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3D FEM ANALYSIS OF POST-INSTALLED ADHESIVE ANCHORS UNDER COMBINED STRESS 
Stress transmission mechanism and mechanical behavior of the joints for external seismic retrofitting : Part 1 

 
 *1 *2 *3 *4 *5 

Yutaro ISHIDA, Hiroyasu SAKATA, Yuya TAKASE, 
Yusuke MAIDA and Takumi SATO 

 
To investigate the mechanical behavior of post-installed adhesive anchors under combined stress, a 3D FEM model which can reproduce 
the experiment conducted in a previous research is established. A total of 13 specimens are modelled in accordance to the combination 
of parameters including anchor diameter, da, axial stress ratio, , and concrete strength, Fc. The analysis results of the shear strength 
versus relative horizontal displacement relationship show good agreement with the experimental results. In addition, from the analysis 
results, the state of stress distribution near the joint is clarified. 
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Table 1 Table 2
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Table 2
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Table 2 Materials properties 

Specimen 
Concrete Grout Anchor bolt 

B t Ec Gc Gt EG y Es 
[N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2] 

D13-0-15 
19.0 1.93 23.7 ×103 59.1 3.30 23.4 ×103 375 193 ×103 D13-0.33T-15 

D13-0.66T-15 
D16-0-9 12.5 1.43 18.1 ×103 70.7 3.00 24.6 ×103 

396 194 ×103 

D16-0-15 19.0 1.93 23.7 ×103 59.1 3.30 23.4 ×103 
D16-0-21 30.5 1.93 25.9 ×103 70.7 3.00 24.6 ×103 

D16-0.33T-15 19.0 1.93 23.7 ×103 59.1 3.30 23.4 ×103 
D16-0.56T-9 12.5 1.43 18.1 ×103 

70.7 3.00 24.6 ×103 D16-0.56T-15 17.4 1.46 19.8 ×103 
D16-0.56T-21 30.5 1.93 25.9 ×103 

D19-0-15 19.0 
1.93 

23.7 ×103 59.1 3.30 
23.4 ×103 402 189 ×103 D19-0.33T-15 21.1 22.6 ×103 72.6 3.28 

D19-0.66T-15 19.0 23.7 ×103 59.1 3.30 
B : Compressive strength of concrete Gc : Compressive strength of grout y : Yield strength of anchor bolt 
t : Tensile strength of concrete Gt : Tensile strength of grout Es : Young’s modulus of anchor bolt 

Ec : Young’s modulus of concrete EG : Young’s modulus of grout   

 
Fig.2 Details of specimens (unit : [mm]) 

 

Fig.3 Loading setup (unit : [mm]) 
 

Table 1 Parameters of specimen 

Specimen 
da  Fc 

[mm] [-] [N/mm2] 
D13-0-15 

12.7 
(D13) 

0 
15 D13-0.33T-15 0.33 

D13-0.66T-15 0.66 
D16-0-9 

15.9 
(D16) 

0 
9 

D16-0-15 15 
D16-0-21 21 

D16-0.33T-15 0.33 15 
D16-0.56T-9 

0.56 
9 

D16-0.56T-15 15 
D16-0.56T-21 21 

D19-0-15 
19.1 

(D19) 

0 
15 D19-0.33T-15 0.33 

D19-0.66T-15 0.66 
da : Anchor diameter 

 : Axial stress ratio (tensile force) 
Fc : Design strength of concrete 

 

Grout

Concrete

Anchor
bolt

Stud
4 - 19

D10@75

4 - D10

D10
@100

17
0

25
0

13
0

170

200 200
400

350

440
220220

Y-shaped
anchor

8 - D10

Sectional side view Sectional front view

25 25

2020

20
20

30
30

30 30

30 30

Center hole jack
U-shaped

loading beam

Parallel crank

Load cellLoad cell
Hydraulic

jack

Reaction steel plateFull thread bolt

45
0

1800

15
75

Spherical cap

Load cell

Spherical cap

Hydraulic
jack

─ 1308 ─



3. FEM  

3.1.  

FEM 6)

Fig.4

 

8

( )

8 (

) Fig.5

 

Fig.6

 

Z 4da

D19 Fig.7

76mm 2mm  

3.2.  

Fig.8 Y

Z

Y-Z X

X 2  

X

Q h

 

h Fig.9

2  
 

Fig.4 Outline of FEM model 
 

 
Fig.5 Modeling of joint element 

 

 
Fig.6 Definition of dowel effect 
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(a) Stress vs. strain (b) Hysteretical characteristics 
Fig.10 Material constitutive laws (concrete and grout) 

 

(a) Stress vs. strain (b) Hysteretical characteristics 
Fig.11 Material constitutive laws (anchor bolt and reinforcements) 

 

 
(a) Shear direction (b) Normal direction 

Fig.12 Characteristics of joint element 
(Interface between concrete and epoxy resin) 

 

(a) Multilinear model (b) Perfect elastic-plastic model 
Fig.13 Hysteretical characteristics of joint element 

 

 
(a) Shear direction (b) Normal direction 

Fig.14 Characteristics of joint element 
(Epoxy resin between concrete and anchor bolt) 

 
Table 3 Properties of epoxy resin5) 

db bc bt Eb 
[-] [N/mm2] [N/mm2] [N/mm2] 
1.2 109 75.7 2,730 

db : Specific gravity bc : Compressive strength 
bt : Tensile strength Eb : Young’s modulus 

Strain
c

Stress

t , Gt

B , Gc

t

C = 1.0

Nakamura-Higai model

Izumo model

Modified Ahmad model
Crack point

Compression
envelope

Softening zone
envelope

Unloading
curve

Reload curve

Stress

Strain

y

y

- y

- y

Es

Es

1/100Es

1/100Es

Stress

Strain

Stress

Strain

Relative vertical
displacement

Normal stress

[When tensiled]
No stress transmission

[When compressed]
Very large stiffness

Slip [mm]
0.75

22.1
Bond stress [N/mm2]

Interface between
concrete and epoxy resin

(0.25, 13.3)

(0.5, 20.3)

(2.0, 14.1)

Stress

Relative
displacement

Stress

Relative
displacement

Relative
displacement

Stress

Very large stiffness

75.7

-109

0.042-0.060

Stress [N/mm2]

Relative
displacement [mm]

─ 1310 ─



3.4.3.  

14)

Fig.15(a)  

Fig.15(b)

 
3.4.4.  

Fig.16(a)

0.01N/mm2

15)

0.974  

Fig.16(b)

16) t t/6  

 
4.  

4.1.  

13 Q h

Fig.17 1)

2.0mm

2 h=4.0mm  

Q h

 

 

(a) Shear direction (b) Normal direction 
Fig.15 Characteristics of joint element 

(Interface between anchor bolt and grout) 
 

(a) Shear direction (b) Normal direction 
Fig.16 Characteristics of joint element 
(Interface between concrete and grout) 
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(f) D16-0-15 (g) D16-0.33T-15 (h) D16-0.56T-15 (i) D16-0-21 (j) D16-0.56T-21 

   

 
 

(k) D19-0-15 (l) D19-0.33T-15 (m) D19-0.66T-15   
Fig.17 Shear force vs. relative horizontal displacement 
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Fig.18 Comparisons by axial stress ratio  
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(c) =0.66T(0.56T), Fc=15  
Fig.19 Comparisons by anchor diameter da 
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Fig.20 Comparisons by concrete strength Fc 
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Fig.21 Curvature distributions of anchor bolt 
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Fig.22 Mises stress distributions of anchor bolt 
 

 
Fig.23 Damages states of concrete 

 

 

Fig.24 Minimum principal stress distributions of concrete 
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Post-installed adhesive anchors are used in external seismic retrofitting joints for existing reinforced concrete 

buildings. As a structural characteristic of external seismic retrofitting, the existing frame and reinforcing frame are 
eccentric. Therefore, in addition to the shear force, there are also compression force and tensile force due to the eccentric 
bending moment acting on the joints, so that the joints are in a combined stress state in external seismic retrofitting. 
There are few studies on post-installed adhesive anchors under a combined stress state, and it is difficult to grasp in 
detail its mechanical behavior when subjected to combined stress. For that reason, the current design method suggests 
the use of reduction factors which are based on engineering judgment. 

This paper investigates the mechanical behavior of the post-installed adhesive anchors under combined stress by 
constructing 3D FEM model which can reproduce the experiment conducted in a previous research. A total of 13 
specimens of varying parameters, i.e. anchor diameters, da, axial stress ratios,  and concrete strengths, Fc, are studied. 
Based on the analysis results, the influence of each parameter is investigated in terms of (1) shear force vs. relative 
horizontal displacement relationship, (2) curvature distribution of anchor bolts, (3) Mises stress distribution in anchor 
bolts, (4) damage states in concrete and (5) minimum principal stress distribution in concrete. 

In Chapter 2, the outline of the experiment and the details of the specimen parameters which are the subject of the 
analysis are introduced. In Chapter 3, the outline of the analysis model is described. The concrete, grout and anchor 
bolts are modeled by hexahedral elements (eight-node isoperimetric elements). The epoxy resin between the concrete 
and anchor bolts was modeled by joint elements (eight-node isoperimetric joint element) with thickness. Furthermore, 
depending on the interface properties, zero-length joint element are applied to model the bonding properties between 
different materials. 

The analysis results of the shear force versus relative horizontal displacement relationship show generally good 
agreement with the experimental results. For the specimens subjected to combined shear and tensile force, the following 
phenomena are observed. (1) The maximum curvature of the anchor bolt occurs at 2da (where da is the diameter of the 
anchor bolt) depth from the joint surface on the concrete side and 1da depth on the grout side. When the relative 
horizontal displacement reaches 2.0 mm, a total length of 5da is yielded in the anchor bolt: 3da on the concrete side and 
2da on the grout side. (2) The Mises stress of the anchor bolt on the tensile side increases when the axial stress ratio 
increases. In this condition, the anchor bolt yields earlier due to the tensile stress and therefore the shear stress 
decreases in the cross-section of the anchor bolt. (3) In the specimens subjected to both shear and tensile force, cracks 
occur in the concrete due to dowel deformation and tensile stress. Meanwhile, the damage of the concrete increases 
when the axial stress ratio increases. (4) When the anchor diameter and the concrete strength increase, the bearing 
stress of the concrete also increases, and the concrete is compressed and softened in a wider range. (5) The maximum 
value of the minimum principal stress increases as the concrete strength and the axial stress ratio increase.
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