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ABSTRACT :  

There are many traditional timber structures, such as temples, shrines and town houses in Japan. Their rational
seismic evaluation is the most important in order to mitigate probable damages caused by great earthquakes in
the near future. Thus, the establishing the evaluation method and seismic reinforcement are urgently needed.
We, therefore, propose wooden ladder-type frames for seismic reinforcement of traditional timber structures. In
order to evaluate the proposed frame, we established the formulation of seismic performances using Pasternak
model. We applied the Pasternak model to the elasto-plastic embedment behavior of wood joints, considering
the orthotropic properties and the strain hardening. In order to confirm their performances, full scale
experiments were carried out and the results are discussed. 
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1. INTRODUCTION  
 
There are many traditional timber structures, such as temples, shrines and town houses in Japan. Their rational
seismic evaluation is the most important in order to mitigate probable damages caused by great earthquakes in
the near future. However, the evaluation method has not been established so far because their structural systems
are much different from modern structures. Also, their seismic resistances are supposed to be insufficient in
many cases. Therefore, establishing the evaluation method and seismic reinforcement are urgently needed. The
reinforcement for traditional timber structures should be suitable for their seismic characteristics.  
The major structural elements of traditional timber structures are moment resisting frames with semi-rigid
joints, mud walls and column rocking restoring forces of thick columns. The structural mechanism of semi-rigid
joints is rotational embedment and friction at the contact surfaces inside the joint. 
In such situations of traditional timber structures, we propose wooden ladder-type frames for seismic
reinforcement. The ladder-type frame, a kind of vierendeel truss system, consists of two horizontal chords and
vertical struts penetrating to the horizontal chords at the joints. Their joints are semi-rigid due to the embedment
of contact interfaces inside the joints. 
In order to evaluate the proposed frame, we established the formulation of seismic performances using
Pasternak model (abbreviated to PM). The PM, which mechanically consists of a shear layer on the Winkler
model and originated from Pasternak [1954], is an improved and refined model of a continuum compared with
the conventional Winkler model. It can express the surface displacement distributions and strain profiles in the
vertical direction subjected to partially compressive loads adequately. We, therefore, applied the PM to the
elasto-plastic embedment behavior of wood joints, considering the orthotropic properties and the strain
hardening. 
The densification, or strain hardening more than 50% strains, takes place in the local area beneath the contact
surfaces of the joints perpendicular to the grain, and expands to the bottom gradually as the load increases. As a
result, the joints show very high ductility. 
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Based on such facts, the elasto-plastic embedment behavior is formulated introducing the stiffness functions
which consist of two factors; the increasing factor which means the ratio of the stiffness to that of the net
contact surface and the decreasing factor governed by elasto-plastic characteristics. 
The full scale experiments of the proposed ladder-type frames were carried out and the results are compared
with the proposed formulation and discussed.  
 
 
2. ELASTO-PLASTIC EMBEDMENT MECHANISM OF WOOD 

2.1 Pasternak model for the orthotropic wood 

The authors applied the PM for the embedment behavior of orthotropic wood and proposed the formulation for
equally loaded embedment [Tanahashi et al., 2006b] and rotational embedment of column-Nuki joints [Tanahashi
et al., 2006a]. The important points are summarized as follows.  

1.  The embedded surface displacements of an orthotropic wood beam with a finite length on the rigid base due
to equally distributed load on the rigid plate are expressed in Eqn. 2.1, as a representative case of the LR
plane shown in Figure 1. They are expressed in a similar way in the LT plane or LTR plane which rotates
from the LR plane to the LT plane by 45 degrees in Figures 2 and 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Here, Pζ  is an increasing ratio of stiffness which means the increasing ratio of the compressive stiffness in
the case of 0L L>  to the stiffness in the case of 0L L=  where the end distance is zero. γ : characteristic
value, S: fundamental compressive displacement when 0L L= . δ  is the end distance ratio and λ is the
loading length ratio, respectively. The orthotropic characteristics are expressed in the fundamental
compressive displacement S and characteristic value γ  based on the elastic properties (i.g., Young’s
modulus ER, shear modulus GLR, Poisson’s ratio LRν , RLν   in the LR Plane ) of the each plane. The
non-dimensional characteristic value Hγ  is decided by comparing it with finite element analyses. For
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yellow cider, we proposed 3Hγ =  for LR, 2.7 for LT, 2.3 for LTR and 9 for RT [Tanahashi et al., 2006b].
2.  The displacement profile of a wood beam due to partial compression is assumed in a shape function ( )zφ in

Eqn. 2.2, which is based on the Vlasov’s assumption [Vlasov et al., 1960]. The strain profile is shown in
Eqn. 2.3, which is the first order differentiation of ( )zφ  by z . These profiles are illustrated in Figures 4
and 5. Here, η  is the parameter which determines the distribution profiles. When η is zero, the
displacement profile is a straight line and the strain profile is constant in the case of full compression. In the
case of partial compression, 0η >  and the average strain 1ε  is reduced by the increasing ratio of stiffness
from the strain 0ε  in full compression, that is, 1 0 / Pε ε ζ= , and the strains distribute from the top 1tε to the
bottom 1bε  in Figure 5. 

 
 
 
 
 
 
 
 
 

2.2 Elasto-plastic Pasternak model    

Referring to Figures 4 and 5, as the load increases in partial compression, the portion from the top to the depth
yH  yields and the strain increases and settles at the distribution of strain 1 2 'Wφ . Then, the elasto-plastic

displacement distribution 1 2Wφ  and surface displacement 1 'W  are obtained by integrating the strain 1 2 'Wφ
along z axis.  
This mechanical model is developed from the elastic PM, and denotes “Elasto-plastic Pasternak model”
(abbreviated to EPM). If we calculate the strain profile 1 2 'Wφ  from the stress-strain diagram a of large
embedment tests in Figure 6, we can simulate the elasto-plastic restoring force characteristics of partial
compression in large strains. 

 
 
 
 
 
 
 
 
 
 
 
 
 

2.3. Yielding mechanism of elasto-plastic embedment behavior 

First, the stress-strain line O-P-Q of full compression is drawn in Figure 7, where the stress-strain diagram is
combined with the strain profile. P is the yield point ( , )y yF Fε σ  of full compression. Next, the stress-strain line
O-R-S of partial compression is drawn. R is the yield point ( , )y yP Pε σ  of partial compression. The relations in
Eqn. 2.4 exist between these values.  
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Then, we assume the strain of the top becomes yF ε  
and start to yield when the average strain reaches yPε . 
This follows Eqn. 2.5 from the relation of Eqn. 2.3. The 
parameter η  will be decided by the simulations. 

 
 

Here, yH  is obtained by setting Eqn. 2.3 equal to the 
yield strain F yε  in full compression and the yielding 
depth ratio yh  becomes as follows. 

 
 
Thus, the elasto-plastic displacement 1 'W  is shown as, 
 

 

The stress-strain relation of fully compressive 
displacements in large stain levels more than yε  in the 
radial direction (LR plane) was formulated by Norimoto 
[1993]. 
Then, we set ( )hε σ  equal to ( )h zε which corresponds 
to 1 2 'Wφ , and the increased plastic strain 1∆ε  is expressed in Eqn. 2.8 by ymh  times of the elastic strain 1ε
as shown in Figure 7 conceptually. Here, m denotes the equivalent multiplying factor to the elastic strain. 

 
 
Thus, the increased elasto-plastic strain Pε  is obtained as follows. 
 
 
 
 
Simulated curves A, B, C and D of embedment behaviors in large strains are shown in Figure 6 based on
Norimoto’s formulation. The simulations are in good agreement with the test results in small strain levels except
for D. However, these simulations are not so simple and rather complex. Thus, we propose simple forms of the
yielding depth ratio yh  and the equivalent multiplying factor m for practices in Eqn. 2.10. κ denotes the
yielding ratio of the working stress to the yield stress. The yielding depth ratio 0yh =  if 1κ < , and 1yh = if
obtained yh  is larger than 1. Under this condition, the relation Eqn. 2.5 is replaced by Eqn. 2.11.  
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3. SIMPLE FORMULATION WITH STIFFNESS FUNCTIONS 
 
3.1 Stiffness function for rotational embedment 

We assume the following conditions for the formulation of the rotational embedment and illustrate the
mechanism of T-type joint with the depth H and the width B of the strut, and the depth 2L of the chord in Figure
8. 
1. The chord is perfectly rigid and only the strut embeds rotating perpendicular to the grain subjected to the

moment M. 
2. The contact length L between the strut and the chord is constant for T type joint. 
3. The reactions of the strut due to rotational embedment take place according to the contact length L based

on EPM both inside and outside the contact surface.  
4. The vertical reaction F Rµ=  is proportional to the reaction R perpendicular to the grain as Coulomb

friction. 

 

 
 
The moment M-rotation angle Pθ  relation is expressed using the stiffness functions for a chord-strut joint in
Eqn. 3.1. It is noted that Pθ  is the increased elasto-plastic rotation angle in the case of the elastic rotation angle
θ  and the corresponding elastic moment M. The symbol ∑ means the summation of stiffness functions and
stiffness of embedment reactions of R1 and R2 in Figure 8. 
The numerators in Eqn. 3.2 are the increasing factors which express the increasing ratio of rotational or
frictional stiffness to those of the net contact area of the chord-strut joint. The denominators in Eqn. 3.2 are the
strain softening or hardening factors governed by yielding or densification in the plastic state. andyh m are
the parameters in Eqn. 3.3 if the strain in Eqn 2.10 is replaced by the rotation angle. They are expressed by κ
which is the yielding ratio of the working rotation angle to the yield rotation angle yθ . Here, yθ is equal to

yF Lε , i.e., the yielding rotation angle when the maximum strain beneath the edge reaches yFε . 
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4. EXPERIMENTS AND SIMULATION  

 
4.1 Experiment of T-type joint 

The experimental setup of T-type joint is shown in Figure 9. It is composed of a strut of hinoki cypress crossed
by wood blocks of hinoki cypress. The specimens of LT planes were tested. The strut surface inside the joint
was subjected to rotational compression shown in Figure 8.  
The joint was subjected to one-way horizontal forces at the top of the strut. Each specimen was loaded with
Teflon (polytetrafluoroethylene) sheets (thickness 0.8mm) and without them between the contact interface of
chord-strut joints in order to measure the frictional and horizontal reaction separately. The friction is decreased
by the Teflon sheet, but the coefficient of friction 0.1µ =  remains, which is based on the maker’s data.
However, it has not been confirmed yet experimentally. Therefore, we carried out friction experiments in order
to confirm the friction effects under the embedded conditions. The coefficients of friction resulted in around 0.5
without Teflon sheet and 0.1 with it. 

 
 
 
 
 
 
 
 
 
 
4.2 Experiment of ladder-type frames 

The experimental setup and the analytical model of a ladder-type frame between two vertical columns are
shown in Figure 10 and 11. The static multi-cycle horizontal forces are loaded at the top of the column.  
The test specimens are two types; one is for temples or shrines, and the other is for townhouses. Horizontal
displacements of column top and strains of struts and chords, rotations of joints were measured.   
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4.3 Moment–rotation angle relation of ladder-type frames 

The rotation consists of four kinds of rotations in Eqns 4.2-4.4 and the moment-rotation angle relations of
ladder-type frames with two columns are formulated in Eqn 4.1 when the ladder-type frame is set at the middle
of the floor height. Here, ,b tb tI E I E  and ccI E  are bending stiffness of the beam, strut and column,
respectively. n is the number of the struts. If their bending stiffness are large enough, the rotation angles except
the rotation due to the embedment are negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.4 Experimental results and discussion  
The moment-rotation angle relations of the experiments are shown with simulated results in typical cases in
Figure 12 for shrines and temples and in Figure 13 for townhouses.    
The simulations based on EPM are in good agreement with the experimental results, although the parameters
might be revised. It is noted that the resisting moments increase up to large displacements more than 0.15 radian
after yielding. Such ductile performances are mainly due to the densification of wood. The seismic
reinforcement by ladder-type frames is shown to be very effective for large displacements.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

5. CONCLUSIONS 

The major conclusions of this study are summarized as follows. 

1. The elasto-plastic embedment mechanism of orthotropic wood is analyzed considering the densification
based on the elasto-plastic Pasternak model.  
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2. The elasto-plastic embedment behaviors are formulated in simple forms using the stiffness functions for

rotational embedment of traditional joints.  
3. The wooden ladder-type frames are proposed for seismic reinforcement for traditional timber structures,

and the full scale experiments of the proposed frames were carried out for their experimental verification. 
4. The simulations based on the elasto-plastic Pasternak model are discussed with the experimental results,

and are shown to be in good agreement with the results if the parameters are assumed appropriately. 
5. The proposed wooden ladder-type frames are very ductile, mainly due to the densification of wood, and

their seismic reinforcement is shown to be very effective for large displacements. 
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