-
mal-strength and high-strength concrete. The average 
strength of the normal-strength concrete anchor was 
47.0kN, with a standard deviation of 4.5, and a coef-
ficient of variation of 9.5%. The average strength of 
the high-strength concrete anchor was 61.4kN, with 
a standard deviation of 4.1, and a coefficient of varia-
tion of 6.6%. The final failure patterns of the normal-
strength and high-strength concrete specimens to 
which the anchor was applied after the improvement 
showed a concrete cone failure pattern. The average 
strength of the normal-strength concrete anchor was 
66.7kN, with a standard deviation of 3.3, and a coef-
ficient of variation of 5.0%. The average strength of 

Table 9  M16 pull-out test results in normal-strength and high-strength concrete

1 N: normal-strength concrete, 2CB: concrete cone failure, PF: pull-out failure

No. Before After Before After

N1-80 N-80 H-80 H-80

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

1 41.5 6.7 PF 69.4 8.8 CB 66.6 8.4 CB 83.6 11.0 CB

2 45.6 7.2 CB 68.3 7.8 CB 55.7 9.1 PF 81.5 9.8 CB

3 43.5 7.7 PF 63.1 10.9 CB 63.5 9.6 CB 79.4 13.6 CB

4 53.1 6.7 CB 70.5 10.8 CB 57.6 8.4 PF 87.3 13.5 CB

5 51.2 4.0 CB 62.4 8.6 CB 63.4 5.0 CB 77.9 10.7 CB

Average 47.0 6.5 66.7 9.4 61.4 8.1 81.9 11.7

Standard deviation 4.5 3.3 4.1 3.3

Coefficient of variation 9.5% 5.0% 6.6% 4.0%

Table 10  M20 Pull-out test results in normal-strength and high-strength concrete

1 N: normal-strength concrete, 2CB: concrete cone failure, PF: pull-out failure

No. Before After Before After

N1-100 N-100 H-100 H-100

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

Load
(kN)

Displ
(mm)

Failure
mode2

1 75.2 9.5 PF 79.9 13.6 CB 81.4 12.4 PF 91.0 20.7 CB

2 92.5 14.4 CB 84.9 20.6 CB 100.6 10.5 CB 99.2 17.5 CB

3 90.5 9.7 CB 85.5 13.8 CB 82.1 9.8 PF 93.7 16.3 CB

4 71.1 9.6 PF 83.5 13.7 CB 103.2 12.1 CB 92.7 20.1 CB

5 77.2 8.9 PF 81.6 12.7 CB 80.1 11.0 PF 92.9 18.4 CB

Average 81.3 10.4 83.1 14.9 89.5 11.2 93.9 18.6

Standard deviation 8.6 2.1 10.2 2.8

Coefficient
of variation

10.6% 2.5% 11.4% 3.0%
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the high-strength concrete anchor was 81.9kN, with a 
standard deviation of 3.3, and a coefficient of variation 
of 4.0%.

For the M20 anchor, two out of five normal-strength 
and high-strength concrete specimens before improve-
ment showed concrete cone failure, and three showed a 
pull-out failure pattern. However, after improvement, 
the anchor showed concrete cone failure in both nor-
mal-strength and high-strength concretes. The average 
strength of the normal-strength concrete anchor was 
81.3kN, with a standard deviation of 8.6, and a coefficient 
of variation of 10.6%. The average strength of the high-
strength concrete anchor was 89.5kN, with a standard 
deviation of 10.2, and a coefficient of variation of 11.4%. 
The final failure pattern of the normal-strength and 
high-strength concrete specimens to which the anchor 
was applied after the improvement showed a concrete 
cone failure pattern. The average strength of the normal-
strength concrete anchor was 83.1kN, with a standard 
deviation of 2.1, and a coefficient of variation of 2.5%. The 
average strength of the high-strength concrete anchor 
was 93.9kN, with a standard deviation of 2.8, and a coef-
ficient of variation of 3.0%.

Fig. 17 shows the relative ratio of the pull-out strength 
of the M12 anchor according to the embedded depth 
before and after the improvement. As shown in this fig-
ure, in the case of normal-strength concrete, the pull-out 
strength before and after the improvement increased 
by 1.25 times when the embedded depth was 50  mm, 
and increased by 1.56 times when the embedded depth 
was 70 mm. For the high-strength concrete, the pull-out 
strength before and after the improvement increased by 
1.28 times when the embedded depth was 50  mm, and 
increased by 1.55 times when the embedded depth was 
70 mm.

Fig.  18 shows the relative ratios of the pull-out 
strengths of the M16 and M20 anchors according to the 
concrete strength before and after the improvement. 
For the M16 anchor, normal-strength concrete showed 
an increase of about 1.42 times, and high-strength con-
crete increased by about 1.33 times. In addition, the M20 
anchor showed similar results. In the finite element anal-
ysis, the strength before and after the improvement was 
about 225%. In the results, it ranged from 125 to 155%, 
depending on the embedded depth. This result is pro-
posed to be caused by various problems (verticality and 
clearness) that might have occurred during construction. 
However, when the sleeve and header of the anchor were 
improved, the standard deviation of each anchor was uni-
form, and the value of the coefficient of variation satisfied 
the value required by regulations.

Figs.  19 and 20 show the final failures of the anchor 
shear tests before and after improvement. Tables 11, 12, 
and 13 show the shear test results of the anchors before 
and after the improvement for each diameter.

For the M12 anchor, the average shear strength before 
improvement was 18.1kN, with a standard deviation of 
3.2, and a coefficient of variation of 17.7%. The average 
strength of the anchor after improvement was 25.1kN, 
with a standard deviation of 1.8, and a coefficient of 
variation of 7.1%. For the anchor after improvement, 
the coefficient of variation was stable, as in the pull-out 
strength test. An improvement of about 138% in seismic 
performance was found upon comparing the internal 
force before and after the improvement.

The average shear strength of the M16 anchor before 
improvement was 26.8kN, with a standard deviation of 
2.6, and a coefficient of variation of 9.5%. The average 
shear strength of the M16 anchor after improvement was 
38.8kN, with a standard deviation of 2.0, and a coefficient 

Fig. 17  M12 tensile strength ratio according to the embedded depth: a 50 mm, b 70 mm
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Fig. 18  Tensile strength ratio according to concrete strength: a M16, b M20

(a) M12 (b) M16 (c) M20
Fig. 19  Shear test results (before)

(a) M12 (b) M16 (c) M20
Fig. 20  Shear test results (after)
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Table 11  M12 shear test results (normal-strength concrete)

1 SF: steel failure, PF: pry-out failure

No. Before After

N-70 N-70

Load
(kN)

Displ
(mm)

Failure mode1 Load
(kN)

Displ
(mm)

Failure mode1

1 18.4 29.1 SF 26.0 46.4 PF

2 16.6 40.1 SF 23.3 27.0 PF

3 22.6 23.1 SF 23.6 33.0 PF

4 13.9 22.1 SF 24.8 27.9 PF

5 19.1 30.1 SF 27.6 42.8 PF

Average 18.1 28.9 25.1 35.4

Standard deviation 3.2 1.8

Coefficient of variation 17.7% 7.1%

Table 12  M16 shear test results (normal-strength concrete)

1 SF: steel failure, PF: pry-out failure

No. Before After

N-80 N-80

Load
(kN)

Displ
(mm)

Failure mode1 Load
(kN)

Displ
(mm)

Failure mode1

1 26.9 39.7 PF 36.9 56.7 PF

2 23.1 28.6 SF 42.1 40.8 PF

3 25.0 22.0 SF 40.2 31.4 PF

4 28.9 23.7 PF 37.1 33.8 PF

5 30.2 20.5 PF 37.7 29.3 PF

Average 26.8 26.9 38.8 38.4

Standard deviation 2.6 2.0

Coefficient of variation 9.5% 5.2%

Table 13  M20 shear test results (normal-strength concrete)

1 SF: steel failure, PF: pry-out failure

No. Before After

N-80 N-80

Load
(kN)

Displ
(mm)

Failure mode1 Load
(kN)

Displ
(mm)

Failure mode1

1 50.1 37.8 SF 65.6 54.1 PF

2 48.1 39.6 SF 60.9 56.6 PF

3 67.2 36.3 SF 62.6 51.9 PF

4 45.2 27.2 SF 61.7 38.9 PF

5 46.5 32.4 SF 54.7 46.3 PF

Average 51.4 34.7 61.1 49.5

Standard deviation 8.1 3.6

Coefficient of variation 15.7% 5.8%
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of variation of 5.2%. An improvement of 145% in seismic 
performance was also found upon comparing the internal 
force before and after improvement.

The average shear strength of the M20 anchor before 
the improvement was 51.4kN, with a standard deviation 
of 8.1, and a coefficient of variation of 15.7%. The aver-
age shear strength of the M20 anchor after the improve-
ment was 61.1kN, with a standard deviation of 3.6, and a 
coefficient of variation of 5.8%. An improvement of about 
119% in seismic performance was also found upon com-
paring the internal force before and after improvement.

5 � Review and Suggestions for the Design Equation 
for an Extreme Pull‑Out Load

The European Technical Approval Guideline (ETAG) 
(Committee et al., 2011; Tsavdaridis et al., 2016) and ACI 
(Institute and (ACI) Committee, Evaluating the Perfor-
mance of Post-installed Mechanical Anchors in Con-
crete,  2019; Committee et  al., 2019; Korean Building 
Code and Commentary (KBC) 2016) define the design 
criteria for each failure mode of the post-installed single 
anchor according to the pull-out load using an empirical 
formula based on failure strength experiments. Accord-
ing to ANCHORING TO CONCRETE: The New ACI 
approach (Karmazinova et al., 2009), the failure strength 
of the concrete cone, which appeared as the dominant 
failure mode in this research, was reported to be affected 
by the effective embedding depth (1.5hef) and concrete 
strength (0.5fck). In this study, the experimental val-
ues and design equations were compared and analyzed 
based on the design equation of Committee et al. (2011); 
Tsavdaridis et al., 2016).

5.1 � European Technical Approval Guideline (ETAG)
5.1.1 � Comparison of the Existing Equation and Test Values
Equation (3) shows the failure strength of concrete, which 
is not affected by the edge distance and anchor spacing in 
ETAG (Committee et  al., 2011; Tsavdaridis et  al., 2016) 
non-cracked concrete. Fig.  21 shows the comparison of 
the difference between the proposed ETAG (Commit-
tee et al., 2011; Tsavdaridis et al., 2016) formula and the 
actual test values:

As shown in Fig. 21 the correlation coefficient between 
the design value and the test value of ETAG was 0.908, 
indicating that the value according to the experimental 
results partially satisfied the equation proposed by ETAG 
(Committee et  al., 2011; Tsavdaridis et  al., 2016). How-
ever, the coefficient of variation of the two values was 
18.9%, which was relatively large. Since the design equa-
tion in ETAG (Committee et al., 2011; Tsavdaridis et al., 

(3)NRu,c = 14.6×
√

fck × hef
1.5.

2016) only considers the effective embedded depth, even 
if the diameter of the anchor changes, the extreme pull-
out load that is calculated is the same when the embed-
ded depth is similar. This was not consistent with the 
results of this experiment, so it is necessary to consider 
the diameter in the design equation.

5.2 � Modified Equation
Equation (4) shows the proposed equation reflecting the 
effective embedded depth of the anchor and the diameter 
of the anchor:

where N ′′

Ru,c denotes the extreme pull-out load; fck 
denotes the concrete compressive strength of the 
D10 × 20 specimen; d denotes the diameter of the anchor; 
and hef denotes the effective embedded depth.

Since the existing Eq. (3) does not reflect the diameter 
of the anchor, the extreme pull-out load was proportional 
to a 1.5 square of the effective embedded depth. Accord-
ing to the experimental results in this study, the extreme 
pull-out load increased as the diameter of the anchor 
increased, so the effect of the effective embedded depth 
appeared to be close to a linear relationship. The effect 
of the effective embedded depth on the extreme pull-out 
load was excessively reflected because the diameter of the 
anchor was not reflected in the existing Eq. (3). Fig. 22p 
shows the correlation between Eq.  (4) and the extreme 
pull-out load obtained from the experiment. The corre-
lation coefficient was 0.972, which is higher than that of 
the existing Eq. (3), and at the same time, the coefficient 

(4)N ′′

Ru,c = 11.0×
√

fck × h0.9ef × d1.1,

Fig. 21  Comparison of design equation and test values
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of variation was also reduced to 10.4%, which was less 
than the 18.9% of the existing equation. Therefore, Eq. (4) 
more accurately reflected the actual experimental value 
than the existing Eq. (3).

6 � Conclusion
This research assesses the improvements in the head 
and extension sleeve of an existing post-installed anchor. 
The length of the extension sleeve and header of the 
post-installed anchor was determined via finite ele-
ment analysis. The performance of the anchor before 
the improvement was compared and evaluated using the 
pull-out and shear performance tests of the proposed 
post-installed anchor. In addition, the suitability of the 
anchor strength design equation was evaluated accord-
ing to the embedded depth of the proposed post-installed 
anchor, the diameter of the anchor, and the concrete 
strength. The conclusions are as follows:

1. A post-installed anchor was proposed with an
improved sleeve length and header length. The
optimal sleeve length (9.0mm) and header length
(3.0mm) were selected via FEM analyses. As a result,
the performance improved by 1.71 times com-
pared to the existing model. Therefore, it was found
that the performance of the post-installed anchor
improves when the sleeve length and header length
are enhanced.

2. The pull-out strength test showed that the projected
area of concrete cone failure of the anchor before
improvement exceeded 1.5hef, but the cone failure
area of the anchor after improvement was 1.5hef or
less. These results should be reflected in the anchor
design equation.

3. The improved pull-out strength test of M12 showed
an increase of 1.25 times in normal-strength concrete
and 1.28 times in high-strength concrete, with an
embedded depth of 50mm. In addition, in normal-
strength and high-strength concretes with an embed-
ded depth of 70mm, the increase was 1.55 times.
The test for the improved pull-out strength of M12
showed an increase of 1.38 times. The improved pull-
out strength test of M16 showed that the pull-out
strength increased by 1.42 times for normal-strength
concrete and 1.33 times for high-strength concrete.

4. For the strength calculating equation presented by
ETAG, the extreme pull-out load for concrete failure
was determined by the effective embedded depth and
the concrete compressive strength without consider-
ing the diameter. Therefore, this research proposes a
modified equation that reflects changes in effective
embedded depth and diameter. A comparison of the
proposed equation with that of ETAG showed that
the correlation coefficient changed from 0.908 to
0.962, and the coefficient of variation changed from
18.9% to 10.4%, meaning that the proposed equation
reflected the actual experimental values more accu-
rately.
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