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APPLICATION OF RECURRENT NEURAL NETWORK IN ACTUAL
SHEAR RATE PREDICTION UNDER WALL SLIP PHENOMENON

Ren Jie Chin'", Sai Hin Lai?, Kok Zee Kwong?

Abstract

Wall slip refers to the phenomenon where particles in a suspension move away
from the boundary wall, creating a thin liquid-rich layer nearby. This occurrence
can significantly affect rheological measurements, notably viscosity, shear stress,
and shear rate. Suspensions find widespread use in various industries such as
food processing, personal care products, pharmaceuticals, paints, medicine, and
agrochemicals. Predicting the actual shear rate traditionally proves challenging, time-
consuming, and cost-intensive. Hence, there's a pressing need for a computational
model to perform this task with acceptable accuracy. Leveraging the precise input-
output mapping capability of recurrent neural network (RNN), it was employed to
develop a model for the actual shear rate prediction. Evaluation of these models
through statistical analyses reveals that RNN model Il outperforms others, boasting
the highest coefficient of determination (0.9998), lowest mean squared error
(0.000721), root mean squared error (0.001361), most negative Akaike information
criterion (-18646.3), Bayesian information criterion (-18635.9), and the smallest
percentage error (15%). This developed model provides an alternative means to
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1.0 INTRODUCTION

Rheology, a branch of physics concerned with the flow of
matter, encompasses various intriguing phenomena such as
shear-induced migration, pattern formation, and notably, wall
slip, which is the primary focus of this study. Wall slip occurs
in two-phase or multiphase flow systems where suspended
particles migrate away from solid wall boundaries, leaving a
thin liquid-rich layer nearby (Agrawal et al., 2023; Ali et al.,
2022; Yan et al., 2022). This phenomenon, characterised by
a low-viscosity layer, facilitates fluid particle movement along
the boundaries. Consequently, rheological measurements
such as viscosity, shear rate, and shear stress are significantly
influenced (Ahuja & Singh, 2009; Chin et al., 2019a; Chin et
al., 2020).

Laboratory experiments have explored factors influencing
wall slip. Research indicates that particle size affects wall slip
velocity, with larger particles leading to increased slip velocity
due to steric hindrance (Deng et al., 2021; Deng et al., 2022).
Concentration and temperature also play significant roles, with
lower concentrations and higher temperatures correlating with
increased wall slip velocities (Akter & Desai, 2018; Barnes,
1995; Chen et al., 2008; Jana et al., 1995).

Determining the actual shear rate for suspensions
experiencing wall slip is currently a laborious and costly task,
necessitating a mathematical model to accurately predict
rheological behavior under such conditions. Given the rise
of artificial intelligence (Al), particularly the effectiveness of

recurrent neural network (RNN) approaches in diverse fields,
employing RNN for shear rate prediction is logical (Deng, 2019;
Lai et al., 2022; Loh et al., 2021). This study aims to develop
a computational model for predicting actual shear rates in
rheological systems affected by wall slip.

2.0 MATERIALS AND METHODS

2.1 Data Collection
Laboratory rheological experiments were undertaken to
gather initial data in preparation for the model development.
The samples tested involved a mixture of poly(methyl)
methacrylate (PMMA) and glycerine. To ensure the reliability
of the experimental data, the standard procedures were strictly
adhered (Ahuja & Singh, 2009; Chin et al., 2018; Yoshimura &
Prud’homme, 1988). Initially, both PMMA particle and glycerine
densities were set at 1300 kg/m? (Chin et al., 2018; Shaliza et
al., 2015). This choice aimed to achieve a neutrally buoyant
suspension and prevent density discrepancies that could affect
result accuracy (Ahuja and Singh, 2009; Buscall et al., 1993).
Rheological tests were carried out using a rheometer
equipped with a 50 mm diameter parallel plate, with gap heights
of 0.75 mm and 1.0 mm. The experiments encompassed six
different volumetric concentrations (40%, 45%, 48%, 50%, 52%,
and 55%), five temperatures (15°C, 25°C, 35°C, 45°C, and 55°C),
and three particle sizes (18 ym, 75.3 ym, and 195.5 ym).
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Recurrent neural network (RNN) is a type of deep learning
artificial intelligence approach. Its outstanding uniqueness
is its ability to handle long sequences of input data. Among
the available RNN types, long short term memory (LSTM)
was selected to train the model in this research study. LSTM
is considered as an advanced RNN because of its ability to
solve the vanishing gradient problem in normal RNN through
its special structures, known as gates (Gers et al., 2000;
Hochreiter & Schmidhuber, 1997; Le et al., 2015).

Similar to the other types of artificial neural networks, RNN
consists of three layers which are input layer, hidden layer, and
output layer. Among layers, the design of the hidden layers is
the most essential as it plays a role as the computational part
in a neural network. Mean squared error (MSE) was fixed as
the loss function in this research study. A loss function is
a measure of how good a prediction model does in terms of
being able to predict the expected outcome. MSE is the sum of
squared distances between the target variable and predicted
values and it is the most commonly used regression loss
function (Liu & Sullivan, 2019; Yu et al., 2018). On the other
hand, Adaptive Moment Estimation (Adam) optimiser was
assigned as the optimisation algorithm. It is an optimisation
algorithm that can be used instead of the classical stochastic
gradient descent procedure to update network weights iterative
based on training data. It is well suited for problems that are
large in terms of data and parameters, straightforward to
implement and computationally efficient (Liu & Sullivan, 2019;
Ruiz et al., 2019).

In addition, the selection of parameters such as learning
rate, batch size and activation function is considerably important
in designing the architecture of RNN model. Thereby, trial-and-
error method was applied to determine the combination that
provides the best performance in term of model accuracy.
Figure 1 displays the architecture of RNN model.

RZ = ( nExv—-E Ie?l’e )z n
JrEf-Ex) [nExi-Ex
MAE = 2z @)

RMSE = Ezm —x)? (3

[True value—Predicted value| ., 100% )

Percentage error =

True value
AlC=-2logL + 2K (5)
—2logl =n(log2m+ 1 + 105?} (6)
BIC==2logl + Klogn (7

where n is the number of data pairs, x is the observed
variable, y is the predicted variable, K is the number of model
parameters (the number of variables in the model plus the
intercept), L is maximised likelihood, and RSS is residual sum
of squares.

3.0 RESULTS AND DISCUSSION

3.1 RNN Models Evaluation

A total of 9000 datasets were gathered from rheological
tests. Among these, 7200 datasets (equivalent to 80% of the
total) were allocated for training the RNN model, while the
remaining 1800 datasets were set aside for testing purposes.
Previous studies suggest that the typical range for training data
percentage lies between 60% to 80% (Akter & Desai, 2018;
Alimissis et al., 2018; Zhang et al., 2018). In this instance, the
upper limit was chosen to facilitate the models in capturing the
most comprehensive input-output patterns.While designing the
architecture of RNN, the choice of the parameters such as batch
size, learning rate and activation function in recurrent layer play
an important role to achieve a presentable output. Under such
a circumstance, a series of RNN models which differ in term of
the above-mentioned parameters were developed. However,
only the selected models (as shown in

Input layer

= Shear stress

= Concentration
= Particle size

= Temperature

Recurrent Iwer ﬂ
Fully connected
layer

Hidden layer | 4

Table 1) were discussed in this section.
The statistical performance of each
RNN model was presented in Table 2.

From Table 2, the developed RNN
models were evaluated using R?
K MAE, RMSE, AIC and BIC. Among the
examined models, the highest recorded
R? value is 0.9998. Such a value which
is approximate to 1 which reflects that
there is a very strong relationship
between the predicted value and actual

Dwtput layer

& Actual shear rate

Figure 1: Architecture of RNN

2.3 Statistical Analyses

The effectiveness of all the constructed models was evaluated
through a range of statistical analyses, including the coefficient
of determination (R?), mean absolute error (MAE), root mean
squared error (RMSE), percentage error (% error), Akaike
information criterion (AIC), and Bayesian information criterion
(BIC). These analyses aimed to assess the models' suitability
in accurately predicting the actual shear rate for suspensions
under wall slip conditions (Chin et al., 2019a).

value. On the other hand, it is noticed
that the MAE and RMSE values show
a decreasing from model | to model Il and then the trend was
turned over after model Ill, meaning that the performance of
the model lll is the best in term of MAE and RMSE among
the investigated RNN models. AIC is defined as analysis to
determine the relative quality of a statistical model for a given
set of data. In other words, it is a measure of the goodness of
fit of an estimated statistical model. Meanwhile, BIC is a type
of model selection among a class of parametric models with
different numbers of parameters. According to the general rule,
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the model with a more negative AIC and BIC values is more
favourable as the estimated values are considerably well-suited
to the developed model. The model that meets the criterion is
model Ill. Both of its AIC and BIC values is the most negative,
showing that the predicted value fit the best in model IlI.

Table 1: Parameters combination corresponding
to each RNN model

Models | Epoch | Batch | Learning Activation Function in
Size Rate Recurrent Layer
I 256 20 | 0.000010 ReLu
Il 256 20 | 0.000010 Sigmoid
1 256 20 | 0.000010 Tanh
1Y 256 40 | 0.000010 Tanh
\Y 256 20 | 0.000100 Tanh
VI 256 20 | 0.000001 Tanh
Table 2: Statistical performance of each RNN model
Models R? MAE RMSE AIC BIC
| 0.8972 | 0.026321 | 0.039757 | -6497.5 | -6486.5
Il 0.9737 | 0.011739 | 0.016056 | -9761.6 | -9750.6
11l 0.9998 | 0.000721 | 0.001361 | -18646.3 | -18635.3
\% 0.9873 | 0.008391 | 0.011412 | -10990.7 | -10979.7
\Y 0.9613 | 0.017883 | 0.022510 | -8545.3 | -8534.3
\ 0.8532 | 0.029563 | 0.040982 | -6388.3 | -6377.3
{a) Model | by Model 1|
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Figure 2: Percentage error of the respective dataset
corresponding to each RNN model

Percentage error is another important indicator to evaluate
the performance of a mathematical model. The smaller
the percentage error, the better the performance of the
computational model. In other words, a low percentage error
describes a more accurate prediction. Figure 2 shows the
percentage error with respect to each dataset corresponding
to each RNN model while Figure 3 exhibits the maximum
percentage error of each RNN model. In sum, most of the
models display a wide range of percentage error with a
maximum percentage error approximates to 75% or even
higher, indicating that the predicted value from the models
has a huge difference with the actual value. However, the only
and one model which does not follow such trend is model III.
It shows an outstanding performance in terms of percentage
error where the percentage error of all its predicted dataset fall
within the range of +15%, meaning that the model can achieve
at least 85% of accuracy. At the same time, its maximum
percentage error is recorded at 15%, showing that the degree
of difference between the observed and predicted value is
considerably low.

Maximum ermor (%)
-2 8 E BEEEE LS

] [ n W v vl
RMNM Model

Figure 3: Maximum percentage error for each RNN model

Therefore, with such outstanding performance as discussed
above, the highest R? value of 0.9998, lowest MAE value of
0.000721 and RMSE value of 0.001361, most negative AIC
value of -18646.3 and BIC value of -18635.3 and smallest
maximum percentage error of 15%, model lll has become the
prior choice among the examined RNN models.

3.2 Models Comparison
In a previous study, a multilayer perceptron neural network
(MLP-NN) (Chin et al., 2019b) model and radial basis function
network (RBFN) (Chin et al., 2023) were developed to predict
actual shear rates. However, there is still considerable room for
improvement to achieve a higher level of prediction accuracy.

In this section, the best-performing RNN model was
compared with the MLP-NN model (Chin et al., 2019b) and
RBFN (Chin et al., 2023) using a series of statistical analyses,
including coefficient of determination, mean absolute error, root
mean squared error, Akaike information criterion, Bayesian
information criterion, and percentage error.

As depicted in Table 3, a significant improvement is evident
across all evaluated aspects when comparing the MLP-NN
and RBFN models to the RNN model. Firstly, in terms of MAE
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and RMSE errors, the RNN model exhibits the lowest values,
followed by the RBFN model and then the MLP-NN model,
indicating that the RNN model can generate more accurate
outputs. Similarly, a comparable trend is observable from the
perspective of AIC and BIC. The most negative values are
observed in the RNN model, suggesting that the predicted
output fits better in the RNN model compared to the MLP-NN
and RBFN models.

Lastly, in terms of percentage error, which is a crucial
indicator in Al prediction model development, the error, as
shown in Figure 4, has improved from the previously developed
MLP-NN model (75%) and RBFN model (53%) to RNN model
(15%). In other words, the maximum percentage error has
been significantly reduced, with the RNN model achieving a
substantial improvement of around 40%.

Table 3: Comparison of the best-performed model
corresponding to each Al technique

Model MLP-NN RBFN RNN
(Chin et al. 2019b) | (Chin et al., 2023)
R? 0.9967 0.9998 0.9998
MAE 1.146804 0.001058 0.000721
RMSE 1.652898 0.001447 0.001361
AIC -7657.3 -18426.5 -18646.3
BIC -7646.4 -18415.5 -18635.9
Max. % Error 75 53 15
B
]
B
£
§ .
in
=
15
: WP RBFH RHH
Ngdel

Figure 4: Maximum percentage error with respect to each model

4.0 CONCLUSION

The primary objective of this research study is to assess the
suitability of RNN approaches in constructing mathematical
computational models capable of accurately predicting real-
life outputs. When designing the architecture of the RNN
model, selecting parameters such as batch size, learning rate,
and activation function is a crucial step. Hence, a trial-and-
error method was employed to determine the most suitable
parameters for the RNN models, aiming to achieve improved
prediction accuracy.

In this study, numerous RNN models were constructed,
and their performance was evaluated through various
statistical analyses. Among the examined RNN models,
model |l demonstrated outstanding performance. It attained
an R2-value of 0.9998, mean absolute error of 0.000721, root

mean squared error of 0.001361, Akaike information criterion
of -18646.3, Bayesian information criterion of -18635.9, and
maximum percentage error of 15%. Comparing the developed
RNN model with the MLP-NN and RBFN models from previous
literature, a significant improvement in model performance is
evident, particularly in the RNN model, where the maximum
percentage error has reduced to 15%, representing an almost
fivefold enhancement. These findings highlight the potential
for enhancing Al prediction models by implementing more
advanced approaches, leveraging their unique features to
improve overall performance.

There are some recommendations for future work. Since
the RNN has successfully improved the prediction accuracy,
it shows that an advanced machine learning model performs
better than the conventional model (MLP-NN and RBFN). So, it
should seek the possibility of integrating the RNN with different
optimisation algorithms to form a hybrid model for prediction
accuracy improvement purposes. In addition, a wider range of
datasets can be collected, by using different particle sizes and
temperatures. B
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EFFECT OF HYDROGEN PEROXIDE AS AN OXIDANT FOR THE
WET TORREFACTION OF PALM KERNEL SHELL
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Suchithra Thangalazhy-Gopakumar™

Abstract

Hydrogen peroxide (H.0,) is a green oxidant for hydrothermal treatment of biomass.
In this research, the effect of hydrogen peroxide (H.O,) for the wet torrefaction
of palm kernel shell (PKS) was studied. H,O, can give extra intensity to reaction
severity during the wet torrefaction process. The effect of H,O, dosages from 0.0 M
to 1.0 M at 200 °C was investigated. The mass yield of torrified PKS varied from 59.8
wt. % to 50.6 wt. % as H.O. dosage increased. The trends of greater fixed carbon
content, higher ash content, and lower moisture content were similar for torrified PKS
treated with and without H,O,, as compared to raw PKS. The FTIR analysis revealed
an increase in the breakdown of lignocellulosic components with torrefaction severity
in the torrified PKS. The average HHV was 21.62 MJ/kg for different H,O, dosages.
Overall, the findings demonstrated that H,O, did not make a substantial contribution
to further enhancing the solid fuel properties. However, a higher degradation of
cellulose and lignin components to liquid was achieved during the wet torrefaction
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1.0 INTRODUCTION

The rapid rise in energy demand excites the growth of renewable
energy resources like biomass, wind, and solarenergy. Biomass
is greatly utilised among renewable energy resources and could
account for up to 12% of global consumption (Krysanova et al.,
2019). However, low heating value, bulk density, high moisture
content, and poor grindability (Specific energy consumption for
grinding) offer significant limitations to the practical usage of
biomass as a fuel source. These drawbacks result in higher
costs of handling, transportation, and storage of biomass fuels.
The pre-treatment process known as torrefaction is suggested
to address these limitations of biomass. Torrefaction upgrades
biomass into energy-dense solid fuels with improved properties
like higher heating value, lower moisture content, and much
better grindability than raw biomass (Ullah et al., 2021).

Wet torrefaction (WT) can be described as a conversion
process in a hydrothermal medium or hot compressed water at

temperatures ranging from 180 °C to 260 °C (He et al., 2018).
At the threshold of the critical point, the characteristics of
liquid water undergo notable changes such as the density and
viscosity of hot compressed water (HCW) decrease, resulting
in an increased mass transfer of chemical compounds (Phuang
et al., 2021). The enhanced transport properties of HCW
expedite reactions, making it an outstanding medium for WT
(Bach & Skreiberg, 2016). In addition, water improves its ability
to dissolve organic compounds, makes it an exceptional reaction
medium for facilitating reactions (Cortes-Clerget et al., 2021).
Wet torrefaction is inspired by the concept of hydrothermal
carbonisation (HTC), introduced by the German Nobel laureate,
Friedrich Bergius (Bach & Skreiberg, 2016). Although WT is
somehow similar to HTC, they are notably distinct from one
another. WT is employed to produce solid biomass fuels with
enhanced properties as feedstock for combustion, gasification,
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and pyrolysis; whereas HTC is applied to synthesise
carbonaceous char with higher carbon content to apply as
energy storage, fertilisers, and activated carbon (He et al,,
2018). Operating parameters such as reaction temperature,
reaction time, water-to-biomass ratio, and catalyst amount
influence the effectiveness of WT in improving the properties
of biomass-derived fuel.

Soh et al. studied the effect of temperature and residence
time of wet torrefaction on the yield and inorganic content of
two biomass. They reported that the wet torrified mass yield of
empty fruit bunches (EFB) and oil palm trunks (OPT) decreased
from 80.50 wt% to 62.89 wt% and from 64.58 wt% to 51.34
wt% respectively with increasing temperature from 180 °C to
240 °C. The energy density of EFB and OPT increased from
1.037 to 1.171 and from 1.070 to 1.147 respectively with
increasing temperatures (Soh et al., 2021). Moreover, Soh
et al. reported that the torrified mass yield of EFB and OPT
reduced 69.88 wt% to 62.89 wt% and from 62.47 wt% to 51.34
wt% respectively with elevated residence time from 2 to 3 h.
(Soh et al., 2021). Nevertheless, the influence of residence
time on mass yield is not as significant compared to that of
reaction temperature. Furthermore, Gan et al. studied the
effect of temperature, water-to-biomass ratio, and residence
time of WT on palm kernel shell whereas Phuang et al. studied
the effect of temperature and water-to-biomass ratio of WT on
yard waste. Both their studies revealed that the effect of the
water-to-biomass ratio is rather insignificant (Gan et al., 2019;
Phuang et al., 2021).

Chen et al. studied premixed dry spent coffee grounds
(SCGs) with H,O, and taken for dry torrefaction to improve
HHVs of torrified biomass without extra energy input. They
found that pretreatment with 18% H,O, solution had a 7.8 %
higher carbon content and 6.5 % higher HHV compared to
the unpretreated one (Chen et al., 2022). At higher operating
conditions, H,O, is decomposed into hydrogen cations (H*)
and perhydroxyl anion (HO.-). HO,- ion contacts with another
peroxide molecule and forms free radicals like the hydroxyl
(HO') and peryhdroxyl (HO,') radicals. Perhydroxyl and water
are formed from the reaction of the hydroxyl radicals (HO) and
more peroxide molecules until all peroxide is converted into
water. As a result, free radicals like HO® and HO," contribute to
organic matter decomposition (Torres et al., 2014). Therefore,
the fuel properties of torrified biomass can be further improved
through the utilisation of hydrogen peroxide (H.O,) as an
oxidant during the biomass pre-treatment process. As of now,
there is no literature reporting the application of oxidants to the
WT process. Further investigation regarding the significance of
varying dosages of H,O, in the WT process will be addressed
in this study. In this research, the authors hypothesised that the
addition of H,O, would provide higher severity in reaction than
the corresponding temperature and pressure.

Palm kernel shell (PKS) is produced abundantly from the
palm oilindustry and therefore can be utilised as the raw material
for wet torrefaction (WT). According to Gan et al., the optimal
temperature range for wet torrefaction under energy-efficient
conditions should be between 180 °C to 220 °C (Gan et al,,
2019). Therefore, in the current research, the effects of H,O,
on the WT process were investigated using different dosages

(0.0 M to 1.0 M) of H,O; solution at a constant temperature of
200 °C with a residence time of 20 min and a biomass-to-water
ratio of 0.15. These parameters were selected based on Gan et
al’s study. Raw and torrified PKS samples were analysed for
thermogravimetry, proximate and ultimate analysis, HHV, and
Fourier-Transform Infrared Spectroscopy (FTIR) whereas the
liquid samples were analysed by pH and FTIR.

2.0 EXPERIMENTAL METHODOLOGY

2.1 Sample Preparation

The feedstock utilised in this research was PKS, which was
procured from the Seri Ulu Langat Palm Oil Mill, located in Dengkil,
Malaysia. The PKS was dried in an oven for 16 h at 75 °C.

2.2 Wet Torrefaction Experiments

The wet torrefaction of PKS was performed using a stainless-
steel 1L high-pressure reactor autoclave (Model A 2335, Amar
Equipment Pvt. Ltd.) capable of withstanding a maximum
pressure of 350 bar and a temperature of 500 °C. Approximately
15 g of the PKS sample was placed into the reactor with a
suitable amount of distilled water according to the H,O,
dosage. The autoclave and reactor vessel were firmly sealed
with clamp bolts to prevent leakage during WT. A thermocouple
was inserted to monitor the reaction temperature, while the
sampling and vent ports were secured to enable pressure
build-up in the reactor during the experiment. The mixture was
continuously stirred at a rate of 107 rpm throughout the process.
An automatic proportional integral derivative-controlled 2250-
watt ceramic heater was then activated to increase the reactor
temperature to the predetermined value. The pressure and
temperature inside the reactor were recorded at 3-minute
intervals until the desired temperature was reached. Once the
desired temperature was reached, it was maintained for 20 min.
The heater and stirrer were turned off after the experiment, and
the reactor was allowed to cool down to ambient temperature,
with the torrified biomass slurry left inside. The reactor vessel
was then removed, and the slurry product was poured into a
clean container. The reactor vessel was rinsed repeatedly with
distilled water to collect all materials that had adhered to the
reactor wall. The slurry products, which contained both solid
and liquid products, were filtered and filtered through vacuum
filtration and solid products were dried in an oven for 24 h at
103 °C. The torrified biomass was stored in a zipper storage
bag at room temperature. The filtrate (liquid product) was
measured for its volume and stored in a bottle in the fridge
before further analysis.

The raw PKS sample and the H,O;-aided torrified PKS
samples were labelled as raw PKS and TB ,, respectively.
For instance, TB o000 represents torrified biomass without the
use of H,O, whilst TB (004 means torrified biomass with 0.004
M of HzOz.

To study the impact of oxidant-aiding wet torrefaction on
PKS, the physicochemical properties of PKS before and after
wet torrefaction at various H,O, dosages were evaluated. By
knowing the mass of raw and wet-torrified PKS before and
after each run, the mass yield can be obtained using equation
(1). Also, by knowing the volume of liquid feed and the volume
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of the filtrate obtained after each run, the liquid yield can be
calculated using equation (2).

Mass }"IE'EE' (%} = Myalid orvelled FES % 1000

Miraw PEE

wolume of filtrate

L.iquid :.I"IEM {%} = volume of liquid feed

* 100%

2.3 Characterisation of Raw and Wet-Torrified
Palm Kernel Shell

The proximate analysis of raw and torrified samples was
analysed in a thermogravimetric analyser (TGA-DSC1,
Mettler Toledo). 10 mg of the samples were heated fro m room
temperature to 110 °C at a constant heating rate of 10 °C/
min with a nitrogen flow rate of 20 mL/min. The temperature
was maintained at 110 °C for 10 min. Subsequently, the
samples were subjected to a constant heating rate of 10 °C/
min and heated from 110 °C to 900 °C, following which they
were maintained at 900 °C for 5 minutes. This was followed
by the replacement of nitrogen with oxygen, with an oxygen
flow rate of 20 mL/min, and the sample was kept at a constant
temperature of 900 °C for an additional 10 minutes. The weight
loss until 110 °C and the weight loss from 110 °C to 900 °C
were regarded as moisture content (MC) and volatile matter
(VM), respectively. In addition, the moisture and ash contents
of biomass samples were determined manually to validate
the results. In order to obtain the moisture content, 1 g of the
sample was dried in an oven at 105 °C for 16 h and then allowed
to cool in a desiccator with the use of silica gel as the drying
agent. For the ash content, 1 g of the sample was ignited in an
ashing furnace at 575 °C for 3 h and then allowed to cool in a
desiccator with the use of silica gel as the drying agent. The
fixed carbon (FC) can then be calculated using equation (3).

TB o050, TB 0500, and TB 1000 @s samples were identified
for their ultimate analysis as weight percentages (wt. %) of
carbon, hydrogen, nitrogen, and sulphur in PKS using a
CHNS elemental analyser (vario MACRO cube, Elementar),
whilst the weight percentage of oxygen was calculated using
equation (4).

FC (%) = 100 = MC(%) = VM(%.) = AC(%)

0 (%) = 100 = C(%) = H{%) = N(%) = S(%) = AC(%)

TB 0.004, TB 0.050, TB0.100, TB 0.500, @and TB 1000 Samples were
sent to Universiti Teknologi PETRONAS, Perak for higher
heating values (HHV) evaluation. Also, the fuel ratio (FR),
combustibility index (Cl), and volatile ignitability (VI) were
calculated using equations (5), (6), and (7), respectively
(Allouzi et al., 2023).

FC
= dry basis
FR =
VM jiry hasis

CI (M)/kg) = HHV yry pasis ¢ (115 — AC ary pasis) * 10omm

Vi {MI_,I"I'E;I';} a HHY gry pasis —0330PEC gry nasis

VM iy basis = FC diry basis

Raw PKS, TB o004, TB o500, and TB 1000 Samples were
assessed for their chemical changes in molecular bonding
and functional groups using the Fourier transform infrared
spectroscopy (FTIR, Spectrum RXI Perkin-Elmer) with
attenuated total reflection (ATR) detector. Before scanning,
the ATR diamond region was cleaned with acetone to ensure
cleanliness. Samples were then placed in contact with the
diamond crystal of the ATR device. The FTIR analyses for
samples were run in the spectral range of 400 — 4000 cm™ at
a room temperature of 25 °C by reading an average of 8 scans
with a resolution of 2 cm™.

3.0 RESULTS AND DISCUSSION

3.1 Wet Torrefaction Process and Products Yields
The primary objective of wet torrefaction process is to break
down the complex polymer structures in biomass into shorter
chains with lower molecular weights, thereby improving its
fuel properties. In this research, H.O, was shown to have a
perceptible effect on the mass yield of torrified PKS, as shown
in Table 1. The mass vyield decreased with the increase
in H,O, dosage, especially while 1.0 M of H,O, was used.
This phenomenon could be attributed to the breakdown of
hemicellulose and the partial decomposition of lignin and
cellulose. As H,O, dosage increased, there was an extra mass
loss resulting from the complete disintegration of hemicellulose
and further decomposition of lignin and cellulose. This
determined that the incorporation of H,O, has a substantial
impact on the mass yield of torrified biomass. This also
suggested that the addition of H,O, during WT resulted in a
lower mass yield even without raising the reaction temperature.
The previous study conducted by Gan et al. revealed that the
mass yield of PKS that underwent WT at 200 °C was 59.15
+ 0.72 wt. %, whilst that at 235 °C was 51.22 wt. % (Gan et
al., 2019). Furthermore, another research by Ameen et al.
showed that the mass yield of palm shells that underwent HTC
at 300 °C was 54.5 % (Ameen et al., 2022).

Table 1: Product yield and liquid yield for torrified PKS

Sample Mass Yield Liquid Yield Pressure
(wt. %) (wt. %) (bar)
TB 0.000 59.80 63.00 13
TB 0.004 59.76 83.00 13
TB 0.050 59.30 87.00 13
TB 0.100 58.87 85.00 11
TB o500 56.60 83.00 15
TB 1.000 50.60 79.00 15

He et al. reported that the order of decomposition rate for
wet torrefaction processes above 200 °C can be ranked as with
hemicellulose being the most reactive, followed by cellulose
and lignin being the least reactive component (He et al., 2018).
According to Gan et al. and Phuang et al., the ideal temperature
range for efficient fuel production is between 180 and 220 °C
(Gan et al., 2019); (Phuang et al., 2021). This is to avoid
operating at high pressures, which would lead to increased
capital and operating costs, as well as higher energy demands.
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Table 2: Proximate analysis, ultimate analysis, and fuel properties of raw and torrified PKS

Sample raw PKS TB 0.000 TB o0.004 ‘ TB o.050 ‘ TB 0.100 TB o500 TB 1.000
Proximate Analysis (wt. %)
MC 7.9 3.6 4.6 5.1 4.2 3.7 2.7
VM 65.0 56.9 53.9 55.1 56.8 55.0 58.4
AC 0.9 1.1 1.0 1.0 1.1 1.4 1.6
FC 26.2 38.4 40.5 38.8 37.8 39.8 37.3
Ultimate Analysis (wt. %)
C 47.9 53.5 - 53.6 - 54.6 55.1
H 6.1 5.8 - 5.8 - 5.7 5.5
N 0.52 0.50 - 0.34 - 0.35 0.34
S 0.22 0.07 - 0.38 - 0.17 0.15
o 40.7 36.7 - 38.9 - 37.7 37.3
H/C ratio 1.53 1.3 - 1.29 - 1.25 1.19
O/C ratio 0.64 0.51 - 0.54 - 0.52 0.51
Fuel Properties (MJ/kg)
HHV 18.9 22.6 22.5 21.5 21.2 22.0 21.8
FR 0.40 0.64 0.75 0.70 0.67 0.72 0.64
Cl 55.4 37.7 34.1 35.0 36.0 34.1 37.9
Y 0.30 0.57 0.74 0.58 0.49 0.62 0.46

““not analysed

Since the primary focus of this study was on the effect of H,O,
dosage on WT, the temperature was kept constant at 200 °C.

Moreover, the influence of various H,O, dosages on the
operating pressure during the wet torrefaction process was
insignificant, possibly due to the dominant effect of liquid feed
on the pressure. This revealed that the employment of H,O,
did not increase the operating pressure, which is desirable as
a higher operating pressure often leads to higher operational
risks at the industrial level. It could be concluded that the
addition of H,O, can achieve a similar outcome in terms of
reducing the mass yield without the need to raise the reaction
temperature, which would otherwise incur higher capital costs.

On the other hand, the incorporation of H,O, during the WT
process resulted in a higher liquid yield compared to that without
H,0,. This may be attributed to the elevated decomposition rate
of biomass with increasing reaction severity, which aligned with
the findings reported for HTC (Nizamuddin et al., 2015). Another
study conducted by Kumar et al. suggested that the bio-oil yield
increased during the hydrothermal liquefaction (HTL) process
from 44 wt. % to 46 wt. % while employing H,O, in an inert (N,)
condition (Kumar et al., 2021). It could be deduced that the
incorporation of H,O, during the WT process led to a higher
liquid yield but the effect of varying H,O, dosages was found to
be insignificant. Further investigation is required to analyse the
influence of H,O, dosage on the quality of biomass composition
using various analysis methods.

3.2 Physicochemical Properties of Raw and
Wet-Torrified Palm Kernel Shell

3.2.1 Proximate and Ultimate Analyses

The result of the proximate analysis at different H,O, dosages is
shown in Table 2. The moisture content of H,O,-aided torrified
PKS was significantly lower than that of raw PKS, suggesting

that the hydrophilic property of PKS declined (Stirling et al.,
2018). Besides, H,0;-aided torrified PKS exhibited a lower
volatile matter content compared to raw PKS, resulting in fuel
properties that more closely resemble coal (Bach & Skreiberg,
2016). The use of a higher H,O, dosage in WT led to a higher
ash content in PKS. As a result, H,O.-aided torrified PKS
samples had higher ash content than raw PKS, which is
consistent with the reported findings that employed H,O, for
dry torrefaction (Chen et al., 2022). This may be linked to the
breaking of hydrogen-carbon bonds, which leads to a higher
retention of ash content in the biomass (Phuang et al., 2021a).
Additionally, all torrified samples had significantly higher fixed
carbon content than untreated PKS, which is a preferred fuel
attribute. Nevertheless, the moisture, volatile matter, ash, and
fixed carbon contents of H,O,-aided torrified PKS were found
to be similar to those of TB (400, indicating that the addition of
H,O, did not contribute significantly to further enhancing the
fuel characteristics of PKS.

Typically, solid fuels with a low O/C ratio are associated
with reduced water vapour formation, smoke emission, and
energy loss during combustion (Yang et al., 2017). Torrified
biomass with a high oxygen content has a lower heating value
and is considered a mediocre fuel as a consequence of the
high flue gas emissions during the following thermochemical
process. Thus, solid fuels with low oxygen content and a
low O/C atomic ratio are preferred as they exhibit coal-like
behaviour (Tumuluru, 2016).

TB o050 had a carbon content of 53.6 wt. % and the carbon
content in TB 4000 Was increased to 55.1 wt. %. In contrast,
the weight percentages of hydrogen and oxygen decreased as
the H,O, dosage increased, as shown in Table 2. Gan et al.
reported that the O/C and H/C atomic ratios for PKS that went
through WT at 200 °C were 0.51 and 1.30, respectively (Gan
et al., 2019). The incorporation of H,O, during the WT process
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led to a similar O/C atomic ratio but a lower H/C atomic ratio.
These changes were likely due to the increase in dehydration
and decarboxylation reactions that happened during WT
(Nizamuddin et al., 2015). The sulphur content reduced with
increasing H,O, dosage implied that fewer sulphur oxides are
likely to form during combustion. In contrast, the differences
in nitrogen content were insignificant. It could be inferred that
the addition of H,O, contributed to a slight reduction of the
O/C atomic ratio. Reduction in the H/C ratio was not favoured.
The current result showed that the addition of H,O, did not
enhance hydrogenation.

Furthermore, the thermogravimetric (TG) curves and its
derivative (DTG) curves for raw PKS, TB (004, TB 0500, and
TB 1000 Were displayed in Figure 1 and Figure 2. Thermal
decomposition of PKS happened in three zones, namely the
dehydration zone, the devolatilisation zone, and the char
decomposition zone (Phuang et al., 2021). The dehydration
stage took place from 25 °C t0 130 °C, ascribed to the decreasein
moisture level in the samples due to the process of evaporation
and drying. During the devolatilisation stage, which occurred
between 130 °C and 450 °C, a significant weight loss was
spotted mainly brought about by the volatilisation of cellulose
and hemicellulose. While for the char decomposition stage
that ranges from 450 °C to 800 °C, lignin, and other strongly
bonded compounds decomposed slowly and contributed to the
remaining weight loss.

As shown by the DTG curves in Figure 2, the point where
the most significant mass loss can be identified. The first zone
of the DTG curve (<130 °C) exhibited a minor weight loss in
the samples, occurring at a temperature of approximately
60 °C and 110 °C for raw PKS and H,0O,-aided torrified PKS,
respectively, attributed to the removal of moisture and some
light volatile compounds (Nizamuddin et al., 2018). This could
be attributed to the fact that the H,O.-aided torrified PKS
contained mainly equilibrium moisture content and therefore
the delay in weight loss.

The second stage of the DTG curve (130 — 450 °C) emerges
from the thermal breakdown of cellulose and hemicellulose. As
shown in Figure 2, a single peak accompanied by two smaller
peaks was detected. The first small peak was observed
at 281 °C for raw PKS because of the thermal breakdown
of hemicellulose as hemicellulose is extremely reactive at
temperatures above 200 °C (Aslam et al., 2019). Conversely,
a much smaller peak was seen for TB (004, TB 0500, and TB
1.000, Showing that much of the hemicellulose was removed after
the H,O,-aided WT process (He et al., 2018). Since the peak
of hemicellulose was detected at a lower temperature, it was
indicative that the thermal stability of hemicellulose, cellulose,
and lignin increased in ascending order. This could be proven
that hemicellulose is the least thermally stable among the three
constituents (Phuang et al., 2021).

The second small peak in the devolatilisation zone was
observed at 360 °C, which lies within the range of 300 °C to
400 °C where the cellulose degradation took place (Cichosz &
Masek, 2020). The intensity of this peak diminished as the H,0,
dosage increased, indicating the partial removal of cellulose
at higher H,O, dosages. The similarity in peak positions
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Figure 1: TGA curves for raw and torrified samples
with different H,O, dosages
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Figure 2: DTG curves for raw and torrified samples
with different H,O, dosages

among the torrified samples indicated that the H,O,-aided WT
process did not significantly alter the structural characteristics
of cellulose. The thermal decomposition of lignin was
characterised by a smooth region over a broad temperature
range of 380 — 500 °C. In addition, a minor peak identified at
around 508 °C and 580 °C for TB o500 Were attributed to the
thermal decomposition of some cellulose and mostly lignin
whilst a small peak was spotted at approximately 700 °C for TB
1000 corresponded to the secondary or complete disintegration
of lignin (Phuang et al., 2021).

3.2.2 Fuel Properties
Gan et al. reported that the higher heating value (HHV) of
PKS that underwent WT at 200 °C was 22.57 + 0.08 MJ/Kkg.
As shown in Table 2, the HHVs of torrified PKS were found
to be relatively similar across different H,O, dosages. This
suggested that the thermal degradation rate of the H,O.-
aided torrified PKS samples remained consistent, even with
the varying dosages of H,O, used. Therefore, the torrified
PKS with different H,O, dosages exhibited comparable HHVs,
which could be attributed to similar thermal stability (Arpia et
al., 2021). The findings implied that the effect of varying H,O,
dosages on HHV was found to be insignificant at higher levels.
However, the presence of H,O, gave better results in terms of FR.
The fuel ratio (FR), typically expressed as the ratio of fixed
carbon to volatile matter, is widely used for classifying coals
as it provides theoretical insights into combustion efficiency.
According to Table 2, it was observed that the fuel ratio was
significantly higher in torrified PKS compared to raw PKS.
However, the difference in fuel ratio between torrified PKS
treated with and without H,O, was minor. A high fuel ratio
resulted in reduced smoke formation and limited emissions
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during burning, which ultimately improved the fuel quality.
In general, biomass has a low fuel ratio, but this ratio was
increased to between 0.64 and 0.75 through WT, indicating an
improved fuel quality. The high fuel ratio in torrified PKS was
attributed to the increased fixed carbon content and reduced
volatile matter, resulting in stable and complete combustion
(Allouzi et al., 2023).

The combustibility index (Cl) usually refers to the fire and
combustion behaviour of materials. The Cl value decreased
from raw PKS to torrified PKS, suggesting an improvement
in PKS quality through the WT process. Nevertheless, the
difference in CI value between wet torrified PKS with and
without the use of H,O, was insignificant. This indicated that the
addition of H,O, during the WT process did not further improve
the compatibility of the torrified PKS for mixed combustion with
coal (Allouzi et al., 2023).

Moreover, the volatility index (VI) typically indicates the
total energy content of the fuel yielded by the volatile elements
by assuming that the fixed carbon in the fuel consists solely
of pure carbon. The VI value increased by 2 times, but this
increment was insufficient as beyond 10 times increment is
required for a coal-like fuel (Allouzi et al., 2023).

3.2.3 Fourier-Transform Infrared Spectroscopy
Analysis (FTIR)

The FTIR spectra in Figure 3 portrayed the functional groups
present in the samples. They exhibited some similarities in
their absorbance peaks, but there were significant molecular
changes. The broad transmittance peak at 3300 cm
corresponded to the stretching vibration of O-H due to intra-
and intermolecular hydrogen bonds, a distinctive feature of
crystalline cellulose. The decrease in peak intensity at TB o500
and TB 1000 indicated that H,O,-aided torrified PKS samples
have fewer sites for hydrogen bonding, presumably due to
the degradation of hemicellulose and cellulose (Gan et al.,
2019). Elimination of this hydroxyl group was beneficial as it
improved the hydrophobic nature of the biomass (Zhang et
al., 2019). The peaks at 2931 and 2843 cm™ were attributed
to the stretching vibration of C-H of alkanes in hemicellulose
and cellulose (Wang et al., 2018). The decline in the intensity
of these bands indicated the elimination of aliphatic —~CH2
groups (Kumar Mishra & Mohanty, 2020). The peak at
approximately 1725 cm™ was solely detected in raw PKS. It
signified the stretching vibrations of C=0 in the carboxylic acids
of hemicellulose. The lack of this peak in TB (004, TB 0500, and
TB 1000 implied the complete elimination of the hemicellulose
ester group (Pérez-Limifana et al., 2022), as a result of
deacetylation with the aid of H,O, during WT. Hemicellulose
has less thermal stability as compared to cellulose and lignin.
The thermal stability of torrified biomass increased as H,O,
amount increased as shown in TGA analysis in Figure 1.

The reduction in carboxylic acid groups was accompanied
by a corresponding increase in the relative amount of lignin,
as revealed by the peaks at 1685 and 1600 cm™. These
peaks represented the stretching vibrations of C=0 and C=C,
which could be carboxyl groups, aldehydes, esters, ketones,
and aromatic structures that are present in lignin (Ullah et
al., 2021). The strengthened absorption of C=0 with 0.004
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Figure 3: FTIR spectra of raw and wet-torrified PKS

M H,O, reaction was attributed to the greater abundance of
lignin in H,O,-aided torrified PKS samples, which also resulted
high amount of fixed carbon and fuel ratio (FR). The peaks
at 1450 and 1428 cm corresponded to the C=C bond, which
confirmed the presence of the alkyne group (Kumar Mishra
& Mohanty, 2020), which the dominance of lignin in torrified
samples and therefore improvement in fuel properties. The
peak at 1269 cm™' was attributed to the stretching vibration of
C-O for guaiacyl and syringyl groups in lignin (Phuang et al.,
2021a). The peak intensity measured in this study was almost
similar to the previous results reported by Gan et al. (Gan et al.,
2019). This revealed that the aid of H,O, during WT had a mild
influence on lignin decomposition.

The band observed at approximately 1162 cm™
corresponded to the antisymmetric stretching vibrations of C-
O-C glycosidic linkages in both hemicellulose and cellulose. A
significant decrease in absorbance was observed in H,O,-aided
torrified PKS, compared to raw PKS, indicating the significant
loss of cellulose fractions. The peak intensity observed in this
study was higher for TB (404, possibly because of the removal
of hemicellulose and cellulose at higher concentrations of
H.O,. The intensified peaks could also be a result of some
degree of degradation that may have occurred (Phuang et al.,
2021a). Furthermore, the peaks observed at approximately
1071 cm™ in raw PKS and 1031 cm™ in H,0,-aided torrified
PKS, indicating the vibrations of aliphatic C-O-C and C-OH in
alcohol, primarily originating from cellulose (Wang et al., 2018).
Lastly, the peak discovered at 771 cm™' symbolised mono and
polycyclic aromatic groups owing to O-H bending vibrations
(Kumar Mishra & Mohanty, 2020). In short, H,O-aided torrified
PKS samples showed increasing aromatic characteristics,
owing to their removal at higher H,O, concentrations.

3.3 Characterisation of Liquid Produced
from Wet Torrefaction

3.3.1 pH

The pH for liquid produced from WT is shown in Table 3.
Increasing the H,O, dosages led to decreases in the pH of the
liquid produced. The decrease in pH was indicative of increased
acidity in the liquid, possibly due to the degradation of lignin.
Therefore, the liquid samples produced at higher H,O, dosages
exhibited higher levels of acidity than those produced with lower
H,O, dosages. The acidity in the liquid was mainly because
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Table 3: pH for liquid produced from WT

H.O, Dosage (M) pH
0.004 3.3
0.050 3.2
0.100 3.2
0.500 3.0
1.000 2.8

organic acids, such as formic and acetic acids are present,
which are breakdown products of hemicellulose. However,
the presence of these acids may result in liquid instability
and equipment corrosion (Chong et al., 2019). However, an
increase in the acidity of liquid samples for the increase in H,O,
dosage showed that further cracking happens, and more acids
would be formed.

3.3.2 Fourier-Transform Infrared Spectroscopy
Analysis (FTIR)

The FTIR spectra in Figure 4 illustrates the functional groups
present in the liquid samples. Although they shared some
similarities in their absorbance peaks, significant molecular
changes were observed. The wide transmittance peak at
3300 cm™ manifested the stretching vibration of O-H and
implied the presence of phenols, organic acids, aromatics,
and water impurities in WT liquid samples (Kumar Mishra &
Mohanty, 2020). The peak intensity increased as the H,O,
dosage increased, which can be related with the increase in
organic acids. An increase in acidity as the increase in H,O,
dosage was noticed in section 3.3.1. A peak at 1635 cm™ is
observed, which was attributed to C=C stretching vibration,
indicating the presence of alkenes and aromatic compounds
in liquid samples as more lignin degradation occurred (Kumar
Mishra & Mohanty, 2020). The presence of aliphatic and
aromatic compounds in the liquid samples was confirmed by
the peak detected at 607 cm, which corresponded to the
bending vibrations of O-H in mono and polycyclic aromatic
groups (Kumar Mishra & Mohanty, 2020). This peak showed
the presence of more lignin degraded components in
the liquid. The product yield and characterisation studies
revealed that the presence of H,O, in a small amount made a
negligible change in the torrified biomass. However, as the
concentration of H,O, increased significantly, more severity
in the reaction happened, which did not improve solid fuel
properties, instead the cellulose or lignin degradation into liquid
components happened.

Wavcleagth (em

Figure 4: FTIR spectra of liquid produced

4.0 CONCLUSION

Palm kernel shell (PKS) exhibits promising potential as a
sustainable and high-quality renewable energy resource. In
this research, wet torrefaction of PKS was performed with the
aid of H,O, to enhance its fuel properties without raising the
reaction temperature. The mass yield of PKS decreased from
59.8 wt. % to 50.6 + 0.3 wt. % with elevated H,O, dosages,
indicating the disintegration of hemicellulose and cellulose
during wet torrefaction. The trends of greater fixed carbon
content, higher ash content, and lower moisture content as
compared to raw PKS. However, these properties were similar
for torrified PKS treated with and without H,O,, implying that
the addition of H,O, did not contribute significantly to further
enhancing the fuel characteristics of PKS. The FTIR analysis
revealed an increase in the breakdown of lignocellulosic
components with torrefaction severity in the torrified PKS. The
CHNS elemental analysis demonstrated an enhancement in the
fuel properties of PKS through an increase in carbon content
from 53.6 wt. % to 55.1 wt. %, a decrease in oxygen content
from 38.9 wt. % to 37.3 wt. %, and a reduction in the O/C atomic
ratio from 0.54 to 0.51 with increased H,O, dosages, making
the solid fuel more analogous to coal. Overall, the findings
demonstrate that H,O, did not make a substantial contribution
for further enhancing the solid fuel properties during the wet
torrefaction process. ll
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INVESTIGATING THE IMPACT OF BIO-INSPIRED
STRUCTURAL DESIGN ON THE FATIGUE LIFE

OF LIGHTWEIGHT METALLIC ALLOYS
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Abstract

This study investigates the impact of bio-inspired structural designs on the fatigue life
of lightweight metallic alloys—AA7075 aluminium and Ti-6Al-4V titanium. Leveraging
advanced additive manufacturing, three bio-inspired geometries (honeycomb,
trabecular, and cellular lattice) were fabricated and evaluated against traditional
solid block designs under cyclic loading. The results demonstrated substantial
improvements in fatigue performance: the honeycomb structure extended fatigue
life by approximately 340% in AA7075 and 329% in Ti-6Al-4V compared to their
respective solid block counterparts. Trabecular and lattice designs also exhibited
fatigue life enhancements ranging from 200% to 280%. Stress-life (S-N) curve
analysis and Weibull distribution further confirmed the improved durability and
reliability of the bio-inspired geometries. These findings underscore the promise of
bio-inspired design in prolonging component life in fatigue-prone applications such
as aerospace, automotive, and biomedical engineering. The study also highlights
additive manufacturing’s capacity to realise complex, optimised structures, enabling
new frontiers in material efficiency, reliability, and sustainability.
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1.0 INTRODUCTION

Lightweight metallic alloys have become indispensable in
high-performance industries such as aerospace, automotive,
and civil engineering, where the demand for materials that
can reduce weight while maintaining mechanical strength and
durability is constantly growing. These materials play a crucial
role in improving fuel efficiency, enhancing performance, and
reducing emissions, particularly in the context of global efforts
to develop more sustainable engineering solutions (Estrin
& Vinogradov, 2010; Zhang & Xu, 2022). However, despite
their numerous advantages, lightweight alloys, particularly
aluminium (e.g., AA7075) and titanium (e.g., Ti-6Al-4V),
are prone to fatigue failure. This phenomenon occurs when
materials experience progressive and localised structural
damage due to cyclic loading over time (Shanyavskiy &
Soldatenkov, 2022; Zhang et al., 2018). Fatigue failure remains
a critical limitation in the design and application of metallic
alloys, making the improvement of fatigue life a central focus
of research.

Fatigue failure typically initiates at stress concentrations,
where localised high stresses lead to crack initiation and
subsequent crack propagation, eventually resulting in
catastrophic failure (Sawada et al., 2021; Canna et al., 2021).
This challenge is particularly pronounced in aerospace and
automotive components that are subject to repetitive stress
cycles over extended periods (Ke et al., 2020). For example,
fatigue-induced failures account for a significant proportion
of mechanical failures in aircraft structures, leading to costly
maintenance, safety risks, and operational disruptions (Wei
et al., 2023). Enhancing fatigue resistance in these alloys is
thus critical not only for extending the lifespan of components

but also for improving the safety and reliability of structures
exposed to dynamic loading conditions (Zhang et al., 2012;
Owuor et al., 2017).

The urgency to extend the fatigue life of lightweight metallic
alloys has intensified in recent years for several key reasons.
First, industries such as aerospace and automotive are under
increasing pressure to push the boundaries of performance
while simultaneously improving sustainability. Components in
these industries are exposed to thousands or even millions of
stress cycles over their operational lifespans, making fatigue a
primary concern for ensuring safety and reliability (Sharma &
Hiremath, 2022; Afkhami et al., 2019). For instance, in aircraft,
fatigue failure can lead to catastrophic outcomes, highlighting
the necessity of designing materials with improved fatigue
resistance (Ke et al., 2020). Despite advancements in material
science, fatigue failure remains a leading cause of structural
breakdowns in many applications, further underscoring the
importance of this research (Shanyavskiy & Soldatenkov,
2022; Ye et al., 2022).

In addition to safety concerns, economic and environmental
considerations also drive the need for fatigue-resistant
materials. Lightweight metallic alloys are integral to the
design of fuel-efficient vehicles and aircraft, and extending
their operational life directly contributes to sustainability by
reducing material consumption, manufacturing waste, and
carbon emissions (Schoenung & Olivetti, 2023; Benedetti et
al., 2024). As governments and industries worldwide seek to
meet stricter environmental regulations, developing materials
with enhanced fatigue life has become a critical strategy for
achieving long-term sustainability goals (Canna et al., 2021;
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Jiang et al, 2023). Improving the fatigue life of materials
through innovative structural designs, such as bio-inspired
geometries, could dramatically reduce the need for frequent
component replacements, thus minimising resource use and
production-related emissions (Wei et al., 2023).

Furthermore, advancements in additive manufacturing
technologies now enable the fabrication of complex bio-
inspired designs, which can be precisely tailored to improve
mechanical properties, including fatigue resistance (Yang et
al., 2022; Zhang et al., 2022). However, despite the promise
of bio-inspired geometries, there remains a significant gap in
the literature regarding their impact on the fatigue life of
widely used lightweight metallic alloys. While the mechanical
performance of these alloys in static loading conditions has
been extensively studied, fewer investigations have explored
their dynamic performance under cyclic loading when
designed with bio-inspired architectures (Zhang et al., 2018;
Afaghi et al., 2023). This lack of comprehensive data on
bio-inspired designs in cyclic loading conditions presents a
significant research gap that this study seeks to address. By
exploring how bio-inspired structural designs affect the fatigue
life of lightweight metallic alloys, this research provides
critical insights into the potential for these designs to
enhance the durability and performance of materials in real-
world applications (Ng et al., 2017). The findings of this study
have the potential to significantly influence industries seeking
to design more reliable, long-lasting components for high-
performance applications, such as aerospace and automotive
manufacturing.

Fatigue failure in metallic alloys is a well-documented
challenge, particularly in high-stress environments where
components are subjected to cyclic loading. The initiation
and propagation of cracks due to repeated stress cycles can
result in material failure at stress levels well below the ultimate
tensile strength of the alloy (Shanyavskiy & Soldatenkov,
2022; Khalifeh, 2023). In materials such as aluminium and
titanium alloys, fatigue-induced failures are typically initiated at
microstructural defects or stress concentrators, such as sharp
corners, inclusions, or surface imperfections (Elangeswaran et
al., 2020; Zhang et al., 2023). As a result, traditional designs for
metallic components often exhibit limited fatigue life, especially
in demanding applications where dynamic loading is prevalent
(Ramoni et al., 2022).

Bio-inspired structural designs, which mimic the highly
efficient load-bearing and stress-distributing structures found
in nature, offer a promising solution to this challenge (Perez-
Garcia & Gomez-Martinez, 2009). Nature has evolved structural
systems that are optimised for mechanical performance,
including the ability to resist fatigue and crack propagation
(Taylor, 2014). Examples of these natural structures include
the cellular arrangement of honeycombs, the hierarchical
structure of bone, and the spiral or helical arrangements found
in shells and plants (Bilhere-Dieuzeide et al., 2022). These
designs minimise stress concentrations and distribute loads
more evenly across the structure, thereby improving fatigue
resistance and delaying crack initiation (Afaghi et al., 2023;
Cao et al., 2022).

Recent advancements in additive manufacturing
technologies, such as selective laser melting (SLM) and
electron beam melting (EBM), have enabled the precise
fabrication of bio-inspired geometries in metallic alloys (Yang
etal., 2022). These technologies allow for the creation of highly
complex internal structures that were previously impossible
to manufacture using conventional techniques (Zhang et al.,
2022; Xie et al., 2019). As a result, bio-inspired designs, such
as cellular lattices and honeycomb structures, can be integrated
into metallic components to enhance their mechanical
performance, particularly in terms of fatigue resistance (Ke
et al., 2020; Wang, 2019). Despite these advances, there is
limited empirical data on how bio-inspired designs affect the
fatigue life of metallic alloys under cyclic loading, particularly
in lightweight materials like AA7075 and Ti-6Al-4V (Mirhakimi
et al., 2024). This study is motivated by the potential of bio-
inspired structural designs to significantly enhance the fatigue
life of metallic alloys. By investigating the effects of various bio-
inspired geometries on fatigue resistance, this research aims
to provide valuable insights into the design of more durable,
lightweight components for high-performance applications
(Zhang et al., 2023). Given the growing demand for materials
that can withstand dynamic loading while reducing weight and
environmental impact, the findings of this study could have far-
reaching implications for industries that rely on metallic alloys
(Benedetti et al., 2021).

The primary objective of this study is to investigate the
impact of bio-inspired structural designs on the fatigue life of
lightweight metallic alloys, specifically AA7075 aluminium and
Ti-6Al-4V titanium alloys. The study will evaluate how different
bio-inspired geometries, such as honeycomb and cellular lattice
structures, influence the fatigue performance of these alloys
when subjected to cyclic loading (Peng et al., 2021). Traditional
solid designs will be used as a baseline for comparison.
The hypothesis is that bio-inspired structural designs will
significantly improve the fatigue life of lightweight metallic
alloys by reducing stress concentrations and improving the
distribution of mechanical loads (Yan et al., 2024). Through the
fabrication and testing of bio-inspired and traditional designs,
this study will provide empirical evidence on the effectiveness
of bio-inspired geometries in enhancing fatigue resistance
(Williams et al., 2003). The findings will have implications for
the design and optimisation of materials used in high-stress,
cyclic loading applications, such as aerospace and automotive
components (Ransom, 2003).

2.0 MATERIALS AND METHODS

2.1 Materials

This study investigated two commonly used lightweight metallic
alloys: AA7075 aluminium and Ti-6Al-4V titanium. Both alloys
are extensively utilised in industries requiring materials with
high strength-to-weight ratios, such as aerospace, automotive,
and biomedical engineering (Puchi-Cabrera et al., 2008; Han
et al., 2021). These alloys have proven to be highly effective
in weight-sensitive applications but are also prone to fatigue
failure when subjected to cyclic stresses (Zhang et al., 2012;
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Afaghi et al, 2023). AA7075 is an aluminium alloy known
for its high strength and relatively good fatigue resistance
compared to other aluminium alloys. It is frequently used
in aircraft structures and components due to its balance
between lightweight characteristics and mechanical durability
(Estrin & Vinogradov, 2010; Tsai et al., 2014). However, it
is susceptible to fatigue failure, particularly in the presence
of stress concentrators. Ti-6Al-4V is a titanium alloy prized
for its excellent fatigue strength, corrosion resistance, and
biocompatibility, which makes it a common choice for both
aerospace components and biomedical implants (Shanyavskiy
& Soldatenkov, 2022; Ma et al., 2024). Despite its favourable
properties, Ti-6Al-4V is also vulnerable to fatigue under cyclic
loading, particularly in harsh environments (Peng et al., 2021;
Dong et al., 2022). Nevertheless, it remains one of the most
widely used titanium alloys in high-performance engineering
due to its overall mechanical robustness, making it a highly
relevant candidate for fatigue studies.

The selection of AA7075 and Ti-6Al-4V in this study is
therefore justified not only by their widespread use in critical
load-bearing applications but also by the contrasting fatigue
behaviours they exhibit under operational conditions. AA7075
represents a typical high-strength aluminium alloy used in
structural applications, while Ti-6Al-4V offers insight into the
fatigue performance of a titanium alloy that is inherently strong
but environment-sensitive. Studying both alloys under identical
geometric modifications allows for a more comprehensive
assessment of how bio-inspired designs influence fatigue life
across different material systems with varying baseline fatigue
characteristics.

The study utilised three bio-inspired structural designs—
honeycomb, trabecular, and cellular lattice structures—
fabricated using both AA7075 and Ti-6Al-4V alloys. These
designs were selected for their potential to enhance mechanical
properties by improving load distribution and delaying crack
initiation and propagation, which are critical factors in extending
fatigue life (Zhang et al., 2018; Yin et al., 2021). Traditional
solid blocks of the same dimensions were also fabricated for
comparison, allowing for the evaluation of the effectiveness of
bio-inspired designs in improving fatigue resistance.

2.2 Fabrication Process

The specimens were fabricated using advanced additive
manufacturing (AM) techniques, which are ideal for producing
complex internal structures such as bio-inspired geometries.
Specifically, Selective Laser Melting (SLM) was employed to
fabricate the AA7075 aluminium specimens, while Electron
Beam Melting (EBM) was used for the Ti-6Al-4V titanium
alloy specimens. These powder-bed fusion methods were
chosen due to their precision and ability to produce dense
parts with fine microstructures that are difficult to achieve using
traditional subtractive manufacturing processes (Jiang et al.,
2023; Yi et al., 2024). SLM is a laser-based AM technique in
which a high-power laser selectively melts layers of powdered
material, following the contours of a 3D model. This process
was used for AA7075 due to its better control over thermal
gradients and lower porosity formation, which are critical for

producing mechanically robust aluminium components (Safai
et al., 2019; Zhao et al., 2008). For Ti-6Al-4V, EBM was used.
EBM employs an electron beam as the energy source and
is conducted in a vacuum environment, which is particularly
well-suited for processing reactive metals like titanium. The
EBM process also minimises residual stresses and achieves
superior metallurgical bonding in high-melting-point alloys
(Yang et al., 2022; Wang et al., 2024).

Prior to fabrication, computer-aided design (CAD) software
(e.g., SolidWorks) was used to model the four specimen
types: solid block, honeycomb, trabecular, and cellular lattice.
The internal architectures of the bio-inspired designs were
optimised to ensure consistent wall thickness, cell dimensions,
and structural balance. Each specimen was modelled with
identical external dimensions (e.g., 20 mm x 10 mm x 10
mm), ensuring consistency in boundary conditions across all
fatigue tests. The CAD models were converted into STL files
and processed with slicing software to generate toolpaths for
the SLM and EBM machines. After fabrication, all specimens
underwent post-processing steps to ensure surface quality and
dimensional accuracy. This included support removal, light
mechanical polishing to eliminate residual surface roughness,
and inspection for manufacturing defects. These steps were
crucial in eliminating unwanted stress concentrators on the
surface, which could otherwise bias the fatigue test results
(Afaghi et al., 2023; Miller, 2012).

A schematic representation of the specimen geometries—
solid block, honeycomb, trabecular, and cellular lattice—is
provided in Figure 1, illustrating their internal structure and
overall dimensions. All specimens were modelled with identical
external dimensions (e.g., 50 mm x 10 mm x 10 mm) to ensure
uniform boundary conditions during fatigue testing. Geometric
features such as cell size and wall thickness were optimised to
balance weight reduction and mechanical integrity.
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Figure 1: CAD models of the four specimen
geometries used in this study

(a) Solid block; (b) Honeycomb structure;
(c) Trabecular structure; and (d) Cellular lattice structure

Trabecular

Honeycomb Cellular lattice

2.3 Experimental Setup

Fatigue testing was performed using an MTS Landmark servo-
hydraulic fatigue testing machine, which provides precise control
over loading parameters such as stress amplitude, frequency, and
load ratios. Specimens were subjected to uniaxial cyclic loading
at a frequency of 10 Hz, with a stress ratio (R) of 0.1. This stress
ratio, defined as the ratio of minimum to maximum applied stress
during each loading cycle, is commonly used to simulate the
tension-tension loading conditions prevalent in aerospace and
automotive applications (Ke et al., 2020; Afaghi et al., 2023).
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Testing was carried out under room temperature conditions,
with specimens loaded until failure or until a maximum of
10 million cycles was reached, whichever occurred first.
The maximum stress applied during testing was based on
approximately 50% of the material’s ultimate tensile strength
(UTS), calibrated to remain within the elastic range while being
sufficient to induce fatigue failure over time. Specifically, the
applied stress range was approximately 280-300 MPa for
AA7075 and 440-460 MPa for Ti-6Al-4V, based on typical
UTS values for these alloys (Mei et al., 2023). The testing
conditions were designed to mimic real-world operational
scenarios where components are subjected to fluctuating
loads over extended periods (Salifu & Olubambi, 2024; Yadav
et al., 2024). The schematic of the fatigue testing setup used
in this study is illustrated in Figure 2. Key components include
the hydraulic actuator, load cell, grips, and test specimen
positioned centrally. The setup enables uniaxial cyclic loading
under controlled conditions.

Hydraulic actuator

Load cell

Test specimen

Grips

MTS Landmark fatigue
testing machine
Figure 2: Schematic diagram of the fatigue testing setup
using an MTS Landmark servo-hydraulic machine

2.4 Data Collection and Analysis
The number of cycles to failure (Nf) for each specimen was
recorded, and stress-life (S—N) curves were plotted to visualise
the relationship between applied stress amplitude and
fatigue life. S—N curves are essential for evaluating fatigue
performance, as they provide insight into the endurance limit
of materials and how long they can withstand cyclic loading
before failure (Strzelecki et al, 2021; Yang et al., 2022).
The bio-inspired designs were compared to traditional solid
block specimens to assess the impact of geometry on fatigue
resistance. To ensure statistical robustness, three specimens
for each design and material configuration were tested, and
the mean fatigue life was calculated (Kluger & £agoda, 2013).
Statistical methods such as ANOVA and Weibull analysis
have been widely employed in fatigue studies to evaluate
variability and failure probabilities across test conditions

(Zhou et al., 2021; Xie & Lai, 1996) and are particularly
effective in comparing performance across complex geometries
(Macek et al., 2022; Richard & Sander, 2016; Cui et al., 2022).
These methods enhance the interpretation of fatigue life trends
and support reliability-based design strategies (Zainulabdeen
et al., 2024).

3.0 RESULTS AND DISCUSSION

3.1 Fatigue Life Performance

Fatigue life performance for each of the tested designs,
represented by the number of cycles tofailure (Nf),is summarised
in Table 1. The bio-inspired designs—honeycomb, trabecular,
and cellular lattice structures—exhibited significantly improved
fatigue life compared to the traditional solid block designs,
across both AA7075 and Ti-6Al-4V alloys. These results
support the hypothesis that bio-inspired geometries enhance
fatigue resistance, likely by reducing stress concentrations and
promoting more uniform load distribution—mechanisms that
are well-documented in literature (Zhang et al., 2024; Meng
et al., 2019), but were inferred in this study based on fatigue
life performance, as no direct microstructural or stress-field
measurements were conducted.

Table 1: Mean Fatigue Life for Bio-Inspired
and Traditional Designs

Design Type Material Mean Fatigue Life (Cycles)
Solid Block AA7075 500,000
Honeycomb AA7075 2,200,000
Trabecular AA7075 1,900,000

Cellular Lattice AA7075 1,600,000
Solid Block Ti-6Al-4V 700,000

Honeycomb Ti-6Al-4V 3,000,000

Trabecular Ti-6Al-4V 2,500,000
Cellular Lattice Ti-6Al-4V 2,100,000

This result aligns with existing literature showing that
honeycomb structures, known for their excellent energy
absorption and stress distribution, significantly outperform
traditional designs in terms of fatigue resistance (Yin et al.,
2021; Jen & Chang, 2008). The ability to absorb mechanical
energy is beneficial under cyclic loading because it reduces the
intensity of stress transmission to localised areas, particularly
at potential crack initiation sites. Energy absorption in these
geometries occurs through controlled elastic deformation of
the cellular architecture, which dissipates part of the input
energy across the structure and minimises sharp stress
gradients. This, in turn, reduces the accumulation of damage in
specific regions and delays the onset of fatigue crack initiation
and propagation. Similarly, the trabecular and cellular lattice
designs also exhibited substantial improvements in fatigue life,
although their performance was slightly lower than that of the
honeycomb design. These results are consistent with studies
that emphasise the advantages of bio-inspired structures in
improving fatigue life by reducing stress concentrations and
distributing mechanical loads more effectively (Shirzad et al.,
2024; Fernandes & Tamijani, 2021).
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3.2 Stress-Life (S-N) Curves

The stress-life (S—N) curves provide a graphical representation
of the relationship between stress amplitude and fatigue life for
the various designs (Figure 3). These curves reveal that the
bio-inspired structures had a much flatter slope compared to
the traditional solid block designs, indicating superior fatigue
resistance, particularly at lower stress amplitudes (Zhao et al.,
2024; Murakami et al., 2021). The data clearly show that the
bio-inspired designs can endure a higher number of cycles
before failure at equivalent stress levels, further confirming
their improved fatigue performance.

Each curve represents the mean fatigue life performance
for a specific geometry and material combination. The
honeycomb, trabecular, and cellular lattice structures show
markedly improved fatigue resistance over solid blocks in both
materials, with Ti-6Al-4V specimens exhibiting overall higher
fatigue performance due to their greater yield strength. For the
AAT7075 specimens, at 50% of the material's ultimate tensile
strength (UTS), the honeycomb structure survived for more
than 2 million cycles, whereas the solid block design failed after
just 500,000 cycles. Similarly, in Ti-6Al-4V, the honeycomb
design outperformed the solid block design, enduring 3 million
cycles at a comparable stress level, while the solid block design
failed at around 700,000 cycles.
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Figure 3: Stress-life (S-N) curves for bio-inspired
and traditional solid block designs fabricated from AA7075
aluminium and Ti-6AI-4V titanium alloys

3.3 Weibull Distribution Analysis
A Weibull distribution analysis was performed to assess the
reliability of the fatigue life data for each design and to predict
the likelihood of failure under different loading conditions.
The Weibull probability plots for bio-inspired and traditional
designs are shown in Figure 4. The shape parameter (), which
indicates the variability in fatigue life, and the scale parameter
(n), representing the characteristic life (the cycle count at which
63.2% of the specimens are expected to fail), were calculated
for each design (Wang & Jiang, 2023; Basart et al., 2022).
Bio-inspired structures, especially honeycomb, exhibited
higher reliability and reduced variability in fatigue life compared
to traditional solid blocks.The honeycomb design showed a
value of 2.3, indicating lower variability and a more predictable
failure pattern, whereas the traditional solid block design
exhibited a B value of 1.5, indicating higher variability in fatigue
life. The characteristic life (n) for the honeycomb design was

2.3 million cycles in AA7075 and 3.5 million cycles in Ti-6Al-
4V, while the solid block design had significantly lower n
values of 500,000 cycles for AA7075 and 700,000 cycles for
Ti-6Al-4V. These findings suggest that bio-inspired designs not
only extend fatigue life but also improve the predictability
of failure, which is essential for components used in critical
applications where reliability is paramount (Shirzad et al.,
2024; Diaz et al., 2024).
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Figure 4: Weibull probability plot for bio-inspired and
traditional solid block designs

3.4 Discussion of Findings

The results of this study have demonstrated that bio-inspired
structural designs significantly enhance the fatigue life of
lightweight metallic alloys. The honeycomb, trabecular, and
cellular lattice designs exhibited substantial improvements in
fatigue performance when compared to traditional solid block
designs. This section provides a detailed interpretation of the
results, explores the underlying mechanisms that contribute to
the improved fatigue life, and highlights the broader implications
of these findings for future material design and applications in
fatigue-prone environments (Zhang et al., 2024; Tancogne-
Dejean et al., 2020).

3.4.1 Interpretation of Results

The significant improvement in fatigue life observed in the
bio-inspired designs can be directly attributed to the ability of
these structures to distribute mechanical loads more evenly
and mitigate localised stress concentrations. The honeycomb
structure, in particular, exhibited the highest fatigue resistance
across both AA7075 and Ti-6Al-4V alloys. This result aligns
with previous research indicating that honeycomb structures
are highly efficient at energy absorption and stress dissipation
due to their optimised geometric configurations (Yin et al., 2021;
Jen & Chang, 2008). An important aspect of understanding
the fatigue performance of these honeycomb designs is
considering the relationship between yield strength and fatigue
life. In metallic materials, yield strength defines the limit beyond
which plastic deformation begins under static loading. Although
fatigue failure typically occurs below the yield strength, higher
yield strength generally improves the material’'s ability to
withstand repeated elastic deformation, thereby delaying
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fatigue crack initiation (Meng et al., 2019; Zhao et al., 2024). In
this study, Ti-6Al-4V exhibits a significantly higher yield strength
than AA7075, which contributes to its overall superior fatigue
performance in both solid and honeycomb configurations.

However, the honeycomb geometry amplifies this
relationship by enhancing the elastic load-sharing behaviour
of both materials. For AA7075, which has a lower yield
strength compared to Ti-6Al-4V, the honeycomb structure
serves to mitigate this limitation by redistributing stresses,
thereby lowering peak stress intensity in localised regions
and postponing the onset of fatigue damage. In Ti-6Al-4V, the
higher inherent yield strength works synergistically with the
honeycomb geometry to provide even greater resistance to both
microplastic deformation and fatigue crack nucleation under
cyclic loading. Thus, the fatigue life of honeycomb structures
is not only a function of their geometry but is also modulated
by the material’s ability to resist plasticity at critical locations,
which is directly linked to its yield strength. This relationship
explains why Ti-6Al-4V honeycomb specimens consistently
outperformed their AA7075 counterparts in fatigue life, and
also demonstrates that the benefits of bio-inspired design are
maximised when combined with materials possessing high
yield strength and fracture resistance.

3.4.2 Structural Influence on Fatigue Life
The superior fatigue performance of the bio-inspired designs
is closely related to their geometric features, which play a
crucial role in enhancing stress distribution and mitigating
crack propagation. The honeycomb structure, with its repeating
hexagonal cells, is well-known for its high strength-to-weight
ratio and energy absorption capabilities, making it particularly
effective at improving fatigue life (Sun et al., 2023; Tancogne-
Dejean et al., 2020). Honeycomb geometries have been
extensively studied in both natural and engineered systems
for their ability to resist mechanical degradation, and this study
provides further evidence of their effectiveness in fatigue-prone
applications (Zhang et al., 2024; Williams & Ritchie, 1999).
The enhanced fatigue life observed in the honeycomb
design can be primarily attributed to its ability to reduce stress
concentrations through geometric uniformity and controlled load
redirection. As illustrated in Figure 5a, when subjected to cyclic
loading, the hexagonal honeycomb arrangement allows for
distributed stress transfer across a network of interconnected
cell walls. This geometric configuration minimises local peak
stresses that typically trigger crack initiation. If a crack does
form, it is forced to follow a curved or angular path around the
hexagonal voids, resulting in a tortuous crack propagation
route that increases the energy barrier for crack advancement.
This phenomenon of crack deflection and arrest delays the
transition from microcrack to macrocrack, contributing directly
to the prolonged fatigue life (Yin et al., 2021; Jen & Chang, 2008).
Moreover, the honeycomb's periodic architecture enhances
load path redundancy, meaning that localised structural
damage in one cell does not result in immediate global failure.
The remaining intact cells surrounding the damage zone
continue to redistribute the load, providing a stabilising effect.
This mechanical shielding effect slows the fatigue damage
accumulation process over multiple cycles, as also supported

by earlier studies emphasising stress delocalisation in bio-
inspired lattices (Zhao et al., 2024; Meng et al., 2019).

The trabecular structure, shown in Figure 5b, also exhibited
improved fatigue life compared to solid blocks, though to
a slightly lesser extent than the honeycomb configuration.
Trabecular architectures, inspired by cancellous bone, consist
of irregularly connected struts that form an open porous
network. These irregularities are not design flaws but rather
beneficial features: they introduce geometrical asymmetry that
disrupts uniform crack growth. When cracks propagate through
a trabecular structure, the non-linear load paths and stochastic
void distribution act to blunt crack tips and reduce the effective
stress intensity factor (Shirzad et al., 2024; Alvankarian et
al., 2022). Furthermore, the irregular connections between
nodes create intermittent load interruptions, slowing crack
coalescence and enabling more gradual energy dissipation
during cyclic loading.

Research on trabecular and foam-like architectures
has demonstrated their capability to withstand repetitive
mechanical stresses by accommodating local deformations and
redistributing loads in multiple directions (Zhang et al., 2024;
Heidari-Rarani et al., 2019). In the present study, these effects
are manifested as longer fatigue lives in trabecular specimens
compared to traditional solid blocks. However, the randomness
of strut orientation in trabecular structures may also result
in non-uniform stiffness and localised weaknesses, which
explains the marginally lower performance compared to the
honeycomb configuration (Yang et al., 2022; Hussein et al., 2013).

By contrast, the cellular lattice design, although still superior
to the solid block, demonstrated lower fatigue resistance than
both honeycomb and trabecular forms. This is likely due
to its less optimised strut orientation and uniform cubic cell
arrangement, which may concentrate stresses along discrete
axial directions and provide fewer opportunities for crack
deflection or redistribution (Murakami et al., 2021; Abdelmoula
etal., 2020). Prior studies have shown that fatigue performance
in lattice structures is sensitive to geometric parameters
such as strut diameter, unit cell symmetry, and connectivity,
suggesting that further topological optimisation could improve
its mechanical resilience under cyclic loading.

Load Load

4 Jr

C}QO

? Crack propagation 1'

Load Load
(a) Honeycomb structure (b) Trabecular structure

Figure 5: Schematic illustration showing how crack
propagation is influenced by different bio-inspired geometries
(a) Honeycomb structure; and (b) Trabecular structure
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In the honeycomb geometry, the hexagonal arrangement
diverts and dissipates crack paths through distributed loading
across multiple cell walls. In the trabecular architecture, the
irregular interconnected porous network provides tortuous
paths and structural redundancy, slowing crack advance and
localising stress redistribution.

3.4.3 Limitations and Challenges

While the results of this study demonstrate clear improvements
in fatigue performance through bio-inspired design, several
limitations must be acknowledged to contextualise the findings
and guide future work. First, the fatigue experiments were
conducted under controlled laboratory conditions, with constant
room temperature, fixed humidity, and no exposure to corrosive
media. In contrast, real-world applications often involve
multifactorial environmental stressors, including temperature
fluctuations, humidity, oxidation, and corrosive environments,
all of which can accelerate fatigue damage and alter crack
propagation behaviour (Zhou et al., 2023; Huang et al., 2023;
Abdelmoula et al., 2020). For instance, aluminium alloys such as
AA7075 are highly susceptible to pitting corrosion, especially in
marine or high-humidity conditions, which can significantly reduce
their fatigue resistance (Liu et al., 2019). Similarly, Ti-6Al-4V has
shown vulnerability to fretting fatigue, oxidation, and thermal
degradation under elevated service temperatures (Li et al., 2023;
Gode et al., 2020). Therefore, the improved fatigue life observed
under ideal conditions may not directly translate to service
performance unless environmental durability is also assessed.

Second, this study focused exclusively on two specific
lightweight alloys—AA7075 and Ti-6Al-4V—chosen for their
widespread use in aerospace, automotive, and biomedical
applications. While these alloys are representative of high-
performance material systems, fatigue behaviour can vary
considerably across other alloy families, such as magnesium,
stainless steels, or high-entropy alloys (Zhao et al., 2024;
Rashid et al.,, 2022). To generalise the conclusions of this
research, future investigations should extend to a broader
range of materials and include comparative studies across
different alloy systems using similar geometries.

Third, although Selective Laser Melting (SLM) and Electron
Beam Melting (EBM) enabled the fabrication of the bio-inspired
structures with complex geometries, additive manufacturing
(AM) techniques are known to introduce process-induced
defects, such as micro-porosity, residual stresses, and surface
roughness, which can negatively impact fatigue life (Zhang et
al., 2021; Raza et al., 2023). While basic post-processing such
as polishing was applied in this study, the influence of internal
defects and surface condition variability remains a significant
factor in fatigue performance. Optimisation of AM process
parameters and implementation of post-processing techniques
such as hot isostatic pressing (HIP), surface coating, or shot
peening may further enhance fatigue behaviour and should be
explored in future work (Gode et al., 2020; Chen et al., 2023).

Finally, this study investigated fatigue behaviour
under uniaxial cyclic loading with a fixed stress ratio (R =
0.1). However, components in real service environments
frequently experience complex, multi-axial loading, as well as
variable amplitude stress histories that involve overloading,

underloading, or mean stress shifts (Murakami et al., 2021;
Guo et al., 2021). Understanding how bio-inspired geometries
respond under such conditions is crucial for transitioning from
laboratory-scale validation to real-world implementation.

3.4.4 Future Work

Building upon the findings of this study, several key areas for
future research are recommended. First, further investigation
is needed to explore the performance of bio-inspired designs
under more diverse environmental conditions, such as elevated
temperatures, corrosive environments, and exposure to high
levels of humidity (Wang & Jiang, 2022). This would provide
critical insights into the long-term reliability of these designs in
real-world applications, such as in aerospace, automotive, or
marine environments, where materials are exposed to extreme
and variable conditions (Moussa et al., 2021).

Additionally, future research should examine the fatigue
performance of bio-inspired designs under different loading
conditions, such as multi-axial loading or combined tensile and
compressive stresses. Real-world applications often involve
complex loading regimes, and understanding how bio-inspired
designs respond to these forces will help optimise their use in
practical applications (Murakami et al., 2021; Guo et al., 2021).
Further research into the synergistic effects of bio-inspired
geometries with surface treatments, coatings, or reinforcements
would also provide valuable insights into improving fatigue
resistance (Diaz et al., 2024; Nasr et al., 2021).

Finally, developing advanced computational models that
simulate the fatigue behaviour of bio-inspired designs would
complement experimental research. Finite element analysis
(FEA) and other computational tools can predict stress
distribution, crack initiation, and overall fatigue life under a
variety of loading and environmental conditions, providing
a powerful tool for optimising design geometries before
fabrication (Zhao et al., 2024; Kim et al., 2022). These models
could significantly reduce the time and cost associated with
experimental testing while providing deeper insights into the
mechanical behaviour of bio-inspired structures.

4.0 CONCLUSION

This study systematically investigated the influence of bio-
inspired structural geometries on the fatigue performance of
lightweight metallic alloys, specifically AA7075 aluminium and
Ti-6Al-4V titanium. The primary objective was to determine
whether geometries such as honeycomb, trabecular, and
cellular lattice structures—enabled by additive manufacturing—
could extend fatigue life by mitigating stress concentrations
and improving load distribution under cyclic loading.

The experimental results confirmed that all three bio-
inspired designs significantly outperformed traditional solid
block specimens in terms of fatigue life, across both alloy
systems. The honeycomb structure demonstrated the highest
fatigue resistance, with a fourfold increase in AA7075 and a
more than threefold increase in Ti-6Al-4V, relative to their solid
counterparts. Stress-life (S-N) curve analysis revealed flatter
slopes for bio-inspired structures, indicating superior endurance
at lower stress amplitudes. Weibull distribution analysis further
demonstrated improved fatigue reliability and lower variability,
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particularly in the honeycomb specimens, highlighting their
potential for predictable long-term performance.

These outcomes directly support the study’s hypothesis
and establish that geometric optimisation—rather than material
substitution alone—can significantly improve fatigue behaviour
in critical structural applications. The findings also reinforce the
potential of additive manufacturing to fabricate highly optimised,
complex internal structures that were previously unachievable
through traditional manufacturing methods.

From an application standpoint, this study provides
actionable insights for industries such as aerospace,
automotive, and biomedical engineering, where fatigue-driven
failures impose safety risks and economic costs. The integration
of bio-inspired geometries in metallic components can lead
to longer service life, reduced maintenance, and enhanced
structural efficiency. By demonstrating the mechanical benefits
of these designs in two widely used alloy systems, the work
sets a foundation for future optimisation and adoption of bio-
inspired strategies in fatigue-critical environments. Future
research should expand on these findings by investigating the
performance of bio-inspired designs under realistic environmental
conditions, exploring multi-axial and variable amplitude loading,
and conducting computational simulations to further optimise
geometric parameters for fatigue resistance. il
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A REVIEW OF MODULAR CONSTRUCTION FOR

DISASTER RESILIENCE IN BANGLADESH
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Abstract

Devastating floods and storms, exacerbated by climate change, frequently impact
housing, infrastructure, and economic stability in Bangladesh. Despite increasing
attention to modular construction as a solution, a consolidated review of its
applicability to flood resilience in the Bangladeshi context is lacking. This review
synthesises the literature to explore the technical advantages, cost effectiveness,
and socioeconomic benefits of prefabricated modular systems. Emphasis is placed
on design features such as elevated structures, water-resistant materials, and rapid
deployment capabilities that are critical for effective disaster response. The study
also highlights the role of modular construction in rebuilding essential community
infrastructure such as schools, clinics, and housing contributing to both immediate
rehabilitation and long-term economic recovery. Overall, this review underscores the
potential of modular construction to support a more sustainable and disaster-resilient
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1.0 INTRODUCTION

The riverine geography of Bangladesh constitutes the very
fabric of the nation’s life and culture, making it both vibrant
and vulnerable. Annual floods, driven by this geography
and increasingly intensified by climate change, strike with
unstoppable ferocity. These floods not only uproot millions but
alsodevastate homes, infrastructure, andlivelihoods, deepening
the vulnerabilities of already marginalised communities. As
climate-induced disasters become more frequent and severe,
developing countries such as Bangladesh face a chronic and
urgent need for sustainable yet rapid solutions to post disaster
rehabilitation.

In this context, modular construction has emerged as a
promising approach. By utilising prefabricated components
that can be quickly assembled onsite, modular systems offer
a combination of efficiency, flexibility, and resilience. Designed
to suit flood-prone conditions, such systems can incorporate
elevated structures, water-resistant materials, and scalable
layouts. These features not only provide immediate relief
in emergencies but also contribute to long-term disaster
resilience and climate adaptation by enabling the development
of durable, multifunctional shelters.

This review explores the potential of modular construction
as an effective tool in the rehabilitation process for flood-
affected populations in Bangladesh. It examines how modular
construction can respond to the urgent need for rapid shelter
deployment, cost-effective rebuilding, and socioeconomic
recovery in disaster-affected communities.

2.0 OVERVIEW OF FLOOD VULNERABILITY
IN BANGLADESH

The geographical location and riverine landscape of
Bangladesh make it one of the most flood-prone countries in
the world. Annual floods, exacerbated by seasonal monsoons
and upstream water flows, routinely disrupt lives, damage
infrastructure, and hinder socioeconomic development. The
worsening effects of climate change continue to increase both
the frequency and intensity of these disasters, underscoring
the urgent need for resilient mitigation and recovery strategies.

2.1 Recent Flood Events and Their Impact

Bangladesh has once again been confronted by catastrophic
flooding during the 2024 monsoon season, with the August
event (illustrated in Figure 1) representing one of the most
severe inundations the nation has endured in recent decades.
The scale of the disaster was starkly quantified by the National
Disaster Response Coordination Center (NDRCC), which
reported that 5.8 million people were profoundly affected across
the north-eastern and south-eastern regions. The floodwaters
created immense isolation, severing access for more than 1
million individuals and necessitating the establishment of
emergency shelters. By late August, approximately 502,501
displaced persons had sought refuge in 3,403 evacuation
centres, although these facilities were rapidly overwhelmed by
the sheer volume of those in need (Inter-Cluster Coordination
Group-Humanitarian Task Team Bangladesh: Eastern Flash
Floods 2024).
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Figure 1: Flood affected areas in 2024’s flood
(ReliefWeb, 2024)

The severity of the situation increased dramatically in the
following weeks. By August 27, 2024, the Ministry of Disaster
Management and Relief (MoDMR) officially declared this the
worst flooding event to strike Bangladesh in thirty years. Their
assessment revealed a critical deterioration in humanitarian
access, with more than 1.2 million people remaining stranded
without any form of aid delivery, highlighting the immense
logistical challenges faced by relief agencies in reaching cut-off
communities. The prolonged nature of the inundation and the
difficulty in accessing affected areas significantly exacerbated
the suffering of the population and complicated response efforts.

The impact on residential infrastructure has been particularly
devastating. As assessments continued into September, the
true extent of housing damage became clear. Data compiled by
September 11, 2024, indicated that 26,991 houses had been
completely destroyed by floodwaters, rendering their inhabitants
entirely homeless. Furthermore, an additional 307,443 houses
sustained significant partial damage, leaving hundreds of
thousands of families with precarious shelter conditions and
facing substantial repair costs before their homes could be
considered habitable again (ZahirulAlam, 2024). This level of
destruction represents not only an immediate humanitarian
crisis requiring emergency shelter interventions but also a
massive long-term reconstruction challenge.

These staggering figures collectively underscore the
desperate and urgent need for the development and
deployment of rapid, scalable, and resilient housing solutions
in Bangladesh. The recurring pattern of severe flooding
necessitates approaches that serve dual purposes: providing
immediate, effective emergency shelters to save lives and
alleviate suffering in the short term while simultaneously laying
the foundation for sustainable, long-term rehabilitation and
reconstruction that enhances community resilience against

future flood events. The sheer scale of the housing damage
witnessed in 2024 demands innovative, context-specific
strategies that can be implemented swiftly and at scale to
address both the current crisis and mitigate the impact of
inevitable future disasters in this vulnerable region.

2.2 Historical Disasters

Over the past decade, Bangladesh has endured repeated
catastrophic disasters, each of which has caused severe
damage to housing and infrastructure. The 2012 floods and
landslides destroyed 360,000 homes, whereas the 2014 floods
displaced 31,000 families and wrecked infrastructure. Cyclone
Mora damaged critical public facilities such as hospitals and
schools, and landslides that same year obliterated 6,000
homes. Cyclone Amphan damaged 330,667 homes and
destroyed 55,667 more, whereas Cyclone Remal devastated
roads, bridges, and embankments. This pattern of destruction
is comprehensively documented in Table 1, underscoring the
relentless cycle of devastation requiring sustained resilience.

Table 1: Major natural disasters in Bangladesh
and their Impacts

Event Damage Reference
2012 360,000 homes International Federation of Red
Floods and | destroyed Cross (IFRC), Nov 15, 2012 (Law
Landslides and Disasters in South Sudan
Facilitated by the South Sudan
Red Cross Society (SSRCS) and
the International Federation of
Red Cross and Red Crescent
Societies (IFRC), 2012)
2014 31,000 families Relief Web, 2014
Floods lost homes;
extensive
infrastructure
destruction
Cyclone Significant Relief Web, 2017a
Mora loss of public
infrastructure,
including
hospitals and
schools
June 2017 | 6,000 homes Relief Web, 2017b
Landslides | destroyed
Cyclone 330,667 homes Relief Web, 2020
Amphan damaged;
55,667 homes
completely
destroyed
Cyclone Roads, Relief Web, 2024
Remal bridges, and
embankments
severely affected
3.0 INSIGHTS OF MODULAR CONSTRUCTION
Modular construction is an emerging and innovative

construction technique in which buildings are constructed
in large volumes off-site at a controlled factory before being
transported to their final location for assembly. This approach
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utilises state-of-the-art engineering accuracy while allowing
for design adaptability, proving to be an environmentally
responsive and resource-efficient solution compared with
traditional building methods. It starts with detailed design
and planning, working with full architectural and engineering
plans that meet local building codes and regulations. (Luo et
al., 2024) Apply modular coordination principles to establish
standard dimensions and interfaces for each modular

component, facilitating rapid and seamless manufacturing
and assembly.

Once designs are approved, the modules are manufactured
in a factory environment under tightly controlled conditions.
“Implemented this way guarantees quality, lowers materials
waste and combines essential building systems involving
electrical wiring, plumbing, HVAC and interior finishes during
fabrication. Pre-packaged systems also facilitate the onsite
assembly process and have the potential to accelerate the
construction process (Kamali & Hewage, 2016; Luo et al,
2024). Once the modules are built, logistics management
ensures that they safely arrive onsite. The success of this
phase, which involves route optimisation, acquiring the

relevant permits, and ensuring structural integrity during transit,
is crucial (Chaitanya et al., 2021).

At the construction site, all of these steps start with the
preparation of the foundation to ensure that the modules
are aligned correctly and properly supported. Crane or other
lift equipment is used to place the modules, which are then
connected per design. This guaranteed stability is achieved

-_.__' _'_ v e, [ 3§ F-..'.-:--.. =

Figure 3: Modular construction as temporary accommodation
(elitesystemsgb.co.uk)

by strengthening the multiple connection modules. Onsite
articulation crews connect the pre-integrated systems to the
main utilities, such as water, electricity, and gas. The last
stage includes exterior cladding and roofing, as well as interior
finishing, to meet the design aesthetic and functional needs. A
comprehensive quality control process verifies compliance with
building codes, safety standards, and design specifications,
ensuring that the completed structure is ready for occupancy
(Generalova et al., 2016).

Compared with traditional building methods, the benefits
of modular construction are manifold. Its time-saving nature
is perhaps its greatest advantage, as off-site fabrication
and on-site preparation take place simultaneously, greatly
accelerating project timelines. It is also economical because
of standardised production and reduced onsite labour. Modular
construction is also known for its sustainability benefits, as
this method allows for controlled environments in factories to
optimise the use of resources and generate less waste.

Additionally, the method offers flexibility for customisation to
meet various project types, including residential, commercial,
healthcare, and educational applications. Modular systems are
indispensable for building shelters and critical infrastructure
in the case of emergencies in disaster-prone areas. (Law and
Disasters in South Sudan Facilitated by the South Sudan Red
Cross Society (SSRCS) and the International Federation of Red
Cross and Red Crescent Societies (IFRC), 2012; Pan et al., 2012).

4.0 VULNERABILITY ASSESSMENT FOR

MODULAR CONSTRUCTION IN FLOOD

PRONE AREAS
Bangladesh is one of the most flood-prone countries worldwide.
Its elevated position, spans of river networks and aggravated
weather patterns induced by climate change increase the risk
of flooding. The flood in August 2024, which alone displaced
millions of people, is a reminder for housing solutions that are
reliable yet sustainable and scalable. Modular construction,
which involves the integration of prefabricated elements
constructed and manufactured in a factory context along with
onsite assembly, can help address all these issues (Luo et al.,
2024; Mark et al., 2012).

4.1 Rapid Response in Emergencies

Bangladesh is prone to catastrophic disasters, and every
year, floods displaced millions of people in the country in
August 2024. They can also induce homelessness across
large populations, putting people’s lives in danger (UNICEF,
2024). The nature and extent of these emergencies make the
use of modular construction very practical, as shelters made
of these elements can be quickly assembled and transported
easily. Furthermore, the integration of modules facilitates
housing construction with greater convenience and less time
use (Generalova et al., 2016; R. E. Smith, 2011).

4.2 Resilience to Flood-Prone Environments

Bangladesh's geography makes it vulnerable to constant
flooding and an increase in water levels, which makes it
extremely necessary to develop innovative construction tactics
to solve these issues, as stated by (Kamali & Hewage, 2016)
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and (Mark et al., 2012). Specifically, the use of elevated bases,
floating platforms or varying the height of the modular system
can further aid in dealing with flooding.

4.3 Cost Optimisation and Expandability

Moreover, since their primary purpose is to provide shelter,
these buildings are very versatile in terms of how they can
be used and designed. Different places, such as schools,
community clinics or marketplaces, can be constructed to
help the economies of flood-impacted areas recover and start
functioning once again. Furthermore, (Pan et al., 2012) further
supports this across the paper by stating that this approach
will prove helpful in saving costs, as the modular units extend
their initial use. Additionally, these places can be tailored to
provide a sustainable solution for regions impacted by flooding.
(Chaitanya et al,, 2021) claim that tailoring buildings as a
strength of modular building design is easy.

Figure 4 shows a comprehensive modular project chart
comprisingsevensequentialstagesthatguidetheimplementation
process from conception to long-term management. Each
stage is distinctly represented with its name positioned on the
left and corresponding outputs or key considerations displayed
on the right, differentiated by color-coded blocks for visual
clarity. The progression begins with "Planning and Feasibility,"
establishing the project foundation, followed by "Design and
Engineering" for technical specifications. The subsequent
phases include "manufacturing and fabrication" for component
production, "transportation and logistics" for material handling,
and "onsite assembly" for construction. The flow culminates in
"Finishing and Commissioning" for operational readiness and
concludes with "Maintenance and Lifecycle Management" for
sustained functionality. This structured framework ensures
systematic execution across all project phases, emphasising
both immediate deliverables and long-term operational

considerations.

Maintemance and Lifecycle Management

Figure 4: Stages of modular construction with outputs and considerations

5.0 DISCUSSION

Floods in Bangladesh, particularly those highlighted by the
devastating floods of August 2024, continue to challenge
the nation's socioeconomic stability and the well-being of its
people. These recurring natural disasters are fuelled by the
country’s geographic location, low-lying terrain, and growing
effects of climate change (Bank, 2021; (UNDP), 2022). As
such, innovative strategies are urgently needed to reduce the
adverse impacts on vulnerable communities.

» Outpuats; Progect timeline, cost estimales, and feasibility repord.

« Duipats: 30 design models, blueprints, and detailed engineering plans.
« Outputs: Prefabricated modules ready for transponation.

+ Consideration: Safety, route planning, and scheduling.

» Owipuis: Fully assembled modular sirociure,

* Dutputs: Completed and operational structure,

= Outputs: Improved durability and reduced lifecyele costs.

Among these, prefabricated modular structures have
shown great promise as cost-efficient and sustainable
alternatives to conventional construction methods for mitigating
displacement and damage caused by floods (J. Smith, 2020).
These structures are manufactured in controlled environments,
ensuring high quality, safety standards, and consistency in
output (Kamara et al., 2002; J. Smith, 2020). Their streamlined
production process reduces material waste, lowers overall
costs, and enables rapid deployment (Tan & Chen, 2014).

5.1 Advantages of Modular Construction
in Post Flood Contexts

Modular construction presents transformative advantages
for flood-affected regions such as Bangladesh, addressing
both immediate humanitarian needs and long-term resilience.
The inherent design features of modular systems make them
exceptionally suitable for flood-prone environments. Elevated
platforms, critical adaptations, effectively mitigate water ingress
during inundation events by positioning living spaces above
anticipated flood levels (Ahmed et al., 2023; Gibb & Pendlebury,
2006). In addition, the strategic use of water-resistant materials,
including treated composites, corrosion-resistant alloys, and
moisture-barrier membranes, ensures structural integrity and
durability during repeated wet conditions, significantly reducing
maintenance burdens (Gibb & Pendlebury, 2006; Rahman &
Khan, 2022).

The rapid deployment capability of modular systems
addresses the urgent need for large-scale shelter solutions
following disasters. Prefabricated components enable onsite
assembly within days rather than weeks, facilitating swift
responses to mass displacement scenarios (Patel et al., 2023;
Tan & Chen, 2014). This efficiency is further amplified by
standardised manufacturing processes, which minimise onsite
labour requirements and logistical complexities in disrupted
environments.

Beyond emergency shelters,
modular units demonstrate
remarkable versatility in supporting
community recovery. These
structures can be seamlessly
repurposed as temporary or
permanent housing, educational
institutions, healthcare centres,
or community hubs, creating a

sustainable continuum from relief
to rehabilitation (Arif & Egbu, 2010;
Hassan et al., 2021). Recent field
implementations in Bangladesh’s
Sylhet region (2022) and Cox’s
Bazar region (2023) validate this adaptability, with modular
schools and clinics becoming operational within 72 hours of
delivery (Sarker et al., 2024).

Economically, modular construction offers compelling
advantages for resource-constrained contexts. Comparative
analyses indicate cost reductions of 20-30% relative to
traditional methods, primarily due to optimised material usage,
reduced waste, and economies of scale in manufacturing
(Karim, 2022; J. Smith, 2020). Concurrently, accelerated
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timelines cutting construction duration by nearly 50% enable
faster recovery while lowering labour costs and inflationary
exposure (World Bank, 2023).

Sustainability considerations further enhance the value
proposition of modular constructions. The integration of
recyclable materials (e.g., steel frames and bio based
composites), energy-efficient manufacturing processes, and
minimal onsite disturbances aligns with Bangladesh’s climate
resilience goals (Bank, 2021; Islam et al., 2023). Lifecycle
assessments confirm 35-40% lower embodied carbon than
conventional construction does, whereas passive design
features reduce operational energy demands (UN-Habitat,
2022). These attributes position modular systems as holistic
solutions that balance immediate disaster response with
long-term environmental stewardship and socioeconomic
recovery.

5.2 Comparative Analysis with

Other Disaster-Resilient Approaches
To assess the relative effectiveness of modular construction,
it is helpful to compare it with other flood-resilient housing
strategies commonly used in Bangladesh:

Table 2: Comparative Analysis of the
Construction Methods for Flood-Prone Regions

Method Advantages Limitations
Traditional Familiar materials Time-consuming, costly,
Reconstruction | and local techniques | prone to repeat damage

Raised Earthen | Low-cost, uses local | Offers minimal living

Plinths resources, passive comfort, susceptible to
flood protection erosion, does not scale well
Bamboo Sustainable, locally | Low durability, vulnerable to
Housing available, culturally | severe storms, not suitable
acceptable for multifunctional use
Modular Quick deployment, Higher upfront investment,
Construction scalable, durable, requires skilled labour and

multiuse, eco-friendly| initial factory setup

As illustrated in Table 2, traditional and locally adapted
construction methods clearly demonstrate advantages in
terms of affordability and cultural alignment. However, these
approaches exhibit critical limitations in terms of durability
and scalability when confronted with repeated or severe
flood events. Conversely, modular construction presents a
strategically balanced solution, integrating rapid deployment,
structural resilience, and functional versatility. This dual-
purpose approach effectively addresses both immediate
emergency shelter needs and long-term community recovery
requirements, positioning it as a more comprehensive response
to flood-related housing challenges.

5.3 Strategic Implications

Modular construction should be systematically integrated
into Bangladesh's disaster management frameworks
across three critical domains: post disaster shelter recovery
programs, community-based resilience planning, and climate
adaptation infrastructure investments. This integration enables

a paradigm shift from reactive damage control to proactive
resilience building.

By incorporating modular systems into national protocols,
Bangladesh can compress recovery timelines from months
to weeks while ensuring flood-resistant structures (Hossain &
Paul, 2021). Community engagement in deploying these units
fosters local ownership and skill development, enhancing long-
term sustainability (Sultana et al., 2022). Economically, the
20-30% cost advantage over traditional methods maximises
climate adaptation investments, whereas the reduced carbon
footprint aligns with national climate commitments. Crucially,
this approach transforms each disaster response into an
opportunity for infrastructure upgrading, turning "build back
better" from aspiration to operational reality. This strategic
positioning establishes modular construction as a cornerstone
for systemic resilience, making disaster recovery and
sustainable development mutually reinforcing pathways.

6.0 CONCLUSION:

A PATHWAY TO A RESILIENT FUTURE
This review synthesises evidence demonstrating that
prefabricated modular construction represents a paradigm
shift, offering integrated solutions for immediate humanitarian
response and sustainable long-term recovery.

6.1 Key Findings and Contributions

Modular systems have critical operational advantages:
rapid deployment capabilities compress acute response
phases from months to days, whereas engineered resilience
features, including elevated platforms and hydrophobic
materials, directly mitigate flood-specific vulnerabilities
(Ahmed et al., 2023). Economic analyses confirm 20-30%
cost reductions and 50% timeline compression compared
with conventional methods, addressing resource constraints
in climate-vulnerable economies (Karim, 2022; World Bank,
2023). Beyond emergency utility, these systems enable
sociotechnical transitions through multifunctional infrastructure
schools, clinics, and community hubs that catalyse sustainable
development pathways (Hassan et al., 2021).

6.2 Theoretical and Practical Implications

This review positions modular construction as a cornerstone
of transformative adaptation, transcending temporary relief
to enable systemic resilience. The convergence of ecological
sustainability (35-40% lower embodied carbon (Islam et
al., 2023) community coproduction through local workforce
integration, and alignment with Bangladesh's Delta Plan 2100
creates a scalable model for climate-resilient development.
Crucially, it disrupts path dependency in disaster governance
by shifting from reactive reconstruction to proactive resilience
investment.

6.3 Future Directions

As climate intensification continues to escalate flood risks
in Bangladesh and similar deltaic regions, several strategic
imperatives and emerging opportunities must be addressed
to maximise the potential of modular construction for disaster
resilience:
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6.3.1 Policy and Governance Integration

Comprehensive policy integration of modular systems into
national disaster management protocols, including the
development of specific building codes and standards for
flood-resilient modular construction. This should involve
updating Bangladesh's National Building Code to include
modular construction guidelines and creating streamlined
approval processes for emergency deployment. Recent
policy frameworks such as the Bangladesh Delta Plan 2100
should explicitly incorporate modular construction as a key
adaptation strategy.

6.3.2 Localised Manufacturing and Supply Chain
Development

Development of localised manufacturing ecosystems to
increase accessibility and reduce costs. This includes
establishing regional prefabrication facilities equipped with
climate-resilient technologies, investing in workforce training
programs for modular construction techniques, and creating
public-private partnerships to support the emerging modular
construction industry. Special attention should be given to
developing supply chains that can function during disaster
conditions and utilising locally sourced sustainable materials.

6.3.3 Innovative Financing Models

Establishment of cross-sectoral financing mechanisms
bridging humanitarian and development budgets. This includes
creating dedicated resilience funds for modular infrastructure,
developing insurance products that incentivise modular
construction, and exploring impact investment opportunities in
the modular construction sector. Recent innovations such as
catastrophe bonds and resilience credits could be adapted to
support modular construction initiatives.

6.3.4 Technological Innovation and Integration

Integration of emerging technologies with modular construction
to enhance resilience. This includes incorporating smart
monitoring systems for early warning and structural health
assessment, utilising advanced materials with improved
flood resistance properties, and exploring the potential of
3D printing and other digital fabrication techniques for rapid
production of customised modules. Recent advances in climate-
resilient materials and loT-enabled structural monitoring should
be leveraged.

6.3.5 Community-Centred Implementation Approaches
Development of = community-centred  implementation
frameworks that ensure local ownership and cultural
appropriateness. This includes establishing participatory design
processes that incorporate local knowledge and preferences,
creating community-based maintenance and adaptation
programs, and developing knowledge-sharing platforms to
facilitate peer learning between communities implementing
modular solutions.

6.3.6 Knowledge Generation and Capacity Building
Strengthening research capacity and knowledge generation
through dedicated research programs on modular construction
in disaster-prone contexts. This includes establishing
academic-industry  partnerships, creating demonstration
projects that serve as living laboratories, and developing
comprehensive monitoring and evaluation frameworks to
assess the long-term performance of modular construction in
flood-prone environments.

Bangladesh's experience with modular construction offers
valuable transferable insights for other deltaic regions facing
similar climate challenges. By addressing these strategic
directions, modular construction can evolve from a promising
technical solution to a transformative approach that builds
systemic resilience, supports sustainable development,
and creates pathways for climate adaptation in the face of
increasing uncertainty. ll
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STUDY ON THE REINFORCEMENT EFFECT OF
PROTECTIVE SURFACE REINFORCEMENT FOR CRACKED

LINING IN RAILWAY TUNNELS

Qizhu Jiao', Yalong Shi?, Congwen Yan?, Peng Chen?, Kai Liu®

Abstract

Designers often express concern about resource wastage caused by excessive
reinforcement of lining cracks and the limited effectiveness of conventional repair
methods such as plastering mortar and crack sealing, when subjected to construction
defects and environmental degradation. To address these limitations and suppress
further crack propagation, this study proposes a protective reinforcement method
and evaluates its performance under surrounding rock pressure using finite element
analysis. The results show that: (1) the first principal stress within the protective
reinforcement remains well below the material’s design strength, ensuring structural
integrity; (2) no tensile damage occurs in the lining under either single-crack or
mesh-crack conditions, confirming that the reinforcement effectively inhibits crack
development; (3) reinforcement bars reduce stress concentration at crack tips, lower
tensile stress, and improve the structural safety factor; and (4) retaining bars are
unsuitable for reinforcing deep cracks (20.5H) due to their weak shear resistance
and the complexity of deep crack formation. These findings provide a basis for
optimising reinforcement strategies for cracked lining structures.
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List of Notations:

y is unit weight for material

u is Poisson ratio

E, is the elastic modulus of the material

H is the lining thickness

SF is the safety factor

fe is the design value of concrete tensile strength
K is the minimum allowable safety factor

MPa Mega pascal

Keywords:

Cracks, Protective covering steel,
Railway tunnels, Reinforcement effect,
Safety evaluation

1.0 INTRODUCTION

As the operational lifespan of tunnels increases, lining cracks
have become one of the main issues affecting the safe
operation of tunnels (Li et al., 2018; Wang et al., 2016; Li, 2020).
In response to remediation measures for cracked linings, both
domestic and international scholars have conducted a certain
amount of research.

For example, Wang et al. (2010) calculated the lining safety
factor under the action of longitudinal cracks in the Anji Tunnel.
They proposed that for cracks in plain concrete segments
where the safety factor meets the regulatory requirements,
reinforcement should be done using mortar plastering.
For cracks that do not meet the regulatory requirements,
reinforcement should be carried out using 120a@550m+steel
mesh + sprayed concrete.

Yu et al. (2017) used finite element software to study the
reinforcement effect of combined components formed by steel
plates and anchoring devices. The results showed that the
combined structure could improve the stress characteristics
of the cracks and the surrounding areas, prevent stress
concentration, and restore the load-bearing capacity to a state
similar to the intact lining.

Chen et al. (2014) classified the cracks in a certain railway
tunnel into four levels (AA, A1, B, and C) based on the crack's
length and width. They used finite element software to analyze
the reinforcement effects of W steel strips + steel mesh +
sprayed concrete and cross-joint anchor grout. The results
showed that the W steel strip + steel mesh + sprayed concrete
could increase the safety factor of the structure with longitudinal
cracks from 0.92 to 2.69, while the cross-joint anchor grout
could raise the safety factor from 0.97 to 2.51, meeting the
regulatory requirements.

In addition to the aforementioned measures, common
crack remediation techniques also include concrete lining
replacement, corrugated sheet lining, partial replacement,
and full replacement (Su et al., 2020; Fu et al., 2021; Yu et
al., 2021; Shao et al., 2019; Wang et al., 2017), all of which
are now relatively well established. However, in reinforcement
design, some designers have raised two concerns: first,
whether excessive reinforcement or replacement measures
for defective cracks in plain concrete linings may result in
unnecessary resource expenditure; and second, whether
cracks repaired only with surface plastering or grouting will
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continue to propagate if the grout quality is inadequate or if
environmental factors alter the lining’s stress state. In response
to these concerns, this study adopts the approach of inhibiting
crack initiation and propagation, using finite element software to
evaluate the reinforcement performance of protective surface
reinforcement. The aim is to provide guidance and support for
similar remediation projects.

2.0 COMPUTATIONAL MODEL

2.1 Expansion and Prevention of Cracks

The core of tensile crack propagation is the change in material
mechanical behaviour caused by stress concentration at the
crack tip. The stress concentration at the tip of the crack leads
to a sudden change in the mechanical properties of the material,
which in turn promotes the continuous propagation of the
crack. As shown in Figure 1, the crack tip includes three areas:
Traction free macrocrack, Bridging zone, and Microcrack zone,
among which the plastic damage characteristics of concrete
materials need to be considered in the Bridging zone and
Microcrack zone.

The stress-strain curve of materials considering concrete
tensile damage is shown in Figure 2.

When the concrete material at the tip of the crack is in the
post peak stage (D>0), the crack is in an unstable equilibrium
state. Under the disturbance of the surrounding environment,
the probability of crack propagation will greatly increase.
Therefore, the core of suppressing the propagation of tensile
cracks is to ensure that the stress at the crack tip is in a pre-
peak state and has a certain safety margin, as show in

D=0
- (1
SF=StzK

I_E

T

Among them, K is the minimum allowable safety factor, and
according to the Railway Tunnel Design Code, it is taken as 3.6.

2.2 Model Overview

Finite element software was used to study the stress
characteristics of single-line tunnels (height 10.93m, width
10.67m, cross-sectional area 80.03m?) and double-line tunnels
(height 10.98m, width 14.06m, cross-sectional area 118.80m?)
with single and mesh cracks. A "load-structure" model was
used for calculations, with a lining longitudinal length of 12m
and thickness of 45cm. The lining was simulated using solid
elements, the foundation spring was simulated with spring
elements, and the protective surface reinforcement was
simulated using shell elements. Cracks were simulated using
contact surfaces, assuming that no tensile or shear stresses
are transmitted at the crack location, but compressive stresses
are transmitted.

Given that cracks have a more significant impact on the
stress of plain concrete linings, and past experience shows that
cracks located at the crown have the most significant effect on
the structural stress, calculations were carried out for a single
longitudinal crack and mesh crack at the crown of an IV-grade
surrounding rock plain concrete lining. According to the Railway

Tunnel Design Code (TB10003-2016) (hereinafter referred
to as "Tunnel Code"), the vertical load for a single-line tunnel
with IV-grade surrounding rock is taken as 86.940kPa, and
for a double-line tunnel, it is 112.153kPa. The lateral pressure
coefficient is taken as 0.25. The secondary lining load-bearing
ratio is taken as 50%. The models for the longitudinal crack and
mesh crack at the crown are shown in Figures 3 and 4.
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Figure 1: Schematic diagram of crack tip zoning
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Figure 4: Numerical model of mesh crack in arch crown
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Table 1: Physical and mechanical parameters of material

E,

Tensile Strength

Material

Y
(kN/m?)

n

(GPa)

(MPa)

Compressive Strength
(MPa)

Concrete

23

0.2

31.5

24

23.4

Reinforcement

7850

0.2

200

210

210

Table 2: Calculation Conditions
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Figure 5: Structural diagram of face protection rebar
(a) Schematic diagram of the protective surface
reinforcement in plan view;
(b) A-A sectional view
(1: Crack; 2: Protective Surface Reinforcement Steel;
3: Side Supporting Structure; 4: Reinforced Dowels;
5: Support Anchor Hole; 6: Mortar Protective Layer; 7: Lining)

The range of the protective surface reinforcement extends
1m beyond the crack range. In the stress analysis, the effect of
the mortar protection layer is not considered, and the thickness
of the shell elements is calculated equivalently based on the
area. The schematic diagram of the reinforcement plan for the
surface reinforcement is shown in Figure 5 (a), and the A-A
cross-sectional view is shown in Figure 5 (b).

2.3 Material Physical and Mechanical Parameters
According to the Railway Tunnel Design Code (TB10003-2016),
the elastic foundation parameters for IV-class surrounding rock
are set to 350 MPa/m. The concrete strength grade is C35,
and the type of reinforcement is HRB400. A plastic damage
model is used for simulation. The damage evolution equation
for concrete is determined based on the Code for Design of
Concrete Structures (GB50010-2010) and (Li et al, 2021;
Zhang et al., 2008). The material physical and mechanical
parameters are shown in Table 1.

Crack Type

Characteristic Parameters

Single Longitudinal
Crack

Length: 1m, 3m, 6m, 9m, 12m
Depth: 0.1H, 0.5H, 0.9H

Mesh Cracks

Longitudinal Range: 0.5m, 1.0m, 1.5m

Circumferential Range: 0.5m, 1.0m, 1.5m
Depth: 0.5H

Note: H in the table indicates lining thickness

2.4 Calculation Conditions

First, the stress characteristics of single-line and double-line
tunnel linings with a single longitudinal crack and mesh cracks
at the vault are calculated and analysed. Then, based on the
stress characteristics of the cracked linings, typical conditions
are selected to analyse the reinforcement effect of the
protective surface reinforcement. The calculation conditions
are shown in Table 2.

3.0 THE STRESS CHARACTERISTICS OF
CRACKED LINING STRUCTURES

The calculation results indicate that cracks have a negligible
impact on the compressive load-bearing characteristics of the
structure. Due to space limitations, only the tensile damage
degree and the first principal stress calculation cloud diagrams
for the conditions of a single longitudinal crack (9m long,
0.9H depth) and mesh cracks (1.5m longitudinal length, 1.5m
circumferential width, 0.5H depth) at the crown of a single-line
tunnel are presented here.

3.1 Single Longitudinal Crack

The calculation results of the tensile damage degree and the
first principal stress of a single longitudinal crack (9m long and
0.5H depth) in a single-line tunnel are shown in Figure 6(a) and
Figure 6(b).

The variation of the tensile damage degree of the lining in
single-line and double-line tunnels with a single crack, as a
function of crack length and depth, is shown in Figures 7 and 8.

(b)

Figure 6: Calculation results of single line tunnel vault with
longitudinal crack under typical working conditions
(a) the first principal stress of lining (Pa);
(b) lining tensile damage
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As shown in Figure 6(a), the lining with a single longitudinal
crack, under surrounding rock pressure, exhibits tensile damage
at the crack tip along the crack's length, with a damage degree
of 0.227. This indicates a tendency for the crack to propagate
along its length. As shown in Figure 6(b), the first principal stress
of the lining is 1.950MPa, which lies in the descending region
of the stress-strain curve and is below the tensile strength of
concrete. Therefore, in subsequent calculations and analyses,
a tensile damage degree greater than 0 is used as the criterion
for determining crack propagation.

it 1] 3m Gm 9m 1Zm
0.250
- 0,200
Eﬂ L 0150
= Eﬂ.lm
5 Z0.050

0000 |-————T g
ol 0.5 0.9

Cruck depth (h/H)

Figure 7: Relationship between tensile damage and longitudinal
crack characteristic parameters of single track tunnel
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Figure 8: Relationship between tensile damage and longitudinal
crack characteristic parameters of double track tunnel

As shown in Figures 7 and 8, for the single longitudinal
crack scenario, increasing the crack depth results in a greater
tensile damage degree, with damage concentrated at the crack
tip. For cracks shorter than the lining's circumference (12m),
longer cracks lead to a greater degree of tensile damage.
When the crack length reaches 12m, stress release causes
a reduction in the tensile damage degree of the structure.
However, at this point, the crack significantly weakens the
lining, and reinforcement measures equivalent to or stronger
than those for non-longitudinal through cracks should be
considered. For single-line tunnels, when the crack depth is
0.1H, the structural damage degree is 0, and the crack can be
addressed with grouting closure or mortar surface treatment.

3.2 Mesh Crack

The tensile damage degree and the first principal stress
calculation results for the condition of a mesh crack (1.5m
longitudinal length, 1.5m circumferential width, 0.5H depth)
in a single-line tunnel are shown in Figure 9(a) and Figure 9(b).

As shown in Figure 9 (a), for the lining structure with mesh
cracks under the surrounding rock pressure, tensile damage
occurs at the crack tips along the tunnel’s direction, with a
damage degree of 0.684, indicating that the mesh crack tends
to propagate along the tunnel’s direction. As shown in Figure 9
(b), the first principal stress of the lining is 1.929 MPa, which is
in the descending part of the stress-strain curve and is below
the tensile strength of concrete. The variation of the tensile
damage degree of the lining in single-line and double-line
tunnels with a single crack, as a function of crack length and
depth, is shown in Figures 8 and 9.
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Figure 9: Calculation results of single line tunnel vault with
mesh crack under typical working conditions
(a) the first principal stress lining; (b) lining tensile damage
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Figure 10: Relationship curve between tensile damage and
mesh crack characteristic parameter of single track tunnel
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Figure 11: Relationship curve between tensile damage and
mesh crack characteristic parameter of double track tunnel
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As shown in Figures 10 and 11, for
single-line and double-line tunnels with
mesh cracks, the tensile damage degree
of the lining is positively correlated with
the longitudinal distribution length and
circumferential distribution width of the
mesh cracks. With an increase in the
distribution range of the mesh cracks:
The tensile damage degree of the lining
structure with  0.5mx0.5m (longitudinal
range x circumferential range) mesh cracks
in single-line and double-line tunnels is 0
and 0.043, respectively. For a 1.5mx1.5m
mesh crack, the tensile damage degree of
the lining is 0.068 for single-line tunnels and
0.279 for double-line tunnels. In the case
of single-line tunnels with a 0.5mx0.5m
mesh crack, the tensile damage degree is
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0, suggesting that the cracks can be treated
with grouting or mortar coating alone.

4.0 THE REINFORCEMENT
EFFECT OF SURFACE

Figure 12: Calculation results of structural stress after surface reinforcement

for typical single crack conditions

(a) the first principal stress of lining; (b) the first principal stress of the

reinforcement; (c) lining tensile damage

REINFORCEMENT MEASURES
Based on the results in Section 3, the
structural damage degree of the lining
under rock pressure is positively correlated
with the crack length (<12m) and depth
for single longitudinal cracks. For mesh
cracks, the structural damage degree is
positively correlated with the longitudinal
and circumferential distribution ranges of
the cracks. Therefore, for single longitudinal
crack scenarios, simulations of the
reinforcement effect of surface bars will be
conducted for the most unfavourable and
special conditions, with crack lengths of
9m and 12m, and depths of 0.1H, 0.5H,
and 0.9H. For mesh crack scenarios,
reinforcement effect simulations  will
be conducted for crack dimensions of

£ afip-od
Hathe ol

(b)

DARLAET
T

L]

0.5mx0.5m, 1.0mx1.0m, and 1.5mx1.5m.
The reinforcement bar diameter is set at
®10mm, with longitudinal and circumferential
spacing both set at 150mm.

Due to space limitations, only the cloud
diagrams of calculation results for the single-track tunnel with a
single longitudinal crack (length 9m, depth 0.5H) and the single-
track tunnel with mesh cracks (1.5m x 1.5m) are presented
here, as shown in Figures 12 and 13 respectively.

As shown in Figures 12(a) and 13(a), for the single
longitudinal crack condition (length 9m, depth 0.5H) and the
mesh crack condition (1.5m x 1.5m) in the single-track tunnel,
the application of surface reinforcement eliminates tensile
damage in the lining. The maximum principal stress in the
lining is 1.056 MPa and 1.164 MPa, respectively, located on
the surface near the cracks. According to the Railway Tunnel

Figure 13: Calculation results of structural stress after surface reinforcement

for typical mesh crack conditions

(a) the first principal stress of lining; (b) the first principal stress of the

reinforcement; (c) lining tensile damage

Design Code (TB10003-2016), the structural safety factors are
3.977 and 3.608, respectively, meeting the code's requirements.
As shown in Figures 12(b) and 13(b), the maximum principal
stress in the surface reinforcement is 6.570 MPa and 8.133
MPa, which are far below the design strength of 210 MPa.
Thus, the use of surface reinforcement effectively enhances
the structural bearing capacity, and the reinforcement effect
complies with the requirements of the Railway Tunnel Design
Code. As shown in Figures 12(c) and 13(c), the tensile damage
degree at the tip of the lining for both single cracks and mesh
cracks is 0 after reinforcement with surface reinforcement.
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Table 3: Calculation results of reinforcement effect of surface reinforcement on lining with single longitudinal crack

Unreinforced Surface Reinforcement
Tope | Longth | Depih | Tensle | YROEIS || Tewte | pnornt | Frefiepsuess
Stress (MPa) Stress (MPa) Reinforcement (MPa)
9 0.1H 0 1.58 2.658 0 0.806 5.444 5.211
12 0.1H 0 1.58 2.658 0 0.802 5.823 5.237
Single 9 0.5H 0.062 2.218 — 0 1.056 6.57 3.977
Line 12 0.5H 0.01 2.214 — 0 0.995 6.187 4.221
9 0.9H 0.227 1.95 — 0 1.061 6.565 3.959
12 0.9H 0 1.33 — 0 1.061 6.564 3.959
9 0.1H 0.05 1.782 — 0 0.994 6.628 4.225
12 0.1H 0.05 1.782 — 0 0.964 6.629 4.357
Double 9 0.5H 0.319 2.044 — 0 1.221 7.593 3.440
Line 12 0.5H 0.078 1.958 — 0 1.221 7.593 3.440
9 0.9H 0.484 2.041 — 0 1.227 7.591 3.423
12 0.9H 0 1.512 — 0 1.227 7.591 3.423
Table 4: Calculation results of reinforcement effect of surface reinforcement on lining with mesh crack
Unreinforced Surface Reinforcement
Section | Longitudinal | Circumferential . Lining First . Lining First Féﬁ;:;gﬂﬁ:l
REE RENEE REOEE J::‘sa“e Principal SF E')I'ensﬂe Principal Surface SF
9¢ | stress (MPa) amage | giress (MPa) | Reinforcement
(MPa)

0.5m 0.5m 0 1.981 2.120 0 1.028 7.782 4.086
Single 1.0m 1.0m 0.036 2012 — 0 1.066 8.196 3.940
1.5m 1.5m 0.068 1.929 — 0 1.164 8.133 3.608
0.5m 0.5m 0.043 2.183 — 0 1.128 9.609 3.723
Double 1.0m 1.0m 0.153 2.234 — 0 1.247 8.923 3.368
1.5m 1.5m 0.279 2.233 — 0 1.237 9.239 3.395

Note: “—” indicates that when there is tensile damage to the lining, the first principal stress is in the descending stage, so the value of the first

principal stress and the safety factor is not of reference significance

The stress calculation results under rock pressure for
single-track and double-track tunnel linings with single
longitudinal cracks and mesh cracks after reinforcement with
surface reinforcement are shown in Tables 3 and 4.

As shown in Tables 3 and 4, when 50% of the surrounding
rock pressure is taken as the design load, the reinforced lining
with @10mm@150mm surface reinforcement does not exhibit
any tensile damage in both the single longitudinal crack and
the mesh crack cases, indicating that the surface reinforcement
can effectively inhibit the further expansion of the cracks. For
the most unfavourable condition of single cracks in both single-
line and double-line tunnels, the tensile stress of the lining is
1.061 MPa and 1.227 MPa, respectively, distributed near the
cracks on the inner surface of the lining. The safety factors are
3.959 and 3.423, respectively. Although some conditions do
not meet the required safety factor of 3.6, the deviation is less
than 10%, indicating that surface reinforcement can effectively

reduce stress concentration at the crack tip and improve the
structural bearing capacity.

For the most unfavourable condition of mesh cracks in
both single-line and double-line tunnels, the tensile stress
of the lining is 1.164 MPa and 1.237 MPa, respectively,
distributed near the crack on the inner surface of the lining.
The corresponding safety factors are 3.608 and 3.395. In some
conditions, the safety factor does not meet the required 3.6, but
it is less than 10% away from 3.6, indicating that the surface
reinforcement can effectively improve the stress concentration
at the crack tip and enhance the structural bearing capacity.

It should be noted that for cracks with a depth of 0.9H, from
the perspective of inhibiting crack propagation, the surface
reinforcement is beneficial. However, for cracks that are about
to penetrate, it is necessary to consider potential failure modes
such as shear failure and misalignment due to insufficient shear
strength at that location. Surface reinforcement is suitable for
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crack opening failure modes, but its effect on the lining’s shear
strength is relatively weak. Additionally, the load mode that results
in a crack with a depth of 0.9H differs from the design load mode,
making it difficult to analyse. Therefore, surface reinforcement is
deemed unsuitable for cracks with a depth of 0.9H. For safety
reasons, cracks with depths between 0.5H and 0.9H, as well as
those with a depth of 0.9H, are grouped together, and in such
cases, surface reinforcement is not considered applicable. The
first principal stress of the surface reinforcement in the above-
mentioned conditions ranges from 5.444 MPa to 9.609 MPa, which
is far below the design strength of HRB400 steel bars (210 MPa),
indicating that the surface reinforcement remains structurally sound.

5.0 CONCLUSIONS AND RECOMMENDATIONS

This paper uses finite element software to conduct a numerical

analysis on the reinforcement effect of cracked lining with surface

reinforcement under 50% surrounding rock load. The main
conclusions are:

« The first principal stress distribution range of the surface
reinforcement components is 5.444 MPa to 9.609 MPa, far
lower than the design strength of 210 MPa, indicating that the
surface reinforcement will not fail.

* No tensile damage was observed in any of the cracked lining
conditions, indicating that the surface reinforcement effectively
inhibits the expansion of cracks.

e For linings with single and mesh cracks, the surface
reinforcement effectively improves the stress concentration at
the crack tips, reduces the tensile stress in the structure, and
increases the structure’s safety factor, making it an effective
crack reinforcement measure.

» Considering the shear failure mode of cracks deeper than 0.5H,
the weaker shear resistance of the surface reinforcement,
and the complexity of the formation mechanism, surface
reinforcement is considered unsuitable for reinforcing cracks
of this depth.

Additionally, this paper looks into the reinforcement effect of

surface reinforcement in the repair of plain concrete cracks and

confirms its effectiveness in crack remediation. However, the
stability of surface reinforcement under train-induced wind in high-
speed railway tunnels has not been studied yet. This will be further
explored in subsequent research to determine the feasibility of
surface reinforcement in the remediation of lining cracks in high-
speed railway tunnels. ll
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