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Abstract: As an important method for connecting structural members, anchor bolts have been
installed in many situations. Therefore, accurate evaluation of the pull-out strength of anchor bolts
has always been an important issue, considering the complicated actual installation conditions and
the problem of aging deterioration of the structural members. In general, the patterns of pull-out
failure of anchor bolts can be classified into three types: adhesion failure, cone failure, and bolt
break. However, it sometimes shows a mixed fracture pattern, and it is not always easy to predict the
accurate pull-out strength. In this study, we attempted to evaluate the pull-out strength of anchor
bolts under various installation conditions using SPH, which can analyze the crack growth process in
the concrete. In particular, the anchor bolt-concrete interface model was introduced to SPH analysis
in order to consider the bond failure, and it was confirmed that various failure patterns and the load
capacity could be predicted by proposed SPH method. After that, the influence of several parameters,
such as bond stress limit, anchor bolt diameter, and the anchor bolt embedment depth on the failure
patterns and the load capacity, were investigated by numerical calculation. Furthermore, several
useful suggestions on the pull-out strength of anchor bolts under improper installation conditions,
such as the ends of members for the purpose of seismic retrofitting, are presented.

Keywords: concrete; anchor bolt; pull-out strength; SPH method

1. Introduction

When constructing a structure in the civil engineering field, a joining method that
has structural continuity between concrete members and other members (reliable stress
transmission) is very important, and joining with anchor bolts is one of the typical methods
not only in new structures but also in existing structures. In addition, anchor bolts are
used to connect the seismic retrofitting members, such as bridge restrainers [1] and shear
walls, to existing concrete structures. Anchor bolts are also applied in railway sleepers [2],
modular wall constructions [3], tunnel roofs [4], and nuclear-related facilities [5], and they
are expected to continue to be used in the future. However, only a simple evaluation has
been made for the ultimate strength when a pull-out load is applied to the anchor bolt.
Therefore, there is a concern that the pull-out strength of bolts will be significantly reduced
due to improper installation conditions and the aging deterioration of concrete materials.

In general, fracture modes of anchor bolts subjected to a pull-out load are mainly
classified into bolt fracture, concrete body fracture, and bond fracture. Table 1 shows the
typical fracture modes assumed when designing anchor bolts and shows the equations for
calculating the pull-out strength of each fracture type. Basically, it is designed using the
pull-out strength of the fracture mode, which has the lowest strength among the assumed
these fracture modes shown in Table 1.

However, when installing new anchor bolts in an existing concrete structure, it may be
difficult to secure sufficient anchor embedding depth and spacing between adjacent anchor
bolts, depending on the arrangement of existing reinforcing bars inside. Furthermore, it is
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well known that the actual fracture mode of anchor bolt joint cannot be clearly classified
into three types, and that a combined fracture mode in which cone fracture and adhesive
fracture might occur depending on the installation conditions. For example, Figure 1a [6]
shows the fracture of an anchor bolt in the pull-out test conducted by the authors, and a
clear combined fracture mode in which cone fracture and adhesion fracture are mixed is
obtained. Thus, a simple evaluation based on the strength comparison of each mode shown
in Table 1 may not be applicable. Therefore, it is very important to establish a method that
can predict the accurate fracture mode and pull-out strength of anchor bolts with various
material properties, structural specifications, and loading conditions.

Table 1. Typical fracture patterns of anchor bolts and corresponding strength.

Anchor Bolt Fracture Cone Fracture Bond Fracture

I
I o

T = oyag T =0.23,/0gA, T = trd,l,

T: Maximum pull-out force, oy: Steel yield strength; a9: Anchor bolt nominal cross-section area, op: Concrete
compressive strength; T: Maximum bond stress, d,: Anchor bolt nominal diameter, [,: embedment depth.

In addition, when installing anchor bolts in an existing concrete structure where
complex rebars arrangements are already embedded inside, it is often difficult to secure
sufficient embedding depth, anchor bolt spacing, and distance from the edge of the struc-
tural member depending on the position of the existing internal reinforcing bars. Figure 1b
shows an example of damage to an anchor bolt joint with a bridge collapse prevention
device attached by the earthquake force. This accident is a typical fracture due to the
insufficient distance from the edge, and this installation situation is not included in Table 1
either. Thus, in order to design and apply anchor bolts to structure members with sufficient
structural safety, the installation situations and the damage patterns which are not included
in the existing specifications are also needed to be taken into consideration. In this study,
minimum allowable embedding depth, minimum bolt spacing, and minimum distance
from the edge of structural member were evaluated, respectively, and proper reinforcement
for the lack of distance from the edge of structural member was considered.

(@) )

Figure 1. Actual fracture patterns in experiment and structural members. (a) Complex fracture
pattern shown in anchor bolt pull-out experiment [6]. (b) Actual anchor bolt fracture due to the
insufficient distance from the edge of the concrete abutment.

Under these backgrounds, many researchers have already conducted the research on
the pull-out fracture of anchor bolts. For example, there are experimental studies [5,7-9],
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some of them focusing on the damage of the base concrete [10,11], and others focusing on
the bond fracture between concrete and anchor bolt [12,13], and studies focusing on the
long-term strength against aging performance [14].

On the other hand, there are many analytical studies using numerical method and not
only general FE method [15,16] but also new mesh-free methods, such as Galerkin method [17],
and peridynamic theory [18]. Furthermore, there are studies that use neural networks to
predict the strength of anchor bolts from installation conditions [19].

In this study, we will analyze the effect of basic factors (embedded depth, bolt diame-
ter, etc.) on the load bearing performance of anchor bolts using SPH (Smoothed Particle
Hydrodynamics) [20], referring to the existing research results. The advantage of using
the SPH method, which is one of the mesh-free methods, is that, unlike the ordinary finite
element method, the particles are not constrained by the conditions of displacement field,
and fracture between particles is easily reproduced [21,22].

With reference to these research results, we will propose an evaluation method that
can accurately predict the ultimate strength of anchor bolts and simulate the fracture
process of pulling out anchor bolts. Specifically, we will introduce an analysis model that
can accurately produce the crack development during the pull-out process and evaluate
concrete fracture, bolt fracture, and steel-concrete bond fracture in the SPH method.

The fracture mode obtained by the analysis was compared with the experimental
results to reproduce the pull-out fracture of the anchor bolt under various installation
conditions. Considering the actual installation of the anchor bolts on an existing structure
where rebars are already embedded inside, there may be certain restriction on the anchor
bolt embedment depth, the interval between anchor bolts, and the distance from the
free-end of the structure members. Thus, these are chosen as the input parameter in
the analysis to evaluate the performance of anchor bolts under inappropriate condition.
Then, we presented several useful suggestions on the pull-out strength of anchor bolts
under improper installation conditions. Finally, considering the installation conditions
shown in the Figure 1b, the attempt of applying PCM material [23,24] as a reinforcement is
performed, and several suggestions are made when using such kind of reinforcement.

2. Analysis Method in This Study

In this study, SPH method, which is one of the most popular mesh-free methods,
is adopted in order to analyze local fracture phenomena of concrete which are difficult
to simulate by FEM. The physical quantity of each particle is evaluated by the weighted
average of the adjacent particles using the kernel function, as shown in Figure 2, and the
basic equation of the SPH method is written as Equation (1).

< f(xi) >= /Qf(xi)w(xi — xj,h) dx;, €]

where W is the kernel function, % is the smoothing length, terms inside angel bracket are
SPH approximations, () is the integral area within the support domain, and x;, Xxj are the
position of particle i and ;.

support
domain

"s,.“ .f (x 7 ) ‘,,0/

Figure 2. Influence domain of SPH particles (kernel function).
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The smoothing length & is very important in SPH analysis. If it is too large, the accuracy
of the analysis would be affected due to the smoothed-out details and local properties; on
the other hand, if it is too small, the number of particles within smoothing domain may not
be enough to calculate accurate response of particles [25]. Thus, in this study, an adaptive
smooth length h, is utilized. Since SPH method is to calculate weighted average values
within the smoothing length, an adaptive smoothing length is better for the calculation of
local deformation and stress concentration. The adaptive smoothing length /1, is changed
during the analysis with the density of the particle, which is widely used in SPH analyses,

as shown in Equation (2).
1
3
ha_ho( Po ) ) @)

Ocurrent

where hy is the initial smoothing length, py is the initial density of the particle, and pcyrrent
is the density of particle calculated by SPH process, shown in Equation (3).

N
Ocurrent = Z m;iWi;. 3)
=

By the above calculation, the smoothing length /, is decreased when the influence
domain is compressed with the increase of density.

When adaptive smoothing length h, is adopted in SPH analysis, to obey Newton’s
third law and conservation of momentum, the following changes are applied to the calcula-
tion of kernel function, shown in Equation (4).

< f(x;) >= /Qf(xi)W(xi — lehz‘;h]) dx;. 4)

By the above calculation, the interaction force between pairing particles by SPH
analysis maintains the same.

If two particles are positioned with smaller distance than kg at the beginning of the
analysis, we defined that the two particles are “SPH-linked”, and the SPH-link between
them will break when the distance between them is larger than /,, or the particles enter
the crushing state, which is explained in the next section. Damage in solids is generally
unrecoverable, and solid material, such as concrete, is not able to bond together due to
the decrease of distance. Thus, if two particles are not SPH-linked at the beginning of the
analysis, or SPH-link breaks by concrete fracture, no SPH link will be generated, even if the
distance between particles become smaller than /.

To calculate the bond stress between concrete and steel anchor bar, the normal direction
of the contact surface n should be defined at the beginning of the numerical analysis. When
the steel anchor is being pulled out, displacement dr would occur within the pair of
neighboring concrete particle and steel particle, as shown in the Figure 3a. Using the
normal direction and the vector of the two particles, the slip along the tangential direction
t can be calculated as in Equation (5). Finally, by using the relationship between bond
stress T and slip distance ||, the bond stress can be obtained, as shown in Figure 3b and
Equation (6).

t=—(dr—dr-n), )
i = fu([t]). (6)



Appl. Sci. 2021, 11, 8526 50f 20
' Il
Itlo Itly
Tax: Maximum bond stress
) _ |t]o: slip displacement at
© :Anchor bolt particle maximum bond stress
@ :Concrete particle [t],: ultimate slip displacement

(a) (b)

Figure 3. Calculation of bond stress. (a) Slip displacement between steel particle and concrete particle.
(b) Relationship between slip displacement and bond stress abutment.

3. Overview of Crack Growth Analysis

To analyze the elasto-plastic behavior of concrete, a pressure-dependent yield function,
such as Drucker-Prager’s equation, is often used for the yield criteria. However, it is well
known that linear Drucker-Prager’s yield surface overestimates compressive strength of
concrete under high hydrostatic pressure condition. Therefore, non-linear Drucker-Prager’s
yield function which improves linear Drucker-Prager’s equation is applied in this study.
Non-linear Drucker-Prager yield function applied in this research is represented by the
following Equation (7).

2 _
f ) = V- 5P =0, )

where v is \/(fcft), Bis (fc — ft), I1 is the first invariant of stress, J; is the second invariant
of deviatoric stress, f; is the uniaxial compressive strength, and f; is the uniaxial tensile
strength. Figure 4 shows non-linear Drucker-Prager yield surface in the /], — I; plane.

20 4 7, (MPa)
15
10 //
. 1,(MPa)
A A

Figure 4. Nonlinear Drucker-Prager yield criterion.

Furthermore, bilinear softening of concrete is considered on the tensile stress side
according to the Japanese specification [26], as shown in Figure 5, where 0} is the tensile
stress, f; is the tensile strength of concrete, and Gr is the fracture energy of concrete
determined from Japanese specifications [26].

In addition, considering the degree of damage in which the load transmission capacity
in the concrete cross section decreases due to the accumulation of plastic strain, the rela-
tionship represented by the sigmoid function, as shown in Equation (8) and Figure 6, was
assumed between the degree of damage and the plastic strain.

Djim
P _ e
1+ exp[—k(sp, — )]

Dpr = 7 (0 < Dpr < 0-4)r (8)
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where D), is the damage in the principal direction; k is the gradient adjustment constant,
and k = 300 is applied in this study; e’;r is the accumulated plastic strain along the principal
direction; eh,,, is the maximum limit of equivalent plastic strain, and b = 0.03 is used.

Ot

fr

I

CcoD

0 3G 5G;
4f; fi

Crack Opening displacement

Figure 5. Tensile softening model of the concrete.

Dy
0.4

Figure 6. Damage index and principal strain relationship in the tensile side.

Compressive softening is also considered according to the Popovic’s equation [27],
as shown in Equations (9)-(11).

o fo D ©)
SR U VR
__ f
8co—EC(li%); (10)
n = exp(0.0256 - f.), (11)

where f. is the uniaxial compressive strength, ¢, is the principal strain, and ¢.,, 1 are
parameters determined from material test results. Hardening is considered on the com-
pression stress side, as shown in Equation (12).

do
H = AR (12)
To obtain the the loss of elastic stiffness due to the increase of damage, the damage
index in the global coordinate is calculated first with D, using Equation (13).

3
Di =Y IDpreipl, (i =1,2,3), (13)
i=

where D; is the damage index in the global coordinate, and ¢; ,, is unit vector of principal
direction. This calculation process is shown in Figure 7.
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Figure 7. Damage index calculation process.

Then, the decrease ratio of elastic stiffness d; is calculated by Equation (14).

dij = \/(1- D) (1-D)). (14)
Finally, the elastic stiffness matrix with damage can be written as Equation (15):
(/\ + zﬂ)dll /\d]z Ad13 0 0 0
Adqp (A + 2]4)&122 Adps 0 0 0
)\d13 /\d23 ()\ + 2,‘14)1133 0 0 0
e _
E= 0 0 0 2ud;p; 0 0o | (15
0 0 0 0  2udy 0
0 0 0 0 0 2udys

where A = uE/[(1+ u)(1 —2u)], u = E/[2(1 4+ v)], and E, v are the Young’s modulus and
the Poisson’s ratio, respectively.

In this study, to avoid the unrealistic volume overlap between particles, when the
volumetric strain of concrete particle €, reaches a certain threshold value (we call it erosion
limit) &, jiy,,, the particles are regarded as a crushing state, and stress and stiffness of the
particle are assumed to be zero; however, the particle itself is not erased in order to maintain
the mass conservation, and the kinetic energy and the momentum of the particle is also
preserved. Based on the assumptions mentioned above, the stress-strain relationship of
concrete is schematically shown in Figure 8a,b.

40 4 5(MPa) o (MPa)
30
20
10
&
0 »

.04 0.05 0 0000 0.0005 0.0010 0.0015 0.0020 0.0025 0. 0030

(a) (b)

Figure 8. Uniaxial stress-strain relationship of concrete. (a) Compressive stress-strain relations.
(b) Tensile stress-strain relations.

For the steel material, von Mises yield criterion is used, and strain hardening exponent
is introduced to describe the hardening process. The stress-strain relationship of steel is
shown in Figure 9.



Appl. Sci. 2021, 11, 8526 8 of 20

600,
400

200

E
fal »
T Ll
-12,000 -8000 -4000 4000 8000 12,000
-20 £(1.0x107)

—4oo
o(MPa)

-600

Figure 9. Stress-strain relationship of steel.

4. Anchor Bolt Pull-Out Analysis
4.1. Verification of the Proposed Method

In general, the fracture pattern when pulling out an anchor bolt embedded in a
concrete member is complicated, and, as shown in experiment [6], the actual fracture
pattern is often a combination of three fracture patterns (bond fracture, corn fracture, and
bolt fracture). Therefore, in this study, we conducted a simulation analysis of the anchor
bolt pull-out test and confirmed whether the fracture process and the pull-out strength
in various fracture cases can be reproduced. The analytical model is shown in Figure 10a.
Each particle in the model is 3 mm in diameter, and the total number of particles is about
200,000. An anchor bolt is embedded in the center of the concrete block. As a boundary
condition, the vertical degrees of freedom of the particles (black area in the figure) at the
four corners of upper surface were constrained. Table 2 shows the material constants used
in the analysis.

f Anchor bolt

Sesesy

=
<
o
=)
-~ Principal strain
m 0.00500
— 0.00375
w 0.00250
0.00125
Concrete block 0.00000
(a) (b)
25.0
—Analysis
20.0 —Experiment
£ 15.0
®
9 10.0
5.0
0.0
0 2 4 6
Displacement (mm)
(0)

Figure 10. SPH analysis for the pull-out process in experiment [6]. (a) Analysis model. (b) Complex
fracture pattern by numerical analysis. (c) Comparison of load-displacement relationship.
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Figure 10b,c shows the final fracture pattern and the load-displacement relationship
obtained from the proposed numerical analysis method. It can be found that the maximum
load of the experiment is well reproduced by the numerical analysis, and the fracture
pattern shown in the experiment is also reproduced by the numerical analysis. Bond
fracture occurs at the lower part of the anchor, and cone fracture occurs at the upper part
of the anchor. From these results, it is shown that the pull-out strength and fracture type of
anchor bolts can be grasped by the proposed method.

Table 2. Material constants used in the analysis.

Steel Concrete
Compressive strength (MPa) 408.2 48.0
Tensile strength (MPa) 408.2 3.1
Poisson’s ratio 0.30 0.20
Density (kg/m?) 79,000 2350.0
Young’s modulus (MPa) 214,000 21,430

4.2. Effect of Installation Conditions on the Fracture Mode

Next, in order to make a basic consideration of the effects of anchor bolt installation
conditions (bolt diameter, embedding depth, joint strength between bolt and concrete) on
pull-out strength and fracture pattern, an analysis model with the same dimensions as the
specimens used in the previous study [6] was examined. An analysis model was created
in which anchor bolts were embedded in the center of a concrete block, and analysis was
performed by constraining the vertical displacement of the particles at the four corners,
as shown in Figure 10. Here, assuming anchor bolts used to attach seismic retrofitting
members to concrete blocks, we examined load-bearing performance when the embedding
depth is not sufficient or when chemical adhesives with different adhesive strengths are
used. Table 3 shows the material parameters used in the analysis, and Table 4 shows the
condition parameters for anchor installation. In this study, 0.5 m/s was selected as the
pull-out speed given to the anchor bolts according to the maximum speed level assumed
for ordinary seismic wave.

Table 3. Material constants used in the analysis with different installation conditions.

Steel Concrete
Compressive strength (MPa) 408.2 25.0
Tensile strength (MPa) 408.2 2.5
Poisson’s ratio 0.30 0.20
Density (kg/ m?) 79,000 2350.0
Young’s modulus (MPa) 214,000 21,430
Table 4. Analysis cases.
C Maximum Bond Stress Anchor Bolt Diameter d Anchor Bolt Embedment
ase T (MPa) (mm) Depth I, (mm)
1 8 16 48
2 12 16 48
3 16 16 48
4 12 8 48
5 12 24 48
6 12 16 32
7 12 16 64

First, the crack growth process of concrete with the increase of pull-out displacement
of anchor bolts was investigated, and the adhesive stress distribution that changed, at the
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same time, was analytically considered. Figure 11 show the final crack pattern of Case 1, 2,
and 3, respectively. With the increase of adhesive stress limit, the fracture pattern changed
from bond fracture, bond-cone combined fracture, to cone fracture.

As shown in Figure 11, there are many small cracks around the anchor bolt, and a
major crack can be found at the bottom of the anchor bolt. In the case of adhesive stress
limit is 16 MPa, the major crack developed to the surface of the concrete, forming a cone
shaped fracture pattern.

Principal strain

m 0.00500
— 0.00375
g 0.00250
0.00125
0.00000

(a) Bond stress 8 MPa (b) Bond stress 12 MPa (c) Bond stress 16 MPa

Figure 11. Effect of adhesive stress on the fracture pattern.

The bond stress development are shown in Figure 12. Due to the mechanical symmetry
of the loading condition, the resulting figure shows only zoomed half of the analysis area.
Focusing on the result of Figure 12a,b with the adhesive stress limit set to 8 MPa, when
the pull-out displacement reaches x = 75 um, fine cracks are seen near the anchor bolt,
and the bond stress rises to about 5 MPa in the entire circumference of the anchor bolt.
When pull-out displacement x = 225 pum, a major crack that could lead to cone fracture can
be found at the bottom of the anchor bolt. In addition, adhesive fracture was confirmed
in the concrete area with a depth of 10 to 15 mm around the anchor bolt. Regarding the
adhesive stress distribution, it was found that the stress decreased to zero at the bottom
and at about 10-15 mm depth of the concrete. This phenomenon indicate that the bond
stress can be influenced by cracks. At the upper part, the constraint from the surrounding
concrete is relatively low. Micro cracks and major radial cracks can both be found in this
area. Thus, the bond stress in this area decreases at an earlier stage [12,15].

In Figure 12¢,d, where the adhesive stress limit is 12 MPa, crack development and bond
stress distributions are similar to the previous case. With the increase of adhesive stress
limit, the cone area at the upper part of the anchor bolt when x = 225 pum is larger than
that in Case 1. The final fracture pattern changed from bond fracture to bond-cone complex
fracture. In Figure 12e,f, where the bond stress is 16 MPa, the crack development and the
bond stress distribution of x = 75 pum is similar to previous cases. When x = 300 pm,
the crack reaches the surface of the concrete block, and the bond stress on the lower part of
the anchor bolt decreases, forming a cone shaped fracture pattern.

The load-displacement relationship of Case 1, 2, and 3 is shown in Figure 13, where it
shows that, with the increase of the maximum bond stress, the maximum load is increasing,.
For the case with bond stress of 8§ MPa where the fracture pattern is bond fracture, the shape
of the load-displacement curve is similar to the bond-stress curve mentioned in Figure 3b.
For the case with bond stress of 12 MPa where the fracture pattern is compound fracture,
it can be found that the area of the load-displacement curve is larger than the previous
curve, indicating that the energy consumed in compound fracture is larger than in bond
fracture. For the case with bond stress of 16 MPa, the maximum load is larger than the
previous cases, and the area of the load-displacement curve, or the energy consumed,
is even larger. Because of concrete cracks generated in this process, more noise can be
observed in the curve.
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Figure 12. Crack development and bond stress distribution. (a,b) Case 1. (¢,d) Case 2. (e, f) Case 3.

40.0 Bond stress 16 MPa

35.0 —Bond stress 12 MPa
30.0 —Bond stress 8 MPa
= 25.0
=3
- 20.0
©
S 150
10.0
5.0
0.0
0.0 0.5 1.0 1.5 2.0 2.5
Displacement (mm)

Figure 13. Load-displacement relationships with different bond stress.

For case 2, 6, and 7, when increasing the diameter of the anchor bolt, the damage

pattern changed from bond damage to cone damage, shown in Figure 14, and the load-

displacement relationship is shown in Figure 15. When the diameter of the anchor bolt
increases, more bond force is provided by the increased interface area between anchor bolt
and concrete. This bond force is subjected to the same amount of concrete in a cone-shaped
area; thus, more concrete is damaged with more bond force by the pull-out process.

Principal strain

m 0.00500
— 0.00375
g 0.00250
l 0.00125

0.00000

(a) Bolt diameter 8 mm

(b) Bolt diameter 16 mm (c) Bolt diameter 24 mm

Figure 14. Effect of anchor bolt diameter on the fracture pattern.
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40.0 D24

35.0 _ D16
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Figure 15. Load-displacement relationships with different anchor bolt diameters.

For case 2, 4, and 5, when changing the embedment depth of the anchor bolt from
shallow to deep, the damage pattern changed from cone damage to bond damage, shown
in Figure 16, and the load-displacement relationship is shown in Figure 17. When the
embedment depth of the anchor bolt increases, the volume of the cone-shaped area also in-
creases. Although more bond force is provided by the increased interface area, the fracture
pattern changes from cone fracture to bond fracture due to more concrete participating in
resisting the bond force.

Principal strain

m 0.00500
=~ 0.00375
g 0.00250
0.00125
0.00000

(a) Embed length 32 mm (b) Embed length 48 mm (c) Embed length 64 mm

Figure 16. Effect of embedment depths on the fracture pattern.

40.0 Embedment depth 64 mm

35.0 —Embedment depth 48 mm

30.0 —Embedment depth 32 mm
;z: 25.0

< 20.0
©

S 150

10.0

5.0

0.0

0.0 0.5 1.0 1.5 2.0 2.5
Displacement (mm)

Figure 17. Load-displacement relationships with different embed depths.

To summarize, the analysis cases with bond stress of 12 MPa and their final crack
pattern are listed in Table 5 and Figure 18. In this figure, the horizontal axis is the ratio
between embedment depth /., and the anchor bolt diameter d, while the vertical axis is
the maximum load P in the pull-out process. When l./d < 3, the fracture pattern is
cone fracture; when [, /d > 3, the fracture pattern is bond fracture; and, when [, /d = 3,
the fracture pattern is cone-bond complex fracture. This figure shows the tendency that, in
this study, with the increase of the value of I, /d, the fracture pattern changes from cone
fracture to bond fracture.
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Table 5. Analysis cases and final crack pattern.

Maximum Bond Anchor Bolt Anchor Bolt
Case Diameter Embedment Final Crack Pattern
Stress (MPa)
(mm) Depth (mm)
2 12 16 48 Bond-cone complex fracture
4 12 8 48 Bond fracture
5 12 24 48 Cone fracture
6 12 16 32 Cone fracture
7 12 16 64 Bond fracture
50 1 "
45 | B Cone-bond composite fracture
W Cone fracture
=z 40 u l m Bond fracture
<35 |
® 30 | .
2 e |
£
E 20 T -
315 m I
=10 |
5 Cone fracture | Bond fracture
0 |
0 1 2 3 4 5 6 7

Ratio of embed length and diameter of anchor bolt [, /d

Figure 18. Classification of the pull-out fracture pattern of an anchor bolt.

4.3. Influence of the Spacing between Anchor Bolts

Then, the influence of spacing between anchor bolts to the load capacity of the anchor
bolt is investigated. The analysis model is shown in Figure 19, with different spacing be-
tween anchor bolts s, from 234 mm to 25 mm. The sides of the upper surface of the concrete
block are fixed, and the material parameters are the same with previous analysis. The
development process of the cracks during the pull-out process is shown in Figures 20-22.

(a) s =234 mm (b) s =150 mm (c)s=25mm

Figure 19. Analysis model with different spacing.

Principal strain

(a)x=0 (b) x =150 um (c) x =450 um

Figure 20. Crack development when the spacing s is 234 mm.
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(a) x =150 um (b) x =225 um

Principal strain
w 0.00500
— 0.00375
g 0.00250
0.00125
0.00000
(c) x =300 um (d) x =450 um

Figure 21. Crack development when the spacing s is 150 mm.

Principal strain

w 0.00500

— 0.00375

g 0.00250
0.00125
0.00000

(a) x =75 um (b) x =150 um (c) x =300 um

Figure 22. Crack development when the spacing s is 25 mm.

In the case where the spacing is 234 mm, the development process is similar to the
case with a single anchor bolt. Inclined cracks generate from the bottom of the anchor bolt
and, finally, reach the surface of the concrete block. Two separate cone areas are formed.
When the spacing s is 150 mm, the inclined cracks also generate at the bottom of the anchor
bolt. When the pull-out displacement x = 225 pum, the cracks located between the two
anchor bolts joint with each other, forming a long crack connecting the two anchor bolts.
When x = 300 um and x = 450 pum, the cracks reach the surface of the concrete, and
a complicated double-cone fracture surface is obtained. When the spacing s is 25 mm,
cracks generate from the bottom of the anchor bolt. The cracks outside the anchor bolts are
long and inclined, and the cracks between the anchor bolts are short and horizontal. When
x = 225 um and x = 300 wm, the inclined cracks reach the surface of the concrete block.
The shape and the area of the emerged cone shape becomes more like the cone shape of a
single anchor bolt.

The load-displacement curves are shown in Figure 23. In the case where the spacing s
is 150 mm, the total area of the emerged cone shape changed little compared to the two
separate cone shapes, and the maximum load remains same for spacing of 200 mm and
150 mm. When the spacing s is 25 mm, the two anchor bolts just behave as a single anchor
bolt, and the maximum load is about half of the previous cases. To make the tendency more
clear, relationship between the ratio between the total maximum load and the maximum
load of a single anchor bolt Py, / Psingle and the spacing s is shown in Figure 24a, and the
relationship between the ratio between the total maximum load and the maximum load
of a single anchor bolt Pytg; / Psingle and the ratio between spacing and embedment depth
s/l is shown in Figure 24b. In Figure 24a, it is found that the maximum load remains
unchanged when the spacing s is larger than a certain value in different case, which is also
described in Reference [28]. In Figure 24b, it is clear that the load decrease is not noticeable
until s/, reaches 2.0. Compared to existing studies that considered the effect of anchor
bolt diameter on sufficient embedment depth [28], this study investigated the effect on pull
strength of adjacent bolt spacing at relatively shallow embedding depths. As a result, it is
confirmed that an interval of 2.0 times of the embedment depth is needed as a minimum
distance of adjacent bolt spacing to keep the pull-out strength. This result indicates that a
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minimum spacing of 2.0 times of the embedment depth should be ensured for anchor bolts
to provide sufficient resistance against pull-out load.

o

70
—234 mm
60 P
50 150 mm
é 40 / —25 mm
®
3 3

0.0 0.5 1.0 1.5 2.0 2.5 3.0
displacement (mm)

Figure 23. Load-displacement relationships with different spacing.

25

-=-Embedment depth 48 mm

——Embedment depth 32 mm

0 2 4 6 8 10 12 14 16
Ratio of interval and diameter s/d

(a)
2.5
2 e n
E15 /
g o, ——Embedment depth 48 mm
n:‘é 1 -=-Embedment depth 32 mm
0.5
0
0 2 4 6 8
Ratio of interval and embed depth s/,

(b)

Figure 24. Pull-out strength influenced by input parameters. (a) Effect of bolt spacing on pull-out
strength (compared to the strength of a single bolt). (b) Effect of embedded depth on pull-out strength
(compared to the strength of a single bolt).

4.4. Influence of the the Distance from Free Edge

The influence of distance between the edge of the concrete block and the anchor bolt is
investigated. The analysis model is shown in Figure 25. The embedment depth [, is 48 mm,
and distance s between the edge of the concrete and the anchor bolts varies from 100 mm
to 17 mm. As a boundary condition, the vertical displacement of the black color area (along
3 sides) in the upper surface are fixed, and the other side is not fixed. Figure 26 show the
principal strain distribution in half the region of the analysis model in consideration of
mechanical symmetry under the 0.45 mm pull-out displacement level.

From the final crack pattern, it was found that, when there is enough distance from the
edge of concrete block, a cone-shaped crack pattern can be observed. However, the cone-
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shaped crack becomes incomplete with the decrease of distance s. In particular, the crack
at the bottom of the anchor bolt extended to the lateral surface of the concrete without
changing direction in the case of s/l = 0.4, while, in other cases, the cracks turned.
From the load-displacement relationship shown in Figure 27 and the relationship between
the maximum load and the ratio of distance to free edge and embedment depth s/, shown
in Figure 28, it can be recognized that the maximum pull-out strength decreased when
s/l is lower than 1.0, and the maximum pull-out strength in case of s/I, = 0.4 decreased
around 40% compared with other cases. As a reference, about 50% of the maximum load
drop can be found in the experiment [8,16]. Compared to the existing studies [8] that
showed the influence of the anchor bolt diameter under sufficient embedment depth, we
investigated the minimum distance from the free end to keep the pull-out strength of the
anchor bolt, and it has been found that maintaining proper pull-out strength requires a
distance from the free end that is greater than 1.0 times the anchor bolt embedding depth.
This is also shown by the tendency of the experiments conducted in Reference [16]. Thus, it
indicates that s /I, = 1.0 should be guaranteed when installing anchor bolts at the edges of
the concrete structures. In addition, compared to the analysis results in the previous section,
it can be found that the analysis model with insufficient distance between the anchor bolt
and the free edge is similar to a half model of cases with insufficient intervals between
anchor bolts considering symmetricity. When sufficient valid base concrete around a single
anchor bolt is not guaranteed, the pull-out performance of this single anchor bolt is limited.
When installing anchor bolts under these conditions, it is necessary to avoid densely placed
rebar areas to ensure sufficient embedding depth for the bolts and the surrounding concrete
area. In the next section, we will consider an example of countermeasures when a sufficient
concrete area cannot be secured around the anchor bolt.

Figure 25. Analysis model with one side free.

(@)s=100mm,s/l,=2.1 (b)s=67mm,s/l,=1.4

Principal strain

m 0.00500
— 0.00375
I 0.00250
I 8.00125

(c)s=48mm,s/[,=1.0 (d)s=17mm,s/[,=0.4

Figure 26. Crack patterns with different distance between the free edge and the anchor bolt.
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40.0

250 | —s/l,=21
: i 0.45 mm —s/l.=14
30.0 | where the crack e
’2 250 i pattern is taken J— S/Ie =1.0
=3 20'0 | —s/1,=0.8
Eleo s/1,=0.6
= J
10.0 —s/1,=0.4
5.0 i
0.0 ‘
0.0 0.5 1.0 1.5 2.0 25
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Figure 27. Load-displacement relationships with different distance to free edge.

5
0
0.0 0.5 1.0 1.5 2.0 25
Ratio of distance to free edge and embedment
length s/I,

Figure 28. Relationship between maximum load and ratio of distance free edge and embedment
depth s/I,.

4.5. Measures against Insufficient Distance from the Free End with PCM

As clarified in the previous section, if the anchor bolt installation position is close to
the free end, the pull-out strength will decrease. We investigated a method that does not
reduce the pull-out strength as much as possible, even when anchor bolts are unavoidably
attached near the free end by using PCM (Polymer Cement Mortar).

PCM is a simple method of spraying reinforced mortar onto the existing concrete of
an aged RC structure, and it has already been used in many ways [23,24]. In this study, we
calculated how much the anchor bolt pull-out strength can be prevented from decreasing
by PCM method when the anchor installation position is close to the free end.

The analysis model of this simulation is shown in Figure 29, where a PCM rein-
forcement layer with 3-mm or 6-mm thickness is added to the existing concrete surface.
In Figure 29a, the PCM area is smaller, but it is able to cover the projection of the anchor
bolt on the lateral surface of the concrete block, while, in Figure 29b, the PCM area is
sufficient to cover sufficient the corn failure domain. The material parameters of PCM is
shown in Table 6. The boundary conditions are the same as the previous section, where the
three sides of the upper surface displayed in black in the figure are fixed.

Figure 30 shows the crack pattern obtained in SPH analysis, and Figure 31 shows the
load-displacement relationship. It is recognized from Figure 30a,b that, since the strength
of the PCM material is higher than that of existing concrete, the cracks can be seen growing
under the PCM area. Thus, this change in the crack growth path causes a slight increase in
the pull-out strength of the anchor bolt.

On the other hand, in the case of Figure 30c,d, when the PCM reinforcement area is
wide, a crack occurred in the PCM layer, which has a high tensile strength than that of
existing concrete, and a clear effect was seen, such as an improvement in pull-out strength
of about 40%. To summarize these results, it is possible to improve the pull-out strength of
anchor bolts with insufficient distance from free end by using the PCM method. To achieve
a better performance of the PCM reinforcement layer, the reinforced area by PCM should
be large enough to cover the assumed cone failure domain of the concrete.
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(a)

Figure 29. Analysis model with PCM reinforcement layer. (a) Model with PCM layer of small area.

(b)

(b) Model with PCM layer of large area.

Principal strain

m 0.00500
= 0.00375
i 0.00250
l 0.00125

Concrete

0.00500

0.00375

0.00250

— 0.00125
—0

PCM layer

(c) Large area with 3 mm reinforcement (d) Large area with 6 mm reinforcement

(a) Small area with 3 mm reinforcement (b) Small area with 6 mm reinforcement

Figure 30. Crack patterns with PCM reinforcement layer.
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Figure 31. Load-displacement relationships with PCM reinforcement layer.
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Table 6. Material parameter of PCM.
Compressive Tensile . , . . 3 Young's
Strength (MPa)  Strength (MPa) Poisson’s Ratio  Density (ig/m") Modulus (MPa)
60.0 6.0 0.2 2300 27,000

5. Conclusions

In this study, an analysis method that can accurately evaluate the pull-out strength
of anchor bolts embedded in concrete using the SPH method is presented and considered
the ultimate pull-out strength under various conditions (bolt diameter, embedded depth,
adjacent bolt spacing, etc.). The results obtained in this study are summarized as follows.

1.  As aresult of comparison with the existing experimental values, it was confirmed
that the crack growth analysis using the SPH method proposed in this study was very
effective on the accurate estimation of ultimate pull-out strength of anchor bolt.

2. When changing the parameters of the analysis cases, concrete base fractures are likely
to occur with lower embedding depth and higher bond stress, and bond fractures are
likely to occur with deeper embedding depth and lower bond stress.

3. It was found that, if the distance between two adjacent bolts was shortened under
the installation conditions where cone fracture occurred, the cone fracture regions
of the individual bolts overlapped, and the total pull-out strength of the two bolts
decreased. According to the analysis results, if the distance between two adjacent
bolts was smaller than embedded depth, the total pull-out strength decreases around
50% compared to the sufficient distance condition.

4. It was also recognized that, when the distance from the edge was larger than the
embedment depth, the pull-out strength could maintain the certain level. However,
if the distance from the edge becomes smaller than embedded depth, the pull-out
strength decreases with the distance.

5.  This research simulation shows that, when the distance from the anchor bolt to the
edge is about half the embedding depth, the pull-out strength drops to about 50%
of the original strength. However, even in such a case, it was confirmed from the
analysis results that it is possible to prevent a decrease in the pull-out strength of the
anchor bolt by using a PCM material.

In this study, it was shown that the pull-out strength of anchor bolts embedded in
concrete could be accurately evaluated by the proposed SPH method. By using this method,
it is possible not only to predict the pull-out strength and fracture mode under various
installing conditions of anchor bolts in the structure but also to quantify the effect of the
reinforcement method, such as the PCM method.
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