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Abstract 

The pretensioning force in bolted joints enhances the lateral strength of the connections, and causes the embedment 
of metal washers into wood. Despite the significance of embedment behavior in the design of bolted joints, its mech-
anism has yet to be fully understood. In this study, the mechanism of the embedment of a metal washer into wood 
along the radial direction was examined through three-dimensional nonlinear finite-element analysis (FEA). The FEA 
results were validated by comparing them with experimental results for nine metal washers with different geometries. 
Moreover, the sensitivity of embedment stiffness and yield load to wooden material constants was also investigated. 
The numerical results showed good qualitative and quantitative agreement with the experimental results. In addi-
tion, the embedment stiffness and yield load were sensitive to the yield stress and Young’s modulus of wood in the 
radial and tangential directions. The determination of these mechanical properties of wood through material testing 
is important for reproducing the behavior of the embedment of a metal washer into wood and accurately estimating 
the yield load and initial stiffness using FEA. This will play a significant role in designing bolted joints.
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Introduction
Timber connections with dowel-type fasteners are fre-
quently used as load-carrying parts between members in 
timber structures. The appropriate design of dowel-type 
fasteners plays a significant role in increasing the duc-
tility of timber connections [1]. The load–slip charac-
teristics of laterally loaded dowel-type joints have been 
experimentally and numerically investigated [2–7].

The axial force on laterally loaded dowel-type fasteners 
contributes to strengthening the lateral strength of con-
nections; this is referred to as the rope effect. This effect 
becomes particularly significant in slender dowel-type 
fasteners. The rope effect improves the load-carrying 

capacity of bolted joints under monotonic loading [8] 
and cyclic loading [9, 10] and the load-carrying capacity 
of timber-to-timber connections [5].

The pretensioning force on bolted joints causes the 
embedment of steel plates into wood. Thus, the embed-
ment mechanism plays a significant role in designing 
bolted joints. The theory of beams on elastic foundation 
was applied to the embedment of metal washers into 
wood; the proposed method could estimate embed-
ment stiffness and yield resistance [11]. Three-dimen-
sional finite-element analysis (FEA) of embedment 
has been performed, and good agreement was qualita-
tively obtained between the embedment load–displace-
ment curves obtained via FEA and an embedment test 
[12]. However, the aforementioned studies did not fully 
address the mechanism of the initiation and develop-
ment of the plastic deformation of wood. The elucidation 
of this mechanism is necessary to evaluate the strength 
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of pretensioned bolted joints accurately. FEA is a useful 
tool for the investigation of this mechanism; its results 
depend greatly on the elastic modulus and yield stress of 
wood. The mechanical properties of wood vary largely 
among specimens. However, the sensitivity of the embed-
ment mechanism to the mechanical properties of wood 
to verify the reliability of FEA for designing pretensioned 
bolted joints have been rarely studied.

In this study, the mechanism of the embedment of 
metal washers into wood was investigated through three-
dimensional nonlinear FEA, where a bolt, metal washer, 
and wood were finely discretized. The FEA results were 
validated by comparing them with experimental results. 
Moreover, FEA was carried out with intentionally 
changed material constants to investigate the sensitiv-
ity of embedment stiffness and the yield load to wooden 
material constants.

Materials and methods
Experimental conditions
The embedment behavior of the metal washers into 
wood was investigated by Matsubara et al. [11] through 
embedment tests. This section provides an overview 
of the experiment, which is described in detail in their 
paper. The schematic of the embedment test setup is 

shown in Fig. 1. A square metal washer and nut were set 
on the wood. The nut was pressed vertically; then, the 
metal washer was embedded into the wood. A bolt hole 
with a diameter of 13.0  mm was created at the center 
of the wood. The lengths of the wood in the longitudi-
nal, radial, and tangential directions were 130, 29, and 
99  mm, respectively. Square washers with three differ-
ent side lengths (40, 60, and 80 mm) and three different 
thicknesses (2.3, 4.5, and 6.0  mm) were employed. The 
embedment load was measured using a load cell, and the 
embedment displacement was measured by the vertical 
displacement of the crosshead. The radial direction of 
wood was parallel to the loading direction.

Numerical conditions
A finite-element (FE) model was created using Abaqus/
CAE. Figure  2 shows the three-dimensional FE model 
of the embedment test system with the square metal 
washer of thickness 2.3 mm and a side length of 40 mm. 
A quarter FE model was used by considering mechani-
cal symmetry, where symmetric planes were created 
on the bolt, metal washer, and wood. The bolt, metal 
washer, and wood were discretized using the 20-node 
brick element (C3D20). The number of nodes and ele-
ments in all FE models is listed in Table  1. It should 

Fig. 1 Schematic of apparatus for embedment test (L: longitudinal, T: tangential, R: radial)
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be noted that the influence of element size was inves-
tigated by comparison among numerical results with 
various element sizes, and the sufficiently fine mesh 
was employed in the FE model. The FE models were 

identified by the thickness and side length of the metal 
washer, e.g., the model of the washer with a side length 
of 40  mm and a thickness of 2.3  mm thickness was 
named S40T2.3.

The bottom of the wood was fixed in all directions. 
The symmetric plane was fixed in the direction perpen-
dicular to itself. The surface-to-surface contact condition 
was imposed on the bolt-to-washer and washer-to-wood 
interfaces, where the horizontal friction coefficients were 
0.4 and 0.3, respectively [8, 13]. The augmented Lagran-
gian method was employed on the contact surface. In 
this method, penalty stiffness is used during the aug-
mentation iteration to improve the accuracy of approxi-
mation. The penalty stiffness was set as 205000 MPa.

The metal washer and bolt were assumed as isotropic 
materials with isotropic linear elasticity, the von Mises 
yield criterion, and perfect elastoplasticity [14]. The Young’s 
modulus, Poisson’s ratio, and yield stress for the metal 
washer and bolt were denoted as E, v, and σy, respectively. 
Unlike the metal washer and bolt, the wood was assumed 
as an orthotropic material with orthogonal linear elasticity, 
Hill’s anisotropic yield criterion, and perfect elastoplasticity 
[15, 16]. The Hill’s anisotropic yield criterion has been fre-
quently used in wooden material [6, 12, 17]. Subscripts L, 
R, and T were used to denote the properties of the wood in 

the longitudinal, radial, and tangential directions, respec-
tively. For example, the Young’s moduli of the wood in the 
longitudinal, radial, and tangential directions were denoted 
as EL, ER, and ET, respectively. Hill’s anisotropic yield crite-
rion used for the wood was as follows [16]:

where

whereσij is the stress tensor and σ y
ij is the yield stress.

The material constants of the metal washer and bolt 
were assumed as the mechanical properties of SS400, 
which is a steel grade defined in the Japanese Industrial 
Standard. The Young’s modulus, Poisson’s ratio, and 
yield stress of the metal washer and bolt were taken from 
the literature [18]. The wood had three Young’s moduli, 
EL, ER, and ET, three shear moduli, GLT, GLR, and GRT, 
six Poisson’s ratios, vLT, vTL, vLR, vRL, vRT, and vTR, and 
six yield stresses, σyL, σyR, σyT, σyLT, σyLR, and σyRT. The 
Young’s modulus (ER) and yield stress (σyR) of the wood 
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Fig. 2 Finite-element model of metal washer with a thickness of 
2.3 mm and a side length of 40 mm (L: longitudinal, T: tangential, R: 
radial)

Table 1 Number of nodes and elements in each finite-element 
model

Metal washer Model Num. of nodes Num. of elements

Side 
length 
[mm]

Thickness 
[mm]

40 2.3 S40T2.3 116,403 26,640

4.5 S40T4.5 117,036 26,779

6.0 S40T6 117,669 26,918

60 2.3 S60T2.3 118,902 27,074

4.5 S60T4.5 120,445 27,430

6.0 S60T6 121,988 27,786

80 2.3 S80T2.3 122,446 27,698

4.5 S80T4.5 125,279 28,366

6.0 S80T6 128,112 29,034
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in the radial direction were obtained from the compres-
sive test performed by Matsubara et al. [11]. The Young’s 
moduli in the other two directions and the shear moduli 
were calculated from ER using the following relationships 
for coniferous forests [19]:
EL:ER:ET = 22:2:1

EL:GLR = 16.7:1:1
The yield stresses in the other two directions were 

determined by considering the tensile and shear tests 
results of Japanese cedar [20], and it was assumed that σyT 
is equal to σyR and σyLT is equal to σyLR and σyRT as shown 
in previous studies [6, 12, 21]. The Poisson’s ratio in each 
direction was obtained from the experimental results of 
Japanese cedar in literature [22]. The material constants 
of the bolt, metal washer, and wood are summarized in 
Tables 2 and 3, respectively. It should be noted that the 
assumptions of elastic modulus and yield stress were 
used conveniently; however, this may be inappropriate 
for some analyses which are sensitive to the material con-
stants in each direction. Thus, the sensitivity of embed-
ment behavior of this study to material constants was 
investigated as mentioned latter.

The three-dimensional FEA was carried out consider-
ing geometrical and material nonlinearity using Abaqus/
Standard. The analysis was carried out sequentially on a 
single workstation with a dual 4-core CPU with a clock 
speed of 3.8 GHz and 96 GB RAM. The calculation time 
was approximately 24 h.

Results and discussion
Experimental results
As observed by Matsubara et al. [11], two types of defor-
mation modes in the experiment were observed: the metal 
washer around the bolt hole partially bending and being 
embedded into the wood, and the entire metal washer 
being embedded into the wood. The former was observed 
in the washer with small thickness and long side length, 
i.e., low bending stiffness. The latter was observed in the 
washer with large thickness and short side length, i.e., high 
bending stiffness.

Comparison between experimental and numerical results
This section compares the embedment test results and FEA 
results. It should be noted that a few cases of FEA diverged 
during the equilibrium iteration. However, the numerical 

GLR : GLT : GRT = 20 : 17 : 1

results could be compared with the experimental results 
without loss of generality, because FEA was performed 
beyond the yield load in all cases.

Figure  3 shows the embedment load–displacement 
curves obtained via the experiment and FEA for each side 
length of the metal washer. Table 4 lists the initial stiffness 
K and yield load Py. The initial stiffness was obtained from 
the first straight line using the least-square methods, and 

Table 2 Material constants of bolt and metal washer

E v σy

205,000 MPa 0.3 235 MPa

Table 3 Material constants of wood

EL: 1386 MPa vLT: 0.58 σy
L: 71.4 MPa

ER: 126 MPa vTL: 0.0173 σyR: 2.50 MPa

ET: 63 MPa vLR: 0.405 σyT: 2.50 MPa

GLT: 70.5 MPa vRL: 0.0289 σyLT: 5.20 MPa

GLR: 83.0 MPa vRT: 0.901 σyLR: 5.20 MPa

GRT: 4.15 MPa vTR: 0.378 σyRT: 5.20 MPa

Fig. 3 Embedment load–displacement curves obtained via 
experiments and FEA. Side lengths of metal washers are (a) 40, (b) 60, 
and (c) 80 mm
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the yield load was defined as an intersection of first and 
second straight lines. In the experiment, the initial slip 
displacement occurred owing to the clearance between 
the upper surface of the nut and the steel plate jig. This 
clearance in the experiment cannot be dealt with by FEA. 
Because of this, the embedment load–displacement curve 
was intentionally translated along the x-axis to remove the 
clearance. The trends of the experimental load–displace-
ment curves were broadly reproduced by the FEA. How-
ever, on average, the initial stiffness and yield load in the 
numerical results were 18% lower and 14% higher than 
those in the experimental results, respectively.

Figure 4 shows the residual displacement of wood after 
the embedment test is finished and the distribution of the 
equivalent plastic strain of wood at the final step of the 
FEA. In the case of the metal washer with a large thick-
ness and a small side length (S40T6), the equivalent plas-
tic strain of wood increased along the edge of the metal 
washer, because the metal washer had high bending 
stiffness and small bending deformation. By contrast, in 
the case of the metal washer with a small thickness and 
a large side length (S80T2.3), the plastic deformation 
of wood occurred in a wide area owing to the bending 
deformation of the metal washer. The trend of the plastic 
deformation of wood was also observed from the residual 
deformation in the experiment, where the area with high 
plastic strain approximately corresponded to the area 
with large residual deformation.

Figure 5 shows the development of the equivalent plastic 
strain of wood in cases S40T6 and S80T2.3 at two points, 
i.e., when the load reached the yield point and when plastic 
deformation increased after the yield point. In particular, 
the development of plastic deformation in the longitudinal 
and tangential directions is examined. In S40T6, the stress 
of wood was concentrated beneath the edge of the metal 
washer. At the yield point, plastic deformation was distrib-
uted in the diagonal direction from the edge of the metal 

washer on the RT (R: radial, T: tangential) symmetric plane. 
After the yield point, plastic deformation increased in the 
diagonal direction and along the edge of the metal washer. 
The side length and stiffness of wood in the longitudinal 
direction were higher than those in the tangential direc-
tion. Thus, the wood was deflected toward the tangential 
direction, as shown in Fig. 6. In addition, the plastic defor-
mation of wood in the tangential direction preceded that 
in the longitudinal direction. During the loading process, 
the shape of the metal washer remained intact owing to its 
high bending stiffness. By contrast, in S80T2.3, the plastic 
deformation of wood was distributed around the bolt hole 
at the yield point, unlike S40T6, because the metal washer 
with low bending stiffness was deformed by the verti-
cal force from the bolt and its center part compressed the 
wood. After the yield point, plastic deformation uniformly 
extended in the longitudinal and tangential directions; in 
particular, it increased in the tangential direction.

Sensitivity of embedment behavior to material constants
As discussed in the previous section, the embedment 
behavior of the metal washer into wood might be influ-
enced by the mechanical properties in not only the radial 
direction but also the longitudinal and tangential direc-
tions. This section describes the numerical analysis of the 
sensitivity of embedment behavior to the material con-
stants in each direction. In the analysis, the elastic modulus 
and yield stress of wood in cases S40T6 and S80T2.3 were 
intentionally doubled as compared with the original mod-
els. However, when σyT or σyR were doubled individually, 
the values of G and H in Eq.  (2) became negative, which 
caused instability in the equilibrium iteration of the FEA. 
Thus, σyT and σyR were doubled simultaneously. A previous 
study reported that embedment behavior was insensitive to 
Poisson’s ratio; hence, Poisson’s ratio was not considered in 
the sensitivity analysis in this study [23]. The ratios of initial 

Table 4 Initial stiffness and yield load obtained via experiment and FEA

Metal washer K [kN/mm] Py [kN]

Side length [mm] Thickness [mm] FEA Exp FEA/Exp FEA Exp FEA/Exp

40 2.3 9.36 11.78 0.79 5.94 4.75 1.25

4.5 11.82 14.49 0.82 7.11 6.29 1.13

6.0 12.16 15.22 0.80 7.11 5.98 1.19

60 2.3 10.72 14.73 0.73 7.23 5.59 1.29

4.5 19.31 23.10 0.84 13.79 13.84 1.00

6.0 22.29 25.17 0.89 14.80 15.58 0.95

80 2.3 11.23 15.08 0.74 6.62 5.57 1.19

4.5 22.56 25.00 0.90 16.17 15.14 1.07

6.0 29.48 34.19 0.86 23.67 19.91 1.19
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stiffness K and yield load Py with and without doubled 
material constants are defined as follows:

(4)

rK =

K in FEA with intentionally changed material constants

K in FEA without intentionally changed material constants

(5)

rP =

Py in FEA with intentionally changed material constants

Py in FEA without intentionally changed material constants
.

Figures  7 and 8 show the embedment load–displace-
ment curves obtained via the FEA with the intentionally 
changed elastic modulus and yield stress in each direc-
tion. rK and rP are listed in Table 5. K increased when ER 
was doubled, K and Py increased when ET was doubled, 
and Py increased when σyR and σyT were doubled. K and 
Py were only slightly affected when the other elastic mod-
uli and yield stresses were doubled. It was evident that 
ER and σyR affected K and Py because the radial direction 

Fig. 4 Residual displacement of wood after embedment test is finished, and distribution of equivalent plastic strain of wood in the LT (L: 
longitudinal, T: tangential) plane at the final step of FEA. Side lengths of metal washers are (a) 40, (b) 60, and (c) 80 mm



Page 7 of 9Teranishi et al. J Wood Sci           (2021) 67:41  

was parallel to the direction of vertical force. In addition, 
ET and σyT influenced K and Py owing to the large deflec-
tion of wood toward the tangential direction, as noted in 
the previous section. In S40T6, the maximum increase in 
K (approximately 30%) and Py (approximately 90%) was 
observed when ER was doubled and when σyR and σyT 
were simultaneously doubled, respectively. The influ-
ence of the intentionally changed elastic modulus and 
yield stress was stronger in S40T6 compared to S80T2.3 
because the bending deformation of the metal washer 
affected K and Py in S80T2.3. The results show that the 
measurement of ET, ER, σyT, and σyR via material testing 
is important for reproducing the behavior of the embed-
ment of the metal washer into wood and accurately esti-
mating the yield load and initial stiffness using FEA.

Conclusions
The mechanism of the embedment behavior of a 
bolted joint was examined using FEA. A metal washer 
was embedded into wood in the radial direction. The 
numerical results were validated by comparing them 

Fig. 5 Development of equivalent plastic strain in S40T6 and S80T2.3

Fig. 6 Deformation of wood at final step in (a) S40T6 and (b) S80T2.3, 
whose scale is magnified 10 and 5 times, respectively (L: longitudinal, 
T: tangential)

Fig. 7 Embedment load–displacement curves obtained via FEA with 
intentionally changed elastic moduli in (a) S40T6 and (b) S80T2.3
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with experimental results. In addition, the sensitivity of 
embedment behavior to the elastic modulus and yield 
stress of wood in each direction was investigated through 
numerical analysis. The major findings are as follows:

(1) The trends of the embedment load–displace-
ment curves observed in the embedment tests were 
approximately reproduced by the FEA results. On 
average, the initial stiffness and yield load obtained 
via numerical analysis were 18% lower and 14% 

higher than those obtained via experiments, respec-
tively. Moreover, the residual displacement of wood 
in the experiment approximately corresponded to the 
distribution of the equivalent plastic strain of wood 
in the FEA.
(2) In the numerical case of the metal washer with 
high bending stiffness, the plastic deformation of 
wood initiated beneath the edge of the metal washer 
and extended in the tangential direction mainly 
owing to the difference between the stiffness in the 
tangential and longitudinal directions. On the con-
trary, in the case of the metal washer with low stiff-
ness, the plastic deformation of wood initiated in 
the vicinity of the bolt hole and then developed par-
ticularly in the tangential direction.
(3) The initial stiffness and yield load for the embed-
ment were sensitive to the Young’s modulus and yield 
stress of wood in the tangential and radial directions. 
The influence of the change in these material con-
stants was stronger in the case of the metal washer 
with high bending stiffness compared to low bending 
stiffness. Thus, the measurement of these constants 
through material testing is important for reproduc-
ing the behavior of the embedment of a metal washer 
into wood and accurately estimating the yield load 
and initial stiffness using FEA.

In this study, the geometrical properties of the metal 
washer were varied for the experiment and FEA, 
whereas the geometrical properties of wood (Japanese 
cedar) were fixed; this might affect the embedment 
behavior. In future, the variation in the geometrical 
properties of wood should be considered to obtain gen-
eral results.

Fig. 8 Embedment load–displacement curve obtained via FEA with 
intentionally changed material constants in (a) S40T6 and (b) S80T2.3

Table 5 Ratio of initial stiffness and yield load before and after changing material constants

Model Doubled constant rK rP Doubled constant rK rP

S40T6 EL 1.00 1.06 σyL 1.00 1.05

ER 1.27 0.93 σyR, σyT 1.02 1.91

ET 1.21 1.46 – – –

GLR 1.06 1.11 σyLR 1.01 1.05

GLT 1.01 1.11 σyLT 1.01 1.05

GRT 1.05 1.11 σyRT 1.01 1.05

S80T2.3 EL 0.98 1.01 σyL 1.00 1.01

ER 1.31 0.94 σyR, σyT 1.00 1.32

ET 1.15 1.20 – – –

GLR 1.02 1.05 σyLR 1.00 1.01

GLT 1.02 1.05 σyLT 1.00 1.01

GRT 1.01 1.05 σyRT 1.00 1.01
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