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Abstract. In order to prevent the destruction of ancient timber structures in the repair stage, the numerical
simulation method is used in this study to analyze the influence of restorative disturbance on the mechanical behavior
of ancient timber structures. Based on ABAQUS finite element software, a three-dimensional model of a timber
frame is established incorporating an orthotropic elastoplastic material model based on the Hill yield criterion, using
the column-and-tie timber structure as the research object. By controlling the energy conservation and hourglass
effect of the system, the numerical simulation results are ensured to be effective and reliable. At the same time, the
dynamic response characteristics of the column-and-tie timber structure under changes in parameters such as impact
mass and impact velocity are studied, and corresponding repair recommendations are provided. The results show that
the dynamic responses of the timber frame vary significantly under different working conditions. When the impact
mass and impact velocity increase, the impact force and impact point displacement will increase with them, resulting
in plastic strain damage, in which mortise-tenon joints are more prone to damage. The closer the impact position is to
the joints, the more obvious the structural dynamic response will be. The results of this study can provide a reference
for the problems of damage caused by restorative disturbance in the repair stage of column-and-tie timber structures.

Keywords: column-and-tie timber structures; impact response; numerical simulation; plastic strain damage;
restorative disturbance

1. Introduction

Ancient Chinese architecture is an important part of Chinese civilization. As the carrier of
history and culture, it has high historical, artistic and scientific value. Different from the masonry
system of Western ancient architectures, the main body of Chinese ancient architectures is the
timber frame building system [1]. There are many kinds of ancient timber structures in our
country, which can be divided into two categories in terms of function. As far as the existing
ancient buildings are concerned, the post-and-lintel and the column-and-tie timber structure
buildings are the most extensive, but the size of the column-and-tie buildings is almost not
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mentioned in the relevant norms and standards, and the structural form and building size are
determined by the owner and the craftsman, which has caused great security risks.

Wood, as a commonly used traditional building material, is widely used in the construction of
the column-and-tie timber structure in China. However, due to the damage of the wood, such as
insects, decay and cracking, it will have adverse effects on the structure, and effective repair and
protection measures are urgently needed. However, due to the technical measures taken by workers
and their negligent behaviors in the repair stage, certain disturbances will inevitably be brought to
the structure [2] which is one of the important factors causing different degrees of damage to the
structure and poses a potential threat to the overall mechanical behavior of the ancient buildings.
When the wooden parts have decay, cracking and other damage, repair operators need to perform
decay removal, filling, and other relevant measures, while hammering reinforcement operation, so
that the new material and the wooden parts more closely combined. If the repair space is small,
workers may also accidentally impact on the wooden parts. These behaviors will subject the
structure to dynamic impact, and then cause a certain disturbance to the column-and-tie building.
Therefore, the research on the damage behavior of restorative disturbance in the repair stage can
provide a new idea for the protection of the existing column-and-tie timber structure.

In recent years, the research on the repair and protection of ancient buildings has gradually
increased, and scholars have made some academic achievements. Li et al. [3] explored the lateral
force resistance performance of timber frames in traditional Japanese residential buildings through
experiments and theoretical analysis. Xue et al. [4] obtained the dynamic characteristics of the
column-and-tie timber structure by conducting shaking table test research on the column-and-tie
timber structure with a single bay. Ma et al. [S] compared and analyzed the impact of subway
vibration and road traffic vibration on ancient buildings, and put forward relevant improvement
measures. Zhu et al. [6] analyzed the measured data of Nanjing Drum Tower to explore the
dynamic characteristics of ancient buildings under the traffic vibration. Xie et al. [7] established a
finite element model of partially damaged timber columns and analyzed the factors affecting the
mechanical behavior of timber structural members based on relevant experimental results. Chu et
al. [8] conducted axial compression tests on timber columns under different damage states and
compared them with timber columns using reinforcement techniques. The results showed that the
bearing capacity of the damaged columns after reinforcement was significantly restored. Li et al.
[9] classified and summarized the traditional repair and reinforcement technologies and modern
related technical systems for the typical damage forms such as cracking and decay, taking the
ancient timber structures of column-and-tie and post-and-lintel as research objects. Zhao et al. [10]
explored the factors affecting the restorative safety of ancient buildings during the repair stage
based on the proposed restorative safety evaluation method, indicating that materials and
equipment and collaborative management were key. It can be seen that the current research on the
restoration and protection of ancient buildings primarily focuses on the structural mechanical
behavior and repair technology, with limited attention given to addressing structural damage
caused by restorative disturbance during the repair stage. Furthermore, emphasis is mainly placed
on studying dynamic response of structures under seismic and traffic excitations, while neglecting
the dynamic impact of structures under restorative disturbance in the repair stage.

In addition, some scholars have conducted experimental studies on the dynamic impact
performance of timber, indicating that timber is sensitive to strain rate, and the impact effect leads
to more significant local changes in timber structural members. Wood, similar to concrete, exhibits
strain rate sensitivity under dynamic loading conditions. Advanced constitutive models have been
developed to capture rate-dependent material behavior [11], which is essential for accurate impact
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response prediction. The plastic yield state of the material is an important reason for the damage of
timber structural members. Meanwhile, the mechanical degradation and reinforcement methods of
traditional mortise-tenon joints have also been extensively investigated [23-24]. Timber and
composite materials also have the characteristics of anisotropy. Some scholars have carried out
relevant research on the impact response of composite materials, and the results show that under
the transient impact, the internal damage of the material can be imperceptible, and its mechanical
response is also relatively complex. Numerical simulation is the main method for studying the
impact dynamics of materials at present. Numerical simulation methods have been widely
employed to investigate the dynamic response of various structural systems under different loading
conditions [12], providing insights into structural behavior under transient loads.

While existing literature extensively covers the global responses of timber structures under
macroscopic excitations such as earthquakes or traffic vibrations, there remains a critical
knowledge gap regarding the localized dynamic impact and subsequent plastic damage
mechanisms induced by construction tools during the repair phase. To bridge this gap, this study
systematically investigates the dynamic impact of restorative disturbances, taking the column-and-
tie timber structure as the research object. A timber frame model was established using ABAQUS
finite element software to analyze the dynamic response of the structure during the repair stage. By
varying the impact mass, impact velocity, and impact position, the time-history curves of impact
force and displacement, as well as the equivalent plastic strain contour plots of the members under
impact excitation, were obtained. The dynamic response characteristics and plastic strain damage
mechanisms of the timber frame were analyzed, providing a crucial theoretical basis and
quantitative reference for the safety management of column-and-tie timber structures during repair
operations.

2. Numerical simulation

2.1 Geometric model

In the column-and-tie timber structure, the typical column-and-tie timber frame contains
vertical members, transverse members, longitudinal members and other members. The load
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Figure 1. Column-and-tie timber structure (a) Column-and-tie timber frame, (b) Force transmission mode of
column-and-tie timber frame
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Figure 2. Example of an existing column-and-tie timber structure
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Figure 3. Column grid layout (units in millimeter)

Table 1. Dimensions of timber frame model members

Side columns Inner columns Ridge columns
Diameter (mm) 100 100 100
Length (mm) 1520 1890 2400
Contact beam 1 Contact beam 2
Length (mm) 740 1480
Width (mm) 40 40
Height (mm) 100 100

transfer path of the structure is simple and the force is uniform, and the timber column is the main
force member, as shown in Fig. 1. The columns are connected with each other by the contact
beam, forming a timber frame, the column head directly supports the purlin, and the longitudinal
members such as the bucket beam and purlin are used to restrict the movement outside the plane.
Taking an ancient building of Nanjing’s Nanputing as an example (see Fig. 2), and its column
grid layout is shown in Fig. 3. This paper mainly studies the damage caused by the restorative
disturbance of the timber frame in the plane, so a three-dimensional model of the timber frame is
established with ABAQUS, and the translational movement of the whole column frame outside the
plane is constrained. The building material is Chinese Fir, the joint connection is mortise-tenon,
and the end of the column foot is fixed hinge support. The geometric dimensions of the model are
the same as those of the specimen in reference [13], the member dimensions are shown in Table 1,
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Figure 4. Timber frame model

Table 2. The main material parameters

fi fer fer fer fs Er Er

81.8 32.7 34 3.0 9.3 10612 1033
Er VLR VLT VRT Grr Grr Grr
580 0.473 0.592 0.683 1321 617 191

*f, E, v, G represent the strength, elastic modulus, Poisson’s ratio, and shear modulus of wood. Among them,
L, R, and T represent the along axial, radial, and tangential directions of the wood, while ¢, ¢, and s represent
tension, compression, and shear. Among the above parameters, except v, which has no unit, the other
parameters have units of MPa.

and the timber frame model is shown in Fig. 4. The impact block is defined as a rigid body whose
mass is denoted M and impact velocity is denoted V.

2.2 Constitutive model

The selection of material constitutive model determines the accuracy and convergence of the
finite element analysis results. Wood is a kind of biological material composed of different forms
of cells in different arrangement.Its physical and mechanical properties have significant
anisotropy, and its constitutive relations are complicated. In this study, wood is simplified as
orthotropic material, and the material direction of each member is assigned by local rectangular
coordinate system in ABAQUS, so that the axis 1, 2 and 3 of coordinate system are consistent with
the parallel-to-grain, perpendicular-to-grain radial and perpendicular-to-grain tangential directions
of wood, respectively. The main material property parameters are evaluated with reference to the
relevant tests in [13], as shown in Table 2. The more commonly used double polyline model is
used for the stress-strain curves of compression parallel to grain and compression perpendicular to
grain, as shown in Fig. 5. The corresponding calculation formulas are shown in Egs. (1)-(2).

{Gcs = &csEes (0 < €05 < &gp)
Ocs = fe (€co < €cs < €cy)

(M
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Figure 5. Simplified mechanical models of wood (a) Compressive constitutive relationship Parallel to grain,
(b) Compressive constitutive relationship Perpendicular to grain

{ oc = &cEp (0 <& <ég) )

Oc = fc,90 (SCO <eg < gcu)

Where E_ is the elastic modulus of compression parallel to grain, f. is the yield strength under
compression parallel to grain, g, is the ultimate strain under compression parallel to grain and
perpendicular to grain of wood, is the elastic modulus of compression perpendicular to grain, f; 9o
is the yield strength under compression perpendicular to grain, €. is the strain when the stress
reaches the yield strngth f, and f o respectively, £ is the compressive strain of wood parallel to
grain, o is the compressive stress strength of wood parallel to grain, &, is the compressive strain
of wood perpendicular to grain, o, is the compressive stress strength of wood perpendicular to
grain.

In the elastic stage, Engineering Constants in ABAQUS are used to define nine independent
mechanical constants of the material, and their constitutive relationship matrix is shown in Eq. (3).
In the plastic stage, the Potential function is called and the initial yield stress ratio of the material
is defined according to the Hill yield criterion to simulate the mechanical behavior of timber in
different directions during this stage. In this study, the initial yield stress ratios R11, R22, R33,
R12, R13, and R23 in each direction of timber are defined as 1, 0.104, 0.092, 0.493, 0.493, and
0.493, using the compressive strength parallel to grain as the reference yield strength.

It should be noted that wood is a strain-rate sensitive material. However, considering that the
restorative disturbance analyzed in this study falls within the category of low-velocity impact, the
dynamic response and damage modes are predominantly governed by contact stresses and global
deformation rather than local wave propagation. Therefore, to balance computational efficiency
and the primary objective of comparative parametric study, a rate-independent orthotropic
elastoplastic model based on the Hill yield criterion was adopted as a reasonable simplification.

€11 - 1/E; —v21/E;  —v31/E3 0 0 0 7,011

(522] —v1,/E; 1/E;  —vs3/E;s 0 0 0 (022]
€33 _ —1)13/E1 —U23/E1 1/E3 0 0 0 033 3)
Yo 0 0 0 1/G,, O 0 012 (
Y13 0 0 0 0 1/G;3 O 013
Y23 [ 0 0 0 0 0 1/G,31 V923
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2.3 Interaction and loading mode

Due to the interaction, load, and boundary conditions being related to the analysis step, the
analysis step should be defined first. In this study, according to the pre-loading and transient
impact of timber frame, the general static analysis step and the explicit dynamic analysis step are
defined respectively, for combined analysis and solution.

The mortise-tenon joints in the column-and-tie timber structure mainly rely on the contact
between the tenon and the mortise to transmit force, which is reflected in the friction slip and
extrusion deformation of the mortise-tenon joints. So the friction contact simulation is very crucial
in the whole finite element simulation process, which mainly includes the normal and tangential
stress between the contact surfaces. In ABAQUS, the interaction between mortise-tenon joints is
set as surface-to-surface contact, while “hard contact” is adopted in the normal direction,
“Coulomb friction model” is adopted in the tangential direction, and the friction coefficient is set
at 0.3 [14]. The interaction between the impact block and the impacted column is particularly
critical in the study of the restorative disturbance in the repair stage of the column-and-tie timber
structure. The contact constraint is normal “hard contact” and tangential “penalty function
method”, where the friction coefficient is set to 0. The roof weight of the column-and-tie timber
structure is light, and the load transmitted to the top of the column is small. Refer to the reference
[13] to calculate the load on the top of the column, and finally obtain the vertical axial pressure of
each column top is 1.8 kN. To prevent the stress concentration in the members, the corresponding
reference point is defined Smm above the top of the column and coupled with the top surface of
the column. At the same time, the axial load of 1.8kN is applied at the point.

The restorative disturbance during the repair stage of the column-and-tie timber structure is a
highly nonlinear transient impact dynamics problem that involves complex contact status changes
and material yielding. Therefore, the ABAQUS/Explicit solver is justified over the implicit solver
due to its superior numerical robustness and efficiency in handling such short-duration,
discontinuous dynamic problems. To accurately capture the structural behavior, the loading
simulation is executed using a two-step static-to-dynamic sequential analysis strategy. In the first
step, the initial axial compressive load of 1.8 kN is applied to the column top to establish the initial
stress and strain fields. During this phase, the structure reaches a proper quasi-static equilibrium.
In the second step, the deformed mesh and stress state from the static step are imported as
predefined fields to serve as the initial conditions. This data transfer procedure ensures that the
structure maintains its quasi-static equilibrium prior to the impact, preventing any artificial
dynamic oscillations. Regarding the numerical controls and loading conditions in the explicit
analysis, the impact block is defined as a rigid body. Its impact velocity is applied instantaneously
at the beginning of the explicit step via the ‘Initial Velocity’ predefined field, while its non-impact
degrees of freedom are fully constrained. The interactions utilize the penalty contact algorithm. As
previously mentioned, a Coulomb friction coefficient of 0.3 is assumed for the mortise-tenon
joints, while a frictionless assumption is set between the rigid impactor and the timber column to
simulate a worst-case direct strike.

2.4 Mesh division and numerical verification
In view of the characteristics of wood orthotropy, the three-dimensional continuum element

C3D8R (eight-node hexahedral linear reduction integral element) is selected for modeling by
ABAQUS finite element analysis software. Although such units can better reflect the impact
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Figure 6. Meshing of timber frame model

process, they are prone to serious hourglass phenomena and increase numerical calculation errors.
Therefore, it is necessary to divide the mesh reasonably to limit the expansion of their hourglass
mode [15]. Considering the complex stress and deformation states near the mortise-tenon joints,
local mesh refinement was adopted in these regions. In the adopted mesh scheme, the element
sizes of the tenon, mortise, remaining beam regions, remaining column regions, and impact block
were 10 mm, 15 mm, 15 mm, 20 mm, and 30 mm, respectively, as shown in Fig. 6. These mesh
sizes were selected after repeated trial calculations by balancing the local deformation
characteristics of the joints, the control of hourglass deformation, and the computational cost. The
numerical quality of the adopted mesh was further checked through the energy balance and the
hourglass-energy ratio. The ALLAE/ETOTAL and ALLAE/ALLIE ratios remained below 10%
during the impact process, indicating acceptable hourglass control for the subsequent comparative
parametric analysis.

For explicit dynamics problems, it is an important method for evaluating the reliability of
model simulation results to determine whether the conversion relationship between various
energies in the system is correct, whether the total energy is conserved, and whether the hourglass
effect is reasonable [16-17, 19, 21]. Various energies are compared and analyzed through the
energy output of ABAQUS/Explicit. The energy balance of the whole model can be expressed by
Egs. (4)-(5) [15].

EI + EV + EFD + EKE - EW = Etotal = Constant (4)

EI=EE+EP+ECD+EA (5)

Where E; is the internal energy, E, is the viscous dissipation energy, Epp is the frictional
dissipation energy, Exg is the kinetic energy, Eyy, is the work done by the applied load, E;y¢q; 1S the
total energy of the system, and is a constant; E}, is recoverable elastic strain energy, Ep is inelastic
strain energy, E.p is viscoelastic dissipation energy, E, is pseudo strain energy.

For clarity, the specific abbreviations used in the legend of the ABAQUS energy output in Fig.
7. are defined as follows: ALLIE represents the internal energy, ALLKE represents the kinetic
energy, ALLFD represents the frictional dissipation energy, ALLWK represents the external work,
ALLAE represents the pseudo strain energy, and ETOTAL represents the total energy.
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Figure 7. Numerical verification of energy balance and hourglass control (a) System energy curves, (b)
Hourglass effect

Fig. 7(a) shows the energy variation curves of the timber frame when it is subjected to the
impact. It can be seen from the figure that the total energy (ETOTAL) of the system always
remains unchanged during the impact process. Pseudo strain energy (ALLAE) is an artificial
numerical energy introduced to suppress hourglass modes, rather than a physical energy
dissipation component. To ensure the physical relevance and numerical robustness of the explicit
simulation, it is generally required that the ALLAE remains below 5-10% of the total internal
energy [18]. From Fig. 7(b), it can be seen that the proportion of pseudo strain energy to total
energy and internal energy is below 10%, which proves the correctness and effectiveness of the
finite element analysis results.

2.5 Parameter settings

The damage caused by restorative disturbance during the repair stage of the column-and-tie
timber structure is difficult to predict, and there are many parameters that affect its impact
response. Therefore, under different working conditions, a comparative analysis of the impact
response of the timber frame is conducted to reflect the dynamic response characteristics of the
timber frame after impact. The parameters analyzed in this study include the mass of the impact
block, the velocity of the impact block, and the impact position. The mass M of the impact block is
set to 1 kg, 2 kg and 4 kg. The velocity V of the impact block is set to 2 m/s, 4 m/s, and 6 m/s. The
impact position L is set at a distance of 350 mm and 700 mm from the bottom of the column. In
this study, IM2V350L represents the combination of impact conditions in which the impact mass
M is 1 kg, the impact velocity V is 2 m/s, the impact position L is 350 mm away from the column
bottom, and so on.

3. Dynamic response analysis
3.1 Impact mass

Fig. 8 shows the dynamic response of the timber frame under different impact mass. As can be
seen from Fig. 8(a), when only the impact mass is changed and other conditions remain
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Figure 8. Dynamic response of the timber frame under different impact mass (a) Time-history curves of
impact force, (b) Time-history curves of impact point displacement

unchanged, the impact force reaches its peak at the beginning stage and rapidly decays to zero in
the form of a wave in a short time. At this time, the impact block is separated from the side
column. The three impact force curves begin to rise simultaneously, the impact mass increases
from 1 kg to 2 kg, and the peak of impact force increases by about 2380 N. The impact mass
increases from 2 kg to 4 kg, and the peak increases by about 1294 N. The increase in impact
duration is 0.00075 s and 0.00275 s, respectively. This indicates that when the impact velocity
remains unchanged, the impact block contacts the side column at the same time, and the impact
mass increases, the peak of the impact force will increase, and the duration of the impact force will
become longer.

Fig. 8(b) shows the time-history curve of impact point displacement under the same working
conditions as Fig. 8(a). As can be seen from Fig. 8(b), when the impact block is just in contact
with the side column, its contact surface deforms rapidly and the impact point displaces. With the
impact block leaving the side column, the side column gradually recovers the elastic deformation,
and finally the three displacement curves reach the stable stage respectively. When the impact
mass increases from 1 kg to 2 kg, the maximum horizontal displacement of the impact point
increases by 141%, and when the impact process reaches stability, the residual deformation value
of the impact point increases by 132%. The impact mass increases from 2 kg to 4 kg, the
maximum horizontal displacement increases by 85%, and the residual deformation value increases
by 261%. It shows that the change of impact mass not only affects the maximum displacement of
the impact point, but also affects the residual deformation value (the degree of plastic deformation)
of the impact part of the side column. At this time, the increase of impact mass makes the timber in
the impact area begin to yield and produce plastic deformation.

To quantitatively compare the influence of impact mass, the key dynamic response metrics
under different masses (with a constant velocity of 6 m/s and position of 350 mm) are summarized
in Table 3.

3.2 Impact velocity
Fig. 9 shows the dynamic response of the timber frame under different impact velocity. It can

be seen from the Fig. 9(a) that the change of impact velocity leads to the inconsistency in the
starting time of the rise and change of the three impact force curves, that is, the impact block
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Table 3. Summary of key dynamic response metrics under different impact masses

Increase in

Increase in  Increase in . Increase in
Working Impact mass Impact Impact peak impact  impact maxmum residual
o velocity position . horizontal .
condition (kg) force duration . deformation
(m/s) (mm) N) (s) displacement (%)
(%0) ’
IM6V350L 1 6 350 - - - -
2M6V350L 2 6 350 2380 0.00075 141 132
4M6V350L 4 6 350 1294 0.00275s 85 261

*In the condition designations, M denotes the impact mass in kg, V represents the impact velocity in m/s,
and L indicates the impact position in mm from the column bottom.

S

2.8x10*

4M2V350L)
|—e— 4M4V350L|
2.1x10* |- —v— 4M6V350L

Impact Force (N)

Impact Point Displacement (mm)

\
1L4x10* |- w 3 4M2V3500)
MH 4 —e— 4M4V350L
‘ -v— 4M6V350L
7.0x10° - m
4 T
| &
RS S ) S Y A
0.005 0010 0015 0020 0025 0030 0.00 0.05 0.10 0.15 0.20
Time (s) Time (s)
(a) (b)

Figure 9. Dynamic response of the timber frame under different impact velocity (a) Time-history curves of
impact force, (b) Time-history curves of impact point displacement

colliding with the column successively, reaching the peak at the instant of collision, and eventually
decreasing to zero in a short time. When the impact velocity increases from 2 m/s to 4 m/s, the
peak of impact force increases by about 8529 N. When the impact velocity increases from 4 m/s to
6 m/s, the peak increases by about 6710 N. The increase of impact duration is 0.00125 s and
0.00175 s, respectively. It indicates that a higher impact velocity leads to a larger impact-force
peak and a longer duration of the nonzero impact-force response. Since the initial distance between
the impact block and the side column remains unchanged, a higher impact velocity causes the
impact block to contact the side column earlier. By comparing Fig. 9(a) with Fig. 8(a), it can be
seen that the change of impact velocity will significantly affect the impact force of the impact part
of the timber column.

The time-history curve of impact point displacement under the same working conditions is
shown in Fig. 9(b). As can be seen from the figure, the initial displacement time of the impact
point is different, and the increase of impact velocity leads to the increase of the maximum
horizontal displacement of the impact point, and the residual deformation value also increases.
When the impact velocity increases from 2 m/s to 4 m/s, the maximum horizontal displacement of
the impact point increases by 278%, and the residual deformation value increases by 186%. When
the impact velocity increases from 4m/s to 6m/s, the maximum horizontal displacement increases
by 73% and the residual deformation value increases by 379%. It shows that the greater the impact
velocity, the earlier the impact part deformation, and the greater the degree of plastic deformation.
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Table 4. Summary of key dynamic response metrics under different impact velocity

Increase in

Increase in Increase in . Increase in
. Impact Impact . . maximum .
Working Impact mass velocity position peak impact  impact horizontal residual
condition (kg) force duration . deformation
(m/s) (mm) (N) ) displacement (%)

(%0) ’
4M2V350L 4 2 350 - - - -
4M4V350L 4 4 350 8529 0.00125 278 186
4M6V350L 4 6 350 6710 0.00175 73 379

*See Table 3 for the detailed definitions of the condition designations.
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Figure 10. Dynamic response of the timber frame under different impact position (a) Time-history curves of
impact force, (b) Time-history curves of impact point displacement

The key dynamic response metrics corresponding to different impact velocities (with the
impact mass fixed at 4 kg and impact position fixed at 350 mm) have been extracted, summarized,
and compared in Table 4.

3.3 Impact position

Fig. 10 shows the dynamic response of the timber frame under different impact position. As can
be seen from Fig. 10(a), when the impact mass and impact velocity remain unchanged, comparing
the impact force curves at different positions of the impact side column, the two quickly rise to the
peak at the same time point, and the peak increase is about 2129 N, and eventually decays to zero.
Among them, the impact duration difference between the curves is small, the increase is about
0.0005 s. This indicates that increasing the impact height not only increases the impact peak, but
also increases the impact contact time between the impact block and the side column.

Fig. 10(b) shows the time-history curve of impact point displacement with different impact
positions and the same other parameters. As can be seen from the figure, the impact block contacts
with the side column at the same time and generates displacement. In the impact rebound stage,
the side column gradually rebounds, the displacement of the impact point decreases, and finally it
is in a stable stage, resulting in plastic deformation. Comparing the two working conditions of
4M6V350L and 4M6V700L, it can be seen that with the upward movement of the impact position,
the fluctuation amplitude of the time-history curve of impact point displacement becomes more
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Table 5. Summary of key dynamic response metrics under different impact position

Increase in

Increase in Increase in . Increase in
. Impact Impact . . maximum .
Working Impact mass velocity position peak impact  impact horizontal residual
condition (kg) force duration . deformation
(m/s) (mm) (N) ) displacement (%)
(%0) ’

4M6V350L 4 6 350 - - - -
4M6V700L 4 6 700 2129 0.0005 56 107

*See Table 3 for the detailed definitions of the condition designations.

PEEQ PEEQ

(Avg: 75%) (Avg: 75%)
+1.072e-01 +8.558e-02
+9.824e-02 s +7.844e-02
+8.931e-02 +7.131e-02

+8.037e-02
+7.144e-02
+6.251e-02
+5.358e-02
+4.465e-02
+3.572e-02
+2.679e-02
+1.786e-02
+8.931e-03
+0.000e+00
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(Avg: 75%)
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Figure 11. Equivalent plastic strain contour plots of the tenon on the impact side of contact beam 2 (a)
Working condition in 1M6V350L, (b) Working condition in 4M4V350L, (c) Working condition in
4M6VT00L

and more obvious, in which the increase of the peak displacement is 56% and the increase of the
residual deformation value is 107%.

Table 5 summarizes the key dynamic response metrics for different impact positions under the
heaviest impact load (mass of 4 kg and velocity of 6 m/s).

3.4 Plastic strain damage

It can be seen from the above time-history curve of impact point displacement that plastic
deformation occurs at the impact part, that is, plastic strain damage occurs. When the timber
column is subjected to the dynamic impact of restorative disturbance, due to the unique
mechanical properties of the column-and-tie timber structure and the characteristics of wood
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orthotropy, resulting in compression perpendicular-to-grain of the tenon and compression parallel
to grain of the mortise, so the plastic strain will first occur at the tenon. Fig. 11 is equivalent plastic
strain contour plots of the tenon on the impact side of contact beam 2 under working conditions of
IM6V350L, 4M4V350L and 4M6V700L, respectively. It can be seen from the contour plots that
the maximum value generally occurs at the contact position between the big tenon and the inner
mortise of the timber frame’s through-tenon joints. Among them, when L is 700 mm, the upper
surface of the small tenon also begins to occur plastic deformation. This indicates that when the
timber column is impacted, the joint of the timber frame is prone to plastic deformation due to the
mortise-tenon connection, which results in plastic strain damage. The behavior of structural
connections under cyclic loading has been extensively studied, showing that joint regions are
particularly vulnerable to damage and require special attention during repair operations [20, 22].
The closer the impact position is to the joint, the more obvious the dynamic response of the
structure is.

To sum up, this study compares and analyzes the dynamic response of the impacted timber
frame under different working conditions, summarizes the influencing factors and rules of the
impact force and impact point displacement curves change, and finds that plastic strain damage
occurs at the impact part and mortise-tenon joints of the column-and-tie timber structure. Among
them, the mortise-tenon joint connect each member to form a whole, which plays an important role
in the force transmission of the structure. However, the joint has been weakened compared with
other parts of the timber frame, so the mortise-tenon joint of the column-and-tie timber structure is
more prone to damage. During the repair operation, it is necessary to always pay attention to the
deformation of the mortise-tenon joint to prevent further damage to the structure. When the
construction personnel carry out the hammering reinforcement operation in the repair stage of the
column-and-tie timber structure, the tool with light weight and buffer effect should be used as far
as possible to reduce the restorative disturbance to the structure. If located in a construction site
with limited space, workers should repair the damaged components while ensuring that it does not
affect the safety of other timber components, and try to avoid accidents to ensure the overall
stability of the column-and-tie timber structure.

4. Conclusions

Under the premise of considering the restorative disturbance in the repair stage of the column-
and-tie timber structure, ABAQUS numerical analysis software is used to simulate the dynamic
response and plastic strain damage of the timber frame under different working conditions. The
energy conservation and hourglass effect of the system during the impact process are verified to
ensure the correctness and effectiveness of the model simulation results. The research conclusions
are as follows:

(1) When the timber frame is loaded at the top of the column, the increase of impact mass and
impact velocity will lead to the increase of impact force and impact point displacement at the
impact part of the timber column, and the plastic strain damage will occur at the tenon and
impact area. In addition, under the same other conditions, the closer the impact position is to
the joint, the more obvious the dynamic response of the column-and-tie timber structure will
be.

(2) Within the scope of working conditions in this study, when the timber column is subjected

to impact, the mortise-tenon joints, as the important force transfer parts in the column-and-tie



Numerical simulation on behavior of column-and-tie timber structures damaged by restorative... 497

timber structure, are more prone to plastic strain damage. Compared with other structural
damages such as tenon removal and fracture, such damage is less visible, and it must be
observed at all times to avoid potential threats to the stability of the overall structure due to
excessive plastic deformation of the members.

(3) Unlike new building materials, the exact material aging, long-term degradation, and pre-
existing damage states of ancient timber structures are exceedingly difficult to reproduce in
physical experiments. Consequently, numerical simulation serves as a crucial alternative to
predict their mechanical behaviors under restorative disturbances. While numerical analyses
provide quantitative findings, they must be translated into qualitative engineering management
to ensure construction safety. Based on the simulated vulnerability of the structures, it is
strongly recommended to strengthen construction management during the repair phase.
Specifically, workers should utilize lightweight or buffered tools during hammering operations
and strictly control the working space to prevent accidental impacts. Clearly distinguishing
from the numerically supported data, these are necessary practical extensions aimed at
minimizing damage and protecting the overall stability of column-and-tie timber structures.
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