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Abstract: In this paper, a design procedure for a mono-anchor head anchoring a 2360 MPa high-
strength steel strand is proposed. The performance criteria of the existing anchor head based on PTI
(Post-Tensioning Institute) have been reorganized so that they can be evaluated based on the plastic
hoop strain appearing at the top of the wedge hole. In order to design a mono-anchor head that does
not exceed the permissible performance standard, the stress and deformation mechanisms of the
mono-anchor head were investigated. It was confirmed that the external force was locally concen-
trated at the top of the wedge hole due to the interaction between the components of the anchorage
device. An investigation based on the finite element method was conducted to identify the degree
of external force concentration at the location and establish the relationship with the plastic hoop
strain. An analytical investigation was conducted according to the design variables of the mono-
anchor head, and in this process, static load tests and material tests were conducted to create an
analytical model that reflects the actual behavior of the anchorage system. An equation was estab-
lished regressionally so that the plastic hoop strain, which is a performance criterion, can be calcu-
lated according to the configuration and yield strength of the anchor head. Following the proposed
design procedure, the configuration can be properly determined when the yield strength determi-
nation is limited due to material supply and demand. In addition, when space is limited during the
construction of an anchorage device, the dimensions of an anchorage device in a small size can be
determined, and the yield strength appropriate for that size can be determined.

Keywords: 2360 MPa; prestressing steel strand; mono anchor head; design procedure;
static load test

1. Introduction

Concrete is vulnerable to tensile stress, and prestressing is therefore utilized to pre-
vent the cracking of concrete structures under a service load. Therefore, the construction
of PSC structures capable of increased serviceability and durability is increasing, and in
the United States, more than 45% of bridges designed and constructed after 2010 are built
with PSC [1]. Prestressing methods are classified as the post-tension method in which
prestressed steel is anchored on hardened concrete, and the pre-tension method in which
tensioning of the prestressing steel is applied before the concrete is cast on prestressed
steel. Both methods require anchoring to transmit tensioning forces to the concrete. The
steel used for prestressing is 1720 Mpa~2360 MPa, which is a higher level than other struc-
tural steel materials, but the ultimate strength of individual anchoring device is only 500
MPa. The stress resisting at the initial stage of anchoring is 80% of the ultimate strength,
and 95% of the yield strength of the prestressing steel [2]. When a prestressing anchoring
system fails, it is expected to cause enormous damage to structures, with a huge release
of energy of prestressing tendons. Therefore, it is very important to find and solve the
factors that threaten the safety of the anchor system. In prior studies, the safety of
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individual components is important to improve the performance of anchorage systems
under sustained loads. Accordingly, many researchers have pursued improvement of the
anchorage system by considering the load pattern applied to the anchorage system, the
shape of the anchorage device, the friction between parts, and the eccentricity according
to the arrangement and shape of the wedge hole [3-9]. The main concern in these studies
is fracture due to local stress concentration in the strand, which is the main cause of break-
age in the anchoring system, and the purpose is to control the failure of the strand. These
studies are limited to anchorage systems dealing with 1860 MPa prestressing steel.

Previously, 1860 MPa class strands were used as the main member for prestressing,
but with the launch of 2360 MPa class strands, a smaller number of strands can efficiently
transmit prestressing force to concrete [10]. As the tensile capacity of the individual
strands increases, the serviceability of anchorage devices that need to resist higher loads
should be considered. Kim et al. [4] applied the newly developed 2200 MPa and 2400 MPa
single strands and performed tensile tests according to the combination of the components
of the anchorage device of various specifications. They discussed the stress concentration
of the strand by the anchorage device, and mentioned that a previously used anchorage
device could be used to anchor the 2400 MPa grade strands. On the other hand, PTI [11]
presents performance standards so that the anchor head can have a margin for safety.
However, Kim et al. [4] did not consider the evaluation of the mechanical damage of the
anchor head during the tensile test. Therefore, when anchoring high-strength strands, the
anchor head must be improved to satisfy the PTI performance criteria for anchoring de-
vices.

Anchorage devices used on construction sites must be approved for conformity
based on proof tests [12]. To this end, newly designed products are accompanied by a
static load test to determine suitability. However, the static load test, which has been
mainly used in the past, takes a lot of time and money, so it is difficult to perform it every
time depending on the design parameters to be determined. Therefore, many studies are
optimizing based on numerical analysis and minimizing experiments to solve these prob-
lems [7,10,13]. On the other hand, structural analysis of anchorage devices has difficulty
in reflecting actual behavior due to complex mechanical interactions. Therefore, the
method of providing analysis results for the complex behavior of the anchorage device in
advance can efficiently determine design specifications when designing the anchor head.

The purpose of this study is to design a mono-anchor head for anchoring seven-wire
15.2 mm 2360 MPa high-strength strands. In order to design a mono-anchor head, we re-
ferred to the anchor head performance standards presented by PTI [11]. In PTI [11], the
permanent deflection of the upper surface of the anchor head is adopted as the evaluation
criteria, but the shape characteristic of having a wedge hole in the center makes it difficult
to measure the permanent deflection of the upper surface of the mono-anchor head.
Therefore, it has been transformed into an index that can be evaluated. Then, the mechan-
ical behavior characteristics of the mono-anchor head were analyzed, and the main varia-
bles affecting the performance criteria were identified. An analytical study was conducted
according to the combination of various design variables, and the analysis results were
quantified to evaluate the performance criteria according to the design specifications. In
this process, a static load test and a test of the materials used were conducted in advance
to construct an analytical model that reflects the actual behavior. A design procedure is
presented based on the quantified analysis results, and if this is used when designing a
mono-anchor head, design variables can be easily determined without experimentation
and analysis.

2. Performance Criterion of Mono-Anchor Head

PTI [11] contains performance standards with a stable margin for safety that are
meant to reduce the damage to the anchor head due to the tension introduced into the
strand. A static load test of the anchoring system is recommended, including the anchor-
age devices and the strands, with unloading after loading 95% of the minimum tensile
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strength (MUTS) of the strands, followed by an evaluation of any permanent deflection of
the anchor head after disassembly of the anchoring components. The permanent deflec-
tion is measured at the top of the anchor head, as shown in Figure 1a, and the correspond-
ing allowance criteria should not exceed 1/600th of the clear span. However, it is difficult
to evaluate the performance of a mono-anchor head by applying the aforementioned
method. Instead, the residual deformation around the wedge hole can be taken as a pa-
rameter of performance for a mono-anchor head because the permanent deflection of the
anchor head is closely related to deformation of wedge holes.
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Figure 1. Permanent deflection of the anchor head.

In this study, a new performance evaluation method for a mono-anchor head is pro-
posed by replacing the vertical deflection with the lateral deformation of the wedge hole.
The deflection of the anchor head top surface suggested by PTI [11] can be assumed to be
the relative depth into which the wedge slips in Figure 1(b3). Assuming that the material
of the wedge and the strand is rigid, due to the slip depth of the wedge, the diameter of
the wedge hole (D;) becomes wider. Accordingly, the deformation of the wedge hole di-
ameter in a mono-anchor head can be converted to the above-mentioned relative depth of
the wedge by Equation (1).

ADp = 2 X AH,, X tan (6y,) (1)

The allowable criterion for the relative depth of the wedge (Hy,) in the anchor head
to be analyzed is 0.0373 mm, which is 1/600th of the clear span length of 22.38 mm of the
used anchor head in this study. Therefore, the increase in the allowable diameter of wedge
hole (ADy,), which will be the performance criterion of the mono-anchor head, is calcu-
lated by Equation (1) as 0.0009 mm. When recalculating the plastic hoop strain at the top
of the wedge hole (€p yoop = ADp/D;), a performance parameter, the maximum acceptable
€p.Hoop 15 0.000283.

3. Behavioral Mechanism of Mono-Anchor Head

The anchorage device for single strands consists of a wedge and a mono-anchor head.
When the strand is tensioned, the wedge is drawn into the anchor head together with the
strand and transmits the tensioning force to the inclination inside the anchor head. As
shown in Figure 2a, assuming that the inclination angles of the anchor head and wedge are
the same, the normal stress is uniformly distributed over the entire inclined surface of the
anchor head. The normal stress of the anchor head inclined surface is the load transmitted
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through the wedge (Pyorma) divided by the inclined surface area of the anchor head
(Sinciinea) as in Equation (2). The load acting perpendicular to the inclined surface is calcu-
lated by Equation (3). In this case, P is the load on the strand, 6 is the inclination angle of
the anchor head, « is the friction angle between the wedge and the anchor head, and the
friction coefficient (1) is defined as p = tan(a) [14-16].

Onormat = Prormat/Sinclined )

Prormar = P/sin (0 + a) 3)

Concentration
of external force

P )
Difference

of inclination angle

P

(a) Assume: uniform distribution (b) Real behavior

Figure 2. Behavioral mechanism of mono-anchor head.

However, the wedge has a large inclination angle of 0.3° to 0.7° compared to the angle
of the anchor head inclination, so the load is concentrated on the top of the wedge hole as
shown in Figure 2b. The load applied to that location is several times higher than the load
assumed to be uniform. In this context, the degree of external force concentration at the
top of the wedge hole was defined as the concentration factor (k), and the unit force of that
was expressed as k X 0,,rmq;- When the unit load acting perpendicular to the anchor head
inclination surface is converted into a cylindrical coordinate system in consideration of
the anchor head shape, it is separated into a vertical load and a radial load. Each compo-
nent force can be regarded as the principal stress acting on the element located at the top
of the wedge hole, and the effective stress can be calculated as a combination of each prin-
cipal stress applied to the element before yielding. The effective stress was calculated ac-
cording to the von-Mises stress theory, and it can be arranged as in Equation (6) by com-
bining Equations (4) and (5) [17].

Oy.axis = k X Opormar X €0SO 4)

Oradial = K X Onormar X sind )

— 2 2 — / :
Oconcentration = \/Jz.axis + 03z.axisOradial + Oradial = k x Onormal X 1+ (1/2)5111 20 (6)

The plastic hoop strain at the top of the wedge hole, which is a performance criterion
of the mono-anchor head, can be quantified in relation to the stress at that location. Alt-
hough the stress at the location can be calculated mechanically, it is difficult to derive a
clear value numerically for the behavioral characteristics of the material. Therefore, the
degree of concentration of external force is calculated based on finite element analysis.

4. Finite Element Modeling of Mono-Anchor Head

Finite element modeling that reflects the behavior of an actual anchorage device is
important to establish the stress and strain characteristics occurring at a specific location
of the mono-anchor head. Therefore, reliable analysis modeling of an anchoring system
using a 2360 MPa strand and a high-strength mono-anchor head was performed based on
the static load test and the material test used for the anchor head in advance.
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4.1. Static Load Test

Finite element modeling that reflects the behavior of an actual anchorage device is
important to establish the stress and strain characteristics occurring at a specific location
of the mono anchor head. Therefore, the static load test of the anchoring system using the
anchor head of the shape shown in Figure 3 and Table 1 was performed in advance to
understand the behavior characteristics of the actual mono-anchor head. The test was per-
formed, and the deformation characteristics of the anchor head according to the applied
load were identified by attaching a strain gauge to the outer surface of the mono-anchor
head. As shown in Figure 4a, a three-piece wedge and a mono-anchor head were used at
both ends of a 2360 MPa strand with a free length of 1500 mm. The load was measured on
the universal test machine, and the displacement was measured as the movement of the
UTM crosshead. The strain gauge attached to the mono-anchor head measured the strain
in the hoop direction as shown in Figure 4b. In order to eliminate undesired initial set-up
error, the test specimens were loaded and unloaded three times up to 50 kN and then
loaded until the strand failed. Two specimens were prepared and tested to establish reli-
able behavioral characteristics for all specimen groups.

1 D 1
h >
N 1

1
1
— 8
1
1
. 22.38 mm
1
H AN
P
V.

Figure 3. Detail of mono-anchor head.

Table 1. Anchor head specifications for the static load test.

Specimen D (mm) H (mm) 0 (°)
D50H50-06.3 50 50
D50H60-06.3 50 60 63
D60H50-06.3 60 50 '
D60H60-06.3 60 60

Anchor head naming rule—D00H00-600.
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(a) Test setup

Figure 4. Static load test.

(b) Location of the strain gage

The load-displacement curve for each specimen is shown in Figure 5. When the load-
displacement curves of all specimens are compared, as shown in Figure 5e, the behavior
characteristics according to the configuration of the mono-anchor head cannot be discrim-
inated, and it can be confirmed that only the dominant behavior appears in the strand. On
the other hand, the results of strain measurement in the hoop direction measured to spec-
ify the behavior of the mono-anchor head are shown in Figure 6, according to the load
applied to the strand. It can be confirmed that the individual strains attached to the same
specimen show non-constant result values. This is considered to be the effect of the wedge
placed inside the anchor head, and should be specifically considered through analysis
when investigating the behavior according to the design variables of the anchor head.

/) Test_1

= = -Test_2

20 40 60 80
Displacement (mm)

(a) D50H50-06.3

400

Test_1

- = =Test 2

20 40 60 80
Displacement (mm)

(b) D50H60-66.3
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Figure 5. Load-displacement curve of anchorage system.
400
350
2
300 1\
/
> 250 /
=
= 200
g
~ 150
100
Test_1 Test_1
- - 'I‘cstZZ S0 == - Tcsl:2
0
0 1000 2000 3000 —1000 0 1000 2000 3000

Hoop strain (m/pm)

(a) D50H50-06.3

Hoop strain (m/pm)

(b) D50H60-66.3



Appl. Sci. 2023, 13, 2313

8 of 22

400

Load (kN)
noE R W oW
2 g 2 g8 2

400
350
300
= 250
=
= 200
=
=1
=~ 150
100
Test_1 Test_1
= = = Test_2 50 = = = Test_2
0
1000 2000 3000 —1000 0 1000 2000 3000
Hoop strain (m/pm) Hoop strain (m/pm)
(c) D60H50-606.3 (d) D60H60-66.3

Figure 6. Hoop strain of mono-anchor head.

4.2. Material Test of Steel for Mono-Anchor Head

Conventionally, the material used for anchor heads is C45 [18], which has a yield
strength of 340 MPa; stress in the local region of the anchor head will inevitably exceed
the yield strength. Therefore, in this study, a carburized 42CrMo4 [19] anchor head was
adopted to increase the yield strength and reduce inelastic deformation during tensioning
of strands. Tensile tests were conducted on non-carburized (H0) and 1 mm-deep carbu-
rized specimens (H1) in an effort to understand the effect of carburization. During the
carburizing process, the surface is hardened by the carbon penetrating into a surface layer,
and the carbon content decreases as the depth increases from the surface, resulting in
lower yield strength and hardness. In order to consider the hardened layer with higher
strength in FEM modeling, the mechanical properties for each layer should be defined. In
this study, hardness tests for HO and H1 were conducted, and correlation between the
strength and hardness was used to indirectly identify the material properties in each layer
of heat-treated anchor heads.

4.2.1. Tensile Test of Carburized 42CrMo4

The specimen for the tensile test was manufactured according to the standard dimen-
sions in ISO 6892-1 [20]. The specifications of the tensile test specimen are shown in Figure
7. Three specimens were manufactured and tested for each of the two variables according
to the carburizing process. The stress-strain curves for two carburizing parameters are
shown in Figure 8, and the average yield and ultimate strengths of the three specimens with
the same parameters were computed, as shown in Table 2. With carburization, the ultimate
strength of the material increased by 40% and the yield ratio increased by 20%.

Grip part

50mm

60mm

Figure 7. Tensile test specimen.
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Figure 8. Stress-strain curve of the tensile test specimens.

Table 2. Tensile test results.

Carburizing Yield Strength (MPa) Ultimate Strength (MPa)
HO 656 898
H1 1168 1281

4.2.2. Hardness Test of Carburized 42CrMo4

In the cross-section of the carburized steel, the hardness decreases linearly up to a
certain depth from the surface according to the carbon content and remains constant at a
depth beyond that point [21,22]. Here, a hardness test was conducted to identify the de-
gree of hardening according to the depth from the surface. A grip part of a circular cross-
section of a tensile test specimen was cut, and the Vickers hardness was measured at 0.5
mm intervals from the surface of the test specimen, as shown in Figure 9.

(a) Hardness test (b) Indents distribution

Figure 9. Vickers hardness test.

In the two specimens, for each variable, the Vickers hardness is distributed as shown
in Figure 10. In addition, Table 3 shows the maximum, minimum, and average values
according to the carburizing parameters. The hardness of the carburized specimens was
approximately 40% higher than that of the non-carburized specimen. For the carburized
specimens, a linear decrease of hardness was present up to a depth of 1 mm. Therefore,
the carburized specimen can be divided into an inner layer and an outer layer according
to the effective hardening depth, inferring that each layer has different yield strength and
tensile strength values.
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Figure 10. Hardness distribution according to the distance from the center.

Table 3. Hardness test results (unit: HV).

Carburizing Maximum Minimum Average
HO 330.28 228.85 256.03
H1 452.83 269.39 353.72

4.2.3. Estimation of the Strength of Carburized 42CrMo4 Considering the Hardened
Layer

The effective hardness (HV,) values of the outer and inner layer are average values
calculated by weighting the area of each layer (4;) with the hardness at each indent (HV;).
This is expressed by Equation (7).

HV, = ¥i, (A X HV) / Xy Ay )

Pallina et al. [23] derived the regression equations, presented as Equations (8) and
(9), by defining correlations between hardness, yield, and tensile strength of various steel
samples. In this study, the yield strength and tensile strength of the outer and inner layers
used in FEM modeling were computed using Equations (8) and (9) for the hardness dis-
tribution obtained from the tests above. The values are presented in Table 4.

YS(yield strength) = —90.7 + 2.90HV 8)
TS(tensile strength) = —99.8 + 3.73HV )

Table 4. Strength conversion (Pallina et al. [23]).

Prediction by Equations (8) and (9)

Layer Area (mm?) HV. (HV)

YS (MPa) TS (MPa)
Outer 38.5 405 1073 1412
Inner 452.4 353 925 1219

Based on the area weighted average strengths of Equations (10) and (11), the yield
and tensile strength can be calculated as 937 MPa and 1234 MPa, respectively. The tensile
strength by Equation (11) is similar to the test results in Table 2, even though predicted
yield strength by Equation (10) shows some discrepancy. Nevertheless, linear correlation
between strengths and hardness from test results and Pallina et al. [23] can rationalize the
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new anchor head modeling method considering carburized depth. Therefore, this study
proposes a new anchor head modeling that has two layers with different strengths.

YSeff = (Aoute‘r xXYS+ Ainne‘r X YS)/(Aoute‘r + Ainne‘r) (10)
TSeff = (Aouter xTS + Ainner X TS)/(Aouter + Ainner) (11)

4.3. Finete Element Modeling
4.3.1. Specification of Components and Parameters of a Mono-Anchor Head

In this study, in order to analyze the behavior of the anchor head, considering the
interaction between components of the anchorage system, detailed modeling of the indi-
vidual parts was conducted. All individual steel wires were modeled according to the
standard of seven-wire strands presented in ASTM A416 [24]. The geometric properties
of the strand wire, wedge, and anchor head are shown in Figure 11, and the variables of
the outer diameter, height, and surface inclination angle of the anchor head are the same
as those performed in the static load test.

1 D 1
-j- =l : 1
i./ (1}
i 22.38 mm
(a) Anchor head
; 32.82 mm i
Ny
<—>
15.2 mm
50|mm
7o Pitch = 228 mm
(b) Wedge (c) Strand

Figure 11. Details of anchorage components.

4.3.2. Material Properties

The material properties of the carburized 42CrMo4 anchor head were assigned to 1
mm thick outer and inner surface layers as shown in Figure 12. The wedge was made of
AISI 4320 steel, and the yield and tensile strength were obtained through uniaxial tensile
tests. To assess the strength of the seven-wire strand, the nominal strength specified ISO
6934-4 [25] was referenced. The outer wire of the strand under axial load exhibits not only
tensile behavior, but also torsional behavior due to the helical geometry [26]. The nominal
strength of the strand takes into account the loss due to torsion of the individual wire, so
the strength of the wire should be higher than the nominal strength of the strand in ISO
6934-4 [25]. Therefore, the strength of the individual steel wires was adjusted to match the
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stress-strain curve of the static load test. The material properties of the anchor head,
wedge, and individual wire are described in Table 5.

Outer layer

Inner layer

1600
1200 ==
E ________
= 800
Y
400 Outer layer
= = = Inner layer
0
0 0.01 0.02 0.03 0.04 0.05

& (mm/mm)
Figure 12. Application of material properties for each layer.

Table 5. Material properties.

Elastic Modulus Yield Strength Tensile Strength

Components (GPa) (MPa) (MPa)
Anchor Outer 210 1073 1412
head Inner 925 1219
Wedge 210 572 707

Wire 195 2259 2510

4.3.3. Geometric Modeling: Interaction, Boundary, and Loading Conditions

The anchoring mechanism of the strand is as follows. When a load is applied to the
strand, the wedge holding the strand slides along the inner slope of the anchor head, and
the normal stress transmitted to the strand increases as the applied force increases. At this
moment, the saw teeth existing on the inner surface of the wedge grasp the strand
strongly, with the result being that it behaves almost as a single part. Accordingly, the saw
teeth are not modeled, and a ‘rough’ property of Abaqus is applied with regard to the
interaction between the wedge and the strand to prevent the parts from separating. A
‘penalty’ algorithm is used to implement the interactions between the individual wires
constituting the strand, and the interaction between the anchor head and the wedge via
friction contact. The coefficient of friction at the contact surface between steel materials is
usually evaluated as 0.3 to 0.7 in a dry condition [27]. The friction coefficient between the
strands was applied at 0.3, and the analysis was performed by changing the friction coef-
ficient to 0.4, 0.5, and 0.6 for the wedge-anchor head interface, which can significantly
affect the behavior of the anchorage device. The result was compared with the static load
test result as shown in Figure 13; when the friction coefficient was 0.5, it showed the most
similar behavior to the specimen used in the test. Additionally, the wedge and the inner
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Load (kN)

surface of the anchor head have a single differential angle, meaning that the contact area
changes due to the deformation of the individual parts according to the increase of the
load step. ‘Interference fit’ was applied to improve the convergence of the analysis. As the
load is applied, the wedge holding the strand slides inside the anchor head and then trans-
mits the radial, and axial stress to the anchor head. As shown in Figure 14, the z-axis was
constrained with respect to the bottom surface of the anchor head. For loading, a displace-
ment-controlled method was used. Displacement was applied in the axial direction rela-

tive to the ends of the strands. In order to reduce computational time, a free length of 147
mm for the strand was modeled.

300 300 300
— D50HS50-66.3 D S0HS50-66.3 —DS0H50-06.3
250 | — Friction coefficient : 0.4 250 —— Friction coefficient : 0.5 250 | ——Friction coefficient : 0.6
200 200 200
< 4
150 = 150 = 150
| ]
= =
- =
100 100 100
50 50 50
0 0 0
0 10 20 30 30 0 10 20 30

Displacement (mm)

Displacement (mm) Displacement (mm)

Figure 13. Friction coefficient evaluation at wedge-anchor head interface.

Figure 14. Boundary and loading condition.

4.4. Verification of the FE Model

As shown in Figure 15, the total displacement in the anchoring system includes not

only the increased length of the strand, but also the slip displacement between the anchor
head and the wedge [28]. The analysis model that has a shorter free length was calibrated
for comparison with the displacement measured in the static load test.
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Crosshead

8n
——_——-x
Free length
- 15300 mm Free
length
- 147 mm 5,
________ Y
Fixed plate
Figure 15. Correction of analysis displacement.
6experiment total = Os + Opt + Spp (12)
6analysis total = 05 + Op (13)
6,analysis total = 05 X 1500/147 + &, X 2 (14)

In the load-displacement curve obtained from the finite element analysis results, the
point where the stiffness changes at the beginning of the load in the elastic section is
found. This is the effect of ‘interference fit’ applied to control the analysis error that occurs
between the contact between the wedge and the anchor head. It is not a matter to be con-
sidered because it is not an area of interest to be obtained through analysis. In the load-
displacement relationship obtained from the test and finite element analysis, since the dis-
placement ratio of the strand is dominant compared to the total displacement, the material
properties of the strand can be verified. The load displacement from the test and the cor-
rected analysis results are shown in Figure 16, and showed good agreement. In addition,
the measured hoop strain was compared to specify the behavioral characteristics of the
anchor head. Prior to comparison, the hoop strain of the outer surface of the anchor head
obtained from the FE analysis is shown in Figure 17a. When a piece of three-piece-wedge
slides into the anchor head, the amount of strain appears differently depending on the
contact position with the wedge. Since this strain distribution has unique characteristics
depending on the design parameters of the anchor head, it is desirable to verify the ana-
lytical model by comparing it with the strain distribution in the test. Figure 17b shows the
maximum, minimum, and average values according to the design variables of the hoop
strain obtained in the test and FE analysis. The maximum and minimum hoop strains
show some differences, but on average, show similar results. This may be attributed to
imperfect settlement of the wedge in the anchor head. However, since the overall ten-
dency is similar, the modeling method of the anchor head can be evaluated as well reflect-
ing the actual behavior.
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Figure 16. Comparison of load-displacement curves between the test and the analysis.
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Figure 17. Hoop strain distribution in anchor head.

5. Parametric Study
5.1. Determination of Design Parameters

The purpose of the parametric analysis is to establish the behavioral characteristics
of the anchor head. The quantitative properties to be established are stress and plastic
hoop strain, and design parameters have been determined so that these can be obtained.
First, the concentration of external force must be quantified so that the stress applied to
the top of the wedge hole can be quantified. Diameter, height, and internal inclination
angle, which are shape variables that affect the degree of external force concentration,
were adopted as design parameters. In addition, the plastic hoop strain, which is a per-
formance evaluation criterion, is also adopted as a design parameter because the stress
caused by external force exceeds the yield strength. The adopted variables are outer di-
ameter, height, and inner inclination angle, and are organized as shown in Table 6.
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Table 6. Design parameters of the Anchor head.
D (mm) H (mm) 0 () fyv (MPa)
45 50 6.3 1167
50 55 6.5 340
55 60 6.7 -
60 - - -

Max. mises stress

5.2. Performance Evaluation According to the Design Parameters

In total, 72 models were analyzed to assess the behavior of the anchor head. With the
combination of the diameter, height, and inclination angle shown in Table 6, two materials
with 36 configurations were used for the models. Carburized 42CrMo4 and C45 were
used. The yield strengths were 1170 MPa and 340 MPa, respectively. The behavior of the
anchor head according to the design variables was compared under 95% of the MUTS of
the strand, the standard load suggested for a performance evaluation by PTI [11]. At this
time, the maximum von-Mises stresses were compared in the anchor head in the triaxial
state due to the axial stress and the circumferential and radial stresses. In addition, the
plastic hoop strain at the top of the wedge hole, which is the performance parameter, was
extracted and compared with the acceptance criterion.

At the top of the wedge hole in the anchor head, the load was concentrated, the max-
imum stress occurred, and it showed different patterns depending on the configuration.
Figure 18 shows the maximum stress according to the configuration of the anchor head
for each material, and the resulting plastic strain is shown in Figure 19. The effect of the
height was insignificant, and thus only the effects of the diameter and inclination angle
are compared. The stress of the anchor head using the carburized 42CrMo4 did not exceed
the yield strength and only showed elasticity. Accordingly, plastic hoop strain did not
occur at all. On the other hand, the stress of the anchor head using C45 exceeded the yield
strength locally and exceeded the allowable plastic hoop strain in all configurations. It can
be implied that the carburized 42CrMO4 anchor head has excessive strength, but the C45
anchor head needs improvement in strength for use with 2360 MPa high-strength steel
strand.

1200 ——————————— 420
(]
g 1100 o = = — Anchorhead Fy g 400 "] o o
= 1000 O 063 y g
S oo + 865 g0 | X + + "
T X glLx 667 2 E 360 X X X
£ 800 + Z 8
g ES340 | -———-----------
£ 700 X " oL
= o S 2 320 = — = Anchorhead Fy
= 600 % =i O 863
S 500 + 3 300 + 865
X X 067
400 280
D45 D50 D55 D60 D45 D50 D55 D60
(a) carburized 42CrMo4 anchor head (b) C45 anchor head

Figure 18. Maximum stress of the anchor head at 95% MUTS.
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Figure 19. Plastic hoop strain on the top of the wedge hole.

5.3. Determination of Mono-Anchor Head Design Specifications

The maximum stress obtained by parametric analysis refers to the stress at the top of
the wedge hole. The concentration of external force was compared with the maximum
stress of the 42CrMo4 anchor head to be quantified based on Equation (6), calculated in
Chapter 3. Concentration factor (k) is distributed according to the diameter and inclina-
tion angle as shown in Figure 20, and Equation (12) was derived so that it can be calculated
by those parameters. Therefore, when the diameter and internal inclination angle are de-
termined, the concentration factor can be calculated using Equation (15) and the maxi-
mum stress during elastic behavior can be calculated by applying the calculated concen-
tration factor to Equation (6).

80
5 [ 0p6.3 +065 x06.7
g 70 P
&
g 60 X
g ?
P « @
=
S 40 X m]
S +
£ 30 X
e
wl
20
D45 D50 D55 D60

Figure 20. Stress concentration factor.

k = 284.8 — 20.580 — 1.92D (15)

Then, the relationship between the plastic hoop strain distributed in the C45 anchor
head and the stress exceeding the yield strength was established. In Figure 21, the x-axis
is the yield strength excess stress, and it is calculated as the difference between the maxi-
mum elastic stress for each configuration and the yield strength of the anchor head. The
y-axis represents the plastic hoop strain occurring at the top of the wedge hole due to the
stress exceeding the yield strength. The points shown in the graph were derived as a quad-
ratic equation with 0 as the y-intercept as in Equation (16).
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Figure 21. Plastic hoop strain for stress exceeding the yield strength.
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Plastic hoop strain
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Taking into account the relationship between the yield strength and the plastic hoop
strain, an additional FE analysis was performed for verifying Equation (16). The arbitrary
designated yield strength values are 343 MPa and 800 MPa, and the calculations of the
plastic hoop strain for each configuration based on Equation (16) and the FE analysis re-
sults were compared. The two verification results are described in Figure 22a,b, respec-
tively. In the proposed equation, when the difference between the elastic maximum stress
(Gconcentraion) and determined yield strength (f,) of the same configuration exceeds 300
MPa, the plastic hoop strain overestimates compared to FEM; when it is below 300 MPa
or exceeds 700 MPa, the plastic hoop strain is underestimated compared to FEM. How-
ever, all cases here show similar results and it is judged that there will be no limit when
evaluating whether the plastic hoop strain allowance is met. Based on the equations pro-
posed in this paper, anchor head design parameters with safe performance can be deter-
mined. Figure 23 shows the minimum yield strength of steel that can be applied according
to the shape of the anchor head.
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(a) fy =800 MPa (b) fy =343 MPa

Figure 22. Comparison of the FEM and Equation (15) results at the specified yield strength.
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Figure 23. Minimum yield strength according to the configuration of the mono-anchor head.

6. Design Procedure of the Mono-Anchor Head for Use with 2360 MPa Steel Strand

Generally, steel structures are designed not to exceed their allowable stress. It would
be efficient to design the anchor head so that its stress does not exceed the allowable stress.
However, despite having a simple shape, a structure such as a mono-anchor head exhibits
complex behavior due to the interaction with the wedge, so performance evaluation
should be performed through static load test during product design. PTI, which requires
anchor head performance evaluation through testing, recommends evaluating the perma-
nent deflection of the upper surface of the anchor head as a performance criterion. In order
to exclude the complex process required for testing, this paper proposes a simple design
procedure.

In this paper, the behavior characteristics of the anchor head were investigated in
advance by finite element analysis that reflects the actual behavior based on the static load
test. Based on the investigated behavior characteristic, it is possible to evaluate the perfor-
mance of the anchor head according to the design parameters of the anchor head. The
simplified procedure determining design parameters of the diameter, angle of the inclined
surface, and yield strength of the anchor head to meet the safety performance specifica-
tions of a mono-anchor head is illustrated in the flowchart in Figure 24. The following
procedure can be applied in the anchoring system using the 2360 MPa strand and three-
piece wedge.

(1) The standard loading load for the performance evaluation of the anchor head was
310 kN, the allowable plastic hoop strain was 0.000283, the friction coefficient be-
tween the anchor head and the wedge was 0.5, and the additional angle (a) formed
by friction was 26.6°.

(2) Assume the configuration parameters, which are the diameter (D) and angle of the
inclined surface (0) within the range analyzed in this study.

(3) Calculate the concentration factor of the specified configuration of the anchor head.

(4) Additionally, calculate the area of the inclined surface of the anchor head and the
normal stress applied to the inclined surface.

(5) Calculate the elastic maximum stress in a given configuration of the anchor head.

(6) Assume the yield strength, which is more than 200 MPa, of the anchor head.

(7) Calculate the plastic hoop strain of the anchor head.

(8) If the plastic hoop strain exceeds 0.000283, reassume the yield strength.

(9) When the plastic hoop strain is less than or equal to 0.000283, loop is stopped and
D,0,f, are determined.
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Figure 24. Procedure to determine the design parameters of a mono-anchor head.

7. Summary and Conclusions

In this paper, we present a design procedure to determine the design parameters that
satisfy the safety performance criteria of anchor heads anchoring high-strength strands.
Performance criteria for evaluating mono-anchor heads were presented. Next, the me-
chanical behavior characteristics of the mono-anchor head were identified, and finite ele-
ment analysis was performed to quantify it numerically. A static load test was conducted
so that the analysis model reflected the actual behavior, and a highly reliable analysis
model was modeled through the material test of the anchor head. A parametric analysis
was performed according to the diameter, internal inclination angle, and yield strength of
the material, which are considered major parameters in designing the anchor head, and
the relationship between stress and plastic strain was established. The results of this study
are summarized as follows:

(1) Itisreasonable to evaluate the permissible performance criteria of a mono-anchor head
using the plastic hoop strain. Accordingly, in this paper, the permissible performance
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criteria were evaluated using the plastic hoop strain at the top of the wedge hole in the
anchor head.

(2) Among the anchoring device components, the difference in inclination angle be-
tween the wedge and the anchor head is the main cause of stress concentration at the
top of the wedge hole, and finite element analysis was performed to quantify it nu-
merically.

(3) Inthe static load test conducted prior to finite element analysis, the steel used for the
anchor head was carburized 42CrMo4. When modeling for this analysis, it is effective
to separate the hardened layer and the inner layer of the material and apply each
strength.

(4) The concentration of the load applied to the top of the wedge hole was calculated by
analyzing the behavior of the carburized 42CrMo4 anchor head with elastic response
according to the configuration based on the finite element analysis. Through this, the
stress of the element located at the top of the wedge hole can be calculated.

(5) The plastic hoop strain at the top of the wedge hole, which is the performance crite-
rion, was established in relation to the stress exceeding the yield strength. Using this
relationship, the plastic hoop strain can be calculated when the anchor head diame-
ter, internal inclination angle, and yield strength are determined.

(6) A design simplification procedure was proposed to determine the design parameters.
According to the design method developed in this paper, the following two ad-

vantages can be expected. (1) When the selection of steel strength is limited, the configu-

ration of the anchor head can be easily determined. (2) When the construction space of the
anchor head is limited, the yield strength can be easily determined.
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