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Effects of waste oyster shell
replacing fine aggregate

on the dynamic mechanical
characteristics of concrete
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Waste oyster shells (WOS) have the potential to serve as a construction material, offering a
sustainable alternative to traditional fine aggregates in the production of WOS concrete. This can
play a critical role in reducing environmental issues resulting from the overexploitation of river

sand and the haphazard disposal of WOS. Although existing research has predominantly focused

on understanding the static mechanical characteristics of concrete when WOS is employed, the
dynamic mechanical properties have still received less attention. To understand the impact of WOS
as a substitute for fine aggregates on the dynamic mechanical properties of concrete, a series of tests
employing Split Hopkinson Pressure Bar (SHPB) were carried out. The findings demonstrate that the
peak stress and elastic modulus increase as the WOS substitution ratio (S,) increases from 0 to 20%
but exhibit an exponential decline as S, increases from 20 to 100%. This response can be explained by
the joint effects of the pore-filling effect caused by WOS sand and the increasing air content caused
by WOS sand. As S, increases from 0 to 20%, the pore-filling mechanism becomes predominant as the
water absorption rate decreases slightly from 4.31 to 3.83%. However, for S, increasing from 20 to
100%, the negative influence of the air content becomes the primary contributing factor, where the
water absorption rate increases from 3.83 to 14.68%. Furthermore, under the same impact pressure,
the concrete with S,=20% absorbed the most energy, providing the best dynamic mechanical
performance. These findings highlight the potential use of WOS in concrete for improving its dynamic
characteristics, promoting both sustainable construction and enhancing the material properties in
impact-resistant structures.

Keywords Waste oyster shell, Fine aggregate, Dynamic mechanical behavior, Stress-strain relationship,
Elastic modulus, Absorbed energy

With the increasing growth of the aquaculture industry, the issue of waste oyster shells (WOSs) has become a
significant concern for many countries. Oyster shells make up between 37 and 70% of the total mass of oysters'.
It is estimated that approximately 3 million tons of WOS are generated annually in China?. Improper disposal of
these shells, due to residual flesh and microbial decomposition, can result in foul odor?, posing a threat to human
health and causing environmental damage. While a small portion of WOS is currently reused for handicrafts,
fertilizers**, and food additives®’, a considerable quantity still requires urgent disposal.

One promising solution is the utilization of WOS in construction engineering, which serves as a substitute
to mitigate the growing depletion of natural resources such as river sand, gravel, and cement ingredients. Recent
studies have been conducted on incorporating WOS into various construction materials, including bricks®,
cement additives’, mortar'®~'2, and concrete'*~!* by replacing a certain proportion of traditional ingredients with
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WOS. These studies have demonstrated that WOS concrete is environmentally friendly and has the potential to
be applied in coastal and offshore engineering projects'**>.

Mechanical characteristics are essential for assessing the quality of concrete'®!”. A considerable amount of
research has been carried out on the static mechanical behavior of concrete with WOS replacement. For instance,
Yang et al.”’ conducted compression tests by replacing 5-20% of the concrete fine aggregate with WOS, which has
a particle size smaller than 5 mm. Their findings showed that the 28-day compressive strength of WOS-replaced
concrete was greater than that of the control concrete specimens. Nonetheless, the elastic modulus decreased as
the WOS replacement ratio (S,) increased, given that the elastic modulus of WOS was lower than that of river
sand. Similarly, Yang et al.'® further investigated on the long-term response of concrete with WOS-replaced fine
aggregates. WOS S, has a negligible effect on the compressive strength of 28-day, while after 28 days, the increase
in compressive strength is expected and decreases with increasing S, from 0 to 20%. Based on the studies of
Refs.!*!8 Kuo et al.'” the same S, used by Yang et al.'*. However, with finer WOS particles (particle size less than
1.18 mm) 20% of the cement weight was replaced with fly ash. Their results were in line with these of Yang et al.’®
reported that the compressive strength of the concrete with 5% S, was greater than that of the control concrete.
This phenomenon can be explained by the pore-filling effect of 5% WOS. However, the compressive strength
decreased as the S, increased, which was related to the absorption rate and porosity of WOS.

Eo and Yi* replaced coarse and fine aggregates with WOS in volume ratios of 10-100% and 10-50%, respec-
tively. The compression test results revealed that the compressive strength decreased as S, increased, while the
strength reduction rate decreased with increasing in water-cement ratio. Moreover, the WOS size also affects
the strength. At the same S,, concrete with coarse aggregates showed less compressive strength than concrete
with fine aggregates. In terms of flexural tensile strength, concrete with 50% coarse/fine aggregate substitution
exhibited a smaller reduction. Furthermore, relevant to these studies, Chen et al.?! conducted comparison tests
between uneroded concrete and concrete with a fine aggregate S, of 4-12% after 350 days of seawater erosion.
It was found that concrete with S, in the range of 8-10% offers the highest compressive strength and enhances
the resistance against seawater erosion.

Consequently, previous studies have mostly concentrated on the static mechanical behavior of concrete with
WOS, whereas the dynamic mechanical characteristics, which are vital indices for assessing the stability and
reliability of revetment structure, remained unclear. Both drop-weight tests?>** and Split Hopkinson Pressure Bar
(SHPB) tests*** are commonly utilized to investigate the dynamic stress—strain behavior of concrete. Compared
with drop-weight tests, SHPB tests have the advantages of producing high strain-rate loading and repeatable
loading conditions. Therefore, in this study, SHPB tests were employed to explore the effects of WOS as a fine
aggregate replacement on the dynamic mechanical characteristics of concrete.

Materials and methods

Material and specimen preparation

Figure la shows untreated WOS collected from the Yellow Sea, China. First, the shells were properly cleaned to
remove any contaminants. Then, they were subjected to a drying process by placing them in an oven maintained
at 95+ 2 °C for 24 h. Following the drying process, the shells were crushed and passed through a 3 mm sieve

Cutting

Fig. 1. Flowchart of WOS specimen preparation: (a) original WOS, (b) crushed WOS, (c) river sand, (d) gravel,
(e) mixed aggregates, (f) concrete specimens, and (g) specimens for the SHPB tests.
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to obtain WOS sand, which was utilized in place of fine aggregates in the concrete. The WOS sand exhibited a
specific gravity of 2.25, as depicted in Fig. 1b. River sand, with a particle size less than 3 mm and a specific grav-
ity of 2.63, was chosen as the concrete fine aggregate, as demonstrated in Fig. 1c.The concrete coarse aggregate,
gravel, was obtained from Luhe, Nanjing, China, as shown in Fig. 1d, with a size range of 5 mm to 15 mm and a
specific gravity of 2.48. The particle size distribution of the aggregates is displayed in Fig. 2, in which WOS sand
is finer than river sand. SEM images of the fine aggregates are shown in Fig. 3. River sand generally exhibits a
blocky appearance with concave and convex surfaces, which increases the grain roughness, whereas WOS sand
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Fig. 2. Particle size distribution of aggregates.

Fig. 3. SEM images of fine aggregates: (a) river sand, and (b) WOS sand.
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appears as thin flakes with relatively smooth surfaces. The arrangement of WOS sand grains tends to form a
porous structure, which is similar to the microstructure observed by Yoon et al.>. PO42.5 cement, manufactured
by Conch China Cement Co., Ltd., served as the binding material for the concrete.

As shown in Table 1 and Fig. 1e, five WOS S, samples were selected and the aggregates were mixed for the
preparation of concrete specimens with a size of 100 x 100 x 300 mm. Notably, no additional admixture was
included in the mixture. Following a curing period of 3 days, the specimens were demolded and subsequently
submerged in water at a temperature of 25+ 1 °C for a total curing period of 28 days, thus replicating the coastal
engineering application environment, (see Fig. 1f). Finally, cylindrical specimens, with a diameter of 74 mm and
a height of 37 mm were cut from the aforementioned specimens to conduct subsequent SHPB tests, as shown
in Fig. 1g.

Water absorption tests

For each type of concrete, three specimens with a size of 100x 100 x 100 mm at a curing age of 28 days were cho-
sen for water absorption tests according to ASTM Standard C642-13%. First, the concrete specimens were placed
inan oven at 110+2 °C for at least 24 h to dry. After that, the mass of the specimen was measured as M. Then, the
concrete specimens were completely immersed in water for 2 days. After the surface moisture was removed with
a towel, the mass of the surface-dried specimen was weighed as B. The absorption rate was calculated via Eq. (1):

B—M
W= x 100%. (1)

SHPB tests
Figure 4 illustrates the setup of the SHPB test equipment (type: LWK]J-HPKS-Y?75, Luoyang Technology Co. Ltd.,
Luoyang, China) employed in this study. As shown in the figure the equipment consists of various components,
including a gas gun, impact bar, incident bar, transmission bar, energy absorber and data processing system. To
prevent premature specimen failure before the stress-equilibrium state due to the rapid increase in the incident
pulse, a circular pulse shaper lubricated with vaseline was stuck on the impacted surface center of the incident
bar. It has been proven that the material, diameter, and thickness of the pulse shaper influence the incident wave?’.
Thus, after careful testing and optimization, circular pulse shapers manufactured of red copper with dimensions
@ 20 mm x 1.5 mm were fabricated. After vaseline lubrication, the concrete specimen was placed between the
incident bar and transmission bar, while ensuring that the end surfaces of the bars remained parallel. Notably,
both the incident and transmission bars had a cross-sectional diameter of 75 mm. Subsequently, when the gas
gun propelled the impact bar toward the incident bar, the incident wave was generated. Once an incident wave
arrives at the interface between the incident bar and specimen, a reflection occurs, resulting in the generation of
the back wave. Similarly, transmitted waves were produced as the incident wave approached the contact between
the specimen and transmission bar. The incident wave, back wave, and transmitted wave were recorded by resist-
ance strain gauges affixed to the incident and transmission bars. The sampling rate was set at 500 kHz. Table 2
lists the experimental program, which involved selecting three different launching gas pressure levels. To ensure
accuracy and minimize errors, three specimens were tested for each condition.

Based on the one-dimensional elastic wave theory, the stress, strain rate and strain of the specimen can be
calculated from Egs. (2)-(5), respectively.
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Unit weight, kg/m?
Type | w/c (by weight), % | F/A (by volume),% | WOS S, (by volume), % | w c S G WOS
Cl1 0 193 | 350 |867.7 |1000 |0
C2 20 193 | 350 |694.1 | 1000 | 148.5
C3 55 45 50 193 | 350 |[433.8 | 1000 |371.2
C4 80 193 | 350 |173.5 | 1000 |593.8
C5 100 193 |350 |0 1000 | 742.3

Table 1. Design of mixture proportions. w water, c cement, F fine aggregate, A aggregate, S river sand, G
gravel.
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Fig. 4. SHPB test setup: (a) Schematic configuration, and (b) photograph.

Type | WOS substituted ratio (by volume), S, [%] | Launching gas pressure, p [MPa] | Specimen quantity
0.2
Cl1 0 0.3
0.4
0.2
C2 20 0.3
0.4
0.2
C3 50 0.3
0.4
0.2
C4 80 0.3
0.4
0.2
C5 100 0.3
0.4

WlW|l Wl Wl w| w| w|w wl wl wl w|lw|lw|w

Table 2. Experimental programme.

) (5)

E
cp = —
Lo

where ¢,(t) and ¢,(t) are the strains of the transmitted wave and back wave, respectively. A, and A; are the cross-
sectional areas of the bars and specimen, respectively. E is the elastic modulus of bars, taken as 2.1 x 10° MPa,

Scientific Reports|  (2024) 14:19800 | https://doi.org/10.1038/s41598-024-70505-4 nature portfolio



www.nature.com/scientificreports/

while ¢, is the velocity of the elastic wave, obtained by Eq. (5). I, equals the height of the specimen. p, is the
density of the bars, which is taken as 7820 kg/m”>.

Result and discussion

Figure 5 displays the concrete specimens after the SHPB test under different launching gas pressure (p) levels. At
a p of 0.2 MPa, even though the C1, C2, and C3 specimens experienced brittle failure, they did not completely
shatter. In contrast, the C4 and C5 specimens showed more destruction, suggesting that increase in WOS S,

p=0.2MPa p=0.3MPa p=0.4MPa

Cl
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C3

C4

Cs

Fig. 5. Concrete specimens after SHPB tests under different launching gas pressure levels.
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considerably reduced the impact resistance of the concrete specimens. This reflected the reduction in the bond-
ing effect as the WOS S, increased which may be because the flaky structure and smooth surface of the WOS
sand reduced the bonding contact with the binding material. Furthermore, as p increased to 0.3 and 0.4 MPa,
the concrete specimens were subjected to more comprehensive damage. This is because the increase in p signifies
an increase in strain energy, while the energy absorption capability of concrete materials is limited. Thus, the
release of additional energy is only facilitated through the expansion of cracks.

To obtain reliable and consistent results, the average of three specimens subjected to the same p for each type
of concrete was considered. As shown in Fig. 6, the stress—strain relationship of the C1 specimens exhibited
three distinct stages: the linear elastic stage, elastoplastic stage, and distortion stage. In the rising period of the
stress—strain relationship, the curve first exhibited a rapid and linear increase, followed by a decrease in the rate
of increase, accompanied by strain hardening. Once it reached the peak, the stress-strain curve began to decline,
suggesting a softening of the strain, and resulting in total collapse of the specimen. Furthermore, as shown in
Fig. 7, with increasing p, the slopes of the curves became steeper, indicating a greater degree of failure.

With a p of 0.2 MPa, increasing S, from 0 to 20% resulted in an increase of approximately 9.5% in the peak
stress (,), from 46.5 to 50.9 MPa, as displayed in Fig. 7a. Correspondingly, for p values of 0.3 MPa and 0.4 MPa,
0, increased from 50.3 and 60.2 to 58.5 MPa and 71.4 MPa, respectively. These increases correspond to enhance-
ments of approximately 16.3% and 18.6%, as shown in Fig. 7b,c respectively. This observation clearly indicates
that 20% S, can effectively enhance the dynamic stress of ordinary concrete, which corresponds with the static
mechanical characteristics of concrete with WOS replacement’®. This may be due to two possible causes. First,
the finer grading of WOS sand than that of river sand provides facilitates better filling of pores between aggregate
grains, leading to increased compact density of the concrete. Second, the negative effect of the air content due to
the porous structure of WOS is not significant. Although increased air content can make concrete more brittle,
the change in air content resulting from 20% S, replacement in fine aggregate is negligible, as observed by Yang
et al.'®. Figure 8 shows the results of the water absorption tests. The absorption rate decreases slightly from 4.31
t0 3.83% as WOS S, increases from 0 to 20%, which indicates that the concrete with 20% WOS S, has fewer pores
and a greater density. However, when S, increased from 20 to 100%, the peak stress dramatically decreased at all p.
When p is 0.2 MPa, 0.3 MPa, and 0.4 MPa, 0, decreases sharply to 10.3 MPa, 20.0 MPa, and 28.6 MPa, represent-
ing reductions of 79.8%, 65.8%, and 60.0%, respectively. Moreover, the absorption rate increased sharply from
3.83 to 14.68%, indicating the increasing pore size. In this case, the dominant reason behind the strength loss
is ascribed to the increased air content, which is in line with findings from static mechanical studies®. On the
one hand, the flaky structure of WOS sand gradually reduced the pore-filling effect during the further increase
in WOS §,, leading to more pores within the concrete. On the other hand, the pores in the WOS sand grains
further result in more air. In addition, it is worth noting that with increasing p, the strain corresponding to o,
(&max) decreased. This is because as the rate of increase caused by p increases both the delayed elastic strain and
the time interval for stress relaxation decrease®.

The connections between g, and WOS §, are illustrated in Fig. 9. The o, first increases with increasing S,, but
then the trend is inverted, and the peak stress starts to decrease exponentially as S, exceeds 20%. However, the
rate of reduction gradually decreased as S, increased, indicating a diminishing effect of the WOS air content on o,,.

Furthermore, the elastic modulus, E,, is taken from the slope of the secant line connecting 10% and 40% of
the 0,%, written using Eq. (6):

B = 040 — 010
g = 00 (6)
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Fig. 6. Three stages of the dynamic stress—strain curves of the concrete specimens.
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Fig. 7. Dynamic stress—strain relationship of the concrete specimens with WOS fine aggregate replacement: (a)
p=0.2 MPa, (b) p=0.3 MPa, and (c) p=0.4 MPa.
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Fig. 8. Absorption rate of concrete with different WOS substitution ratios.
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Fig. 9. Relationship between the peak stress and WOS substituted ratio.

where 04, and 0, are 40% and 10% of the o, respectively, whereas ¢4, and ¢, are the strains corresponding to
0y and 0y, respectively. Figure 10 depicts the relationship between E, and WOS §,. Similar to the relationship
between g, and WOS S,, when §, increased from 0 to 20%, the E, values increased from 6.7 GPa, 12.3 GPa, and
13.5 GPa to 10.1 GPa, 14.0 GPa, and 23.3 GPa under p values of 0.2 MPa, 0.3 MPa, and 0.4 MPa, respectively.
However, this result contradicts the observations about the static mechanical behavior observed by Yang et al."?,
which may be due to the pore-filling effect. However, when S, increased from 20 to 100%, E, decreased from
10.1 GPa, 14.0 GPa, and 23.3 GPa to 3.7 GPa, 4.1 GPa, and 10.5 GPa under p value of 0.2 MPa, 0.3 MPa, and
0.4 MPa, respectively. The reduction initially occurred followed by sharp a decrease, exhibiting an exponential
pattern similar to that of 0,. As previously analyzed, this may be because the porous structure of WOS sand led
to an increase in brittleness which resulted in a lower elastic modulus than that of river sand. Furthermore, the
smooth surface of WOS sand may weaken the bonding effect between the aggregates and the binding material,
resulting in a lower elastic modulus, as the concrete becomes more susceptible to cracking under dynamic impact.

Figure 11 displays the evolution of the absorbed energy with strain during the SHPB tests. The absorbed
energy, E,, is calculated by Egs. (7) and (8):
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Fig. 10. Relationship between the elastic modulus and WOS substitution ratios.
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Fig. 11. Evolution of the absorbed energy with strain during the SHPB tests: (a) p=0.2 MPa, (b) p=0.3 MPa,
and (c) p=0.4 MPa.

where V is the volume of the concrete specimen and ¢ and ¢ are the stress and strain of the concrete specimen
during the SHPB tests, respectively. r and I, are the radius and height of the concrete specimens, taken as 37 mm
and 37mm, respectively. g, increased with increasing € until the concrete specimens were destroyed. When §,
increased from 0 to 20%, E, remained at approximately 39 J under p of 0.2 MPa, but increased from 32.7 J and
29.6 ] to 36.1 and 35.9 ], respectively, when p was of 0.3 MPa and 0.4 MPa, respectively. This proves that 20% S,
WOS concrete can absorb more energy than plain concrete before failure. However, when S, increased from 20
to 100%, E, decreased sharply from 39.5J, 36.1 J and 35.9 J to 4.4 ], 12.0 J and 13.0 J under p value of 0.2 MPa,
0.3 MPa, and 0.4 MPa, respectively, which demonstrated that the concrete specimens with WOS S, contents
greater that 20% had less impact resistance.

From Fig. 7a-c, it can be observed that the strain related to the g, decreased with increasing S,, which sug-
gests that WOS aggregate concrete exhibits lower ductility than ordinary concrete. This finding contradicts the
results of a drop-weight test study by Liu et al.”, which concluded that a small and uniform pore structure could
contribute to the resistance to impact. There are two possible explanations for this discrepancy. First, the impact
resistance of the pore structure may vary at different strain rates. In drop-weight experiments, the strain rate
typically ranges from 107 to 10! s7!, while in SHPB tests, it falls in the range of 10 to 10° s™12°. The impact resist-
ance of the pore structure may be effective at lower strain rates but may exhibit a limited effect at higher strain
rates. Second, the number of pores may also affect the impact resistance. The air content in WOS aggregates'?,
may be much lower than that in foam concrete investigated in the work of Liu et al.?2.

Conclusion

WOS aggregates have the potential to be widely used in construction engineering. While numerous investigations
have been performed on the static mechanical behavior of concrete with WOS substitution, particularly its com-
pressive strength and elastic modulus, there is limited research on its dynamic mechanical behavior. Therefore, in
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this study, a number of SHPB tests were carried out to research the effects of WOS replacement on the dynamic
mechanical characteristics of concrete. The following conclusions can be drawn in light of the results obtained:

® Increasing S, from 0 to 20% results increases in 0, and E,, primarily due to the pore-filling effect. E, remained
almost constant at 0.2 MPa launching gas pressure but increased from 32.7 and 29.6 to 36.1 and 35.9 J,
respectively, when p was of 0.3 MPa and 0.4 MPa, respectively.

® Under p value of 0.2 MPa, 0.3 MPa, and 0.4 MPa o, increased by approximately 9.5%, 16.3%, and 18.6%,
respectively. The E, values increased from 6.7, 12.3 and 13.5 to 10.1 GPa, 14.0 GPa, and 23.3 GPa respectively.

® When S, increased from 20 to 100%, 0, and E, decreased exponentially, which was mainly controlled by the
negative effect of the air content. E, decreased from 39.5], 36.1 Jand 35.9 Jto 4.4 ], 12.0 J and 13.0 ] when p
was 0.2 MPa, 0.3 MPa, and 0.4 MPa, respectively.

® At p value of 0.2 MPa, 0.3 MPa, and 0.4 MPa, 0, decreases sharply to 10.3 MPa, 20.0 MPa, and 28.6 MPa,
representing reductions of 79.8%, 65.8%, and 60.0%, respectively. However, E, decreased from 10.1 GPa, 14.0
GPa, and 23.3 GPa to 3.7 GPa, 4.1 GPa, and 10.5 GPa respectively.

The findings, thus, suggested that 0, and E, increased with increasing WOS S, However, exact relationships
could not be established in the study due to the limited data and the range of S, considered in this study. Future
studies will focus on further refining the S, range and exploring the use of additives to improve the dynamic
characteristics of concrete.

Data availability
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