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ABSTRACT

Reactive Powder Concrete (RPC) is an advanced construction material prized for its superior strength and durability.

However, its dense, ultra-low porosity microstructure, while beneficial for mechanical properties, renders it highly

susceptible to explosive spalling when exposed to temperatures between 200 °C and 400 °C. This dangerous phenomenon

occurs as trapped moisture and air within the RPC’s pores rapidly expand upon heating, generating immense internal vapour

pressure that causes sudden surface bursting. This study investigates a synergistic approach by combining steel fibres

with low-melting-point polypropylene fibres within fibre-reinforced RPC (FRPC). The principle is that polypropylene

fibres melt at approximately 170 °C, creating a network of micro-channels that provide pathways for the release of trapped

vapour and air, thereby relieving the internal pressure that causes spalling. To evaluate this, cylindrical specimens (10 cm ×

20 cm) were prepared, water-cured for 26 days, and then subjected to steam curing at 95 °C for 4 h. Subsequently, they

were exposed to elevated temperatures of 200, 300, and 400 °C for 2 h to simulate fire exposure. The results conclusively

show that the hybrid fibre combination effectively prevents explosive spalling. Furthermore, the hybrid FRPC maintained

an impressive 80–90% of its original compressive strength post-heating. In stark contrast, FRPC specimens containing

only steel fibres suffered severe damage and retained a mere 20–40% of their room-temperature strength. These findings

demonstrate that hybrid fibre reinforcement is a highly effective strategy for enhancing the fire resistance of RPC, thereby

enabling its safer application for structures prone to elevated temperatures.
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1. Introduction

The relentless pursuit of advanced construction materi-

als with superior mechanical properties and enhanced dura-

bility has been a cornerstone of modern civil engineering. In

this context, Ultra-High-Performance Concrete (UHPC) and

its specific variant, Reactive Powder Concrete (RPC), repre-

sent a paradigm shift from traditional concrete technology.

Reactive Powder Concrete (RPC) is an advanced cementi-

tious composite characterized by its unique composition of

ultra-fine particle materials, including cement, silica fume,

quartz sand, quartz powder, superplasticizer, and typically,

steel fibres [1,2]. The fundamental philosophy behind RPC is

the elimination of coarse aggregates to enhance homogene-

ity and the optimization of the particle packing density of

the remaining constituents. This results in a material with

an exceptionally dense and compact microstructure, which

translates into exceptional mechanical properties, with com-

pressive strengths ranging from 200 to 800 MPa and flexural

strengths between 30 and 50 MPa [3]. The high performance

of RPC is further attributed to its high cement content, very

low water-to-cement ratio (often below 0.25), and the incor-

poration of steel fibres for ductility [1,2,4,5].

The development of RPC can be traced back to the

pioneering work in the early 1990s by researchers at the

Bouygues laboratory in France [1–6]. This breakthrough was

not merely a single innovation but a systematic approach in-

volving the careful selection of material types, optimized mix

designs based on particle packing models, and specialized

curing methods, most notably pressurized steam curing [1,2].

This thermal treatment accelerates the pozzolanic reactions

between cement hydration products and silica fume, leading

to a further refinement of the microstructure, a reduction in

pore volume and size, and a consequent significant boost in

compressive strength [7–10]. The exceptional strength, dura-

bility, and toughness of RPC have positioned it as a premier

material for specialized applications, including long-span

bridges, seismic-resistant structures, high-rise buildings, and

critical infrastructures like nuclear containment facilities

and military shelters where superior performance is non-

negotiable [11,12].

However, the very properties that confer RPC its out-

standing performance—its high density and extremely low

permeability—also constitute its shortcomings when sub-

jected to fire. The dense, nearly impermeable microstructure

means that free and chemically bound water within the ce-

ment paste, along with trapped air in the minimal pore space,

have limited pathways to escape when heated rapidly. As the

temperature rises during a fire event, this trapped moisture

vaporizes and the trapped air expands, generating immense

internal pore pressure. When this pressure exceeds the tensile

strength of the concrete matrix, it leads to a violent, explosive

failure known as spalling. This phenomenon is particularly

severe in RPC, with studies indicating that explosive spalling

can occur at temperatures as low as 200–400 °C [11–13], posing

a grave threat to structural integrity by suddenly reducing the

cross-sectional area of load-bearing members and exposing

internal reinforcement to direct heat.

Extensive research has been conducted on the behavior

of both normal-strength and high-performance concrete at

elevated temperatures [11–16]. These studies [11–16] have es-

tablished that the incorporation of fibres, such as steel or

polypropylene, can improve the residual properties of con-

crete after fire exposure. Steel fibres are primarily known for

enhancing flexural toughness, crack resistance, and residual

strength post-heating by bridging cracks [8]. Polypropylene

fibres, on the other hand, have a different mechanism. These

fibres melt at a relatively low temperature of approximately

160–165 °C [9,15,16]. Upon melting, they create a network of

microchannels within the concrete matrix, which provides

pathways for the release of built-up vapor and air pressure,

thereby mitigating the risk of explosive spalling.

While studies have independently explored steel fibre-

reinforced RPC [14,15] and, to a lesser extent, polypropylene

fibre-reinforced RPC [8], the synergistic effect of combining

these two fibre types in a hybrid RPC (combination of steel

and polypropylene fibers [17–22]) system to specifically ad-

dress the spalling problem remains a relatively unexplored

frontier. The central hypothesis of this research is that a

hybrid reinforcement system can leverage the benefits of

both fibres: the steel fibres to maintain mechanical integrity

and post-cracking ductility, and the polypropylene fibres to

provide a pressure-relief mechanism at elevated tempera-

tures. This raises several critical research questions: Can

the incorporation of polypropylene fibres effectively create

sustainable escape routes for trapped pore pressure without

compromising the room-temperature mechanical properties

of RPC? What is the optimal volumetric ratio and total con-

tent of steel to polypropylene fibres that maximizes fire re-
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sistance while minimizing any potential detrimental effects

on strength? What is the quantitative residual compressive

strength of such a hybrid RPC after exposure to various ele-

vated temperatures?

To address these questions, this study presents a com-

prehensive experimental investigation into the compressive

strength behavior of hybrid fibre-reinforced RPC subjected

to elevated temperatures. The aim is to develop an RPC

mix design that effectively resists explosive spalling under

fire conditions, thereby unlocking its potential for broader

application in fire-prone environments. The introduction has

placed the study in the broad context of advanced concrete

technology and highlighted its importance in overcoming

a critical limitation of RPC. The subsequent sections detail

the materials and methods, present and discuss the results,

and draw conclusive findings on the efficacy of the pro-

posed hybrid fibre solution. As a novelty, this study focuses

on exploring the synergistic effect of combining steel and

polypropylene fibers in a hybrid RPC system to investigate

the residual stress after exposure to high temperatures, par-

ticularly in addressing the spalling issue, which has been

relatively unexplored in previous research.

2. Recent Studies on FibreReinforced

RPC at Elevated Temperatures

Fibre-reinforced reactive powder concrete (FRPC) is

a high-performance material known for its exceptional me-

chanical properties and ability to retain significant strength

under elevated temperatures. Multiple studies have inves-

tigated the effects of temperature on the residual strength

and mechanical properties of FRPC, particularly focusing

on various types of fibres.

One critical aspect of FRPC's performance at elevated

temperatures is its thermal properties, which significantly in-

fluence its mechanical response. In the study conducted by Li

et al. [17], the focus was on the effect of temperature (20–900

°C) on the thermal properties of steel fiber-reinforced RPC,

including thermal conductivity, thermal diffusivity, specific

heat capacity, and linear expansion coefficient. The results

showed that, with increasing temperature, the thermal con-

ductivity and thermal diffusivity initially decreased and then

increased, while the linear expansion coefficient and spe-

cific heat capacity initially increased and then decreased.

This study [17] did not observe the residual stress of high-

performance concrete after exposure to elevated tempera-

tures.

Meanwhile, the study conducted by Zhao et al. [18] and

Du et al. [19] investigated the fracture properties of high-

performance concrete reinforced with a hybrid combination

of steel and plastic fibers after exposure to elevated tempera-

tures. The results showed that the crack initiation toughness

of steel–plastic fiber-reinforced concrete increased signif-

icantly after high-temperature exposure, and the inclusion

of steel–plastic fibers was proven effective in reducing the

critical value of crack opening displacement in concrete.

When the testing temperature ranged from 200 °C to 600

°C, the anti-cracking effect of steel–plastic fibers on con-

crete was more pronounced compared to normal concrete.

However, these studies did not observe the residual stress of

high-performance concrete after exposure to elevated tem-

peratures.

The study conducted by Zheng et al. [20] observed the

microstructure and compressive strength of RPC reinforced

with a hybrid combination of steel-polypropylene fibers af-

ter exposure to high temperatures. The results of the study

indicated that the compressive strength of RPC increased up

to a heating temperature of 400 °C, but decreased beyond

that temperature. Based on microstructural observations, the

polypropylene fibers left void traces after heating, and the

presence of these voids contributed to the reduction in com-

pressive strength at temperatures above 400 °C. The study

conducted by Zheng et al. [20] used 5 × 5 × 5 cm cube speci-

mens, and the combination of steel-polypropylene fibers was

very limited. Therefore, the research in Zheng et al. [20] has

not yet fully represented the overall behavior of RPC rein-

forced with hybrid steel–polypropylene fibers after exposure

to elevated temperatures.

The study conducted by Li and Liu [21] investigated the

flexural stress behavior of RPC reinforced with a hybrid

combination of steel and polypropylene fibers after heating.

The test results indicated that steel fibers significantly en-

hanced the tensile performance of RPC; however, in general,

increasing the heating temperature caused the tensile stress of

steel–polypropylene hybrid fiber-reinforced RPC to decrease

linearly. The study [21] focused only on the tensile behavior

of fiber-reinforced RPC after heating and did not examine the

residual stress following thermal exposure. Investigation on
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the tensile behaviour of fibre RPC has also been conducted

by Abid et al. [23], reporting that flexural strength can be cut

in half by 500 °C due to micro-cracking.

The search for better performance has led to testing

alternative fibres. Studies on basalt fibres [24,25] and car-

bon fibres [26] suggest they also help the concrete maintain

its integrity under thermal stress. Beyond material choice,

advanced methods like controlling how fibres are aligned

within the concrete have shown a remarkable ability to im-

prove flexural capacity [27], opening up new engineering pos-

sibilities.

In summary, while we have a good understanding of

how single fibres behave in RPC under heat, there's a notice-

able gap when it comes to combining them. To the best of

the authors' knowledge, the work by Mao et al. [27] stands

alone in specifically investigating the performance of hybrid

fibre systems at elevated temperatures. This suggests that

exploring synergistic combinations of fibres could be a key

next step for developing more resilient RPC.

Mao et al. [22] evaluated the performance of RPC rein-

forced with a hybrid combination of steel and polypropy-

lene fibers after exposure to high temperatures using a non-

destructive testing (NDT) method. The specimens were pre-

pared in the form of prisms measuring 10 × 10 × 30 mm,

and the compressive strength test was performed axially.

The NDT was carried out using the ultrasonic pulse velocity

(UPV) method in the axial direction. The results showed a

loss of mass due to heating and an increase in axial compres-

sive strength up to a heating temperature of 200 °C; how-

ever, beyond this temperature, up to 700 °C, the compressive

strength decreased. The residual strength tests after heating

were conducted using prism specimens instead of cylinders;

therefore, the results have not yet accurately represented the

mechanical behavior of steel–polypropylene hybrid fiber-

reinforced RPC after exposure to elevated temperatures.

3. Materials and Methods

A rigorous experimental program was designed to in-

vestigate the effects of hybrid fibre reinforcement on the com-

pressive strength of RPC at elevated temperatures, charac-

terized as residual strength. This section provides a detailed

description of the constituent materials, the mix proportions,

the specimen preparation and curing regimes, and the testing

procedures employed.

3.1. Materials

The RPC mixtures were designed using materials se-

lected for their fineness and reactivity, in accordance with

the principles of RPC formulation. The constituent materials

were:

• Cement: Ordinary Portland Cement (OPC) conforming

to relevant standards was used as the primary binder.

• Silica Sand: High-purity silica sand with a controlled

grain size distribution of 150–450 μm was used as the

fine aggregate. The narrow grading ensures optimal

packing density.

• Silica Fume: Densified silica fume, a by-product of

silicon metal production, was incorporated as a micro-

silica additive. Its ultra-fine particles (approximately

100 times smaller than cement grains) fill the interstitial

spaces between cement grains, leading to a denser mi-

crostructure and participating in pozzolanic reactions to

form additional strength-giving calcium silicate hydrate

(C-S-H) gel.

• Marble Powder: an industrial waste material, was used

as a micro-filler. With a particle size similar to or finer

than cement, it further enhances the particle packing

density of the mixture, contributing to the overall com-

pactness of the hardened RPC.

• Superplasticizer: A next-generation polycarboxylate

ether (PCE)-based superplasticizer was employed. This

high-range water-reducer is crucial for achieving the de-

sired workability at the very low water-to-cement ratio

(w/c = 0.20) used in RPC, ensuring proper dispersion

of particles and fibres without compromising the water

content.

• Fibres: Two types of fibres were utilized:

X Steel Fibres: Hooked-end steel fibres with a length

of 11.0–13.0 mm and a diameter of 0.10–0.12

mm were used. These fibres have a high tensile

strength (typically >2000 MPa) and are intended

to improve flexural strength, toughness, and crack

control.

X Polypropylene (PP) Fibres: Monofilament

polypropylene fibres with a length of 24 mm

and a diameter of 0.43 mm were used. These
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fibres have a melting point of approximately

160–165 °C and are intended to melt during

heating, creating channels for pressure release.

All raw materials are visually presented in Figure 1.

(a) (b) (c) (d) (e) (f) (g)

Figure 1. Materials: (a) OPC cement, (b) silica sand, (c) silica fume, (d) marble powder, (e) superplasticizer, (f) steel fibre, (g) polypropy-

lene fibre.

3.2. Mix Proportions and Specimen Prepara-

tion

The base mix design of the RPC, by weight propor-

tion of cement, is summarized in Table 1. The low water-

to-cement ratio of 0.20 was maintained constant across all

mixes. The superplasticizer dosage was adjusted slightly for

each mix to ensure a consistent, cohesive, and flowable mix

despite variations in fibre content, which can significantly

affect workability.

Table 1. Mix Design of Fibres-Reinforced RPC.

No. Material Ratio (by Weight of Cement)

1 Cement 1.00

2 Water 0.20

3 Silica Fume 0.25

4 Sand 1.10

5 Marble Powder 0.10

The fibre variables constituted the core of the experi-

mental plan. Fibres were incorporated into the mixtures at

total volumetric fractions (Vf) of 1.0%, 1.5%, and 2.0% of

the total concrete volume. For each total fibre volume, four

different steel-to-polypropylene (Steel: PP) fibre volume

ratios were investigated:

1. 1:0: 100% steel fibres (reference mix for steel-only

reinforcement).

2. 9:1: 90% steel fibres, 10% polypropylene fibres.

3. 8.5:1.5: 85% steel fibres, 15% polypropylene fibres.

4. 8:2: 80% steel fibres, 20% polypropylene fibres.

This matrix resulted in a total of 12 distinct fibre-

reinforced mixes. Additionally, a plain RPC mix without any

fibres was cast as a control specimen for baseline compar-

isons.

The mixing procedure was critical to ensure uniform

dispersion of fibres and avoid balling. A high-shear mixer

was used. The dry powders (cement, silica fume, sand, mar-

ble powder) were first mixed for 5 min to achieve homo-

geneity. Then, water premixed with the superplasticizer was

added gradually while mixing continued for another 5–7 min

until a uniform paste was formed. Finally, the fibres were

slowly added to the mixture to ensure they were evenly dis-

tributed throughout the matrix. The mixing was continued

for an additional 3–5 min.

Cylindrical specimens with dimensions of 100 mm in

diameter and 200 mm in height were cast for compressive

strength testing. The fresh concrete was placed into molds

in three layers, with each layer being vibrated on a vibrating

table to ensure proper compaction and eliminate entrapped

air. The specimens were covered with plastic sheets and left

in the laboratory for 24 h before demolding.

3.3. Curing Regime

The importance of curing conditions in preparing the

RPC specimens was studied by Ahmed et al. [28]. In this

study, a two-stage curing regime was employed to optimize

the development of the RPC's microstructure:

1. Water Curing: After demolding, the specimens were

immersed in a water tank maintained at a temperature

of 25 ± 2 °C for 26 days. This allowed for continued

hydration of the cement.

2. Steam Curing: On the 27th day, the specimens under-

went steam curing. They were placed in a steam curing

chamber and subjected to a temperature of 95 ± 2 °C

for a duration of 4 hours. This accelerated curing step

promotes the pozzolanic reaction between calcium hy-
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droxide and silica fume, leading to the formation of

additional C-S-H gel and a denser, stronger matrix [9,13].

3.4. Thermal Loading and Testing Procedure

At the age of 28 days, the specimens were subjected

to elevated temperatures. The thermal loading protocol was

designed to simulate a sustained fire exposure. Specimens

were placed in an electric furnace and heated to target tem-

peratures of 200 °C, 300 °C, and 400 °C. The heating rate

was controlled at 5 °C per minute to approximate a standard

fire curve in its initial phase. Once the target temperature

was reached, it was maintained constant for 2 hours to ensure

a steady-state thermal condition throughout the specimen,

allowing for the full development of thermal stresses and

pore pressures. A set of specimens was kept at room tem-

perature (25 °C) for control purposes. The heating design in

this study was intended to compare material behavior rather

than to represent a specific fire curve, such as ISO 834. The

temperatures of 200 °C, 300 °C, and 400 °C were selected

to represent the range of low to moderate thermal stresses

commonly experienced by structural elements before severe

spalling occurs. Based on previous studies [17–22], after 400

°C, the compressive strength of RPC reinforced with a hybrid

combination of steel and polypropylene fibers decreases dras-

tically; therefore, the investigation of RPC behavior above

400 °C was not considered a priority. To ensure that the

heating process is carried out at the intended temperature,

a thermocouple was installed in the furnace to stabilize the

temperature during the heating process.

After the 2-hour exposure, the furnace was turned off,

and the specimens were allowed to cool down slowly inside

the switched-off furnace to avoid thermal shock, which could

induce additional cracking. The compressive strength (f'c)

tests were conducted three days after the thermal exposure

using a universal testing machine, following the relevant

standard test method [29]. The load was applied monotoni-

cally at a constant rate until failure. The residual compressive

strength was calculated as a percentage of the average com-

pressive strength of the corresponding mix cured at room

temperature.

3.5. Heating Process

The thermocouple installed in the furnace recorded the

heating transient during the initial minutes and ensured that

the steady-state condition was maintained for 2 h at the target

temperature. Figure 2 shows the thermocouple maintaining

the temperature at 300 °C.

Figure 2. The thermocouple is at a temperature of 300 °C.

Based on the temperature–time data, the heating pro-

cess of the specimen exhibits a transient temperature phase

before reaching a stable temperature condition, as shown

in Figure 3. Transient temperature refers to a condition in

which the temperature is not yet constant but continues to

increase or fluctuate over time.

In Figure 3, the transient phase is clearly observed

within the time range of 5 to approximately 25 min, where

the temperature rises rapidly from:

• 100 °C → 175 °C → 200 °C for the 200 °C target

• 100 °C → 175 °C → 200 °C → 300 °C for the 300 °C

target

• 100 °C → 175 °C → 200 °C → 300 °C → 400 °C for

the 400 °C target

This pattern indicates the initial heating stage when

the furnace is still progressing toward the target temperature.

During this period:

• The rate of temperature increase is non-linear,

• The temperature is not yet stable, and

• The system remains in a non-steady-state condition,

which is characteristic of transient thermal behavior.

After passing through this phase, the temperatures at

each target level (200 °C, 300 °C, and 400 °C) remain rela-

tively constant from minute 25 to minute 130, indicating that
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the system has entered a steady-state temperature condition.

The temperature stays stable for approximately two hours,

as designed in the thermal exposure procedure.

Figure 3. Transient thermal behavior during heating.

4. Results & Discussions

The results obtained from the experimental tests are

presented and discussed in this section, focusing on the ef-

fects of fibre volume and type at room temperature, and their

performance under elevated temperatures.

4.1. Effect of Fibre Volume and Type on Com-

pressive Strength at Room Temperature

The primary role of fibers in concrete is to enhance ten-

sile and flexural performance by bridging cracks. However,

their influence on compressive strength [1,2], while secondary,

is non-negligible and complex. Figure 4 illustrates the rela-

tionship between fiber content and the compressive strength

of RPC at room temperature (25 °C).

Figure 4. Effect of fiber volume and steel-to-polypropylene ratio

on the compressive strength of RPC without thermal loading.

Figure 4 shows that increasing fibre volume enhances

the compressive strength (fc
’) of RPC. When the steel fibre

only (1:0) was added into the concrete mixes by 0.5%, 0.75%,

and 1.0% from the total volume, the compressive strengths

achieved were 101.6 MPa, 106.68 MPa, and 109.73 MPa, re-

spectively. The increase is attributed to improved resistance

to horizontal tensile stresses generated under compressive

loading, delaying crack propagation. However, Figure 4

also shows that the increased content of polypropylene fibre

would slightly decrease the compressive strength. This in-

dicates the lower ability of concrete in handling the cracks

due to the less influence of the steel fibre.

For the mixes reinforced solely with steel fibers (Steel:

PP ratio of 1:0), the compressive strength increased with

higher fiber volume: from 101.6 MPa at 0.5% volume, to

106.68MPa at 0.75%, and 109.73MPa at 1.0% volume. This

improvement can be attributed to the fibers' ability to provide

confinement and resist the lateral tensile strains that develop

under uniaxial compressive loading. As microcracks initiate

and begin to propagate, the steel fibers bridge these cracks,

absorbing energy and delaying their coalescence into macro-

scopic failure planes. This results in a more gradual failure

and a measured increase in peak compressive strength.

However, the introduction of PP fibers as a partial re-

placement for steel fibers led to a slight but consistent de-

crease in compressive strength across all total fiber volumes,

as evident in Figure 4. For instance, at a total fiber volume

of 1.0%, the compressive strength decreased from 109.73

MPa (100% steel) to approximately 108.41 MPa (90% steel,

10% PP), 106.98 MPa (85% steel, 15% PP), and 105.45

MPa (80% steel, 20% PP). This trend is primarily due to

the inferior mechanical properties of polypropylene fibers

compared to steel. Polypropylene fibers have a lower tensile

strength (500–750 MPa [5] vs. 500–2500 MPa for steel) and

a lower modulus of elasticity. Consequently, they are less

effective at restraining microcracks under high compressive

stresses. Furthermore, the bond between the smooth sur-

face of polypropylene fibers and the cementitious matrix is

weaker than the mechanical bond provided by hooked-end

steel fibers. The interfacial shear stress (τ) at the fiber-matrix

interface can be conceptually described by:

τ=
P

2πrl
(1)

where P is the applied tensile load, r is the fiber radius, and

l is the fiber length. A smoother fiber surface results in a
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lower τ, reducing the efficiency of load transfer from the

matrix to the fiber.

The concept of a critical fiber volume is important in

fiber-reinforced composites. It represents the minimum fiber

content required to achieve a composite strength greater than

the matrix cracking strength. While Equation (1) provides

a theoretical framework for estimating this critical percent-

age [3], the results in Figure 4 suggest that the optimal fiber

volume for maximizing compressive strength in these RPC

mixes lies within the range tested, but the declining trend

with increasing PP content indicates a trade-off between

room-temperature strength and potential fire resistance.

According to Alkhaly and Hasan [3], the critical per-

centage of fibers relative to the total mixture weight can be

determined using Equation (2):

PWcc=75
π.SGf

SGc

.
d

l
.K (2)

where PWcc is the critical fiber content (by total mixture

weight), SGf and SGc are the specific gravities of the fiber

and concrete matrix respectively, d/l is the inverse aspect ra-

tio, K is defined as Wm/(Wm+Wa), Wm is the weight fraction

of mortar (particles < 5 mm), andWa is the weight fraction

of coarse aggregate (particles > 5 mm)

4.2. Effect of Elevated Temperature on the

Residual Compressive Strength of FRPC

4.2.1. Performance of Steel Fiber-Reinforced

RPC

The behavior of RPC reinforced solely with steel fibers

under high temperatures was concerning, as shown in Fig-

ure 5. Exposure to elevated temperatures caused a dramatic

reduction in residual compressive strength (fres)
[11,12]. After

exposure to 200 °C, the residual strengths were between 60%

to 66% of the original room-temperature strength. This loss

escalated to approximately 40% retention at 300 °C, and a

mere 20–25% retention after exposure to 400 °C.

This severe degradation is a direct consequence of

explosive spalling and microcracking induced by thermal

stresses and pore pressure. The dense microstructure of RPC

traps moisture and air. Upon heating, the water vaporizes

and the air expands. According to the ideal gas law [7] (a

simplified representation of which is Boyle's Law, P₁V₁/T₁ =

P₂V₂/T₂), the pressure inside the pores increases dramatically

if the volume is constant. Since the RPC matrix is nearly

impermeable, the pressure cannot dissipate easily. When the

tensile stress from this internal pressure exceeds the tensile

strength of the concrete, spalling occurs. The steel fibers,

while excellent for mechanical reinforcement at room tem-

perature, do not mitigate this pressure buildup. They are

ineffective in preventing the initial spalling event, which

catastrophically reduces the load-bearing cross-section and

introduces severe cracking, leading to the observed strength

loss. Figure 5 also indicates that increasing the volume of

steel fibers alone did not prevent this strength reduction, con-

firming that the fundamental issue is pore pressure, not a

lack of tensile reinforcement post-cracking.

Figure 5. Effect of heating temperature on the compressive strength

of steel fiber-only reinforced RPC (1:0 ratio).

Figure 6 illustrates that the increase in heating tem-

perature causes the residual stress of fiber-reinforced RPC

to decrease further. This phenomenon is clarified by the re-

gression equation (Equation (3)) showing the decline in RPC

compressive strength with increasing heating temperature.

This equation has an R2 near to 1, indicating the validity of

the equation.

σ = −0.2342T+ 114.51 (3)

Here σ is the compressive strength, T is the temperature,

°C.

4.2.2. Performance of Hybrid Steel-PP Fiber-

Reinforced RPC

The incorporation of polypropylene fibers into the RPC

matrix fundamentally altered its response to high tempera-

tures. At room temperature, as discussed, the hybrid fibers

caused a minor (< 10%) strength reduction [8,13] (Figure 7),

which is generally acceptable for many applications, given
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the other benefits. This is due to differences in mechani-

cal and physical properties between the two fibers, such as

tensile strength, melting point, and density.

Figure 6. Regression analysis for the relationship between residual

strength and temperature (1:0 ratio).

Figure 7. Effect of substituting PP fibres for steel fibres in RPC

without thermal loading (at a temperature of 25 ◦C).

Figure 7 also shows that replacing a greater portion of

steel fibers with polypropylene fibers results in a decrease

in the compressive strength of steel–polypropylene hybrid

fiber-reinforced RPC. However, the partial replacement of

steel fibers with polypropylene fibers in RPC has a signifi-

cant effect on the residual stress of RPC after heating. The

effect is that the residual compressive strength of RPC rein-

forced with a hybrid steel–polypropylene fiber blend after

heating is much higher compared to RPC reinforced solely

with steel fibers. The results of this study are consistent with

the findings reported by He et al. [30] and Ma and Quiel [31].

The true benefit of the hybrid system was revealed un-

der thermal loading, as comprehensively shown in Figure 8.

The hybrid fiber-reinforced RPC specimens exhibited re-

markably higher residual compressive strengths compared to

the steel-only counterparts. The residual strengths increased

were about 150% (T = 200 ◦C), 200% (T = 300 ◦C), and

300% (T = 400 ◦C), as shown in each subfigure below.

Figure 8. Effect of substituting steel fibres with polypropylene

fibres on compressive strength reduction under thermal loading of

200 ◦C, 300 ◦C, and 400 ◦C.

For example, at 400 °C, while the steel-only RPC re-

tained only about 20% of its strength, the hybrid RPC with

a Steel: PP ratio of 8:2 and a total fiber volume of 2.0%

retained over 85–90% of its original compressive strength.

This is a profound improvement. The mechanism is elegantly

simple yet highly effective. As the temperature rises during

heating, the PP fibers melt at around 165 °C [9,16]. Their

melting creates a network of interconnected microchannels

and voids throughout the concrete matrix. These channels

act as pressure-relief valves, providing escape routes for

the expanding water vapor and trapped air. This process

drastically reduces the internal pore pressure well before it

reaches a critical level that would cause spalling. The addi-

tion of polypropylene fibers, although it does not increase

the mechanical strength at normal temperatures, is highly

effective in preventing explosive spalling during rapid tem-

perature rise due to the vapor escape channels formed when
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the PP fibers melt [30]. Figure 9 depicts the condition of the

specimens after 2 h burning at 400 °C.

Figure 9. Spalling on the surface of steel fiber–reinforced RPC

after burning at 400 °C for 2 hours.

Figure 10 shows the effect of partially replacing steel

fibers with polypropylene fibers, indicating a significant in-

crease in the residual compressive strength compared to the

steel fiber-reinforced RPC after heating. The microstructural

evolution of RPC reinforced with hybrid steel-polypropylene

fiber under increasing temperatures involves thermal expan-

sion, phase transformations, and the progressive degradation

of the fiber-matrix bond. At 200 °C, steel fibers undergo

thermal expansion, generating internal stresses within the

matrix due to the mismatch in thermal expansion coeffi-

cients [30]. This differential expansion weakens the interfacial

bond between the fibers and the matrix. At 300 °C, continued

thermal expansion of the steel fibers exacerbates interfacial

debonding from the matrix, leading to more pronounced

crack formation around the fibers due to increased internal

stress. Oxidation accelerates, with iron oxides becoming

more prominent on the fiber surface. By 400 °C, the bond

strength between steel fibers and the matrix deteriorates sig-

nificantly due to thermal mismatch and decomposition of

hydration products. The spalling process has been mitigated

because the air trapped in the pores has escaped through the

channels left by the polypropylene fibers. The steel fibers

experience surface roughening and the formation of an oxide

scale, with extensive oxidation. As the oxide layer thick-

ens, the mechanical interlock between steel fibers and the

matrix diminishes. Additionally, carbon diffusion into the

oxide layer may occur, altering the steel’s microstructural

properties and further compromising its mechanical perfor-

mance [30,32].

The microstructural evolution of polypropylene fibers

under elevated temperatures progresses through distinct

stages, including softening, melting, and decomposition of

PP fibers. At 200 °C, polypropylene fibers begin to melt,

forming voids [30–32]. This process generates capillary chan-

nels, enhancing permeability and reducing the risk of explo-

sive spalling in high-temperature conditions. As the tem-

perature rises, PP fibers may further undergo drainage or

redistribution within the matrix, with the polymer persist-

ing in liquid form within microvoids. Heat-induced poly-

mer chain scission accelerates degradation, releasing low-

molecular-weight hydrocarbons and volatile organic com-

pounds (VOCs) [33]. The enhanced thermal resistance of

polypropylene fiber at 400 °C may be attributed to the effec-

tiveness of crack formation facilitated by PP fiber melting.

The creation of numerous smaller cracks prevents the propa-

gation of larger, more detrimental cracks, thereby preserving

structural integrity. Additionally, upon cooling, the residual

molten polypropylene finer may fill and bridge microcracks,

further contributing to the thermal resilience.

Figure 10. Effect of substituting steel fibres with polypropylene

fibres on residual compressive strength.

Unlike steel fibers, polypropylene fibers had a negligi-

ble impact on the compressive strength of fiber-reinforced

RPC under ambient conditions. However, they played a

crucial role in enhancing the thermal resistance of fiber-

reinforced RPC, allowing it to withstand temperatures up

to 400 °C. With an optimal polypropylene fiber content of

15–20%, polypropylene fibers contributed to structural re-

silience until elevated temperatures of 400 °C.

By preventing explosive spalling and minimizing inter-

nal microcracking due to pressure, the structural integrity of

the RPC matrix is largely preserved [30–32]. The remaining

steel fibers then continue to perform their function of provid-

ing ductility and residual strength. The results indicate that a
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higher volume of polypropylene fibers (e.g., 15–20% of the

total fiber volume) is more effective, as shown in Figure 11.

Figure 11. The effect of polypropylene fiber volume on the residual

stress after heating.

This synergistic combination addresses the two main

aspects of fire resistance: first, preventing the initial, catas-

trophic damage (spalling) via the polypropylene fibers, and

second, maintaining structural capacity after the fire event

via the steel fibers. This finding is highly significant for the

practical application of RPC in fire-resistant design.

The above explanation indicates that the residual com-

pressive strength of hybrid fiber-reinforced RPC is influ-

enced by three factors: first, the heating temperature; second,

the total fiber volume; and third, the volume of steel fibers

replaced by polypropylene fibers. Mathematically, this can

be expressed as follows:

f (T, Vf,Vp) = 0 (4)

The equation represents a state equation function that

can be mathematically solved using partial differentials as

follows:

fres=

(
∂fres

∂T

)
Vf,Vp

δT+

(
∂fres

∂Vf

)
T,Vp

δVf+

(
∂fres

∂Vp

)
T,Vp

δVp

(5)

The solution of the partial differential equation is

fres= β0+ β1Vf+β2Vp+β4T (6)

Where, fres = residual compressive strength, T = temperature,

Vf = fiber volume, Vp = polypropylene volume, β0, β1, β2,

β3, β4 = regression coefficients. β0 = 123.41, β1 = −20.63,

β2 = 7.54, β3 = −0.245, with determination coeficien R
2 =

0.8228.

Amultiple linear regression analysis was performed to

evaluate the influence of fiber volume fraction (Vf), steel–PP

fiber ratio (Vp), and temperature (T) on the residual compres-

sive strength of Reactive Powder Concrete (RPC). The model

in Equation (6) indicates that temperature has a strong nega-

tive effect, showing a consistent reduction of approximately

2.59 MPa per 100 °C increase, confirming the sensitivity of

RPC to thermal degradation. In contrast, both fiber volume

(Vf) and hybridization ratio (Vp) contribute positively to the

residual strength. The coefficient of Vf = +10.58 suggests

that adding fiber volume significantly enhances the strength

retention capability, especially under elevated temperatures.

Likewise, the positive coefficient of Vp = +4.72 demonstrates

that increasing the proportion of polypropylene fibers rela-

tive to steel fibers improves thermal resistance, most likely

due to the formation of vapor escape channels once PP fibers

melt. The coefficient of determination (R² = 0.828) shows

that the regression model explains approximately 82.8% of

the total variability in the experimental data. This indicates

a strong predictive capacity for an empirical model derived

from a limited dataset. The result supports the suitability of

the model for describing the thermal behavior of hybrid-fiber

RPC and for estimating compressive strength degradation

across different heating levels.

5. Conclusions

Based on the experimental investigation and analysis

conducted in this study, the following conclusions can be

drawn:

1. The incorporation of fibers significantly influences

the mechanical properties of Reactive Powder Con-

crete (RPC). At room temperature, the compressive

strength of RPC increases with the volume of steel

fibers, with strengths of 101.6 MPa, 106.68 MPa, and

109.73 MPa achieved for steel fiber volumes of 0.5%,

0.75%, and 1.0%, respectively. This is due to the

crack-bridging and confinement effect provided by the

fibers. However, the partial substitution of steel fibers

with polypropylene fibers leads to a slight reduction in

room-temperature compressive strength (up to ~10%),

attributable to the lower tensile strength and weaker

bond characteristics of polypropylene.

2. Exposure to elevated temperatures has a devastating

effect on steel fiber-reinforced RPC due to its dense

microstructure, which leads to the buildup of internal
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pore pressure and consequent explosive spalling. The

residual compressive strength of steel fiber-only RPC

plummeted to approximately 60% at 200 °C, 40% at

300 °C, and only 20–25% at 400 °C of its original

strength. Increasing the volume of steel fibers alone

did not mitigate this strength loss.

3. The hybrid reinforcement of RPC with a combina-

tion of steel and polypropylene fibers proves to be

a highly effective strategy for enhancing fire resis-

tance. The polypropylene fibers melt at around 165

°C, creating a network of microchannels that allows

trapped moisture and air to escape, thereby preventing

the buildup of destructive internal pressure and elim-

inating spalling. As a result, hybrid fiber-reinforced

RPC specimens retained 80% to 90% of their original

compressive strength after exposure to temperatures

as high as 400 °C.

4. The optimal performance under fire conditions was

observed with a hybrid fiber system containing

15–20% polypropylene fibers by volume of total fibers.

This proportion provides sufficient channels for pres-

sure release without excessively compromising the

room-temperature mechanical properties. This re-

search successfully demonstrates that a hybrid steel-

polypropylene fiber system can overcome the critical

vulnerability of RPC to spalling under high temper-

atures, thereby significantly broadening its potential

for use in structures where fire resistance is a major

design consideration, such as in buildings, tunnels, and

industrial facilities.

5. The limitation of the use of polypropylene fibers is a

maximum of 20% of the total fiber content because

the compressive strength continued to decrease as the

polypropylene proportion increased.

6. The limitation of the available equipment prevented us

from conducting microstructural examinations using

either SEM, TGA, or DTA.

7. The regression model demonstrates that temperature is

the dominant factor causing reductions in compres-

sive strength of RPC, while the addition of steel–

polypropylene hybrid fibers substantially improves

thermal resistance. The positive contributions of both

fiber volume fraction and hybridization ratio confirm

that polypropylene plays a key role in mitigating inter-

nal vapor pressure through micro-channel formation.

With an R² value of 0.828, the model provides a reliable

empirical tool for predicting the residual compressive

strength of hybrid-fiber RPC exposed to elevated tem-

peratures. This model can therefore serve as a prelimi-

nary basis for structural fire-resistance evaluations and

for optimizing fiber compositions in high-performance

concrete subjected to thermal loads.
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