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Abstract

Reprocessing solid waste materials is a low-cost method of preserving the environment,

conserving natural resources, and reducing raw material consumption. Developing ultra-

high-performance concrete materials requires an immense quantity of natural raw materials.

The current study seeks to tackle this issue by evaluating the effect of various discarded

materials, waste glass (GW), marble waste (MW), and waste rubber powder (WRP) as a

partial replacement of fine aggregates on the engineering properties of sustainable ultra-

high-performance fiber-reinforced geopolymer concrete (UHPGPC). Ten different mixtures

were developed as a partial substitute for fine aggregate, each containing 2% double-

hooked end steel fibers, 5%, 10%, and 15% GW, MW, and WRP. The present study

assessed the fresh, mechanical, and durability properties of UHPGPC. In addition, to evalu-

ate concrete development at the microscopic level due to the addition of GW, MW, and

WRP. Spectra of X-ray diffraction (XRD), thermogravimetric analysis (TGA), and mercury

intrusion (MIP) tests were conducted. The test results were compared to current trends and

procedures identified in the literature. According to the study, adding 15% marble waste and

15% waste rubber powder reduced ultra-high-performance geopolymer concrete’s strength,

durability, and microstructure properties. Even so, adding glass waste improved the proper-

ties, as the sample with 15% GW had the highest compressive strength of 179 MPa after 90

days. Furthermore, incorporating glass waste into the UHPGPC resulted in a good reaction

between the geopolymerization gel and the waste glass particles, enhancing strength prop-

erties and a packed microstructure. The inclusion of glass waste in the mix resulted in the

control of crystal-shaped humps of quartz and calcite, according to XRD spectra. During the

TGA analysis, the UHPGPC with 15% glass waste had the minimum weight loss (5.64%)

compared to other modified samples.
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1. Introduction

Because of the fast growth in the world’s population and the developing infrastructure at a

more rapid pace in developing countries [1], Ordinary Portland cement (OPC) is a highly uti-

lized material in the construction sector now [2]. From the construction sector, related to the

sustainability point of view, the manufacturing of OPC partakes 25% to 35% in the outflow of

carbon dioxide [3]. The OPC’s production process releases a significant amount of carbon

dioxide into the environment, which is harmful to the atmosphere [4, 5]. As a result, a massive

proportion of research has been performed to produce substitute binder, which has a less neg-

ative impact on the atmosphere and is also eco-efficient [6, 7]. Consequently, the production

of geopolymers material as a possible substitute for OPC has obtained significant consider-

ation in the last decade [8, 9]. The geopolymers are developed under the chemical reaction of

alumina-silicate mineral [10, 11], for instance, granulated blast furnace slag (GBFS), metakao-

lin (MK), fly ash (FA), and wheat straw ash (WSA), etc., with the alkaline activating chemical

[12]. The activator assists in dissolving the glassy-shaped phases in the GBFS to create different

solid phases, which include calcium-aluminate-silicate-hydrate, which primarily impacts the

strength, microstructural and durability properties [13–15]. Ultra-high performance geopoly-

mer concrete (UHPGPC) has advanced in the last decade [16, 17]. It is a new type of concrete

with good compression, indirect tensile strength, a high proportion of binding material, and

also lower water-to-binder ratio (w/b) [18, 19]. UHPGPC has materials that are small/fine in

size to achieve proper dense concrete [20]. Highly dense geopolymer concrete can also yield

excellent strength and durability [21]. The outflow of carbon dioxide is incessantly increasing

every day due to the manufacturing of OPC [22, 23]. Research has been performed to diminish

the usage of OPC and substitute it with other waste pozzolanic materials [24, 25]. Shi et al. [26]

revealed that substituting 25% and 45% of OPC with FA and GBFS may increase the flexural

strength of ultra-high-performance geopolymer concrete [27]. Spiesz et al. [28] reported that

the mixture of UHPGPC was developed with a low dosage of OPC, resulting in a 25% decrease

in the CO2 outflow [29].

Moreover, Agwa et al. [30] revealed that substituting metakaolin and silica fume with a low

proportion of OPC improved the strength of UHPGPC developed from the various discarded

material. Compared with conventional concrete, geopolymer concrete is an appropriate sub-

stitute material for standard plain concrete, proving its worth in the practical field. Geopoly-

mer materials [31] have a low price that could be developed with low energy and considerably

minimum release of CO2. Different researches concentrate on the durability characteristics of

geopolymer concrete (GPC), whereas some evaluate the strength properties and functional

attributes. He et al. [32] investigated the effect of the ratio of silica/alumina on the structural,

strength properties, and chemical stability of geopolymer concrete with a molar ratio between

2 and 4 for the Silica/alumina ratio [33]. The authors also observed that the GPC with a four

ratio of silica/alumina displayed significantly higher strength values than GPC with a two ratio

of silica/alumina due to the high silica-oxygen-silica bond. Some researchers have studied the

performance of geopolymer concrete with discarded materials as a partial/total replacement of

fine or coarse aggregates or a binder. Haido et al. [34] employed discarded lime and scrapped

glass as a fractional replacement for sand in geopolymer concrete. The findings depicted that

the discarded lime and glass could be replaced in the formation of geopolymer concrete. More-

over, including 20% discarded glass reduced the compression strength at the curing of 7 and

28 days by 32.2% and 20.04%, respectively. Also, Ameri et al. [35] research is carried out to

evaluate the optimal curing temperature and alkali activator to binder ratio of discarded
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material added geopolymer mortar. The results showed that the compression and flexural

strength were high when the curing heat was maintained at 90˚C, and the alkali activator to

binder ratio was 0.55. Consequently, temperature curing is needed to develop GPC with suit-

able strength attributes. Youssf et al. [36] evaluated the strength behavior and durability of geo-

polymer concrete comprising rubber crumbs. The results showed that by adding 20% rubber

crumbs as a fractional replacement of the fine aggregate, the fresh property was increased by

8%, water absorption was increased by 33%, loss in mass because of the degradation was

improved by two times, drying shrinkage was increased by 30%. In contrast, the compression

strength decreased by 29%, and the carbonation depth decreased by 16% [37].

Currently, the consideration of research has been on the formation of geopolymer concrete

at ambient surroundings to lower the required energy for curing [38]. Regardless of the signifi-

cant research in the geopolymer field, very little consideration has been given to developing

ultra-high-performance geopolymer concrete with steel fibers and different waste materials.

Iyer et al. [39] employed alumina-silicate materials (GBFS and silica fume) to make UHPGPC.

The compression strength of UHPGPC with no steel fibers was 122 MPa, and when fibers

were added, the compression strength improved to 173 MPa. Wetzel et al. [40] studied the

impacts of silica fume on the fresh and strength characteristics of UHPGPC. The finding

showed that even though UHPGPC doesn’t comprise any OPC, it has excellent compression

strength and low porosity, equivalent to standard ultra-high-performance concrete. The

authors also revealed that the ultra-high-performance geopolymer concrete attained the high-

est compression strength of 181 MPa with 13% replacement of GBFS with silica fume. The

fresh property was reported to get worse with the addition of 20% to 30% silica fume, which

revealed that the silica fume significantly affects the fresh and strength properties of geopoly-

mer concrete at a high replacement percentage. Althoey et al. [41] developed ultra-high-

strength fiber-reinforced geopolymer concrete by substituting cement with nano-silica and

activated with the alkaline activators and observed significant results.

Nonetheless, ultra-high-performance geopolymer concrete with no fibers could get brittle

as the compression strength rises. Consequently, fibers of different types should be introduced

to enhance the concrete’s ductility [42–46]. Per Lao et al. [35], the maximum compression

strength of UHPGPC was noted to be 221 MPa. With the high concentration of steel fibers,

the compression strength of UHPGPC has risen because of the firm modulus of elasticity of

fibers. The ultra-high-performance geopolymer concrete’s tensile strength with a high percent-

age of steel fibers was also high because of the bridging behavior of fibers [47–50]. The findings

displayed that geopolymer concrete could be the suitable answer for developing ultra-high-

performance concrete with the most utilization of industrial discarded materials. It is being

revealed that the mixtures with 16% and 32% of silica fume with the introduction of steel fibers

could be highly appropriate for producing UHPGPC, as their compressive strength crosses the

criteria of 125 MPa for being classified as ultra-high-performance concrete. Sammak et al. [51]

have utilized polypropylene and steel fibers in UHPGPC. The results revealed that substituting

a low percentage of steel fibers with polypropylene fibers reduces strength and improves the

concrete’s durability [52–57].

1.1 The novelty of current work

From the above literature, it can be noticed that no study utilizes different waste materials as a

partial substitute for fine aggregate in developing ultra-high-performance geopolymer con-

crete (UHPGPC) with fibers. Therefore, the present research aims to establish that discarded

materials (marble powder, waste rubber crumb powder, and waste glass) could be used as a

fractional sand replacement in ultra-high-performance geopolymer concrete. This will assist
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in conserving the natural river sand. The present study evaluates ultra-high-performance geo-

polymer concrete’s fresh, strength and durability characteristics. For making ductile ultra-

high-performance geopolymer concrete, double-hooked steel fibers were added. The results of

the present study are also contrasted with the past research. Also, mercury intrusion porosime-

try (MIP) analysis, thermogravimetric analysis (TGA), and x-ray diffraction (XRD) spectra

were carried out to test the improvement of ultra-high-performance geopolymer concrete at

the micro level.

2. Materials

2.1 Alkaline activators

Sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) was employed as the alkali-activator

chemicals. The ratio of Sodium silicate and sodium hydroxide was 3:1, the molarity of sodium

silicate was 2M, and sodium hydroxide molarity was 10M. These chemicals were procured

from the Islamabad chemical factory and were 99.9% pure.

2.2 Binders

As presented in Fig 1A and 1B, granulated blast furnace slag (GBFS) and wheat straw ash

(WSA) were used as geopolymer binders. The surface area and specific gravity of WSA and

GBFS were 16500 m2/kg, 2.24, and 376 m2/kg, 2.84, respectively. The GBFS was procured

from heavy industries Taxila, and WSA was obtained from the commercial market in Islama-

bad. The x-ray diffraction (XRD) for the GBFS and WSA is also presented in Figs 2 and 3.

2.3 Used waste materials (waste rubber powder, glass waste, and marble

waste)

Waste tire rubber was acquired from the local supplier, and it was grinded to a very fine size

(< 4.75 mm) to make waste rubber powder (WRP), as presented in Fig 4A. Waste rubber pow-

der, glass waste and marble waste had a density of 1114, 2725, and 2675 kg/m3. Glass waste

(GW) and marble waste (MW) were obtained from a local glass and marble manufacturer in

Mardan. It was also grinded to very fine pieces, as presented in Fig 4B and 4C. The specific

gravity of waste rubber powder, glass waste, and marble waste were 1.2, 2.4, and 2.6. The

Fig 1. (a) GBFS; (b) WSA.

https://doi.org/10.1371/journal.pone.0285692.g001
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granulometry curve of WRP, GW, MW and fine aggregate is presented in Fig 4D. The chemi-

cal composition of WRP, GW, and MW is presented in Table 1.

2.4 Steel fibers

Length and the aspect ratio of steel fibers are critical, which govern the effectiveness of the

strength characteristics of concrete. The past study revealed that adding 25 to 50 mm fibers

optimally enhances the strength characteristics [58]. Thus, in the present research, double-

hooked end steel fibers were used, as shown in Fig 5, with a length of 50 mm and a diameter of

1.15 mm. The steel fibers were obtained from the commercial market in Lahore, and their

physical characteristics are provided in Table 2.

2.5 Fine aggregates

The fine aggregates (sand) were procured from Nowshera’s river bank. Fine aggregate’s spe-

cific gravity and density were 2.70 and 1585 kg/m3. The size of fine aggregates was kept at less

than 4.75 mm.

3. Preparation of concrete specimens

In the present study, ten different mixtures were developed. All the mixtures had a constant

percentage of steel fibers by the volume of the binder. In the first mix, no waste rubber powder,

glass waste, or marble waste was added to the mixture, and it had only alkaline activator solu-

tion, granulated blast furnace slag, wheat straw ash, natural coarse aggregates, fine aggregates

(sand), water, and 2% steel fibers. The second, third, and fourth mixes had 5%, 10%, and 15%

waste of rubber powder, glass waste, and marble waste by weight. The binder ratio (GBFS/

WSA) was kept at 2.33. According to the literature [30, 40, 59], adding silica fume (SF) is

Fig 2. XRD analysis of Wheat Straw Ash (WSA).

https://doi.org/10.1371/journal.pone.0285692.g002
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necessary to develop ultra-high-performance concrete. The ratio of the alkaline-activator solu-

tion to the alumina-silicate of the tried sample is fixed at 0.40 (based on the findings of strength

properties discussed below). Table 3 shows the complete mix details of all samples.

To prepare an alkaline-activator solution, sodium-hydroxide was first added to water. Due

to an exothermic reaction, it was left undisturbed for 24 hours to obtain the ambient tempera-

ture. A sodium silicate chemical was added to it. All the dry materials were mixed in a mechan-

ical mixer for four minutes to make ultra-high-performance fiber-reinforced geopolymer

concrete. Then slowly, the alkaline-activator solution was introduced to the mix and mixed for

3 minutes. Then 50% water with steel fibers was introduced to the mixer and slowly blended

for two minutes to ensure the proper orientation of fibers in the mix. As the mixture started to

have a uniform color, the remaining 50% water was introduced to the mechanical mixer.

Lastly, the freshly mixed concrete was poured into plastic molds and kept air-tight to prevent

moisture loss. After one day, the concrete was de-molded, and the concrete samples were

placed in the curing tank [33]. The terminology for mix ID is designed so that M1, M2, and

M3 represent three different groups of modified mixtures. The number after the GW, MW,

and WRP shows the percentage of material added to that modified mixture. Three samples for

each combination were tried to prevent variability in the test results, and its average value was

considered the final value. So, the result values provided in all Figures are the average values.

The concrete samples were tried at 7, 28 and 90 days when their casting was completed.

The impact of curing on the compression strength was studied following four significant types

of curing (ambient curing [24], water curing, autoclave curing at 85˚C for 24 hours, and tem-

perature curing at 75˚C for 24 hours). The samples were put in the lab under room conditions

for ambient curing. The ambient and water curing were done at 28 days. When the 28 days

were completed, half of the ambient cured samples were placed in an oven at 75˚C for twenty-

Fig 3. XRD analysis of Granulated Blast Furnace Slag (GBFS).

https://doi.org/10.1371/journal.pone.0285692.g003
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four hours, whereas the remaining samples were placed in the autoclave to study the impact of

the heating condition on the compression strength of UHPGPC.

Fig 4. Waste materials in grinded form; (a) Waste rubber powder, (b) Glass waste powder, (c) Marble waste powder,

(d). Granulometry curve of WRP, GW, MW and fine aggregate.

https://doi.org/10.1371/journal.pone.0285692.g004
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4. Characterization of tests

4.1 Fresh properties of UHPGPC

The flowability of freshly mixed UHPGPC was assessed following ASTM C1437 [60]. Per

ASTM C191 [61], the setting time of freshly mixed concrete was evaluated. The concrete’s unit

weight conformed with ASTM C138.

4.2 Strength properties of UHPGPC

The compression and the indirect tensile strength of UHPGPC were evaluated with the univer-

sal testing machine (UTM) with a capacity of 1500 kN. The loading rate for the indirect tensile

strength was 0.15 MPa/sec, and for the compression strength, the loading speed was 1.5 MPa/

sec. For every mixture of UHPGPC, three sets of the same samples were prepared and tried at

7, 28, and 90 days, and the average value was used to decrease the experimental error. The

compression strength was evaluated per ASTM C39 [62] on cylindrical concrete samples with

Table 1. Chemical composition of WRP, GW, and MW.

Component WRP (%) GW (%) MW (%)

Silicon Dioxide (SiO2) 5 71 4

Aluminum Oxide (Al2O3) 1 2 2

Calcium Oxide (CaO) 1 7 51 (as CaCO3)

Magnesium Oxide (MgO) 0 3 31 (as MgCO3)

Sodium Oxide (Na2O) 1 12 6

Potassium Oxide (K2O) 0 2 1

Carbon Black 29 0 0

Polymeric materials (e.g., SBR) 54 0 0

Fillers and additives 7 0 0

Iron Oxide (Fe2O3) 1 1 2

Other trace elements and compounds 1 2 3

https://doi.org/10.1371/journal.pone.0285692.t001

Fig 5. Double-hooked end steel fibers.

https://doi.org/10.1371/journal.pone.0285692.g005
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12 inches x 6 inches (length x diameter). The direct transmission technique assessed the ultra-

sonic pulse velocity (UPV) at 28 days on a 50 mm cubic sample. The indirect tensile strength

of UHPGPC was determined following ASTM C496 [63]. The modulus of elasticity and flex-

ural strength of UHPGPC was determined following ASTM C469 [64] and ASTM C78 [65].

Concrete beams of 30 mm x 30 mm x 150 mm were developed and tested.

4.3 Durability properties of UHPGPC

Rapid chloride penetration tests (RCPT) were performed per ASTM C1202 [66], and three

specimens of 50 mm were arranged. After the saturation in water, the specimens were posi-

tioned in the instrument cell for testing them. The specimens were in contact with a 0.2 molar

solution of NaOH on one side and with 2% of NaCl on another side. By passing a volt of 65,

the current travelling over the specimen was measured in five hours. The total current travel-

ling over the specimen was measured in (Coulombs).

To evaluate the electrical resistivity (ER) of UHPGPC, electrodes were placed on both sides

of the specimen, and the passing voltage was measured. The ER can be measured by following

Eq (1). The concrete’s surface should be horizontal to ensure a thorough connection between

the specimen and the electrode. Cube-size specimens were utilized for the measurement of ER.

ρ ¼ A∗
ðRÞ

ðLÞ
ð1Þ

In equation (A), R is the resistance during the test, ρ is the specific electrical resistance

(ohm. Meter), L is the specimen’s length, and A is the x-section area over which the charges

travel (m2).

4.4 Microstructural study of UHPGPC

To assess the development of crystalline phases in the UHPGPC, x-ray diffraction (XRD) spec-

tra were done. The XRD analysis was done with a passing current of 35 milli-Ampere and a

voltage of 35 kilo-Volt. Thermogravimetric analysis (TGA) was employed to determine the

loss in mass of hardened UHPGPC, dehydration and degradation due to wear and tear. TGA

was performed at the heating rate of 15˚C/minute with temperatures ranging from 30˚C to

900˚C. The concrete’s porosity was evaluated utilizing the mercury intrusion porosimetry

(MIP) method. The concrete samples were cut into smaller portions of 15 mm x 15 mm x 30

mm from the 30 mm x 30 mm x 150 mm samples.

Table 2. Physical characteristics of double hooked end steel fibers.

Physical Characteristics Value

Length of steel fiber 50 mm

Diameter (d) 1.15 mm

Tensile Strength 2235 N/mm2

Aspect ratio (l/d) 43.47

Hook depth 1.25 mm

Hook length 1.5–3 mm

https://doi.org/10.1371/journal.pone.0285692.t002
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5. Results and discussion

5.1 Fresh characteristics of UHPGPC

Fig 6A and 6B presents the impact of the substitution of waste materials on the initial and final

setting time and flowability of UHPGPC. No segregation or bleeding was observed in the fresh

mix when performing the fresh test. As observed from Fig 6A, the flowability of UHPGPC is

significantly affected by the existence of waste rubber powder (WRP), glass waste (GW), and

marble waste (MW). It could also be noted that the concrete’s flowability was raised with the

addition of GW, and the flowability increased when the percentage of GW was increased. This

could be ascribed to the glass material’s low water absorption capability and lower friction

coefficient of GW, which increase the flow rate. Hence, the flowability of UHPGPC with no

WRP, GW, and MW was 216 mm, and its rise correspondingly by 2.1%, 3.9%, and 4.42% with

the addition of 5%, 10%, and 15% glass waste in the concrete’s mixtures. Wetzel et al. [4] also

revealed similar results when evaluating fresh properties of ultra-high-performance geopoly-

mer concrete. When the sand was substituted by marble waste (MW) by 5%, 10%, and 15%,

the concrete’s flowability was reduced by 4.07%, 7.32%, and 9.21%, respectively, when con-

trasted with the reference mixture. Also, the UHPGPC’s flowability was reduced when the per-

centage of waste rubber powder (WRP) was increased. Hence, the addition of 15% WRP had

the lowermost flowability, which could be attributed to the high coefficient of friction and

hydrophobic behavior of rubber material, which augments the resistance against the flow. As

presented in Fig 6B, it can be noted that the mixtures with the GW usually increase the initial

and final setting time by 18% and 12%, respectively, with the utilization of 15% GW in the mix-

tures when compared with the reference mixture. Moreover, marble waste (MW) has consid-

erably decreased the flowability with a low initial and final setting time, signifying that the

combination of marble particles has a favorable impact in accelerating the process of geo-poly-

merization. The hydrophilic behavior and coefficient of high friction of rubber particles led to

frail bonds amid the rubber elements and geopolymer gel. Hence, the flowability of UHPGPC

deteriorates with the utilization of WRP; also, it had the highest initial and final setting time.

5.2 Hardened characteristics of UHPGPC

5.2.1 Density. The density of ultra-high-performance geopolymer concrete was calculated

at curing 28 days, as presented in Fig 6C. It could be noted that the addition of glass waste had

Table 3. Mix proportion of all concrete mixtures (kg/m3).

Mix ID WSA GBFS SF FA GW MW WRP DHSF NaOH SS Water

Control 201 469 155 1060 0 0 0 15.5 68 204 145

M1-GW-5 201 469 155 107 78 0 0 15.5 68 204 145

M1-GW-10 201 469 155 954 139 0 0 15.5 68 204 145

M1-GW-15 201 469 155 901 192 0 0 15.5 68 204 145

M2-MW-5 201 469 155 107 0 78 0 15.5 68 204 145

M2-MW-10 201 469 155 954 0 139 0 15.5 68 204 145

M2-MW-15 201 469 155 901 0 192 0 15.5 68 204 145

M3- WRP -5 201 469 155 107 0 0 78 15.5 68 204 145

M3- WRP-10 201 469 155 954 0 0 139 15.5 68 204 145

M3-WRP-15 201 469 155 901 0 0 192 15.5 68 204 145

WSA–Wheat straw ash, GBFS–Granulated blast furnace slag, FA–Fine aggregate, GW–Glass waste, MW–Marble waste, WRP–Waste rubber powder, DHSF–Double

hooked steel fiber, NaOH–Sodium hydroxide.

https://doi.org/10.1371/journal.pone.0285692.t003
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the maximum unit weight compared to the reference mixture, which can be ascribed to the

high-water absorption of glass waste. Employing glass waste as a replacement also had the

same effect on the concrete density as it was higher than the reference mixture; this could be

ascribed to the improved inherent properties of GW and low water absorption.

Fig 6. (a) Slump flow (mm) of UHPGPC, (b) Initial and final setting time of UHPGPC, (c) Hardened density of

concrete.

https://doi.org/10.1371/journal.pone.0285692.g006
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The reason glass waste higher hardened density than other mixtures is because of the differ-

ences in the physical and chemical properties of these waste materials. Glass waste is a non-

porous material that has a high packing density and can improve the particle packing of the

concrete, resulting in a higher density and stronger concrete [40]. Additionally, glass waste can

react with the geopolymer binder, contributing to the strength and durability of the UHPGPC.

On the other hand, waste rubber powder and marble waste are porous materials that may have

lower packing densities than glass waste [67]. The porous nature of these materials may also

lead to weaker interfaces between the waste particles and the geopolymer binder, resulting in a

lower strength UHPGPC. Additionally, waste rubber powder and marble waste may not react

with the geopolymer binder as effectively as glass waste, leading to a weaker UHPGPC.

Increasing the percentage of glass waste in UHPGPC can lead to a higher hardened density

due to the increased amount of non-porous material present in the mixture. Specifically, add-

ing 15% glass waste to UHPGPC can result in a higher hardened density than adding only 5%

or 10% glass waste. This may be due to the optimal packing density and amount of silicate in

the mixture. In comparison, the inclusion of WRP reduced the density because of the low unit

weight of rubber and its hydrophilic properties. The evaluated density of ultra-high-perfor-

mance geopolymer concrete ranged from 2486 kg/m3 and 2675 kg/m3.

5.2.2 Ultra-Sonic Pulse Velocity (UPV). UPV is a non-destructive testing method for

evaluating the strength of concrete [68]. This test was performed on the concrete samples

cured at 7, 28 and 56 days, and its test outcomes are presented in Fig 7. The utilization of GW

raised the ultras-sonic pulse velocity, whereas the inclusion of marble waste lowered the UPV.

When contrasted with the mixtures comprising GW, the UPV of MW mixtures was lowered

Fig 7. Ultra-Sonic Pulse Velocity (UPV) of UHPGPC.

https://doi.org/10.1371/journal.pone.0285692.g007
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by 10.5%. With the introduction of waste rubber powder, the UPV of UHPGPC was reduced

significantly (20.14%) with the reference mixture. The increasing values in the ultrasonic pulse

velocity (UPV) test of ultra-high-performance geopolymer concrete (UHPGPC) upon the

addition of waste rubber powder (WRP), glass waste (GW), and marble waste (MW) as partial

substitutes for fine aggregate can be attributed to several factors. Incorporating these waste

materials, particularly GW and MW, may lead to a denser microstructure due to their fine par-

ticle sizes, which can fill the voids and improve particle packing. The pozzolanic reactivity of

GW and MW can also contribute to forming additional geopolymer products, which can fur-

ther refine the pore structure and enhance the concrete’s overall performance [69]. While

WRP does not have pozzolanic properties, its addition can improve the overall particle packing

and distribution within the matrix. Consequently, the denser and more refined microstructure

increases the UPV values, indicating improved homogeneity and quality of the UHPGPC.

This also happened due to the mixtures’ enhanced porosity comprising WRP compared to the

mix with only fine natural aggregates. The sound waves travel over solid material more quickly

than porous material. The ultrasonic pulse velocity values conform with the compression

strength of UHPGPC.

5.2.3 Compressive strength. The compressive strength of ultra-high-performance geo-

polymer concrete at the curing of 7, 28, 56, and 90 days is presented in Fig 8. As anticipated,

the compressive strength of UHPGPC was impacted by the addition of WRP, GW, and

MW. At 15% substitution of GW, the maximum compressive strength of 179 MPa was

noted at the curing of 90 days, while the control sample had a compressive strength of 161

MPa at 90 days. The compressive strength of UHPGPC at 90 days was observed to reduce to

120 MPa as the 15% WRP was added. Adding 5% glass waste increased the strength after 56

days of curing compared to the control mixture, from 150 MPa to 154 MPa. Per past studies,

when glass waste is employed to replace sand, the compressive strength rises as the percent-

age of GW is enhanced. Also, the compressive strength of UHPGPC at 15% GW reached

159 MPa and 179 MPa at 56 and 90 days, respectively. It is also noted that the concrete with

15% GW had more compression strength compared to 5% GW and 10% GW by 6.14% and

4.46% at 90 days. The higher compressive behavior of the samples with GW was ascribed to

the dense matrix in which the shapeless SiO2 in a glass particle integrates with the geopoly-

mer matrix and shows considerable phases of calcium-aluminate-silicate-hydrate products.

This enhancement can be attributed to the pozzolanic activity of the fine glass waste parti-

cles, which react with the alkaline activators in the geopolymer matrix, forming additional

geopolymer products. Consequently, a denser and more refined microstructure is achieved,

contributing to increased compressive strength. The 15% glass waste replacement demon-

strated superior compressive strength compared to the 5% and 10% replacements, suggest-

ing an optimal balance between the particle packing and the pozzolanic activity of the glass

waste. This balance maximizes the benefits of the glass waste’s inclusion while maintaining

adequate workability and overall performance [70, 71].

At 15% substitution, MW had 140 MPa, 145 MPa, 153 MPa, and 172.5 MPa at the curing of

7, 28, 56, and 90 days. Also, a negative influence on the compressive strength was noted as the

amount of WRP was raised in the mixtures. The strength degradation in the concrete with

WRP could be ascribed to the hydrophobic behavior and high coefficient of friction of the

WRP, which forms weak bonds amid rubber elements and gel of geopolymer, and increased

permeability, which leads to low-dense microstructure. Hence, employing 15% WRP reduces

the compressive strength by 25.46% (120 MPa) at 90 days compared to the reference mixture.

From Fig 9A and 9B, it could be noted that the concrete with 15% glass waste failed vertically

in both directions, which shows the homogeneity and strong bond of steel fibers in the

UHPGPC’s matrix. In contrast, the concrete with 15% waste rubber powder was cracked
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Fig 8. Compressive strength of UHPGPC at 7, 28, 56, and 90 days.

https://doi.org/10.1371/journal.pone.0285692.g008

Fig 9. Failure patterns of UHPGPC under compression load; (a) M1-GW-15, (b) M3-WRP-15.

https://doi.org/10.1371/journal.pone.0285692.g009
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entirely and failed in every direction when loaded in compression. This signifies the heteroge-

neity of the concrete’s matrix that the steel fibers couldn’t bond with the rest of the materials

thoroughly. It is worth noting that the differing properties of waste materials can impact com-

pressive strength. Marble waste and waste rubber powder do not exhibit the same pozzolanic

reactivity as glass waste, potentially resulting in a less refined microstructure and inferior com-

pressive performance. The presence of double-hooked end steel fibers in UHPGPC also plays

a significant role in enhancing compressive strength. These fibers provide mechanical inter-

locking and improved load transfer, increasing cracking and deformation resistance under

compressive loads [34, 72]. The optimal performance observed with the 10% glass waste

replacement could be due to a synergistic effect between the improved glass waste microstruc-

ture and the steel fibers’ reinforcing properties.

Fig 10 depicts the concrete’s compressive strength under various curing techniques, which

aligns with past studies [73]. It could be observed that autoclave and heat curing improved

compressive strength. The selection of curing impacts the compressive strength, the response

of steel fibers to the GPC’s mix and the reaction between binders [74]. Autoclave curing

enhances the concrete’s microstructure and geo-polymerization extent [75]. Consequently,

increasing the heat curing enhances the compressive strength. Significantly, autoclave and

thermal curing improved the compressive strength, with enhancements of 7.14% and 11.51%

of the curing under room temperature. It was also observed that as the percentage of GW

increased, the molar ratio of CaO/SiO2 and SiO2/Al2O3 was noted in UHPGPC. The molar

ratio of calcium oxide/silica and silica/alumina is associated with hydration products, such as

calcium-silicate-hydrate and calcium-aluminate-silicate-hydrate. A rise in the molar ratios of

Fig 10. Effect of type of curing on compressive strength of UHPGPC.

https://doi.org/10.1371/journal.pone.0285692.g010
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calcium oxide/silica and silica/alumina led to additional gels of calcium-silicate-hydrate and

calcium-aluminate-silicate-hydrate, which leads to dense microstructure [76].

5.2.4 Modulus of elasticity (MOE). Fig 11 presents the results of MOE of the ultra-high-

performance geopolymer concrete mixtures and their relationship with the compression

strength. Glass waste particles are generally more angular and possess a wider size distribution,

which can lead to better inter-particle bonding and enhanced packing within the geopolymer

matrix. Results show that the 15% glass waste replacement demonstrated a higher modulus of

elasticity than the 5% and 10% replacements. This outcome suggests that the higher glass waste

content promotes a more effective particle packing within the matrix, contributing to a stiffer

and more robust structure capable of resisting deformation under applied loads. It was noted

that adding WRP, GW, and MW as a substitute for sand impacts the mixture’s MOE. As the

proportion of glass waste increased, the elasticity modulus was reduced. The modulus of elas-

ticity M1-GW-5, M1-GW-10, and M1-GW-15 was 1.19%, 10.34%, and 13.52% lesser than the

reference mixture. In the present study, the control sample’s mean MOE and compressive

strength at 28 days was 31.7 GPa and 152 MPa. Tayeh et al. [77] studied the UHPGPC’s MOE

and noted that the modulus of elasticity and compression strength were 43 GPa and 178 MPa,

respectively. At 15% substitution of WRP, GW, and MW, the MOE was reduced by 21.24%,

12.35%, and 21.56% compared to the reference mixture. It is important to consider that marble

waste and waste rubber powder have different particle shapes and size distributions compared

to glass waste, which could affect the modulus of elasticity. These materials’ less favorable

packing characteristics might result in a less stiff geopolymer matrix, leading to a lower modu-

lus of elasticity [78, 79].

Fig 11. Modulus of elasticity of UHPGPC at 28 days.

https://doi.org/10.1371/journal.pone.0285692.g011
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Additionally, double-hooked end steel fibers in UHPGPC are crucial in improving the

modulus of elasticity [51, 80]. The steel fibers form a continuous network throughout the geo-

polymer matrix, enhancing load transfer and reducing the strain developed under loading

conditions. The superior performance observed with the 15% glass waste replacement might

be attributed to the combined effect of the improved particle packing and the reinforcing

action of the steel fibers. The relationship between MOE and compression strength conformed

with the analytical relationship developed by Tayeh et al. [77].

5.2.5 Indirect tensile strength. Fig 12 presents the influence of the different percentages

of WRP, GW, and MW on the indirect tensile strength of ultra-high-performance geopolymer

concrete at 28 and 90 days. The indirect tensile strength of ultra-high-performance geopoly-

mer concrete (UHPGPC) at 28 and 90 days exhibited noticeable improvement with the incor-

poration of glass waste compared to marble waste and waste rubber powder. When evaluating

the effects of various glass waste replacement levels, the 15% substitution displayed excellent

indirect tensile strength compared to both the 5% and 10% replacements. With increasing the

percentage of GW from 0% to 15% at 5% intervals, the indirect tensile strength reduced by

5.66%, 4.5%, and 2.41% at 28 days and 6.53%, 5.93%, and 3.13% at 90 days of curing, corre-

spondingly. This low reduction in the indirect tensile strength of UHPGPC can be attributed

to the pozzolanic activity of the fine glass waste particles, which react with the alkaline activa-

tors in the geopolymer matrix, creating additional geopolymer products. The formation of

these products leads to a denser and more refined microstructure, ultimately contributing to

increased strength. Despite these improvements, the control mixture without glass waste still

demonstrated higher indirect tensile strength than all modified mixtures [10, 81]. This

Fig 12. Indirect tensile strength of UHPGPC at 28 and 90 days.

https://doi.org/10.1371/journal.pone.0285692.g012
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outcome may be due to the superior mechanical interlocking and load transfer provided by

the double-hooked end steel fibers, which were more effective in the control mixture. The

presence of steel fibers in the UHPGPC contributes to the overall tensile performance and

crack resistance, playing a significant role in the observed strength differences between the

control and modified mixtures [82, 83].

Moreover, when increasing the marble waste from 0% to 15% at 5% intervals, the split ten-

sile strength was reduced by 11.16%, 15.75%, and 26.5% at 28 days and 10.46%, 9.12%, and

33.09% at 90 days of curing, respectively, compared with the reference sample. When waste

rubber powder was added from 0% to 15% at 5% intervals, the indirect tensile strength was

reduced by 34.41%, 33.65%, and 44.93% at 28 days and 29.04%, 29.11%, and 47.17% at 28 and

90 days of curing, respectively, compared with the control sample. From Fig 13A and 13B, it

can be observed that the sample with 15% glass waste was cracked in multiple positions, which

shows the better bonding of steel fibers with the glass waste and geopolymer gel. In contrast,

the sample with 15% WRP failed wide open only in one direction when an external loaded was

applied, which shows the poor bonding of WRP with the steel fibers and concrete’s matrix.

The reduction in concrete’s strength due to the addition of WRP was ascribed to the weak

bonding between geopolymer gel and the rubber elements [84]. Furthermore, the contrasting

properties of the waste materials could have also impacted the tensile strength. Marble waste

and waste rubber powder, for instance, do not exhibit the same pozzolanic reactivity as glass

waste, potentially leading to a less refined microstructure and mediocre properties.

5.2.6 Flexural strength. Fig 14 depicts the flexural strength of ultra-high-performance

geopolymer concrete with different discarded materials at the curing of 28 and 56 days. The

flexural strength ranged from 4.85 MPa to 12.62 MPa. It is noted that raising the percentage of

glass waste helped to enhance the concrete’s flexural strength. This improvement could be

ascribed to the silica reaction from the glass material with an alkaline-activator solution that

augments the concrete’s microstructure [85]. Hence, with the increasing percentage of glass

waste from 5% to 15%, the flexural strength improved by 3.56%, 5.96% (at 5% GW), 4.73%,

6.31%, (at 10% GW), and 6.89%, 8.03%, (at 15% GW), respectively, compared with the refer-

ence mixture of 11.90 MPa and 13.4 MPa at 28 and 90 days of curing. Concerning the control

Fig 13. Failure patterns of UHPGPC under tensile load; (a) M1-GW-15, (b) M3-WRP-15.

https://doi.org/10.1371/journal.pone.0285692.g013
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mixture at 28 and 90 days, the flexural strength of UHPGPC with marble waste reduced by

26.12%, 22.42% (at 5% MW), 28.61%, 24.32%, (at 10% MW), and 31.25%, 27.56%, (at 15%

MW), respectively. With the addition of WRP from 5% to 15%, the flexural strength of

UHPGPC was reduced by 29.4%, 27.3% (at 5% WRP), 32.1%, 30.2% (at 10% WRP), and

35.3%, 33.7% (at 15% WRP), respectively. The improvement in the flexural strength due to the

addition of glass waste could be attributed to the excellent bonding of glass materials and geo-

polymer gel and the good performance of glass material due to its inherent characteristics,

which further reinforced the concrete’s matrix, resulting in a dense concrete [36, 86]. From Fig

15A and 15B, it can be observed that the concrete beam with 15% glass waste had better perfor-

mance as it was cracked in only one place, which signifies the excellent mutual performance of

steel fibers and the glass waste in the geopolymer concrete’s matrix, whereas, the sample with

15% WRP showed that while loading the concrete sample failed suddenly in two pieces giving

no warning of being failed.

5.3 Durability characteristics

5.3.1 Rapid Chloride Penetration test (RCPT). During RCPT, it is presumed that the

flow travels over the concrete’s specimen by the pore solution, which behaves as an electrolyte.

As the proportion and continuousness of pores in the specimens impact the channel of ions

and hence impact the rate of flowing current, porous specimens with continued pores proba-

bly have higher flow passing, and less porous specimens have lower flow passing. In ultra-

high-performance concrete, the water-to-binder ratio has resulted in the development of

packed micro-structure in the concrete’s matrix, significantly decreasing permeability. Per

Fig 14. Flexural strength of UHPGPC (MPa).

https://doi.org/10.1371/journal.pone.0285692.g014
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Table 4, including steel fibers has reduced the current rate and improved the concrete’s dura-

bility by restricting crack formation due to the plastic and drying shrinkage, leading to reduced

permeability [87]. Ghahari et al. [88] performed the SEM analysis of fiber-reinforced concrete.

They revealed that adding fibers and developing calcium-silicate-hydrate and bonding among

them decreases the concrete’s conductivity, which augments the concrete resistance against

infiltration of chloride ions. Abbas et al. [87] performed a MIP test, revealing that introducing

steel fibers reduced the permeability and augmented the durability.

Fig 15. Failure patterns of UHPGPC under flexural load; (a) M1-GW-15, (b) M3-WRP-15.

https://doi.org/10.1371/journal.pone.0285692.g015
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Furthermore, a packed matrix between geopolymer gel and steel fibers was observed, in

among all of the mixtures, M1-GW-15 had the lowermost RCPT value, which signifies reduced

permeability due to the very low porosity. The highest values of RCPT were observed in

M3-WRP-15, which showed moderate permeability owing to high porosity. All the values of

RCPT are presented in Table 4, and the values of RCPT are observed as per the standard values

of RCPT shown in Table 5.

5.3.2 Electrical Resistivity (ER). The concrete’s ER is a technique to evaluate the con-

crete’s behavior related to penetrating chloride ions. In porous concrete, the ER is low; hence,

the infiltration of chloride ions is high. Contrasting to RCPT, ER doesn’t heat the concrete

specimen, and this test gets completed within a minute, which makes this test very quick. The

outcome of electrical resistivity is presented in Table 6. During this test, a reduction in ER sig-

nifies decreased proportion behavior. To apply a similar method compared to the results of

various tests carried out on durability, comparing the behavior of mixtures based on the spe-

cific electrical conductivity index, which is the opposite/inverse of the ER, has also been per-

formed. In M3-WRP-15, high ion concentrations were passed, which makes it highly porous.

Adam et al. [89] evaluated the penetration of chloride ions in geopolymer concrete. They

revealed the existence of free ions due to the high concentration of alkali chemicals. They

reported that by decreasing the NaOH proportion, which means a reduction in the concentra-

tion of ions in the pore solution, the conductivity proportion reduces, and thus, the flow pro-

portion reduces. Due to multiple factors, adding steel fibers in UHPGC can lower the flow of

charge during electrical resistivity and rapid chloride penetration tests. Primarily, steel fibers

can enhance the microstructure of UHPGC, resulting in a denser and more refined pore struc-

ture, which impedes the flow of electrical current and the penetration of chloride ions. The

steel fibers also help bridge microcracks, which can contribute to reduced electrical conductiv-

ity and chloride ion ingress [51, 90, 91]. The presence of steel fibers may also cause a tortuous

path for ions to travel through the concrete, leading to higher electrical resistance. These

Table 4. Values of rapid chloride penetration test.

Mix ID Q (Coulombs) RCPT Value

Control 1357 Low

M1-GW-5 1341 Low

M1-GW-10 1219 Low

M1-GW-15 964 Very Low

M2-MW-5 1742 Low

M2-MW-10 1421 Low

M2-MW-10 1368 Low

M3- WRP -5 2003 Moderate

M3- WRP -10 2142 Moderate

M3-WRP-15 2264 Moderate

https://doi.org/10.1371/journal.pone.0285692.t004

Table 5. Penetration of chloride ions based on the passing of charges.

Passing of Charge (Coulombs) RCPT Value

Less than 100 Negligible

100 to 1000 Very low

1000 to 2000 Low

2000 to 4000 Moderate

More than 4000 High

https://doi.org/10.1371/journal.pone.0285692.t005
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factors, combined, result in lower charge flow and increased resistance to chloride penetration

in UHPGC-containing steel fibers. In past research [58–60], GPC depicts a high current flow

rate compared to conventional concrete, which isn’t due to the lower resistivity against chlo-

ride ions. Still, it is also due to the concentration of ions in the concrete’s pore solution and the

micro-structure of GPC.

5.4 Microstructural analysis

5.4.1 Mercury Intrusion Porosimetry (MIP) analysis. Fig 16 presents mercury intrusion

porosimetry of the cumulative porosity of the UHPGPC’s specimens. The pore structure of

concrete specimens conforms with the findings of past research. M1-GW-15 had a reduced

porosity compared to M2-MW-15 and M3-WRP-15, which translates well with the result ten-

dencies in the compression strength. The effect of small particle sizes of glass waste (GW) and

marble waste (MW) on porosity and pore connectivity in ultra-high-performance geopolymer

concrete (UHPGC) can be considered by examining the microstructure, packing density, and

particle size distribution of these materials. Fine particles can fill the voids between larger par-

ticles, leading to a denser microstructure and reduced porosity. Selecting a suitable combina-

tion of particle sizes for GW and MW is essential to optimize the packing density.

Furthermore, the pozzolanic reactivity of these materials plays a crucial role in pore refine-

ment. As glass waste and marble waste react with the alkaline activators in the geopolymer

matrix, they form additional geopolymer products, which can fill the pores and improve the

overall performance of the UHPGC [92]. The concrete comprising waste rubber powder had

the maximum total pore volume, which implies that the mixture has the maximum pore struc-

ture and reduced effectiveness in the reaction of the geo-polymerization. Compared with the

reference mixture at a pore diameter of 0.031 microns, the cumulative porosity was consider-

ably raised by 29.53%, 43.78%, and 55.61% at 15% substitution of sand with GW, MW and

WRP, respectively. From the x-ray diffraction spectra, employing the GW develops extra

phases over the curing method. This phase resulted in low porosity and packed microstructure.

Lastly, a change in pore size distribution is associated with a variation in the concrete’s micro-

structure, which clarifies some of the strength characteristics [93, 94].

5.4.2 Thermogravimetric analysis (TGA). Fig 17A presents the TGA curve of UHPGPC

at 90 days. The phases of loss in mass developed by the dehydration of calcium-aluminate-sili-

cate-hydrate for the UHPGPC; also, due to the accessibility of hydroxyl ions (OH-), a strong

peak related to the calcite phase is noticeable in every mix. Moreover, the weight loss of the

UHPGPC is classified into 4 levels. The 1st and 2nd levels corresponded to significant mass

loss under 250˚C. The 1st level (approx. 50˚C to 160˚C) is related to the vanishing of available

Table 6. Outcome of electrical resistivity of GPC.

Mix ID Values of ER (O.m) Specific Electrical Conductivity Index (O.m) Possibility of corrosion

Control 2806 0.000356 Not Likely

M1-GW-5 2793 0.000358 Not Likely

M1-GW-10 2717 0.000368 Not Likely

M1-GW-15 2646 0.000377 Not Likely

M2-MW-5 2901 0.000344 Not Likely

M2-MW-10 2894 0.000345 Not Likely

M2-MW-10 2846 0.000351 Not Likely

M3- WRP -5 2963 0.000337 Not Likely

M3- WRP -10 3014 0.000331 Not Likely

M3-WRP-15 3201 0.000312 Not Likely

https://doi.org/10.1371/journal.pone.0285692.t006
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water, while the 2nd level (approx. 160˚C to 250˚C) concerns confined-water vanishing. The

vanishing of physically-chemically restricted water and the hydroxyl poly-condensation

method (OH-) of geopolymer gel are ascribed to the 3rd level (approx. 250˚C to 750˚C). At ele-

vated heating conditions, the 4th level (approx. 750˚C to 1100˚C) is related to the severance of

inorganic carbonate compounds (see Fig 17B). It could be observed that the reference mixture

loses nearly 6.24%, whereas the UHPGPC comprising 15 glass waste loses 7.19%. The TGA

curves in 1st and 2nd phases showed a 5.43%, 6.07%, and 5.65% loss in weight of M1-GW-15,

M2-MW-15, and M3-WRP-15, respectively, from the ambient surroundings to 250˚C,

whereas the reference mixture at the similar heating condition lost 4.26%.

The improved TGA results by GW can be attributed to the pozzolanic activity and the inher-

ent thermal stability of the glass waste particles. When glass waste reacts with the alkaline activa-

tors in the geopolymer matrix, it forms a more stable and thermally resistant structure due to

the additional geopolymer products generated through the reaction [95]. The 15% glass waste

replacement demonstrated superior thermogravimetric behavior compared to all other modi-

fied mixtures. This outcome suggests that the higher glass waste content optimizes the balance

between particle packing and pozzolanic activity. This leads to a more thermally stable geopoly-

mer matrix that resists degradation and weight loss under high temperatures. The presence of

double-hooked end steel fibers in UHPGPC could also play a role in enhancing the material’s

thermogravimetric behavior. These steel fibers can create a reinforcing network throughout the

geopolymer matrix, providing improved load transfer and potentially enhancing the overall

thermal stability of the composite material. The optimal performance observed with the 15%

glass waste replacement might be attributed to the combined effect of the improved glass waste

microstructure and the steel fibers’ reinforcing action. It is essential to consider that marble

Fig 16. Total porosity of UHPGPC by MIP test at 90 days.

https://doi.org/10.1371/journal.pone.0285692.g016
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waste and waste rubber powder have different thermal properties compared to glass waste,

which could affect the thermogravimetric behavior of the UHPGPC [96, 97]. These materials

Fig 17. (a) TGA analysis of UHPGPC. (b) Derivative Thermogravimetric Curve of UHPGPC.

https://doi.org/10.1371/journal.pone.0285692.g017
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might not contribute to forming a thermally stable geopolymer matrix to the same extent as

glass waste, leading to less favorable TGA results.

5.4.3 X-ray diffraction (XRD) analysis. The incorporation of glass waste, marble waste,

and waste rubber powder into ultra-high-performance geopolymer concrete (UHPGPC) can

significantly influence the X-ray diffraction (XRD) analysis results due to their distinct miner-

alogical compositions and reactivity. Glass waste, being amorphous and pozzolanic, reacts

with the alkaline activators in the geopolymer matrix, leading to the formation of additional

geopolymer products, which could be observed as new or enhanced peaks in the XRD pattern

[98–100]. Marble waste, primarily composed of calcium carbonate (CaCO3) in calcite, exhibits

limited pozzolanic activity. Its addition to UHPGPC might result in the appearance of calcite

peaks in the XRD analysis, but it is less likely to contribute to the formation of new geopolymer

products. However, marble waste can still affect the geopolymer matrix’s particle packing and

microstructure [101, 102]. As an organic material, waste rubber powder has a negligible impact

on the XRD analysis of UHPGPC as it does not contribute to forming new geopolymer

products.

The x-ray diffraction spectra were done on ultra-high-performance geopolymer concrete at

90 days of curing to determine the phase compositions in UHPGPC by adding WPR, GW, and

MW. Fig 18 presents the x-ray diffraction spectra of different mixes of UHPGPC. The presence

of significant humps in the range of 22 degrees and 32 degrees verifies the presence of shape-

less phases (calcium-aluminate-silicate-hydrate) in the GPC. Hence, the main phase comprises

albite, SiO2, calcium-aluminate-silicate-hydrate, and calcite, whereas lower humps of calcite

SiO2 could also be observed. Including glass waste in the mix led to the control of crystal-

shaped humps of SiO2 and calcite. The remaining low humps were related to cristobalite,

CaSiO3, and mullite. The humps dispensed to different phases of calcium, classified as hema-

tite, CaCO3, etc., are recognized in the UHPGPC comprising marble waste. Still, their concen-

tration seemed to reduce with time, which implies the slow change in the phase in the

presence of the marble waste, which results in the slow and weak process of geo-polymeriza-

tion and significant loss in mass, as observed during the TGA test. Moreover, the development

of SiO2 and albite was decreased in the samples comprising 15% waste rubber powder, which

resulted in a significant reduction of concrete strength (as presented in the strength character-

istics section). In addition to the development of calcium-aluminate-silicate-hydrate and

potassium-aluminate-silicate-hydrate, it reduces because of the lowered adhesion between

geopolymer gel and rubber material to form a porous matrix in concrete [103–105].

6. Sustainability and environmental performance

The development of ultra-high-performance geopolymer concrete (UHPGPC) using ground

granulated blast furnace slag (GBFS) and waste silica ash (WSA) as primary binders, along

with the incorporation of glass waste, marble waste, and waste rubber powder as partial substi-

tutes for fine aggregates, demonstrates a commitment to sustainable construction practices

and enhanced environmental performance. Utilizing these industrial by-products and waste

materials in the production of UHPGPC offers numerous sustainability benefits. First, it

reduces the consumption of natural resources, such as limestone and sand, thereby minimiz-

ing the environmental impact of their extraction, transportation, and processing. This practice

also supports conserving finite natural resources, helping ensure their availability for future

generations.

Second, replacing Portland cement, a major contributor to greenhouse gas emissions, with

GBFS and WSA as geopolymer binders helps reduce the carbon footprint of concrete produc-

tion. Geopolymer binders are produced using low-energy, low-emission alkaline activation
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processes, which offer environmental advantages over traditional Portland cement production

methods. Incorporating waste materials like glass waste, marble waste, and waste rubber pow-

der as partial substitutes for fine aggregates contributes to effective waste management and

promotes a circular economy. By repurposing materials that would otherwise end up in land-

fills, the environmental impact associated with waste disposal is reduced while conserving nat-

ural sand resources. The improved mechanical properties and durability of UHPGPC

containing these waste materials result in longer service life and reduced maintenance require-

ments for the structures built with this concrete. This increased longevity translates to lower

life cycle environmental impact and resource consumption associated with construction and

infrastructure projects.

Moreover, using UHPGPC with waste materials in construction projects can lead to poten-

tial cost savings, as these waste materials are often less expensive than traditional aggregates.

This economic advantage encourages adopting sustainable construction practices, further con-

tributing to the broader goals of resource conservation and environmental protection. The

present study showed that this innovative approach minimizes the consumption of natural

resources, reduces waste generation, and mitigates the environmental impact associated with

traditional concrete production, ultimately contributing to a more sustainable future for the

construction industry.

7. Conclusions

The fresh, strength and microstructural properties of ultra-high-performance geopolymer

concrete comprising waste rubber powder, glass waste, and marble waste as a fractional

Fig 18. X-ray diffraction analysis of UHPGPC.

https://doi.org/10.1371/journal.pone.0285692.g018
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replacement of sand at 5%, 10%, and 15% have been investigated. Based on the present

research findings, the following conclusions have been attained:

• The addition of glass waste into ultra-high-performance geopolymer concrete augments the

fresh properties, whereas the addition of marble waste and waste rubber powder reduces

them, specifically at 15% substitution of fine aggregates. The ultra-high-performance geopo-

lymer concrete with the 15% WRP showed a maximum decrease in the slump value by

19.44% compared with the reference mixture.

• Compression, indirect tensile, and flexural strength were improved as the glass waste per-

centage was raised. Also, in some cases, the strength behavior of concrete with glass waste

was similar to the reference mixture due to low porosity and the high proportion of hydra-

tion products (calcium-aluminate-silicate-hydrate). The ultra-high-performance geopoly-

mer concrete with glass waste had improved strength behavior compared to marble waste

and waste rubber powder.

• In the ER and RCPT tests, introducing steel fibers lowers the flow of charges over the

UHPGPC, while concrete with waste rubber powder showed higher porosity with high val-

ues of ER and RCPT.

• X-ray diffraction analysis showed that the ultra-high-performance geopolymer concrete

with the 15% glass waste had good adhesion among glass particles and gel of geo-polymeriza-

tion, which is mainly the reason for improvements in the strength attributes of ultra-high-

performance geopolymer concrete than the UHPGPC with other discarded materials.

• From the mercury intrusion porosimetry analysis, the addition of waste rubber powder sig-

nificantly increases the pore diameters and porosity, which can be ascribed to the porous

microstructure, which is the reason behind the strength decrease than the reference mixture.

• The percentage of the WRP had a detrimental effect on the thermal response of the speci-

mens as assessed by the TGA test. The reference sample could sustain 93.75% of its weight,

whereas adding 15% GW, 15% MW, and 15% WRP led to the loss in concrete weight by

5.64%, 6.25%, and 9.44%, respectively.
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