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Abstract

The mechanical behavior of bamboo scrimber dowel-bearing under sustained loading was
investigated via the Stepped Isothermal Creep Deformation (SICD) method using a 30-
ton multi-field coupling system, with the test conducted over a duration of 51.5 h. Exper-
imental results revealed three typical failure modes: material failure, local compression
failure, and crushing failure. The damage degree increased linearly with stress level. SEM
microstructural analysis further indicated that failure originated from progressive frac-
ture and bending of fiber bundles, as well as layer compression and cracking induced by
mechanical loading. The deformation process of bamboo scrimber dowel-bearing under
sustained loading comprises four distinct stages, namely short-term deformation, initial
creep, stable creep, and divergent creep. The divergent creep stage manifests exclusively
at stress levels of St = 0.6, while at lower-stress levels, St = 0.2 and St = 0.4, only the first
three stages are observed within the 51.5 h test duration. In addition, a preliminary anal-
ysis was conducted on the stiffness and strength reduction in bamboo scrimber dowel-
bearing under sustained loading. These research findings elucidate the mechanical behav-
ior of bamboo scrimber dowel-bearing under sustained loading, providing preliminary
insights to inform future durability assessment and design methodology development for
bamboo scrimber joint connections.

Keywords: mechanical behavior; bamboo scrimber dowel-bearing; experiment; SICD
method

1. Introduction

In civil engineering, concrete, steel, timber, and bamboo are widely used as construc-
tion materials. Compared to concrete and steel, wood and bamboo offer eco-friendly, low-
carbon, and renewable advantages. Bamboo, in particular, stands out as a typical repre-
sentative of gramineae plants due to their short growth cycle (generally 3-5 years), sus-
tainable harvesting (eliminating the need for annual replanting), excellent mechanical
properties, and natural biodegradability. With advancements and optimization in pro-
cessing technology, raw bamboo can now be transformed into engineering bamboo. This
process significantly enhances its bio-durability, flame resistance, physical characteristics,
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and mechanical performance, unlocking its immense potential for civil engineering appli-
cations, especially in the construction industry [1-5].

To leverage these material advantages in load-bearing structures, modern bamboo
and timber buildings rely heavily on joints, whose performance governs the overall struc-
tural strength, safety, and serviceability. Bolted connections are favored in practice due to
their simplicity, reliability, and ease of assembly. However, the predominant failure
modes (namely bolt bending and dowel-bearing failure of the bamboo substrate) pose
significant challenges. As a viscoelastic material, engineered bamboo is susceptible to
creep deformation under sustained loads. This phenomenon leads to reduced joint stiff-
ness and load-bearing capacity, ultimately compromising the safety and durability of the
structure. Accurate prediction of this long-term behavior is therefore critical for design.

Predicting the long-term mechanical behavior of bamboo materials typically relies on
conventional creep tests conducted under ambient conditions [6-14]. However, these
methods face a critical time-scale gap: laboratory durations (<5 years) are insufficient to
represent the 50-100-year service life of civil structures [15]. While empirical models (e.g.,
the Burgers model) can extrapolate data, their accuracy diminishes over decades due to
environmental variability.

To observe equivalent creep effects corresponding to long-term loading within a
short period, researchers have explored the Stepped Isothermal Creep Deformation (SICD)
method. Based on the time-temperature equivalence principle, SICD utilizes stepwise
temperature increments to accelerate molecular motion, thereby simulating long-term
creep behavior within a feasible laboratory timeframe [16-19]. Given that both glued lam-
inated bamboo and bamboo scrimber are polymer-matrix composites reinforced by bam-
boo fibers, they share similar thermo-viscoelastic properties. Leveraging this capability,
the method has been effectively applied to glued laminated bamboo (a material sharing a
similar phenolic resin matrix and viscoelastic nature with bamboo scrimber) to predict
long-term creep behavior under tension, bending, and compression. These studies have
successfully forecasted 50-year creep development, showing minimal deviation from con-
ventional long-term test results [20-22].

Despite continuous advancements in research, bamboo scrimber, as a novel engi-
neered bamboo material, currently lacks both long-term load field measurement data un-
der natural environmental conditions and systematic exploration using the SICD method.
To progressively apply the SICD method to the connection of bamboo scrimber dowel-
bearing, which involves a complex stress state, it is first necessary to clarify its accelerated
creep deformation response and the associated failure mechanisms.

Therefore, given the common thermo-viscoelastic properties of these polymer-ma-
trix composites, this study applies the SICD method for the first time to bamboo scrimber
dowel-bearing to preliminarily investigate its mechanical performance under accelerated
creep and sustained loading. The experiment was performed using a 30-ton multi-field
coupling system, yielding accelerated creep deformation-load duration data within 51.5
h. The macroscopic failure mode of bamboo scrimber dowel-bearing is obtained. Subse-
quently, for the first time, microscopic changes in the bamboo scrimber dowel-bearing
body were analyzed using a tungsten filament scanning electron microscope. Finally, this
study offers a first-ever preliminary examination of the degradation patterns of both stiff-
ness and strength in bamboo scrimber dowel-bearing under sustained loading, offering
preliminary observational data to inform future investigation of long-term performance
in bamboo connections.
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2. Experimental Program
2.1. Materials and Specimen Preparation

The experimental bamboo scrimber was manufactured from 3- to 4-year-old Ne-
osinocalamus affinis bamboo (supplied by Hongya Bamboo Era Technology Co., Ltd.,
Meishan, China). The production process began with bamboo tube splitting and strip
debonding. The separated strips were impregnated with phenol-formaldehyde resin (sup-
plied by Dynea (Guangdong) Co., Ltd., Zhaoging, China), then dried and formed into
mats. These mats were hot-pressed at 20 MPa and 110 °C for 50 min to produce panels
with thickness up to 31.5 mm. These panels were subsequently processed into standard
base plates measuring 2500 x 1250 mm through precision machining operations including
end trimming, edge jointing, sequential fine sanding, machine polishing, and surface
cleaning, with final thicknesses customizable to any dimension below 30 mm. For special-
ized applications requiring non-standard dimensions, thicknesses exceeding 30 mm were
achieved through secondary bonding using polyurethane reactive adhesive (PUR), while
lengths beyond 2500 mm were obtained by implementing engineered finger joints with
structural adhesives, as shown in Figure 1. The bamboo scrimber, with a manufacturer-
certified density of 1.14 g/cm?® and moisture content of 8.9%, is vacuum-sealed in protec-
tive film to ensure moisture stability during storage and transportation, and all materials
undergo controlled-environment conditioning prior to testing to guarantee consistency in
quality and performance.

Bamboo product Hot pressing Assembly platform Drying after dipping
Figure 1. Production process for bamboo scrimber.

Bamboo scrimber dowel-bearing, an emerging engineered bamboo material in recent
years, currently lacks specific standards for specimen dimension design and mechanical
performance testing, leading most researchers to refer to timber structure codes [23-25];
according to ASTM D5764 standard [26], the dowel-bearing specimens used in this study
measured 100 mm (length) x 90 mm (width) x 90 mm (thickness) and were configured
with parallel-to-grain fiber orientation to optimize bearing performance, as shown in Fig-
ure 2, and the dowels used in this test are made of Q235 steel with diameters of 10 mm,
14 mm, and 18 mm, respectively.

Figure 2. Size of specimens.
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2.2. Test Setup

The test was carried out in the National Experimental Teaching Demonstration Cen-
ter of Civil Engineering of Southwest Jiaotong University, using a 30-ton multi-field cou-
pling system (Shenzhen Sansi Zongheng Technology Co., Ltd., Shenzhen, Guangdong,
China) as the test loading device, as shown in Figure 3. The system comprises an environ-
mental temperature and humidity chamber, a real-time—temperature/humidity controller,
and an industrial chiller. It operates within -70 °C to 150 °C and 0-100% relative humidity.
The high-precision load cell has an accuracy class of 0.5. The indication errors for test
force, displacement, and deformation are all within +0.5% of the indicated value, and the
displacement control rate accuracy is also within +0.5%. This setup enables accurate real-
time monitoring and recording of creep behavior.

High and low temperature

EnVironmental

temperature and | 48
¥ humidity chambar|

U

-

Figure 3. A 30-ton multi-field coupling system for temperature, humidity and force.

2.3. Test Methods

This study utilizes the SICD method that integrates three fundamental principles of
time—temperature equivalence, Boltzmann superposition, and the Arrhenius equation to
establish equivalence between accelerated creep deformation data and long-term creep
deformation through stepwise heating under constant load. Bamboo scrimber’s viscoelas-
tic and polymer-like properties align with ASTM D6992-16 [27] criteria, and the method’s
validity is further supported by successful applications in glued laminated bamboo test-
ing (tension, bending, compression) [20-22]. Consequently, accelerated creep tests were
conducted on bamboo scrimber dowel-bearing components following the ASTM D6992-
16 framework.

All tests were conducted in a 30-ton multi-field coupling system under a constant
temperature and humidity environment (23 + 1 °C, 55 + 5% relative humidity), with a
designed temperature differential gradient of 7 °C and a cyclic heat treatment protocol
consisting of 5 h isothermal phases and 10 min transition intervals. These parameters were
selected to satisfy SICD master curve requirements. First, the temperature range (23-86 °C)
lies below the glass transition temperature of amorphous hemicellulose in unsoftened
bamboo (120 °C, decreasing to 90 °C after softening [28]) to avoid thermal degradation.
Second, the 7 °C gradient follows ASTM D6992-16 [27] to balance acceleration and data
resolution. Third, the 5 h isothermal hold provides practical stabilization, although com-
plete thermal equilibrium is not achieved due to finite diffusivity; residual disequilibrium
is corrected as described in Section 3.2. The 10 min transition intervals allow environmen-
tal chamber stabilization and prevent transient thermal shocks. Collectively, these param-
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eters maintain the thermo-viscoelastic linearity essential for reliable time—temperature su-
perposition and prediction curve generation.

The experimental program comprised four components: (1) creep evaluation of three
dowel diameters (10, 14, 18 mm) subjected to varying stress levels (S.=0.2, 0.4, 0.6, deter-
mined by Equation (1)), with duplicate specimens tested for each parameter combination;
(2) thermal expansion characteristics of dowel holes and dowel pins with the same con-
figuration as in test (1) were characterized under conditions of negligible mechanical load-
ing (Su < 0.1; the recorded thermal expansion deformation arises from the coupled re-
sponse of the bamboo block, steel dowel, and interfacial clearance, not from free bamboo
expansion alone; thus, the thermal expansion deformation varies among the three dowel
diameters, and dedicated testing is required for each diameter; and (3) thermal expansion
impacts assessment through controlled temperature elevation in the absence of mechani-
cal loading to evaluate thermal contribution to failure mechanisms. Initial observations
revealed significant thermal expansion effects on creep measurements, highlighting the
necessity for thorough thermal characterization; (4) for bamboo scrimber dowel-bearing
specimens that did not undergo crushing failure after testing using the SICD method, a
universal testing machine was used to obtain their load—-displacement curves to analyze
the variation in their initial stiffness and yield strength. Table 1 systematically lists the
complete test protocol and experimental conditions. The deformation data (accelerated
creep deformation and thermal expansion deformation) collection involved in the testing
process was completed by the system’s built-in deformation acquisition function, with
deformation data sampled at a frequency of 1 Hz.

_ Uapply

S, = 1
7 (1)

where o, is the long-term stress being applied (MPa), fu is the average ultimate

apply
strength of bamboo scrimber dowel-bearing determined from prior experimental studies
(MPa) [29].

Table 1. Test loading scheme for creep deformation behavior of bamboo scrimber in dowel-bearing.

Dowel S Number Temperature Gradient (°C) Loading Duration (h)
d (mm)
0.2 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
10 0.4 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
0.6 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
0.2 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
14 0.4 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
0.6 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
0.2 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
18 0.4 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5
0.6 2 23, 30, 37, 44, 51, 58, 65, 72, 79, 86 51.5

3. Test Results and Analysis
3.1. Failure Mode Analysis

Post-test examination of the dowel-bearing specimens demonstrated full compliance
with ASTM D5764 [26] requirements for uniform compressive load distribution, with no
significant dowel deformation observed across all test conditions (Figure 4j). Systematic
analysis revealed that all cracks observed in the specimens emerged during the creep de-
formation stage. Under varying stress levels, transverse cracks consistently appeared at
the top of the specimens, oriented perpendicular to the dowel-bearing direction (Figure
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4a—-i). For a given diameter, damage severity increased with stress level. At 5. =0.2, only
isolated fiber buckling occurred at the hole base. At S.=0.4, fiber buckling combined with
deep vertical cracks. At S.=0.6, buckling was accompanied by visible vertical cracks. This
trend confirms a positive correlation between stress level and damage severity. Detailed
side surface examination identified secondary bonding interface cracks in all S.=0.2 and
0.4 specimens regardless of diameter, contrasting with St = 0.6 specimens where vertical
cracks replaced bonding interface failures. Control experiments using ET14-01 and ET14-
02 specimens confirmed the occurrence of secondary bonding cracks under zero mechan-
ical stress conditions, conclusively identifying thermal effects as the primary driver for
both bonding interface fractures and vertical side cracking phenomena (Figure 4k,1).

Three distinct failure modes emerged from comprehensive evaluation: Type I (mate-
rial failure) presents as fiber buckling at dowel-bearing hole bases with minor transverse
top cracks and predominant adhesive failure with occasional vertical side cracks, main-
taining structural functionality; Type II (local compression failure) combines fiber buck-
ling with non-penetrating vertical cracks at hole bases, extensive transverse top cracking,
and adhesive-dominated failure with limited vertical side cracks while preserving struc-
tural integrity; Type III (crushing failure) features complete hole base crushing with min-
imal transverse top cracks and vertical side cracking in the absence of adhesive failure,
representing terminal structural collapse. This classification system effectively captures
the progressive failure mechanisms in bamboo scrimber dowel-bearing connections un-
der combined mechanical and thermal loading conditions.
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Figure 4. Macroscopic failure pattern: (a) DB10-02; (b) DB14-02; (c) DB18-02; (d) DB10-04; (e) DB14-
04; (f) DB18-04; (g) DB10-06; (h) DB14-06; (i) DB18-06; (j) post-test condition of dowel pins; (k) ET14-
01 and (1) ET14-02. Note: The coding system employs ‘ET’ to designate test specimens subjected
solely to temperature effects without any applied load. The first two digits in the code represent the
dowel diameter, followed by two digits indicating the specimen number, providing a systematic

identification method for experimental specimens.

To reveal the microstructural nature of the aforementioned macroscopic failure
modes, the research team extracted cubic specimens with edge lengths of 2-3 mm from
the dowel-bearing region in accordance with the preparation procedure illustrated in Fig-
ure 5. This process involved sequential precision cutting steps, yielding cubic specimens
that not only retained the key failure features of the dowel-bearing zone intact but also
avoided introducing additional damage during the cutting process. The cubic specimens
obtained through precision cutting are suitable for high-resolution imaging and mi-
croscale material performance analysis.

(b)

Figure 5. Specimen preparation workflow for microscopic analysis: (a) Original specimen. (b) Spec-

imen after initial cutting. (c) Final prepared specimen.

The research team conducted microscopic observations using a tungsten filament
scanning electron microscope (JEOL Ltd., Akishima, Tokyo, Japan) on precision-cut cubic
specimens obtained from dowel-bearing specimens of identical diameter subjected to dif-
ferent loading conditions, capturing critical failure features through multi-magnification
imaging. Figure 6 presents SEM images corresponding to specific loading conditions (St
=0.2,0.4, and 0.6) and failure modes (Types I-III), which provide a complete visual record
of damage development. The selected micrographs highlight distinctive fracture charac-
teristics, including fiber fracture form, matrix cracking propagation, and bamboo layer
interface separation, thereby helping to reveal the microstructural nature underlying the
macroscopic failure.

SEM analysis revealed distinct microstructural failure patterns in bamboo scrimber
dowel-bearing connections under varying stress levels. At S. = 0.2, stress concentration
between adjacent bamboo laminates under compressive loading initiated interfacial mi-
crocracks that propagated as corrugated patterns parallel to the fiber orientation (Figure
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6a), while the dowel hole base exhibited only surface-level fiber bundle fractures without
internal delamination (Figure 6d), corresponding to the minimally damaged Type I failure
observed macroscopically.

At Su = 0.4, the specimen developed multi-scale cracking patterns (Figure 6b) com-
prising smooth deep cracks from mechanical loading and residual corrugated damage,
with bamboo fiber bundles showing pronounced transverse fractures and bending defor-
mation (Figure 6e), indicating enhanced stress transfer through the composite structure
and explaining the macroscopic Type II failure characterized by combined buckling and
cracking.

At S = 0.6, fiber bundles underwent extensive non-bending fractures with wide-
spread transverse failures (Figure 6c,f) in the absence of corrugated cracks, demonstrating
complete mechanical-driven damage that microscopically elucidates the macroscopic
Type III crushing failure through fiber bundle fracture and layer compression and crack-
ing.

Microstructural analysis identifies two primary failure origins: (1) fiber bundle frac-
ture/bending, (2) layer compression and cracking due to mechanical loading. These mech-
anisms collectively highlight the biomaterial characteristics of bamboo scrimber, where
fiber bundles serve as primary load carriers requiring higher failure energy. The stress-
dependent crack evolution provides fundamental insights into failure mode transitions in
this engineered bamboo composite system.

Dansverse
“fracture

%\

i’
5

deformation

Figure 6. Microscopic alterations in bamboo scrimber dowel-bearing specimens at different stress
levels: (a) DB10-02; (b) DB10-04; (c) DB10-06; (d) DB10-02; (¢) DB10-04; and (f) DB10-06.

3.2. Relationship of Deformation and Loading Duration

Analysis of the deformation curve obtained through the SICD method (Figure 7) re-
veals intermittent declines during specific test intervals, contrasting with the expected
monotonic increase predicted by theoretical creep behavior. Previous studies employing
the SICD method on stressed components have documented comparable anomalies, con-
sistently linking them to thermal expansion phenomena. Cross referencing these observa-
tions with thermal expansion contraction theory and SICD test parameters suggests that
the observed curve reductions originate from thermally induced expansion resulting from
the temperature difference between the specimen interior and the ambient test tempera-
ture during heating.

https://doi.org/10.3390/buildings16142720


https://doi.org/10.3390/buildings16142720

Buildings 2026, 16, 2720

9 of 16

De (mm)

This temperature difference arises from the finite thermal diffusivity of bamboo
scrimber, which prevents the specimen interior from fully reaching thermal equilibrium
during the initial part of each 5 h isothermal hold, thereby causing the downward fluctu-
ations. To verify this and to enable correction, dedicated thermal expansion tests (TE se-
ries) were conducted under the identical temperature profile and negligible load. The rec-
orded thermal expansion (Figure 8) captures the same non equilibrium response. Sub-
tracting it from the raw data removes the thermal contribution regardless of equilibrium
status.

However, the measured thermal expansion curve is not purely thermal because even
under very low stress, creep contributes to the deformation [30]. Therefore, the thermal
term cannot be completely decoupled from viscoelastic response. Consequently, Equation
(2) yields a “creep-dominated” deformation after thermal correction, rather than pure
creep. Thus, the thermal expansion term cannot be completely isolated from concurrent
viscoelastic response at low stress levels. While this approach does not eliminate all ther-
modynamic contributions, it substantially removes the dominant thermal expansion ef-
fects and provides a consistent basis for comparative analysis across specimens. As a re-
sult, the 5 h hold is sufficient not because it guarantees perfect equilibrium, but because
the thermal correction accounts for any residual disequilibrium, and the corrected creep-
dominated deformation provides a reliable basis for the subsequent analysis.

d,(t)=d () —d (1) )

where d_ (f) represents the corrected creep-dominated deformation value at time ¢, as
shown in Figure 9. d,(f) is the total deformation measured in Figure 7 at time t, and

d.(f) isthe measured thermal expansion deformation (contaminated by minor creep) for

the dowel diameter at time t.

5 ——DB10-02-01 —m— DB10-02-02 5 ——DB10-04-01 —=— DB10-04-02 5

4 —— DB14-02-01 —@— DB14-02-02 4 [ —— DB14-04-01 —A— DB14-04-02 4 B

3 ——DB18-02-01 —&— DB18-02-02 /é\ 3 | — DB18-04-01 —@— DB18-04-02 ’é\ 3 |

2 ! g 2

L V

1 Q 1 w Q 1 ——DB10-06-01 —=— DB10-06-02

0 0 O —— DB14-06-01 —&— DB14-06-02
~1 | | | | ! -1 | I I | I 1 == DBI8-06-01 == DB18-06-02

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40
LD (h) LD (h) LD (h)
(b) (c)

Figure 7. Evolution of compression deformation with loading duration: (a) St = 0.2; (b) S. = 0.4 and
(c) SL=0.6. Note: The compression deformation behavior of bamboo scrimber dowel-bearings with
different configurations was systematically classified using the designation DBXX-XX-XX. In this
coding system, DB denotes dowel-bearing compression deformation tests, where the first two-digit
variable represents the dowel diameter (mm), the middle variable indicates the applied stress level
expressed as a ratio (calculated using Equation (1)), and the final variable identifies the specimen
number within the test series. This standardized nomenclature ensures clear identification and com-
parison of test specimens across varying experimental conditions. De represents deformation (mm).

LD represents loading duration (h).
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“0 10 20 30 40 50
LD (h)

Figure 8. Thermal expansion curves. Note: TE-XX, TE represents thermal expansion test. TED rep-
resents thermal expansion deformation (mm). The final variable identifies the dowel diameter (mm).
The thermal expansion deformation recorded by the testing apparatus reflects the combined dimen-
sional changes in the bamboo block, the steel dowel, and the interfacial gap, rather than the free
thermal expansion of the bamboo material alone. Consequently, the measured thermal expansion
deformation varies among the three dowel diameters, and dedicated testing is required for each

diameter.

Figure 9 illustrates the creep-dominated deformation curves after thermal correction,
which exhibit a predominantly upward trajectory interspersed with minor intermittent
fluctuations stemming from residual thermal expansion effects that were not fully com-
pensated during measurements. Based on the evolution of the average deformation rate
calculated over consecutive time intervals, the deformation process under sustained load
is systematically partitioned into four distinct stages: short-term deformation, initial
creep, stable creep, and divergent creep. Specifically, the short-term deformation corre-
sponds to the instantaneous elastic—plastic response occurring immediately upon load ap-
plication. Subsequently, the initial creep phase is defined as the period during which the
average deformation rate decreases significantly from this initial peak. Following this, the
stable creep phase is identified as the linear segment where the average deformation rate
remains relatively constant. Finally, the onset of the divergent creep phase is determined
by detecting a substantial increase, such as a doubling of the average slope compared to
the stable period, which indicates imminent structural failure.

At SL=0.2 and 0.4, the long-term deformation comprises only the first three stages —
short-term deformation, initial creep, and stable creep. In contrast, at higher stress levels
(5L =0.6), the deformation progresses through all four stages. This behavior indicates that
a specific stress threshold governs the transition to divergent creep. Based on the current
dataset, this threshold is definitively bounded within the range of 0.4<<S$, <<0.6. Pin-

pointing this critical threshold requires a finer stress gradient (e.g., increments of 0.05)
coupled with a substantially larger statistical sample size to capture the stochastic nature
of biomaterial failure. Future research will build upon this foundation to conduct deeper
investigations into this phenomenon.

(@)

(b)

6 6 6
5 —s— DB10-02-01 5 —s— DB14-02-01 5_+DB18—02—01
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£4 £4 E4|
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Figure 9. Creep-dominated deformation curves after thermal expansion correction: (a) Sto2-10; (b)
Sr02-14; (c) Sro2-18; (d) Sto4-10; (e) Srosa-14; (£) Sro4-18; (g) Sros-10; (h) Sroe-14 and (i) Swoe-18. Note: To
systematically distinguish between different loading conditions and dowel diameters, specimens
were designated using the coding format Stxx-XX. The first two-digit variable (Suxx) indicates the

applied stress level, while the second two-digit variable denotes the dowel diameter in millimeters.

To quantify the relative magnitude of creep deformation compared to initial defor-
mation under sustained loading, a creep deformation coefficient is introduced and can be
calculated using Equation (3).

c, = p ) )
where Cac is the creep deformation coefficient, i is the total deformation of the bamboo
scrimber dowel-bearing at time ¢, and pi is the instantaneous elastic deformation under
initial loading. This dimensionless parameter provides a quantitative measure for evalu-
ating the relative significance of time-dependent deformation compared to immediate
structural response.

Figure 10 illustrates the creep deformation coefficient curves derived from Equation
(3), highlighting the distinct influence of loading duration and stress level. At SL=0.2 and
0.4, the curve exhibits no divergent creep stage even after 51.5 h of loading. In contrast, at
SL=0.6, the divergent creep stage emerges within 40 h, appearing earlier and more prom-
inently with increasing stress levels. This demonstrates the significant role of stress level
in governing creep behavior, with the Stos-14 group exhibiting the highest relative contri-
bution to creep deformation.

At S. = 0.2, the creep deformation coefficient fluctuated before stabilizing with pro-
longed loading; at St = 0.4, it showed a steady upward trend; while at 5. = 0.6, it exhibited
a steady increase in the early stage followed by a sharp rise in the later stage, with inter-
mittent decreases due to residual thermal expansion effects. Notably, under higher stress
levels, the curve slope accelerated sharply in the later stages of testing, and the growth
rate of the creep deformation coefficient intensified with increasing stress levels, and this
phenomenon was verified across all diameters.

Regarding material property dispersion, Figure 10 reveals that under identical stress
levels and diameters, specimen variability within each group remains relatively con-
sistent, except at St = 0.2, where the difference reaches approximately 21%. This discrep-
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ancy can be attributed to the fact that at lower-stress levels, the generated creep defor-
mation is relatively small, making the thermal expansion effect more significant as it ex-
ceeds the creep deformation.

3 3 3
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Figure 10. Variation in creep deformation coefficient in bamboo scrimber dowel-bearing under dif-
ferent configurations and stress levels: (a) Sto2-10; (b) Sto2-14; () Sto2-18; (d) Sros-10; (e) Sros-14; (f)
S104-18; (g) Sto6-10; (h) Sros-14 and (i) Stos-18.

4. Stiffness and Strength Reduction in Bamboo Scrimber
Dowel-Bearing Under Sustained Loading

After 51.5 h of stepwise heating and sustained loading, all specimens at St = 0.2 and
0.4 sustained damage but retained partial load-bearing capacity. To preliminarily investi-
gate the variation patterns of stiffness and strength of bamboo scrimber dowel-bearing
under sustained loading, one specimen under each working condition was subsequently
selected from the surviving samples. A universal testing machine was used to obtain the
load—displacement curve of each specimen, and the 5% of dowel diameter (d) offset
method [26] was employed to determine its initial stiffness and yield strength.

It was found that under sustained loading, the bamboo scrimber dowel-bearing not
only produces creep deformation behavior, but also contains stiffness—strength decay, as
shown in Table 2, where short-term strength reference values are quoted from previous
systematic studies [29]. The data show that under long-term load, both stiffness and
strength have attenuation problems, and the stiffness and strength after attenuation are
consistent with previous research results [31]. As the diameter increases, the stiffness in-
creases and the strength decreases. According to the strength after attenuation, the atten-
uation rate under various working conditions is calculated. It is found that when d = 10
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mm, the stiffness attenuation rate is 29.51-34.60%, the strength attenuation rate is 3.14—
11.28%; when d = 14 mm, the stiffness attenuation rate is 33.43-34.14%, the strength atten-
uation rate is 17.18-19.16%; and when d = 18 mm, the stiffness attenuation rate is 44.22—
44.76%, the strength attenuation rate is 2.06-22.04%. With the increase in diameter, the
stiffness degradation rate presents an increasing trend, while the strength loss rate pre-
sents a non-monotonic fluctuation, and it is worth noting that the stiffness decay rate is
significant. This study focuses on clarifying the dual degradation mechanism of material
bearing capacity under sustained loading. The deep mechanism of stiffness and strength
degradation will be analyzed systematically by increasing sample size in subsequent stud-
ies.

Two seemingly counter-intuitive observations are noted in Table 2. First, for the 10
mm dowel diameter, the residual strength after creep at St = 0.4 (124.95 MPa) is higher
than that at St = 0.2 (114.45 MPa). Second, for the 18 mm diameter, the stiffness reduction
rate at St = 0.4 (44.22%) is slightly lower than that at St = 0.2 (44.76%). These phenomena
can be rationalized by considering the competing mechanisms of damage due to creep
and densification or post-curing due to stress. At the moderate stress level of 0.4, the com-
bined action of sustained load and stepwise heating (up to 86 °C) may promote additional
cross-linking of the phenolic resin (post-curing) and cause plastic rearrangement of bam-
boo fiber bundles, leading to localized compaction hardening. This hardening effect can
partially offset or even exceed the damage accumulation, resulting in a residual strength
comparable to or higher than that after lower-stress (0.2) creep.

For the 18 mm diameter specimens, the stiffness reduction rate differs by only 0.54
percentage points between St = 0.2 (44.76%) and St = 0.4 (44.22%). While this marginal
difference suggests qualitatively similar degradation behavior, no definitive conclusion
can be drawn due to the single-specimen basis of the residual tests. Moreover, at St =0.2,
the lower load may not fully engage the entire hole-wall contact area, potentially causing
localized stress concentrations, whereas at S. = 0.4 more uniform contact may be achieved,
promoting a more homogeneous stiffness response.

These observations highlight that the relationship between stress level and post-
creep residual performance is not simply monotonic but involves competing damage and
densification mechanisms.

A limitation of the present study lies in the post-SICD residual property characteri-
zation. Due to specimen attrition during the SICD tests and the preliminary nature of this
investigation, stiffness and strength degradation rates were determined from a single sur-
viving specimen per working condition rather than from replicated measurements. Ac-
cordingly, the quantitative values reported in Table 2 represent indicative trends rather
than statistically robust averages. Nevertheless, the consistent degradation hierarchy ob-
served across all groups, specifically that stiffness reduction (up to 44.76%) is significantly
more pronounced than strength loss, provides a physically plausible mechanistic insight
that warrants further investigation with expanded sample sizes in future studies.

Table 2. Table of mechanical reduction behavior.

Specimen Number Ke K. fo fo
(kN/mm) Reduction Rate (%) (MPa) Reduction Rate (%)
DB10-02 80.92 29.51 114.45 11.28
DB10-04 75.08 34.60 124.95 3.14
DBI10 114.8 - 129 -
DB14-02 91.86 33.43 106.01 17.18
DB14-04 90.89 34.14 103.47 19.16
DB14 138 - 128 -
DB18-02 92.74 44.76 105.09 2.06
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DB18-04 93.66 44.22 83.65 22.04
DB18 167.9 - 107.3 -

Note: Ke represents embedded initial stiffness (kN/mm), and fn represents the dowel-bearing yield
strength (MPa).

5. Conclusions

Utilizing the SICD method and a 30-ton multi-field coupling system for temperature,
humidity, and force, the mechanical behavior of bamboo scrimber dowel-bearing under
sustained loading was studied, which included failure modes, creep deformation, the re-
duction in stiffness and strength. Based on these analysis, the following conclusions can
be drawn.

(1) Through a coupled macro—-micro analysis approach, this study reveals that bamboo
scrimber dowel-bearing under sustained loading exhibit three distinct macroscopic
failure modes: material failure, local compression failure, and crushing failure, with
the extent of damage showing a positive linear correlation with stress levels. Based
on the SEM image analysis, these failure modes result from the fracture/bending of
bamboo fiber bundles and interlayer compressive cracking induced by mechanical
loading.

(2) The deformation process of bamboo scrimber dowel-bearing under sustained load-
ing comprises four distinct stages, namely short-term deformation, initial creep, sta-
ble creep, and divergent creep. The divergent creep stage manifests exclusively at
stress levels of St = 0.6, while at lower-stress levels, SL =0.2 and St = 0.4, only the first
three stages are observed within the 51.5 h test duration. A critical stress threshold
governing the transition to divergent creep is identified within the range of

0.4<5,<0.6.

(3) Bamboo scrimber dowel-bearing exhibit stiffness and strength reduction issues un-
der sustained loading, with the stiffness reduction issue being more pronounced.

(4) A limitation of the present study lies in the thermal correction methodology. The ref-
erence thermal expansion curves, measured under nominally zero mechanical load,
inevitably contain a minor creep component due to the viscoelastic nature of bamboo
scrimber. Future studies will explore more rigorous decoupling methodologies to
achieve effective separation of creep deformation and thermal expansion defor-
mation.

(5) Beyond the methodological refinement noted above, it should be noted that the pre-
sent study represents a preliminary investigation based on 51.5 h SICD tests with a
limited stress gradient and sample size. While the observed deformation stages and
degradation trends provide a useful starting point, definitive long-term durability
predictions and design recommendations require extended validation through con-
ventional long-term creep tests and broader statistical characterization.
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Abbreviations

The following abbreviations are used in this manuscript:

SICD Stepped isothermal creep deformation
Su Stress level
DB Dowel-bearing compression deformation tests
De Deformation
LD Loading duration
TE Thermal expansion
TED Thermal expansion deformation
Cae Creep deformation coefficient
Iz Total deformation
Ui Instantaneous elastic deformation
fu Ultimate strength
fn Yield strength
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