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Abstract: The growth in the volume of modern construction and the manufacture of reinforced
concrete structures (RCSs) presents the goal of reducing the cost of building materials without
compromising structures and opens questions about the use of environmentally friendly natural raw
materials as a local or full replacement of traditional mineral components. This can also solve the
actual problem of disposal of unclaimed agricultural waste, the features of which may be of interest
to the construction industry. This research aimed to analyze the influence of preparation factors
on concrete features with partial substitution of coarse aggregate (CA) with rubber tree (RT) seed
shells and to determine the optimal composition that can make it possible to attain concrete with
improved strength features. CA was replaced by volume with RT seed shells in an amount from 2%
to 16% in 2% increments. Scanning electronic microscopy was employed to investigate the structure
of the obtained concrete examples. The maximum increase in strength features was observed when
replacing coarse filler with 4% RT seed shell by volume and amounted to, for compressive and
axial compressive strength (CS) and tensile and axial tensile strength (TS) in twisting, 6% and 8%,
respectively. The decrease in strain features under axial compression and under axial tension was
6% and 5%, respectively. The modulus of elasticity increased to 7%. The microstructure of hardened
concrete samples with partial replacement of CA with RT seed shells in the amount of 2%, 4% and 6%
was the densest with the least amount of pores and microcracks in comparison with the structure of
the sample of the control composition, as well as samples with the replacement of CA with RT seed
shells in an amount of more than 6%. The expedient effective replacement of CA with RT shells led to
a reduction in battered stone of up to 8%.

Keywords: rubber tree seed shell; concrete; coarse aggregate; strength features; strain features

1. Introduction
1.1. Background

Concrete and RCSs occupy one of the main roles in modern construction around
the world, the growth in the pace and volume of which is inevitably associated with an

Appl. Sci. 2022, 12, 11744. https://doi.org/10.3390/app122211744 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app122211744
https://doi.org/10.3390/app122211744
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6173-9365
https://orcid.org/0000-0001-5376-247X
https://orcid.org/0000-0002-0364-5504
https://orcid.org/0000-0003-3497-3102
https://orcid.org/0000-0003-0323-0517
https://orcid.org/0000-0002-0130-2807
https://orcid.org/0000-0001-9354-4784
https://orcid.org/0000-0002-1574-4251
https://orcid.org/0000-0002-4595-8971
https://doi.org/10.3390/app122211744
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122211744?type=check_update&version=2


Appl. Sci. 2022, 12, 11744 2 of 20

increase in the need for raw materials and construction materials for structures and build-
ings [1,2]. The traditional mineral components of the concrete mixture are non-renewable
resources, which, despite their large number, raise the question of the relevance of their
local replacement with natural and renewable counterparts. An increase in the production
of RCSs makes relevant the search for ways to reduce cost, which can be quite high [3–6].
At the same time, the growing volume of production processes within the agricultural
industry entail an increase in the amount of waste, most of which, despite potentially
interesting properties, is not employed, which opens up the question of finding promising
methods of use. All of the above indicates the need to develop environmentally friendly
concrete, in which traditional mineral components are locally or completely replaced by
natural analogues, including agricultural waste. This approach can make it possible to
achieve environmentally friendly concrete with a reduced cost, while having improved
strength features compared to conventional concrete [7,8]. Many wastes from the agricul-
tural industry have strength features comparable to the mineral components of concrete
and can be successfully used in the construction industry. One of the promising natural
materials is rubber seed shells (RSSs). The RT (Hēvea brasiliēnsis) is cultivated mainly in
Indonesia, Thailand, India, Vietnam, Nigeria, Myanmar, Sri Lanka, Cambodia, Congo,
Malaysia, Liberia and Brazil [9,10]. It is of interest due to the high content of rubber in the
milky sap of this plant (about 40–50%), which makes it an essential raw material for the
global manufacturing of natural rubber. In addition, the whey produced in the process of
coagulation and separation of rubber from latex contains proteins in an amount of 0.6%,
which makes it suitable for animal feeding [11–15]. The seeds of the plant are employed
for cultivation but also contain about 35–37% drying oil. The fruit of the RT is a hard,
three-leaved pod (shell) containing three hard-shelled, ovoid seeds (Figure 1).
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Figure 1. The assembly of the fruit of the RT.

The fruits look like chestnuts; they are dark brown, round, three-leaved boxes with
a smooth shell, 2–3 cm in size. The seeds are small and ovoid, about 3 mm in diameter,
with juicy cotyledons containing up to 40% fatty oil. Ripe leaves open, fall into the soil,
and under favorable weather conditions begin to germinate in a few weeks. The shell of
the RT, despite its outstanding strength features, is the only unemployed and non-utilized
part of the plant, which lies on the ground in large quantities and decomposes [16–22].
The water absorption of the RT shell is 20–30%. The relatively high renewability and
low susceptibility to decay of this raw material creates an urgent need for its disposal in
the agricultural industry. Combustion of such material is impractical due to high CO2
emissions into the atmosphere [23–26]. The foregoing confirms the significant potential
of using RT seed shells as a partial replacement for CA both for construction, due to its
outstanding strength features, and for the agricultural industry due to the lack of well-
studied and environmentally friendly technologies for its disposal [27–32]. In addition,
local replacement of CA in concrete with RT seed shells can significantly reduce the cost
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and weight of such a composition, which makes the presented technology attractive for the
needs of modern construction [33–39]. However, despite this, studies considering the local
or complete replacement of CA in concrete with the shells of RT seeds are extremely few
due to the low prevalence of this plant and the lack of stable links between the rubber and
construction industries [40,41].

One study [40] considered the local replacement of coarse concrete aggregate with
battered RT seed shells. Compositions with the addition of natural raw materials in the
amount of 5%, 10%, 15% and 20% of the volume of concrete were considered. The cubic
strength of concrete in compression and TS in twisting were studied. The consequences
achieved were compared with the control composition, consisting of ordinary concrete, not
containing the shell of the seeds of the RT. The consequences of this study presented that
the compressive strength and TS of concrete in twisting when replacing CA with RT seed
shells by more than 10% of the volume of concrete decreased in direct proportion to the
amount of RT seed shells. When replacing CA with a natural analogue in an amount of less
than 10%, the decrease in the studied strength features was insignificant and suitable for
the needs of modern construction. In this study, only two strength parameters of concrete
were considered, and the factor of reducing the weight of concrete and changing its heat-
conducting properties was not considered. In ref. [41], the features of self-compacting
concrete were considered with the complete replacement of CA with RT shells, covered
by vulcanization with two layers of latex, while varying the ratio of cement, sand, and
crushed stones. The mobility of the resulting mixture and cubic strength of concrete were
considered. According to the consequences of the study, it was revealed that the ratio
cement:sand:coarse aggregate equal to 1:0.94:0.046 is optimal. This study considered only
one strength parameter and did not consider the weight of the resulting composition.

The study [42] adds to the growing body of literature on solutions to problems as-
sociated with integral bridge fills. The results obtained in this paper and other physics
models and field instruments for mixed tire and soil backfill suggest a new side ground
pressure coefficient for integral bridges based on the tire content and mixing area with the
wall. Recycling tire rubber in soil mixtures significantly reduces the stress factor, earth
equivalent peak pressure factor and settlement after 120 cycles [42]. The use of waste
rubber tires in concrete is still scattered and unclear. Consideration in ref. [43] of important
areas of concrete freshness, durability and strength properties, as well as microstructures,
is promising. However, there are certain obstacles that prevent the use of such waste
as aggregate in large quantities, such as the poor structural strength of rubber and poor
bonding to the cement matrix. Rubber, however, exhibits mechanical strength comparable
to reference concrete, up to 20% [43].

The study [44] was carried out to fill an existing gap in the literature on the evaluation
of the compressive strength of concrete containing binary additional cementitious materials.
The effect of different substitution levels of three different common pozzolans (metakaolin,
zeolite, and fly ash) in concrete mixes was studied. The optimal level of substitution for
the design of binary mixtures was 10% by weight of cement. The developed model for
predicting the compressive strength of concrete containing binary additional cementitious
materials had an accuracy in terms of MSE of 0.0017 for the validation data. In addition,
more than 42% and 94% of the data were predicted with an error of less than 2% and 10%,
respectively. The effect of various combinations of additional cementing materials with any
arbitrary chemical composition at any age from 3 to 365 days can be predicted with high
accuracy using the MLP network proposed in [44].

Of no small importance are the indicators of the durability of rubber concrete, which de-
pend on the content of rubber in concrete and the method of pre-treatment of rubber [45–48].
It has been established that rubber has promising characteristics for increasing the durabil-
ity of concrete; the addition of rubber can reduce the diffusion of chlorides and slow down
the corrosion of steel, and during transportation, sodium and chloride ions are retained in
rubber chains [45].
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In accordance with the foregoing, a certain gap in the field of knowledge has been
identified regarding the accumulation and systematization of theories and experimental
data on functional concretes with a mineral binder using aggregates of plant origin. The
ongoing study is intended to eliminate this gap in terms of studying the compatibility of
the initial components of mineral and plant origin, the features of the structure formation
of such composites and the relationship at the micro and macro levels according to the
fundamental principle of concrete science “composition — structure — properties”.

1.2. Rationale

The novelty of the study is as follows:

(1) For the first time, the properties of concrete using the RT seed shell were investigated
in terms of TS in twisting, deformability and other structural features, which has not
been previously performed and is not known in the literature;

(2) We present the development of a concrete formulation modified by local replacement
of CA with RT seed shells to improve concrete performance;

(3) As a result of the theoretical and experimental studies, the relationship between the
initial recipe–technological parameters and the indicators of the resulting concretes
based on the shell of the RT seeds was determined.

The present study develops the theme of “green concrete”, which implies the local or
complete replacement of traditional concrete components with vegetable analogues, which
are agricultural waste [49–54]. In our case, a local replacement of large aggregate (battered
stone) in the composition of concrete is performed with the shell of the seeds of an RT.
The shell is additionally limited to mechanical processing until a certain size modulus is
reached to improve features of the strength of concrete, as well as to ensure its uniformity.

1.3. Research Significance

The conducted research is a scientific milestone, involving the systematization and
development of existing theories of hardening of concrete composites based on agricultural
waste, the processes of their structure formation at the micro and macro level, and the
formation of their properties. From an applied point of view, we hypothesized, tested and
proven experimental positions on the interdependence between the compositions, structure
and properties of such concretes. Thus, the significance of this research is of a complex
theoretical and applied nature and can be used by researchers and engineers.

2. Materials and Methods

During the experimental investigations, Portland cement of the CEM I 42.5N brand
(Novoroscement, Novorossiysk, Russia) was used without additives. The main components
and features of cement were as indicated in ref. [51].

Battered sandstone (“Repnyanskoye quarry management”, Chistoozerny village, Rus-
sia) was employed as a thick aggregate with the following physical and mechanical features:
fraction size 5–20 mm; bulk density 1428 kg/m3; true density 2560 kg/m3; crushability
13.8% by weight; content of lamellar and needle-shaped grains 7.2 wt.%; voidness 43%.

Quartz sand (Arkhipovsky quarry, Arkhipovskoye village, Russia) was employed as a
fine aggregate with the properties as specified in ref. [51].

As a natural CA for local replacement of battered stone, the shell of the seeds of an RT
from Malaysia was employed. The shell was dried in a ShS-80-01 SPU oven (Smolenskoye
SKTB SPU, Smolensk, Russia) and battered in a ShD-6 lab jaw crusher (Vibrotechnik, St.
Petersburg, Russia) to a fraction size of 5–20 mm. The method for obtaining ready-made
CA based on the shell of the seeds of the RT is indicated in Figure 2.
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Figure 2. Method for obtaining CA based on the shell of the seeds of the RT.

The proportion of the mixture was as follows. Portland cement:water:sand:crushed
stone—1:0.57:2.25:3.21. The workability of the mixture corresponded to the draft of a
standard cone with a height of 300 mm, a large diameter of 200 mm and a small diameter
of 100 mm, equal to 5–9 cm.

The preparation of concrete mixtures was performed in a lab BL-10 (“ZZBO”, Zlatoust,
Russia). To compress the mixture during the molding of the samples, a regular lab vibrat-
ing stage SMZh-539-220A (IMASH, Armavir, Russia) was chosen; the time was 60 s for
vibration. The sample preparation procedure included the following main technological
steps (Table 1).

Table 1. Sample preparation procedure.

Technological Operation Description

Dosing

At the dosing stage, the concrete components were
measured; the components were weighed on a

VLTE-2100 balance (NPP Gosmetr, St. Petersburg,
Russia). The accuracy is 0.05 g.

Loading concrete mix components
The components were loaded into the concrete mixer
in the following order: water, cement, additive, sand,

CA (battered stone and RT seed shell).

Mixing The components were mixed in the concrete mixer
until a homogeneous mass was obtained.

Molding
The mixture was poured into sample molds, then
formed on the laboratory vibratory platform and

compressed to the desired state.

Storage

The samples were placed in a normal hardening
chamber, where they were kept for 1 day; then, they

were removed from the molds and hardened for
another 27 days.

After curing for 28 days in a normal hardening chamber, the samples were tested on
an IP-1000 hydraulic press and a R-50 tensile experiment machine.

Concrete strength control and evaluation were performed in accordance with GOST
18105 [55].

A study of the structure of hardened concrete samples with local replacement of CA
with RT seed shells was performed using a ZEISS CrossBeam 340 electron microscope.

In total, 1 series of samples of the control composition and 8 series of samples with
different amounts of RT seed shells were made and tested. The experimental research
program is indicated in Figure 3.
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Figure 3. The program of investigations of the influence of local replacement of CA with RT seed
shells on the strength–strain features of concrete.

Flexural compressive and TS experiments were performed in accordance with GOST
10180 [56]. Prismatic strength was determined according to the standard GOST 24452 [57].
Also in this investigation study, measuring “devices were employed: metal measuring ruler
was selected as 500 mm; device for gauging deviations from the plane NPL-1; device for
gauging deviations from perpendicularity NPR-1” [58–60].

Determining the defects in the form of cracks, ribs, crusts and debris was limited to
visual inspection in the experiment. Samples with cracks, rib holes with a depth of more
than 10 mm, shells with a diameter of more than 10 mm and a depth of more than 5 mm, as
well as traces of delamination and under compaction of the concrete mix were not subject
to experiment. Reference surfaces were chosen as noticeable on the samples to which forces
were operative through loading. The supportive surfaces of the molded cubes planned
for the compression experiment were selected. Thus, throughout the test, the compressive
force was activated. Before placing the sample on the press, the concrete elements enduring
from the earlier test on the base plates of the experimental machine were removed. The
specimens were loaded continuously at a constant rate of load rise until their failure. The
load time until the sample was destroyed was at least 30 s. The highest force obtained
during the test was determined as the breaking load. The destroyed sample was limited
to visual inspection. The top plate of the test machine was aligned, for example, with the
upper support face, and the planes were adjacent to one another. The sample was loaded
at a constant load increase rate of (0.6 ± 0.2) MPa/s [56].

For a tensile test in twisting, a prism sample was placed on a press and loaded at a
constant load increase rate of (0.05 ± 0.01) MPa/s. If the specimen did not fail in the middle
third of the span, or if the fracture plane of the specimen was inclined to the vertical plane
by more than 15◦, then this test result was not taken into consideration while defining the
average strength of the concrete of a series of samples [56].

In the axial tensile test, the sample was fixed in a tensile experiment machine and
loaded to failure at a continuous rate of load rise of (0.05 ± 0.01) MPa/s. The examination
results were not considered if the obliteration of the sample did not take place in the
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operational area or the flat surface of obliteration of the sample was disposed more than
15◦ to its horizontal axis [56].

The CS of concrete confilict of interst Rb.cub was determined with an exactitude of
0.1 MPa using Equation (1):

Rb.cub = α
F
A

(1)

The TS of concrete in twisting Rbtb was determined with an accuracy of 0.01 MPa
using Equation (2):

Rbtb = δ
Fl
ab2 (2)

The axial TS of concrete Rbt was calculated with an accuracy of 0.01 MPa using the
following formula:

Rbt = β
F
A

(3)

where α, δ, β are scale factors; F is the breaking load, N; A is the area of the working section
of the sample, mm2; l is the span size between the supports; a and b are characteristic
dimensions of the prism.

When determining the modulus of elasticity, the press force-meter scale was chosen,
and the anticipated assessment of the breaking load Pult was set as 70% to 80% of the
maximum permitted by the nominated scale. When determining the prism strength, the
scale of the force meter was chosen in accordance with the requirements of ref. [56]. Prior
to experimentation, the alignment of the sample initial reading with the instruments was
tested by dividing the instrument scale. As a result, the initial compression force, taken as
the limiting zero in tests, could not be more than 2% of the breaking force. The value of the
anticipated breaking load of the samples during the experiment was established according
to the CS of cube samples made from one batch, determined in accordance with GOST
10180 [56]. The ratio for the same sections of cubes and prisms occupied 80 to 90% of the
average refractive load of the cube samples [57].

While defining the prismatic strength and modulus of elasticity, the loading of the
sample to a force level equivalent to (40 + 5)% Pult was achieved in stages equivalent to
10% of the predictable breaking force, while maintaining the rate (0.6 ± 0.2) MPa/s within
individual steps. At each phase, the load was maintained for 4 to 5 min (when heated, up
to 15 min) and analyses were recorded on the devices at the start and at the finish of the
exposure of the load phase. At a load equal equivalent to (40 ± 5)% Pult, the devices were
removed from the sample. After removal of the devices, further loading of the sample was
performed constantly at a continuous ratio following GOST 10180 [53,57].

The prismatic strength Rpr is considered for each example using the following formula:

Rpr =
Pult
F

(4)

where Pult is the collapsing force measured on the gauge strength measure; F is the
cross-sectional area of the example, determined by its linear dimensions according to
GOST 10180.

The modulus of elasticity E was considered for each sample at a load level of 30% of
the breaking load, according to the following formula:

E =
σ1

ε1y
(5)

where σ1 = P1/F is the stress increment from conditional zero to the level of external load
equal to 30% of the breaking load; P1 is the corresponding increment of the external load;
ε1y is the increment of the elastic-instantaneous relative longitudinal deformation of the
example, corresponding to the load level P1 = 0.3Pult and measured at the beginning of
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each stage of its application. Within the loading stage, the deformations were determined
by linear interpolation.

The value of ε1y was determined by the following formula:

ε1y = ε1 − ∑ ε1i (6)

where ε1 is the increment of the total relative longitudinal and transverse deformations
of the example, corresponding to the load level P1 = 0.3Pult and restrained at the end of
the stage of its application; ∑ ε1i is the increment of relative longitudinal and transverse
strains of rapid creep, achieved by holding the load at the loading stages up to the load
level P1 = 0.3Pult.

The increment of relative longitudinal and transverse strains was calculated as the
arithmetic mean of instrument readings over four prism faces [57].

3. Results
3.1. Investigation of the Influence of the Amount of Added RSS instead of CA on the
Strength–Strain Features of Concrete

The consequences of the influence of local replacement of CA with RT seed shells on
the strength of concrete are indicated in Figures 4–7.
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Figure 4 demonstrations that when coarse filler is replaced with RSS in the quantity
of 2% and 4%, a gradual increase in CS from 49.4 MPa to 51.7 MPa is observed. However,
when replacing bulk filler, starting from 6% and up to 16%, the reverse trend of change in
CS is observed. The CS values were 46.3 MPa when replaced with RSS in the amount of 6%
and 44.8 MPa, 40.9 MPa, 39.7 MPa, 38.1 MPa and 37.6 MPa when replaced in the amount
of 8%, 10%, 12%, 14% and 16%, respectively. This can be explained by the denser packing
created by the battered sandstone and the shells of the RT seeds.

The obtained experimental data have good convergence. The deviation of approxi-
mated and experimental data does not exceed 6%. The residual sum of squares is 6.87314.
The coefficient of determination is R2 = 0.968.

The dependence of cubic strength on RSS is well approximated by the formula

Rb.cub= 48.6 + 0.74x1.03sin(0 .18x+2 .22), R2= 0.968 (7)
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where x is RSS, % and R2 is the coefficient of determination.
The results of the experimental studies of CS (Figure 5), TS in twisting (Figure 6)

and axial TS (Figure 7) with regard to the amount of RT seed shells are approximated by
Equations (8)–(10):

Rb= 36.1 + 0.97 x0.88 sin(0 .23x+1 .66), R2= 0.935 (8)

Rbtb= 5.8 + 0.177 x0.80 sin(0 .23x+1 .51), R2= 0.963 (9)

Rbt= 3.4 + 0.048 x1.155 sin(0 .225x+1 .81), R2= 0.962 (10)

A large coefficient of determination indicates good agreement between the experimen-
tal data and the approximating theoretical function.

The trend in axial compressive strength, flexural TS and axial TS (Figures 5–7) is
similar in nature to that of compressive strength. So, the maximum values of strengths in
all cases are fixed at the amount of RSS 4%. With a further increase in the replacement of
coarse filler with the shell of the seeds of the RT, a drop in strength features is observed.

Photos of the process of testing concrete samples for axial compression are shown in
Figure 8.
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Figures 9–11 show the study results of the influence of the ratio of replacement of CA
with RT seed shells on the deformation features of concrete.

Figures 9 and 10 show that the nature of the change in ultimate strain is similar under
axial compression and tension. Thus, when replacing coarse filler with the shells of seeds
of an RT in the amount of 2% and 4%, a decrease in the values of limiting deformation is
observed, and starting from 6%, an increase is noticeable. As for the modulus of elasticity,
its maximum value was fixed at an amount of RSS of 4%, while when replacing coarse filler
with RSS in an amount of 6% or more, a drop in the modulus of elasticity was observed.

Changes in the strength–strain features of concrete samples depending on the ratio of
local replacement of CA with RT seed shells are presented in Table 2 and are denoted as a
ratio associated with the control composition (without RSS).
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shells on ultimate deformations under axial compression εb.
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Figure 10. Results of investigational studies of the influence of local replacement of CA with RT seed
shells on ultimate strains in axial tension εbt.

After analyzing the dependencies and data on variations in the features of concrete,
as indicated in Table 2, we can conclude that the most effective is the local replacement of
large mineral aggregate in concrete with a natural analogue in the form of RT seed shell in
an amount of 4% by volume. This ratio of local replacement makes it possible to achieve
maximum strength features. Therefore, the value of the CS was 51.7 MPa, the axial CS
was 38.9 MPa, the TS in twisting was 6.3 MPa, and the axial TS was 3.6 MPa. It should
be noted that the local replacement of CA with RT seed shells in an amount of 2% also
contributes to an increase in strength features. When replacing coarse filler with 6% and 8%
RSS, a contrary affiliation is detected in the form of a decrease in strength features. When
replacing coarse aggregates at 10%, 12%, 14% and 16%, the strength decreased significantly
and became much lower than the strength of the control composition.
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Table 2. Change in the strength–strain features of samples depending on the ratio of local replacement
of CA with RT seed shells (∆).

RSS, %
∆, %

Rb,cub, MPa Rb, MPa Rbtb, MPa Rbt, MPa εbR, mm/m × 10−3 εbtR, mm/m × 10−4 E, GPa

0 0 0 0 0 0 0 0

2 2 5 5 3 −4 −2 2

4 6 8 8 6 −6 −5 7

6 −5 −6 −4 −6 3 7 −6

8 −8 −8 −6 −9 6 11 −8

10 −16 −19 −13 −18 8 13 −10

12 −18 −20 −22 −24 9 16 −14

14 −22 −24 −25 −27 11 18 −18

16 −23 −27 −26 −29 12 19 −19

Furthermore, following the test consequences, figures showing the compression
“εb − σb” and tension “εbt − σbt” were made. Graphical curves of “stress–strain” are pre-
sented in Figures 12 and 13.

From the analysis of the concrete deformation diagrams representing local replacement
of CA with the shells of RT seeds, the following assumptions can be made. The local
replacement of CA with RT seed shells affects the deformation of the concrete in the
following way: concretes with the replacement of large aggregates in the amount of 6%,
8%, 10%, 12%, 14% and 16% move up and to the right in the figure in comparison to the
control sample.

The revealed picture of the change in the deformation properties of the obtained
concretes is consistent with the picture of the change in their mechanical properties. That is,
there is an ascending branch with a peak shift up and to the left for samples with a dosage
of 4%, which have the highest mechanical properties. This is due to the highest strength
of concrete of such samples and, accordingly, the lowest deformability. With a gradual
increase in the content of vegetable aggregate in the body of the composite, the mechanical
tensile strength of concrete somehow decreases, but at the same time its deformability
increases, acquiring a more plastic character. Thus, the nature of the branch illustrating the
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concrete deformation diagram in the descending part also changes. It becomes flatter, with
a gradual shift of the peak of the diagram to the right and down.
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3.2. Investigation of the Microstructure of Hardened Concrete with Local Replacement of CA with
RT Seed Shells

Figure 14 shows photos of the microstructure of hardened concrete with local replace-
ment of CA with RT seed shells in an amount of 2–16% with a step of 2% by volume.

Figure 14 shows that the microstructure of hardened concrete samples with local
replacement of CA with RT seed shells in the amount of 2% (Figure 14b), 4% (Figure 14c)
and 6% (Figure 14c) is the most dense, with the least number of pores and microcracks
compared with the microstructure of the control sample (Figure 14a) as well as samples
with the replacement of coarse filler with RSS in an amount of more than 6% (Figure 14e–i),
which is consistent with the results of experimental studies.
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by RSS at (a) 0%; (b) 2%; (c) 4%; (d) 6%; (e) 8%; (f) 10%; (g) 12%; (h) 14%; (i) 16%.

The pattern of structure formation revealed at the micro level indicates a good compat-
ibility of mineral and plant components in concrete, stabilization of crystallization centers
at a high level, prevention of microstructural ruptures, and the absence of micro and macro
cracks, which have a negative effect. Together with the high technological efficiency of the
proposed method, a detailed examination of the pattern of microstructure formation fully
meets the purpose of the study and confirms the working hypothesis.

4. Discussion

Previous studies in Malaysia on the use of RT seed shells as a CA for concrete, after
being processed by crushing to a specific fraction, were mainly aimed at studying the
mechanical properties of this concrete. Strength features were determined, which directly
reflected the ability of such concrete to absorb mechanical loads according to the criterion
of compressive strength. However, this indicates that there is a serious scientific deficit in
the study of the deformation features of concrete using RT seed shells; structural studies
are needed at the micro level to confirm the effectiveness of the proposed method. Thus,
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this study fills this scientific gap and provides an empirical basis for subsequent research.
However, the empirical basis alone is not enough to evaluate the influence. This can be
explained in terms of microstructure, using SEM analysis. With the help of an electron
microscope, it was possible to photograph fragments of concrete located near the interface
between the cement–sand mortar and RSS phases. Due to the fact that the cement–sand
mortar acts as a matrix in the resulting composite, and the shell of the RT seeds, unlike
traditional stone aggregates, acts as a filler, but at the same time adds a damping, softening
influence, we evaluated structural changes using a microscope. In terms of microcracking,
it can be seen that the concrete structure is as homogeneous as possible. On average, there
is no cracking on the studied fragments. There are no gaps between the cement–sand
stone and the shell of the RT seeds due to the fact that the shell has some roughness and a
good level of adhesion to the matrix. Thus, at the microstructural level, the expediency of
introducing the RT seed shell as an aggregate for concrete is confirmed.

The nature of structure formation, the planned strength gain of concrete, as well as
the changed deformation features indicate that the resulting concrete is promising for
use, for example, in those structures that demand not only compressive strength but also
twisting strength (floor and road structures with low load). That is, such concrete has a
number of advantages compared to its counterpart with simple stone aggregates. There is
a damping phenomenon during its operation, the elastic features are improved in general,
the deformability changes, and the nature of the “stress–strain” diagram changes. Thus,
such concrete is promising for use in certain products and structures.

The best values for the strength features and the densest structure of the hardened
cement paste were established when replacing CA with 4% RSS by total volume. With
regard to the maximum allowable ratio of replacement of aggregate with shells, this limit
is fixed at around 8%. A further rise in the ratio of replacement of coarse filler leads to
a significant decrease in strength features, of more than 10%. The same is true for the
modulus of elasticity. At RSS dosages of 6% and 8%, the drop in strength features is not as
critical, which makes it possible to further use these concrete compositions in practice.

Thus, the most important parameter in the creation of new concretes including mineral
and vegetable components is the percentage of these two parts. In particular, the nature
of the effectiveness of the partial replacement of traditional filler with vegetable (RSS) has
both an ascending branch and a descending branch. Reaching its optimum, the content
of the plant component subsequently increases to a state of supersaturation, which not
only stops the growth of the mechanical characteristics of the composite, but also leads to a
systematic decrease. Thus, we experimentally determined and proved the rational range of
values of this ratio.

The contribution of the research presented in this article to science and practice can
be fully appreciated only by comparing the work done with the work of other authors.
Despite the small number of studies, it is important to compare the study in terms of
methodological, technological, research and analytical approach and in terms of practical
applicability of the study.

Considering the study from the point of view of the methodological aspect, it can be
noted that for the first time, a comprehensive approach was provided, based on a detailed
study of the parameters of the employed by-product of the agricultural industry: the shell
of the seeds of the RT. The study of the raw materials employed was carried out, and then
the dependencies between the final strength and deformation features of the resulting
concrete were identified with the local replacement of CA with the shell of RT seeds.

Considering our study from the point of view of the technological approach, we can
conclude that our article differs in that we describe the methods for obtaining and process-
ing agricultural by-products, their disposal, and the technological and prescription factors
that affect the process of manufacturing concrete compositions with local replacement of CA
with a natural analogue. This is characteristically different from previous studies [40,41].

Additionally, it should be noted that the proposed rubber tree seed shell aggregate has
a number of advantages compared to dense rock aggregates and some porous aggregates.
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This is expressed in a decrease in the total mass of concrete structures while maintaining a
good degree of adhesion of the aggregate to the hardened cement paste and the absence of
significant defect formation at the phase boundaries. In addition, the applied aggregate
itself is noted in some studies for high physical characteristics, allowing it to remain at
a competitive level. Thus, in refs. [40,41], data are given on its water absorption from
24 to 30%, which corresponds to the expediency of its use in concrete, taking into account
its advantages.

As part of the research aspect, we have applied various methods:

- Comparison of test results of concrete with local replacement of CA with the results
achieved for the control composition;

- A series of mechanical experiments;
- Numerical processing, including performing mathematical calculations to predict

consequences and determine mathematical dependencies.

From the analytics point of view, the dependencies of the strength and deformation
features on the initial components were determined. Therefore, the article is both a scientific
study performed with the aim of obtaining new aspects and developing existing ideas of
concrete with local replacement of large aggregates with by-products of the agricultural
industry, and is of practical importance in that it allows solving the actual problems in the
construction and agricultural industries, which are the consumers and suppliers of rapidly
renewable, high-quality raw materials collected in large volumes.

The strength features and other quantifiable indicators of the resulting concrete were
attained with the local replacement of CA with a natural analogue. Therefore, refs. [40,41]
found increases in strength features of concrete from 1% to 3% due to the limited replace-
ment of CA with the shell of RT seeds. Our recommendations made it possible to increase
the strength of concrete by up to 6%. The “stress–strain” diagrams based on the results of
the composition achieved in this article made it possible to identify a slight improvement
in the deformation features. The weight of the resulting compositions and their cost also
decreased. Therefore, the methods employed resulted in an improvement in comparison
with the works by other authors [40,41].

Therefore, the article is not only of a functional technical nature but also is aimed at
achieving financial productivity.

5. Conclusions

(1) Improvements in concrete performance were observed when CA was replaced by
volume with RT seed shells at a rate of 4%. The strength values at this RSS dosage
were CS—51.7 MPa, axial CS—38.9 MPa, axial TS—3.6 MPa, TS in twisting—6.3 MPa,
and the values of deformations during compression and tension were respectively
equal to 1.99 mm/m × 10−3 and 1.16 mm/m × 10−4. The modulus of elasticity was
33.9 GPa.

(2) The increase in the strength of concrete, as well as changes in deformability, according
to the results of our examination of the “stress-strain” figures were: for CS 6%, for
axial CS 8%, for axial TS 6% and for TS in twisting 8%

(3) Changes in deformability included an increase in the elastic modulus of 7%, and a
reduction in strains under compression of 6% and strains under tension of 5%.

(4) The microstructure of hardened concrete samples with partial replacement of CA with
RT seed shells in the amount of 2%, 4% and 6% is the most dense, with the fewest
pores and microcracks in comparison with the structure of the sample of the control
composition, as well as samples with the replacement of CA with RT seed shells in
the amount of more than 6%.

(5) According to our preliminary estimates, the expedient and effective replacement of
CA with RT seed shells leads to a reduction in the consumption of mineral CA by up
to 8%.

(6) The achieved results established good compatibility of data and the opportunity of
analysis of the technology in manufacturing situations. Future research is planned to
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study the influence of replacing CA with RT seed shells on the physical features of
concrete, such as thermal insulation and resistance to cyclic influences, as well as its
cost and the development of a cost-effective production technology.
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