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In the context of global climate change, the demand for green building materials has grown increasingly urgent.
This study has made significant advancements in sustainable construction materials by developing all-bamboo
aggregate concrete (BAC) enhanced with a sodium alginate-CaCl, synergy through an environmentally
friendly process. Using response surface methodology optimization, the 28-day compressive strength was
increased to 8.10 MPa. Scanning electron microscope (SEM) analysis indicates that the alginate gel forms a cross-

linked network within bamboo micro-cracks, substantially improving interfacial bonding. A novel bamboo
aggregate mass index (BAMI) has been introduced to quantify particle shape, allowing precise control over
aggregate quality, thus offering a new solution for lightweight pavement materials. While fly ash reduces short-
term strength, its low alkalinity and secondary hydration effects positively influence long-term durability. This
research provides a scientific basis for utilizing BAC in pedestrian pavements and advancing sustainable con-

struction materials.

1. Introduction

In recent years, the escalating awareness of environmental protec-
tion and the pursuit of sustainable development have thrust the con-
struction industry into an urgent quest to reduce carbon emissions and
resource consumption (Li et al., 2025). This imperative has ignited a
surge of interest in sustainable construction materials, with
bamboo-based materials emerging as a highly promising frontier.
Bamboo, with its extensive global distribution and rapid growth rate,
stands out as a sustainable green material with potential in the con-
struction sector (Mohan et al., 2022; van der Lugt et al., 2006; Yu et al.,
2011). Bamboo fiber-reinforced composites have demonstrated signifi-
cant potential in improving the structural integrity of reinforced

concrete beams, as explored in various innovative applications (Chin
et al., 2020). Comprehensive assessments of the environmental impacts
of bamboo-based construction materials across diverse global produc-
tion scenarios have underscored their sustainability (Escamilla and
Habert, 2014). Moreover, critical properties such as the water vapor
diffusion resistance factor of Moso bamboo have been investigated to
better understand its performance in different environmental conditions
(Huang et al., 2017). Collectively, these studies highlight bamboo’s
suitability as a sustainable building material. The development of
bamboo aggregate concrete has gained traction as an approach to reduce
reliance on traditional gravel and mitigate the environmental impact of
natural stone extraction. Experimental studies have demonstrated the
feasibility of partially replacing coarse aggregate with bamboo in
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concrete (Manimaran et al., 2017; Mudjanarko et al., 2020; Sari et al.,
2020; Tahara et al., 2021), further bolstering the evidence for bamboo
aggregate’s potential in construction.

However, using bamboo aggregates in concrete faces numerous
challenges due to their biomass traits. Compared with traditional ag-
gregates, bamboo aggregates have problems such as volume instability,
alkali degradation, and the impact of sugars on concrete setting and
hardening (Li et al., 2022; Wang et al., 2022, 2024a; Yuan et al., 2022).
For example, the volume of bamboo aggregates can change significantly
with humidity, which lead to cracks in concrete. The alkali in concrete
can react with the components in bamboo, causing degradation of the
aggregates. The sugars in bamboo can also affect the setting and hard-
ening process of concrete, reducing its strength. One of the effective
solutions is to conduct appropriate modification treatments on bamboo
aggregates (Idris et al., 2021; Wang et al., 2024b; Zhou et al., 2024).
However, there are no modification methods specifically for bamboo
aggregates in all-bamboo aggregate concrete (BAC).

This study aims to systematically compare various modification
methods of bamboo aggregates to identify the most effective approach
for enhancing the compressive strength of BAC. Using response surface
methodology, the parameters of the chosen modification method will be
optimized to achieve optimal BAC performance. The physical and me-
chanical properties of modified BAC will be comprehensively analyzed,
with a focus on factors such as bamboo aggregate grading and fly ash
content. Scanning electron microscope (SEM) analysis will be employed
to gain an in-depth understanding of the modification mechanisms at
play. The results of this study will provide a scientific basis for the
application of BAC in pedestrian walkway pavements and offer new
perspectives on promoting the use of sustainable building materials.

2. Experimental part
2.1. Experimental materials

P.O 42.5 ordinary Portland cement, produced locally in Chongging,
was used as the binder. Moso bamboo from the Tanghe Ancient Town
Forest Farm in Jiangjin, Chongqing, with a 3~5-year growth period,
about 10 cm in diameter and 10-15 mm in wall thickness, was used to
produce bamboo aggregates. After crushing, their particle size was
mostly 5-15 mm, as shown in Fig. 1, and they were then modified and
dried to enhance compatibility with other components and improve
concrete performance. Tested in accordance with the "Quality and
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Inspection Methods Standard for Sand and Stone for General Concrete"
(JGJ52-2006), the fineness modulus of the employed river sand is 3.0; its
grading curve is presented in Fig. 2, and this river sand is classified as
medium sand and is utilized to fill the voids in the concrete, thereby
enhancing the workability and strength of the concrete. A
polycarboxylate-based water reducer was used to reduce water content,
optimize the water-cement ratio (W/C), maintain or enhance work-
ability, and improve mechanical properties, whose basic properties are
listed in Table 1. Calcium chloride was employed as the accelerator to
accelerate the setting and hardening of concrete, especially useful in
applications requiring rapid early-strength development. Welan gum
was added to enhance the cohesiveness of the concrete mixture, prevent
mortar weeping, and improve workability, with its optimal dosage
determined by specific experimental methods (Chen et al., 2024). Class
II fly ash from Henan, whose chemical composition and basic perfor-
mance parameters are shown in Tables 2 and 3, was used in this study.
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Fig. 2. Sand grading curve.
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Fig. 1. Preparation process of raw bamboo aggregates.
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Table 1
Performance index of polycarboxylic acid superplasticizer.

Type pH  Solid Total Density Water
content alkali (g/cms) reduction
(%) content rate (%)
(%)
Polycarboxylic 6.1 39.2 1.05 1.06 30
acid
superplasticizer
Table 2
Chemical composition of fly ash.
Chemical composition SiOy Al,O3 Fe,03 CaO MgO SO3
Content (%) 53.24 27.87 4.11 4.7 1.35 1.2
Table 3
Basic performance parameters of fly ash.
Fineness Burn Water Apparent Moisture Activity
(%) loss requirement density (g/ content index (%)
(%) ratio (%) cm®) (%) 74 28d
17.5 3.54 103 2.4 0.1
76

2.2. Modification of bamboo aggregate

To address issues such as the high water absorption of bamboo ag-
gregates, the negative impact of their sugar on setting and hardening,
and to strengthen the bond with mortar, seven modifying agents were
selected. First, establish the general pre-treatment steps for bamboo
aggregates: Heat the bamboo aggregates at 103 °C for 1 h, then cool
them to 70 °C and air-dry to a constant weight. Subsequent treatments
with different modifying agents are carried out with differential oper-
ations based on this. The nano-penetrating agent, suitable for cement
concrete with waterproof, permeation-resistant, UV-resistant, acid-and-
alkali-resistant, and chlorine-ion-resistant properties, is prepared by
mixing with water at a 1:3 ratio. The pre-treated bamboo aggregates are
immersed in it for 3 h and then air-dried naturally for 24 h. The silane
impregnating agent, which is waterproof and alkali-resistant, is used
undiluted, and the treatment process for bamboo aggregates is the same
as that of the nano-penetrating agent. The silane coupling agent KH560,
catalyzed by ethylenediamine (10 % of its quantity), has a soaking so-
lution composed of ethanol, water, and KH560 at a ratio of 7.2:0.8:2.
After the general pre-treatment, the soaking solution is heated to 60 °C,
and the bamboo aggregates are soaked in this solution for 3 h, then
heated at 103 °C for 1 h and dried at 70 °C until air-dry. It reacts with the
surface hydroxyl groups of bamboo aggregates and participates in
cement hydration (Chen et al., 2022). The sodium silicate solution (1 %
wt.%), rich in Si-OH groups, is used in the following way. After the
initial pre-treatment, the bamboo aggregates are soaked in a 60 °C so-
lution for 3 h, then heated at 120 °C for 1 h and dried at 70 °C until
air-dry. It participates in cement hydration and reacts with the surface
hydroxyls of bamboo aggregates to enhance the bond (Lima et al., 2008;
Liu et al., 2012). Sodium alginate, an eco-friendly extract from brown
seaweed, is utilized for the modification of bamboo aggregates. The
modification involves using a solution containing 0.25 % sodium algi-
nate and 1.0 % calcium chloride. When sodium alginate is dissolved in
an aqueous solution, it forms a viscous gel matrix via Ca?" cross-linking,
which is of great significance for the modification of bamboo aggregates.
First, the bamboo aggregates are soaked in a 60 °C sodium alginate
solution for 1 h and then removed. Subsequently, calcium chloride is
added to the sodium alginate solution to prepare a new mixed solution,
with continuous stirring. Then, the bamboo aggregates are transferred to
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this newly formed mixed solution at 60 °C and soaked for 2 h. Finally,
the bamboo aggregates are dried at 70 °C. During this process, sodium
alginate forms a gel film with Ca2*, thereby enhancing the bonding
performance (Blandino et al., 1999; Zactiti and Kieckbusch, 2009). The
hydrophobic aluminate ester, when melted above 85 °C, can cover the
bamboo aggregates. It is heated to 90 °C (turned into a liquid state) and
sprayed on the air-dried bamboo aggregates (after pre-treatment), and
then air-dried for 5 min to reduce water absorption and the impact of
sugar, thus improving durability (Ban et al., 2020). The polyacrylate
emulsion, which relies on prolonged penetration to allow sufficient
diffusion of polymer chains into the internal pores of bamboo aggre-
gates, is applied as follows: After pre-treatment, the bamboo aggregates
are soaked in a 10 % emulsion for 24 h (significantly longer than the
soaking times of other methods that utilize elevated temperatures or
chemical reactions to accelerate the modification process) and then
air-dried naturally. This extended duration ensures the formation of
dense internal blockages and surface films, effectively enhancing
strength and durability (Birniwa et al., 2023; Kang et al., 2014; Liu et al.,
2016).

2.3. Preparation and curing of BAC specimens

As a lightweight aggregate, bamboo aggregate has a high water ab-
sorption rate, which requires careful consideration of the water-cement
ratio and the addition of water-reducing agents. During the preliminary
experiments of preparing BAC mixtures, it was found that the cement
mortar did not easily coat the bamboo aggregate, leading to severe
weeping of the mixture. Through literature review and experimental
trials, the use of Welan gum was found to effectively resolve this issue.
After several adjustments to the mix ratio, the experimental mix ratio
was determined, as shown in Table 4.

The mass ratios of bamboo aggregates of 5-10 mm and 10-15 mm
were set at 4:6. The mass of bamboo aggregate in the table refers to the
oven-dry mass. In the initial exploratory experiments, it was found that
BAC made with some of the modified bamboo aggregates had a slow
setting and hardening process, and the 28-day compressive strength was
below 2 MPa. In this study, 5 % accelerator was first added to prelimi-
narily analyze and compare the effects of promoting the setting and
hardening of BAC. The mixing process of BAC is shown in Fig. 3. The
fresh concrete was poured into 100-mm cubic molds in two layers and
compacted using a flat-plate vibrator with a driving unit rotation speed
of 3000 r/min and an amplitude of 1 mm pressing on the top of the mold.
The use of a flat plate vibrator with specific specifications ensured
proper compaction of the concrete mixture, which is crucial for the
formation of a dense structure and the development of strength. After
24 h, the specimens were demolded and labeled. The demolded speci-
mens were then subjected to standard curing conditions, which included
curing in a humid environment with a temperature of 20 + 2 °C and a
relative humidity of 95 % + 5 % for the specified curing periods. When
preparing ordinary concrete (OC), maintain the packing volume of
crushed stone equal to the packing volume of bamboo aggregate, the
volume proportion of bamboo aggregate in the concrete is 42 %, do not
use accelerators, and keep the other parameters the same as the BAC mix
proportions.

2.4. SEM sample preparation
Bamboo slices measuring 5 mm x 5 mm x 3 mm (length x width x

Table 4
BAC experimental mix proportion.

Cement Water Bamboo Sand w/ Welan Water
(kg/m%) (kg/m>) aggregates (kg/ C gum reducer
(kg/m?) m®) (%) (%)

410.4 258.6 275 508.9 0.63 0.5 0.1
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Fig. 3. The mixing process of BAC.

thickness) was prepared for SEM observation. The slices were modified
according to the bamboo aggregate modification method. After modi-
fication, the samples were vacuum-gold-coated to improve the surface
conductivity. The equipment used for SEM observation was the FEI-
NOVA NANO 230 from the USA, with Au as the coating target mate-
rial, a resolution of 1.0 nm (at 15 kV), magnification ranges from 200 to
200000, and an acceleration voltage of 1-30 kV. The sample preparation
process was carefully controlled to ensure that the observed micro-
structure accurately represented the modified bamboo aggregate.

2.5. BAC specimen physical and mechanical properties test

The compressive strength of 100 mm x 100 mm x 100 mm cubic
specimens was tested according to the methods specified in the “Stan-
dard for Test Methods of Physical and Mechanical Properties of Ordinary
Concrete” (GB/T50081-2019). The compressive strength is determined
by three test values, accurate to 0.1 MPa. If the difference between the
maximum or minimum value and the median value of the three mea-
surements exceeds 15 % of the median value, the compressive strength
of that group of specimens will be taken as the median value. If the
difference between both the maximum and minimum values and the
median value exceeds 15 % of the median value, the results of that group
are invalid. The compressive strength is calculated using Equation (1):

F
fee :Z x 0.95 (€8}

In the equation, F is the failure load of the specimen (N), A is the
bearing area of the specimen (mm?), and fcc is the cubic compressive
strength (MPa).

According to the “Technical Standard for Application of Lightweight
Aggregate Concrete” (JGJ/T 12-2019), the overall oven-drying method
is used. The specimens are placed in an oven at 105~110 °C to dry to a
constant weight and the volume of the specimens is measured. The dry
apparent density of the concrete is calculated using Equation (2):

p:%x 10° (2)

In the equation, m represents the mass of the specimen after drying
(), V represents the volume of the specimen after drying (cm®), and p
represents the dry apparent density of the specimen (kg/m®).

The water absorption test involves drying the specimens to a con-
stant weight, then immersing them in water at a temperature of 20 +
5 °C for 48 h. After soaking, the specimens are removed, wiped dry with
a cloth, and weighed. The average value of three specimens is taken. The
water absorption of the concrete is calculated using Equation (3):

mn

Mn =MoL 100% 3
my

WDsqr =

In the equation, my represents the average mass of the specimens
dried to a constant weight (g), m, represents the average mass of the
specimens after 48 h of water immersion (g), and wsq represents the
water absorption rate after 48 h of immersion (%).

3. Experimental results and analysis
3.1. The effect of different modification methods on BAC strength

Fig. 4(a) and (b) shows the compressive strength of BAC with
different modifications at curing ages of 14-day and 28-day. For the
unmodified BAC (#1), as the curing age extended, the compressive
strength of BAC showed a gradually increasing trend, but the compres-
sive strength at 14-day and 28-day was very low, almost unable to form
strength, which clearly demonstrated the necessity of modifying the
bamboo aggregate. Among the modified samples, those with a setting
accelerator added generally exhibited higher compressive strengths at
both 14-day and 28-day ages compared to those without a setting
accelerator. This indicates that the preparation of BAC should consider
the addition of a setting accelerator to promote cement hydration.
Samples modified by different agents showed various performance. For
silane coupling agent modification (#2), KH560 modification (#3),
nano-penetration water-repellent modification (#4), sodium silicate
solution modification (#5), sodium alginate-modified bamboo aggre-
gate (#6), aluminum stearate modification (#7), and polyacrylate
emulsion modification (#8), they all contributed to the improvement of
compressive strength to different degrees compared to the unmodified
sample. Among the seven modifiers, the concrete prepared with sodium
alginate-modified bamboo aggregate (#6) showed the highest
compressive strength, reaching 6.35 MPa at both 14-day and 28-day. In
comparison, the compressive strength of Ordinary Concrete (OC) is
significantly higher than that of BAC. Overall, bamboo-aggregate
modification is crucial for enhancing BAC’s compressive strength,
with the addition of a setting accelerator and sodium alginate modifi-
cation showing great promise, but further exploration and optimization
are imperative for BAC to be more viable in construction-material
applications.

3.2. Optimization of bamboo aggregate modification process

3.2.1. Determination of the range of influencing factors

Adding the accelerator CaCl, to BAC enhances the fluidity of freshly
mixed concrete. During the experiments, it was observed that adding
both a water-reducer and the accelerator to BAC caused bleeding in the
freshly mixed concrete. As a result, in subsequent experiments, the
water-reducer was omitted while the accelerator was retained, and the
water consumption was reduced. The test mixture ratio was adjusted
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Fig. 4. Compressive strength of BAC with different modifications. (a) Curing age of 14-day; (b) Curing age of 28-day.

accordingly, and the adjusted mixture ratio is shown in Table 5.
Sodium alginate forms a viscous liquid when dissolved in water. It
was found that in 60 °C warm water, when the concentration exceeds
0.5 %, sodium alginate does not dissolve well, causing flocculation. This
leads to weak areas in the hardened BAC and a reduction in strength.
Therefore, the concentration range of sodium alginate was set between
0.1 % and 0.5 %. The sodium in sodium alginate reacts with calcium to
form a gel film, which improves the bonding strength between the
bamboo aggregate and the cement matrix. Hence, a modified solution
using CaCl, and sodium alginate was adopted. Based on the reaction
principle, the Na-Ca ratio in the solution is 2:1, and the concentration
range of the CaCly solution is 0.1 %-0.3 %. Additionally, to address the
issue of BAC not setting and hardening, the dosage range of the accel-
erator CaCl, was set between 10 % and 30 % (by weight of cement).

3.2.2. Results of the response surface experiment

With 68-day compressive strength as the response value and the
concentration of sodium alginate, the concentration of CaCly, and the
CaCly coagulant dosage as independent variables, a response surface
experiment was designed. The BAC was tested for compressive strength
under the designed experimental conditions, and the experimental
design and results are shown in Table 6.

In statistical analysis, the P-value represents the significance of the
correlation coefficient. A P-value<0.0001 indicates extremely signifi-
cant results, a P-value<0.01 is considered very significant, a P-val-
ue<0.05 is significant, and a P-value>0.05 is not significant. Table 7
presents a comprehensive analysis of various fitting models for different
independent variables and their relationship with compressive strength.
According to Table 7, the P-value for the linear model, the bifactor
model, and the cubic polynomial fitting were not significant. However,
the quadratic polynomial model had a P-value<0.0001, indicating
extreme significance. Both its adjusted R? and predicted R? values were
greater than 0.9, significantly higher than those of other models.
Therefore, the quadratic polynomial prediction model was selected for
this experiment. The response surface analysis method was used to
analyze the data, resulting in the predictive model Equation (4).

Table 5
The adjusted experimental mix proportion of BAC.
Cement Water Bamboo aggregates  Sand w/ Welan
(kg/m®) (kg/m®) (kg/m%) (kg/m®) ¢ gum
(%)
410.4 205.2 275 508.9 0.5 0.5

Table 6
Response surface test results.

Testing order
number

Independent variable Response value (Y) SD

X1(%) Xo(%) X3(%) 68-day age compressive
strength(MPa)
1 0.3 0.2 20 7.9 0.32
2 0.3 0.1 30 7.2 0.28
3 0.5 0.2 10 6.2 0.42
4 0.3 0.2 20 8.1 0.35
5 0.5 0.2 30 6.0 0.45
6 0.3 0.2 20 7.9 0.30
7 0.1 0.2 30 7.6 0.29
8 0.3 0.2 20 8.0 0.33
9 0.3 0.3 30 6.8 0.40
10 0.3 0.1 10 7.1 0.31
11 0.3 0.2 20 7.7 0.27
12 0.1 0.1 20 7.6 0.34
13 0.1 0.2 10 6.9 0.37
14 0.5 0.1 20 6.7 0.43
15 0.3 0.3 10 6.6 0.41
16 0.5 0.3 20 5.6 0.31
17 0.1 0.3 20 7.4 0.36
Table 7
Model fit summary.
Source Sequential P-  Lack of fit ~ Adjusted Predicted Remarks
value P-value R? R?

Linear 0.0552 0.0036 0.2998 0.1546 /

2F1 0.8290 0.0021 0.1635 —0.2499 /
Quadratic  <0.0001 0.6079 0.9656 0.9030 Suggested
Cubic 0.6079 0.9602 /

Y =2.46437 +11.4625X; +17.025X; + 0.26775X3 — 11.25X; X,

4
—0.1125X, X3 + 0.025X,X5 — 16.8125X7 — 42.25X3 — 0.005725X3 “)

Table 8 shows the results of the analysis of variance for the predictive
model, indicating that the model is extremely significant. Among the
three factors, both X; and X3 had P-value less than 0.01, reaching a very
significant level, while X3 had a P-value of 0.0793, which is greater than
0.05. This suggests that the concentration of sodium alginate and the
concentration of CaCly have a more substantial effect on the 68-day
compressive strength, whereas the dosage of the coagulant CaCl; has a
smaller impact. Considering the P-value, the estimated values from the
system, and the degree of interaction, the influence of the three factors
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Table 8

Analysis of variance of prediction model.
Source Sum of squares dy Mean square F-value P-value
Model 8.71 9 0.9673 50.91 <0.0001
X3 3.12 1 3.12 164.47 <0.0001
Xo 0.6050 1 0.6050 31.84 0.0008
X3 0.0800 1 0.800 4.21 0.0793
X1Xo 0.2025 1 0.2025 10.66 0.0138
X1X3 0.2025 1 0.2025 10.66 0.0138
XoX3 0.0025 1 0.0025 0.1316 0.7275
X3 1.9 1 1.9 100.22 <0.0001
x2 0.7516 1 0.7516 39.56 0.0004
X3 1.38 1 1.38 72.63 <0.0001
Residual 0.1330 7 0.0190 / /
Lack of Fit 0.0450 3 0.0150 68.18 0.6079
Pure Error 0.0880 4 0.0220 / /
Cor Total 8.84 16 / / /

R? = 0.9850,R%(Adj) = 0.9656.

on the 68-day compressive strength, ranked from highest to lowest, is as
follows: sodium alginate concentration, CaCl, concentration, and the
dosage of coagulant CaCl,. The interactions X;Xp, X1X3, X2, X3, and X%
are significant, with X;X», X;X3, and X3 having P-value<0.05, indicating
significance, while X% and X% have P-value<0.0001, indicating extreme
significance. The lack of fit term represents the degree of fit between the
model and the experimental data; in this experiment, the lack of fit term
of 0.6079 > 0.05, showing that the established model is reliable. The
coefficient of determination, Rz(Adj) = 0.9656, indicating that there is
good consistency between the actual values and the predicted values of
the 68-day compressive strength.

The response surface 3D plots and contour plots can visually reflect
the degree of interaction effects on the response value. The steeper the
surface and the denser the contour lines, which are closer to an ellipse
shape, the stronger the interaction between two factors. Conversely, the
closer the contour lines are to a circle, the weaker the interaction be-
tween the two factors. Fig. 5(a) display the influence of the interaction
between sodium alginate concentration and CaCl, concentration on the
68-day compressive strength when the dosage of the coagulant CaCl, is
20 %. As the concentrations of sodium alginate and CaCl, increase, the
compressive strength of BAC initially increases and then decreases.
Moreover, the response surface for sodium alginate concentration is
steeper than that for CaCly concentration, indicating that sodium algi-
nate concentration has a greater impact on the compressive strength of
BAC. The elliptical shape of the contour plot signifies that the interaction
between the two factors significantly affects the 68-day compressive
strength. Fig. 5(b) illustrate the effect of the interaction between sodium
alginate concentration and the dosage of coagulant CaCl; on the 68-day
compressive strength when CaCl, concentration is 0.2 %. Similar to the
previous case, as the concentration of sodium alginate and the dosage of
CaCly increase, the compressive strength of BAC follows a pattern of
increasing and then decreasing. Additionally, the contour plot is ellip-
tical, indicating a significant interaction effect on the 68-day compres-
sive strength. Fig. 5(c) depict the influence of the interaction between
CaCly concentration and the dosage of coagulant CaCly on the 68-day
compressive strength when the sodium alginate concentration is 0.3
%. The response surface slope is relatively gentle, and the contour lines
are close to circular, suggesting that the interaction between the two
factors does not have a significant impact on the 68-day compressive
strength of the concrete. The results of the response surface and contour
line analysis are consistent with the analysis of variance.

Fig. 6(a) presents the normal probability plot of residuals from the
experimental design results. The residuals are plotted on the horizontal
axis, and the distribution probability is on the vertical axis. The points in
the plot generally lie close to a straight line, indicating that the fitted
model has good accuracy within the given range. Fig. 6(b) shows the
predicted vs. actual plot, with the horizontal axis representing the
experimental values and the vertical axis representing the predicted
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values from the model. The distribution of points near the line also
suggests that the predictive model is in good agreement with the actual
situation.

3.2.3. Validation of the response surface predictive model

To verify the validity of the predictive model based on the response
surface methodology, the predicted values of the model were compared
with the actual experimental values. According to the predictive model,
when the concentration of sodium alginate is 0.2 %, the concentration of
CaCly is 0.18 %, and the dosage of the coagulant CaCl; is 21.73 %, the
compressive strength of BAC reaches its maximum value, with a pre-
dicted value of 8.10 MPa. When the sodium alginate concentration is
0.48 %, the calcium chloride concentration is 0.30 %, and the coagulant
dosage is 12.44 %, the compressive strength of BAC reaches its minimum
value, with a predicted value of 5.57 MPa. By controlling the concen-
trations of sodium alginate and CaCl; and the coagulant CaCl, dosage,
compressive tests were carried out on BAC. The test results are shown in
Table 9. The actual measured values obtained according to the model’s
predicted maximum value were 7.64 MPa, 7.81 MPa, and 7.93 MPa,
with corresponding errors of 6.0 %, 3.7 %, and 2.1 %, respectively, and
all errors between the measured and predicted values were less than 10
%. Similarly, the actual measured values obtained according to the
model’s predicted minimum value were 5.67 MPa, 5.72 MPa, and 5.78
MPa, with corresponding errors of approximately 1.8 %, 2.6 %, and 3.6
%, respectively, and again, all errors between the measured and pre-
dicted values were less than 10 %. Therefore, the effectiveness of the
response surface predictive model was confirmed through experimental
verification.

3.3. SEM test results and analysis

Observing the microstructure of the bamboo aggregate using a SEM
enables a more intuitive understanding of the synergistic modification
principle of sodium alginate-CaCl,. From Fig. 7(a), the protruding burrs
on the surface of the bamboo aggregate are clearly visible, which are a
result of the sample cutting process. These burrs are detrimental to the
strength formation of BAC material, as they can easily form weak in-
terfaces. Observing Fig. 7(b) and (c), after treatment with the sodium
alginate process, the surface of the bamboo aggregate appears cleaner
and clearer, and it is evident that the sodium alginate gel has filled the
fine cracks on the surface of the bamboo aggregate, making it denser.
From the microscopic surface, a continuous network structure can be
observed. This network structure is formed by the ionic exchange re-
action between Ca®" from CaCl, and Na* from sodium alginate, which
results in the formation of a cross-linked calcium alginate gel. This cross-
linked network structure acts as a “molecular adhesive,” filling the
micro-pores and cracks on the bamboo aggregate surface. The reduction
of surface defects significantly decreases stress concentration sites dur-
ing loading, enhancing the aggregate’s resistance to crack propagation.
The calcium alginate gel also improves the wettability between the
hydrophilic bamboo fibers and the cementitious matrix. According to
the interfacial energy theory, a lower interfacial tension facilitates better
mechanical interlocking. The gel layer not only provides a physical
barrier but also forms hydrogen bonds with the hydrated products of
cement (e.g., C-S-H gel), forming a better interface transition zone. This
molecular-level adhesion effectively transfers stress from the mortar to
the aggregate, preventing premature debonding. Furthermore, the cross-
linked network structure exhibits viscoelastic properties. Under
compressive loading, the calcium alginate gel can dissipate energy
through molecular chain deformation, acting as a buffer against sudden
stress surges. This energy dissipation mechanism, combined with the
enhanced stiffness provided by the filled voids, collectively contributes
to the improved load-bearing capacity of BAC.
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represent the interaction between X, and Xs.

3.4. Physical and mechanical property tests of BAC specimens

3.4.1. The effect of bamboo aggregate grading on concrete performance
Considering the distinctive properties of bamboo aggregate as a
biomass-lightweight aggregate, researching the performance of BAC
with different gradations is of great significance. According to the
previously-mentioned sodium alginate modification process parameters
and concrete mix design, cubic specimens were prepared for testing their
28-day compressive strength, dry apparent density, and water absorp-
tion rate. Fig. 8 illustrates the impact of bamboo aggregate gradation on
the compressive strength of concrete. GO represents 0 % of 5-10 mm and
100 % of 10-15 mm bamboo aggregates; G30 represents 30 % of 5-10
mm and 70 % of 10-15 mm, and others follow the same rule. As the
proportion of bamboo aggregate with a particle size of 5 mm-10 mm

increases, the compressive strength first decreases and then increases. It
reaches a peak value of 8.73 MPa when the concrete cube is made up
entirely of 5 mm-10 mm bamboo aggregate. Notably, the strength of
G30 is the lowest. This is because the bamboo aggregate, crushed by a
blade crusher, has a flat, rectangular shape, which makes it difficult to
mix uniformly. When a small amount of fine bamboo aggregate is added,
it cannot fill the gaps between the larger aggregates evenly and tends to
accumulate in one place, thereby reducing the compressive strength of
the concrete. However, as the content of fine bamboo aggregate grad-
ually increases, it can be well-mixed to form a uniform and dense
structure, leading to a gradual increase in the compressive strength of
the concrete.

Fig. 9 shows the effect of bamboo aggregate gradation on the dry
apparent density of concrete. In contrast, as the content of fine bamboo
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Table 9
Comparison of predicted and experimental values.
Name Predicted Experimental SD Error
value(MPa) value(MPa) (MPa) (%)
Predicted maximum 8.10 7.64 0.31 6.0
compressive 7.81 0.28 3.7
strength 7.93 0.35 2.1
Predicted minimum 5.57 5.67 0.31 1.8
compressive 5.72 0.23 2.6
strength 5.78 0.33 3.6

aggregate increases, the dry apparent density of the concrete shows a
downward trend. Specifically, when the bamboo aggregate particle size
is entirely in the 10 mm-15 mm range, the dry apparent density is 1340
kg/m®, and when it is entirely in the 5 mm-10 mm range, the dry
apparent density is 1280 kg/m°>, representing a decrease of 4.48 %. This
is due to the fact that the density of the part of the bamboo closer to the
‘bamboo green’ is greater than that of the ‘bamboo yellow’, and its
hardness is also higher. During the crushing process, the ‘bamboo green’
part mainly forms larger-sized bamboo aggregate, while the ‘bamboo
yellow’ part mainly forms finer-sized aggregate. Therefore, BAC with a
particle size of 10 mm-15 mm has the highest dry apparent density.
Fig. 10 depicts the influence of bamboo aggregate gradation on the
water absorption of concrete. Similarly, it is found that as the content of
fine bamboo aggregate increases, the water absorption rate of the

concrete also rises. The reason is that a higher content of fine bamboo
aggregate increases the total specific surface area of the aggregate,
resulting in a higher water absorption rate. In conclusion, to obtain BAC
material with lighter weight and higher strength, it is advisable to use
bamboo aggregate with a particle size of 5 mm-10 mm.

This study further realizes reasonable control over the particle shape
of bamboo aggregate. As stipulated in “Lightweight Aggregates and
Their Test Methods-Part 2” (GB/T 17431.2-2010), the shape coefficient
is a technical indicator used to describe the geometric characteristics of
lightweight aggregates. It is defined as the ratio of the longest dimension
to the smallest dimension of the middle cross-section of the aggregate
particles. Bamboo aggregate is obtained by crushing and sieving Moso
bamboo. Due to the hollow structure of bamboo and the operation of the
crushing equipment, bamboo aggregate mainly takes on a flat form.
When using the shape coefficient for description, it can only control the
shape dimensions in the length and width directions and fails to repre-
sent its thickness dimension. Therefore, it is inappropriate to use the
shape coefficient to objectively characterize the particle shape of
bamboo aggregate. This paper proposes a more suitable method and
parameter for describing the morphology of bamboo aggregate. The
basic idea is that as a coarse aggregate, bamboo aggregate itself needs to
have better mechanical properties, meaning the flatness of the bamboo
aggregate should be smaller and the thickness greater. A new technical
indicator is proposed to reflect the thickness of the bamboo aggregate,
namely the Bamboo Aggregate Mass Index (BAMI), to describe the
particle shape of bamboo aggregate. A higher BAMI value indicates that

Fig. 7. Microscopic morphology of the bamboo aggregate. (a) represent the unmodified bamboo aggregate; (b) and (c) represent the sodium alginate-modified

bamboo aggregate.
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bamboo aggregates of the same length and width are thicker, thus
having better mechanical properties. Randomly selected groups A, B, C,
D, and E of bamboo aggregates with a particle size of 5-10 mm were
tested, with 50 particles in each group. BAMI is calculated according to
formula (5). Fig. 11(a) shows the distribution of BAMI values for
randomly tested groups of bamboo aggregates with a particle size of
5-10 mm. The test results show that over 82.4 % of the bamboo ag-
gregates have a BAMI value greater than 0.4. The thickness of the
bamboo aggregates was statistically analyzed in ascending order, and
the distribution pattern of bamboo aggregate thickness is shown in
Fig. 11(b). It can be seen from the figure that the maximum thickness
corresponding to a BAMI value less than 0.4 is 2.1 mm. The smaller the
thickness of the bamboo aggregate, the worse its mechanical strength.
The preparation quality of bamboo aggregate can be improved by
optimizing the crushing level of bamboo aggregate, and then based on
the BAMI value, particle shape control and evaluation can be conducted.
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M*1000
BAMI =——>— (5)
In the equation: M represents the mass of the bamboo aggregate, in
grams (g); L represents the length of the long side of the bamboo
aggregate, in millimeters (mm).

3.4.2. The influence of fly ash content on concrete performance

Bamboo aggregate is susceptible to degradation in the alkaline
environment of the mortar matrix. Fly ash can react with the hydration
product, calcium hydroxide (Ca(OH)5), to form low-alkalinity calcium
silicate hydrate (C-S-H) gels. This reaction reduces the alkalinity of the
mortar matrix, which has a positive impact on the durability of bamboo
aggregate. In the experiments, the fly-ash content varied from 0 % to 30
% by the weight of cement, and the related test results are presented as
follows. As depicted in Fig. 12, the 28-day compressive strength of BAC
shows a clear downward trend as the fly-ash content increases. When
there is no fly ash (0 % fly-ash content), the 28-day compressive strength
of BAC is 6.9 MPa. As the fly-ash content reaches 30 %, the 28-day
compressive strength drops to 4.72 MPa, representing a significant
reduction of 31.59 %. This decrease is mainly due to the lower reactivity
of fly ash compared to cement. Fly ash has a slower hydration rate,
which delays the overall hydration reaction of the concrete and thus
reduces the early-stage compressive strength. For the 180-day
compressive strength, although it also decreases with the increase of
fly-ash content, the reduction is less pronounced than that of the 28-day
strength. At 0 % fly-ash content, the 180-day compressive strength is 7.2
MPa, and at 30 % fly-ash content, it is 6.7 MPa. This indicates that over a
longer period, the negative impact of fly-ash addition on compressive
strength is mitigated to some extent, likely because the secondary hy-
dration reaction of fly ash gradually contributes to the strength
development.

Fig. 13 illustrates the relationship between fly-ash content and the
dry apparent density of BAC. Both the 28-day and 180-day dry apparent
densities increase as the fly-ash content rises. Starting from 1290 kg/m>
at 0 % fly-ash content for the 28-day dry apparent density, it reaches
1360 kg/m? at 30 % fly-ash content, which is an increase of 5.43 %. The
180-day dry apparent density shows a similar pattern, increasing from
1295 kg/m? at 0 % fly-ash content to 1358 kg/m> at 30 % fly-ash con-
tent. This increase in density can be attributed to the physical filling
effect of fly-ash particles in the concrete matrix. Fly-ash particles, with
their fine-grained nature, fill the voids between larger cement particles
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and aggregates, resulting in a more compact structure and thus an in-
crease in density. However, the 5.43 % increase is relatively small,
suggesting that the impact of fly-ash addition on density is not extremely
significant.

Fig. 14 reveals that an increase in fly-ash content leads to a gradual
rise in the water absorption rate of the concrete. For the 28-day water
absorption rate, compared to the concrete without fly ash (13.33 % at 0
% fly-ash content), the concrete with 30 % fly-ash content has a water
absorption rate of 17.46 %, representing a considerable increase of
30.98 %. The 180-day water absorption rate also shows an upward
trend, increasing from 12.89 % at 0 % fly-ash content to 17.01 % at 30 %
fly-ash content. The reason for this increase is that as the fly-ash content
increases, the hydration process is slowed down. Before the fly-ash and
cement particles are fully hydrated, more pores and voids exist in the
concrete matrix, which allows more water to be absorbed. In conclusion,
in the short term, fly ash does not have a positive effect on the properties
of BAC. The reduction in compressive strength, relatively small increase
in density, and significant rise in water absorption rate are all unfa-
vorable factors. However, due to the secondary hydration reaction of fly
ash and its low-alkalinity characteristic, over the long term, the
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Fig. 13. The influence of fly ash content on the dry apparent density
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continuous progress of hydration has the potential to enhance the long-
term durability of BAC materials.

3.5. Discussion

The optimized sodium alginate modification method for bamboo
aggregates shows great promise in practical applications. For pedestrian
walkway pavements, as required by the "Green Building Evaluation
Standard", using bamboo aggregates with a particle size of 5-10 mm
offers a remarkable alternative to traditional concrete materials. In
comparison with traditional aggregates, bamboo aggregates are more
lightweight, yet they can still provide sufficient strength for pedestrian-
level loads.

Moreover, the insights into the role of fly ash in BAC performance
have valuable implications for concrete mixture design. Although fly ash
has been found to cause a reduction in short-term compressive strength,
its long-term benefits in enhancing durability cannot be overlooked. By
carefully adjusting the mix design and ensuring proper curing condi-
tions, the positive effects of fly ash can be maximized. The response
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surface methodology-optimized process parameters also play a crucial
role. In industrial production, these parameters can serve as a reliable
reference. They ensure that the BAC produced has consistent quality and
performance. This consistency is vital for large-scale manufacturing, as
it allows for better quality control and reduces the variability in product
characteristics. It also enables more efficient production processes, as
manufacturers can rely on these optimized parameters to streamline
their operations.

Despite these positive aspects, the study has several limitations that
point to the need for further research. The long-term durability of BAC,
particularly in harsh environmental conditions such as freeze-thaw cy-
cles and high-humidity environments, remains a major area of concern.
Additionally, the long-term stability of the sodium alginate gel, which is
crucial for the bonding performance in BAC, has not been fully explored.
Continuous monitoring and in-depth evaluation of these aspects are
essential. For instance, long-term exposure tests in real-world harsh
environments, such as coastal areas with high salt content or regions
with extreme temperature variations, can provide more accurate data on
the durability of BAC. Another significant limitation is the lack of
comprehensive economic and environmental analysis. A life-cycle
assessment of BAC production, which includes aspects such as raw
material extraction, manufacturing processes, transportation, and end-
of-life disposal, was not carried out in this study. Understanding the
economic viability and environmental impact of BAC throughout its
entire life cycle is essential for its widespread adoption. Future research
should focus on this aspect, comparing BAC with traditional construc-
tion materials in terms of cost-effectiveness, energy consumption, and
carbon footprint. This will provide a more complete picture of the
feasibility and sustainability of BAC as a construction material, enabling
more informed decision-making in the construction industry.

4. Conclusion

This study developed BAC by substituting traditional crushed stone
with bamboo aggregate and using sodium alginate for modification.
Among seven methods, the sodium alginate-CaCl, synergistic was most
effective, yielding a 28-day compressive strength of 8.10 MPa. Response
surface methodology optimized the parameters: 0.20 % sodium alginate
concentration, 0.18 % CaCl, concentration, and 21.73 % CaCl, accel-
erator dosage. SEM analysis showed that sodium alginate gel filled
bamboo aggregate micro-cracks, forming a cross-linked network to
strengthen interfacial bonding with mortar. A key innovation is the
BAMI, which accurately evaluates bamboo aggregate particle shape.
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Higher BAMI values indicate better mechanical properties. Using 5-10
mm bamboo aggregate with a high BAMI reduced BAC dry apparent
density to 1280 kg/m> and achieved 8.73 MPa compressive strength,
balancing lightness and strength. Although fly ash reduces 28-day
strength, its low alkalinity and secondary hydration benefit long-term
durability. The optimized BAC can serve as an option for pedestrian
pavements. In the future, comprehensive economic and environmental
analyses should be carried out, with a focus on the long-term durability
monitoring and evaluation of BAC in harsh environments.
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