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A B S T R A C T

To address the growing demands for corrosion-resistant marine infrastructure in chloride-rich 
environments, the mechanical properties and damage mechanisms of engineered geopolymer 
composites (EGC) reinforced with polyvinyl alcohol (PVA) fiber blends and polyethylene (PE) 
fiber blends under low-velocity impact were investigated in this study. By preparing EGC speci
mens reinforced with PVA/PE fiber blends with different volume doping (0–2 %), uniaxial tensile, 
compressive and low-velocity impact experiments were carried out to analyze the effects of fiber 
blending ratios on the material properties. The results showed that the PVA fibers enhanced the 
interfacial bonding through hydroxyl bonding, which significantly increased the tensile and 
compressive strengths of the materials, while the PE fibers exhibited excellent crack control and 
energy dissipation ability under impact loading due to their high specific surface area and hy
drophobicity. During pseudo-static loading, the crack control ability of PVA fiber specimens was 
better than that of PE fiber specimens; however, PE fiber specimens were able to form a more 
homogeneous microcrack network under low-velocity impact. The PE/PVA fiber hybrid system 
(EGC-0.5–1.5) has comprehensive advantages in tensile ductility (7.86 %) and tensile strength 
(3.85 MPa), making it suitable for high impact demand scenarios. The pure PVA fiber hybrid 
system (EGC-2–0) can control the tensile crack width to around 39 μ m, while reducing the cost by 
14–39 % compared to the PE fiber system. It is suitable for engineering scenarios that require 
strict crack control and economic considerations.

1. Introduction

In recent years, researchers have developed engineered cementitious composites (ECC) by incorporating different types of fiber 
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reinforcement materials into cementitious concrete [1]. This material shows excellent ductility and cracking resistance by achieving 
multiple cracking and pseudo strain hardening behavior under tensile and flexural loading [2,3]. Based on ECC, researchers have 
further explored more environmentally friendly alternatives by preparing engineered geopolymer composites (EGC) using mineral 
materials rich in aluminum-silica components (e.g., fly ash, ground granulated blast furnace slag, metakaolin, and red mud, etc. [4–6]) 
instead of conventional cement. This innovation not only significantly reduces carbon emissions, also performs outstandingly in terms 
of ductility, durability, and impact resistance [4,7–10], and provides a new direction for the development of sustainable building 
materials.

The properties of fibers, as a key material for enhancing the ductility of concrete, have been the focus of researchers’ attention [11, 
12]. Due to the differences in raw materials, physical and chemical properties, and production processes, the performance and cost of 
different fibers vary greatly [13]. Polyvinyl alcohol (PVA) and polyethylene (PE) fibers are two commonly used fibers. The PVA fibers 
have a large number of hydroxyl groups (-OH) in their molecular chains [14], enabling the formation of hydrogen bonds with water 
molecules, and this hydrophilicity leads to a very tight bond with the geopolymer matrix as well as to their low tensile strength, which 
makes them susceptible to fracture. On the contrary, PE fibers have hydrophobicity as well as excellent mechanical properties [15] and 
can achieve steady-state multi-crack extension through controlled interfacial debonding, but at 2–8 times the cost of PVA fibers [16]. 
Additionally, the embodied carbon and embodied energy generated during the production of PVA fibers is 20 % lower than that of PE 
fibers [17], and PVA fibers are biodegradable [18], which provides a significant competitive advantage in the field of green building 
and low-carbon engineering.

As a high-performance construction material, engineered geopolymer composites show a broad application prospect in the con
struction of infrastructure [19] such as protective works, bridges, tunnels, etc., by virtue of their excellent compressive strength and 
tensile ductility [20]. However, in the actual engineering environment, these infrastructures are often subjected to low-velocity im
pacts (<10 m/s), such as vehicle collisions [21], rockfall impacts [22] and ship impact [23], which may lead to structural damage. 
Therefore, the mechanical response and damage mechanism of EGC under low-velocity impacts have become a research hotspot and 
have received extensive attention [4,24–26]. In addition, PVA fibers and PE fibers have significant complementary properties in 
performance, and mixing PVA fibers and PE fibers at the same time in concrete materials can give full advantage to the two kinds of 
fibers and optimize the comprehensive performance of the materials [27]. Soe et al. investigated the impact resistance of hybrid fiber 
engineered cementitious composite boards and found that hybrid fiber ECC is superior in terms of impact resistance [28]. Currently, 
many studies have been conducted to explore the mechanical properties, self-healing characteristics, and bonding behavior of PVA/PE 
hybrid fiber-reinforced engineered geopolymer composites with concrete matrix [27,29,30], but the study of their dynamics is still 
relatively limited.

Thus, this study focuses on the mechanical response and damage mechanism of engineered geopolymer composites (EGC) rein
forced with PVA/PE hybrid fibers under low-velocity impact. The fly ash-based one-part engineered geopolymer composites were 
prepared by using PVA fibers and PE fibers with different volume doping (0–2 %). The study first analyzed the differences in uniaxial 
tensile and compressive properties of EGC with different fiber ratios. Subsequently, the energy dissipation and damage mechanisms of 
the specimens under different impact energies were further explored based on the data recorded by the drop hammer testing machine, 
the damage patterns and micro-morphology of the samples. Finally, the advantages and disadvantages of PVA fibers and PE fibers were 
compared through statistical analysis of the data, and the overall performance of EGC was comprehensively evaluated in terms of four 
aspects, including tensile ductility, compressive performance, impact energy absorption capacity and cost.

2. Experimental program

2.1. Raw materials and mixing proportions

The morphology of each raw material is shown in Fig. 1. The precursors used in this study were fly ash (FA), ground granulated 
blast furnace slag (GGBS) and calcium carbide slag (CCS), with fly ash grade F and GGBS grade S95, and calcium carbide slag was used 

Fig. 1. Raw materials.
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as a precursor in order to provide an alkaline environment to activate the FA, and to promote the production of hydrated calcium 
silicate or hydrated calcium silica-aluminate [31], in order to increase the pre-existing strength of the geopolymer. The average 
particle sizes of FA, GGBS and CCS were 18.2μm, 17.4μm and 28.9μm, respectively, and their composition is shown in Table 1, the use 
of smaller particle sizes increases the strength of the geopolymer [32]. The use of anhydrous sodium metasilicate (SiO2/Na2O = 0.91, 
by mass) as a solid alkali exciter in place of liquid waterglass can improve the safety of the production process [4,33]. The fine 
aggregate was washed natural river sand with a fineness modulus of 2.7 and a mud content of 0.7 %. The fibers used for the preparation 
of EGC were PVA fibers and PE fibers, respectively, and the specific physical properties are shown in Table 2. The water reduction rate 
of the high-range water-reducing admixture (HRWR) used was 30 %, adding HRWR reduces water consumption and increases the 
workability of freshly mixed slurries [34].

The mixing proportions of EGC are shown in Table 3. Because 2 % by volume fiber dosing is the optimal dosing level suggested by a 
large number of researchers [35], keeping the 2 % volume doping of fibers unchanged and changing only the ratio of the two types of 
fibers to investigate the effects of PVA fibers and PE fibers on the uniaxial tensile properties, compressive properties and impact 
resistance of EGC.

2.2. Specimen preparation and test methods

Fig. 2 summarizes the general preparation of the specimens. Firstly, the precursor was mixed with river sand for 1 min, then water 
and HRWR were added and stirred for 2 min. After mixing the slurry well, PVA fibers and PE fibers were added slowly, and they should 
be added alternately and stirred thoroughly to ensure that the two types of fibers were well dispersed. After reaching the optimum fiber 
dispersion, the freshly blended pastes were loaded into the respective molds at 20 ± 3◦C [36] and 70 ± 5 % humidity [37], and the 
experiments were carried out after 7 and 28 days of curing, respectively. The uniaxial tensile test, compressive performance test each 
group using three specimens for the experiment, the data results take the average value, the impact resistance test using a specimen for 
the experiment.

The experimental apparatus as well as the dimensions of the specimens are shown in Fig. 3. Fig. 3(a) shows the uniaxial tensile 
experiment, which was conducted using a dog bone shaped specimen according to the recommendation of the JSCE [38], with a tensile 
rate of 0.5 mm/min. The experimental apparatus was a universal testing machine with an LVDT device (Type WDW-500E, DROIDE 
Co., Ltd, China). The accuracy of the recorded displacement data was 0.1 mm, and the compression test was also conducted with this 
instrument, and the specimen size of the compression test was a cube of 70.7 × 70.7 × 70.7 mm.

Fig. 3(b) shows the impact experiments, which were carried out using an automatic drooping hammer test machine (Type CEAST- 
9350, Instron Co., Ltd, United States). The weight of the hammer head was 3.41 kg, and the drop height was controlled so that the 
hammer has kinetic energies of 9 J, 12 J and 15 J respectively when contacting the impact specimen after free fall. Impact 
displacement (δt), impact force (Ft), impact velocity (vt), are able to be recorded by the sensors inside the hammer head. Impact energy 
(Et) is the energy absorbed by the test piece and is calculated as follows [39]: 

vt = v0 + gt −
∫ t

0

F(τ)
m

dτ (1) 

δt = δ0 + v0t+
gt2

2
−

∫ t

0

∫ t

0

F(τ)
m

d2τ (2) 

Et =
m[v2

0 − v2
t (t)]

2
+ mgδ(t) (3) 

mis the weight of the hammer head, gis the acceleration due to gravity.
Where impact energy (Et) includes the energy dissipated by the specimen (Ed) and the kinetic energy of the specimen and hammer 

head after impact (EK), and (EK) is much smaller when the specimen remains integrity, less than 0.1 % of (Ed). Therefore, (EK) is 
ignored in the calculation and the energy dissipation coefficient is calculated from the following formula: 

Et = Ed +EK ≈ Ed (4) 

φ =
Ed

Es
=

Et

Es
(5) 

Es is the impact of energy of the hammer when it contacts the specimen.

Table 1 
Chemical composition of precursors (wt%).

Compositions CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O TiO2 K2O

Fly ash 9.86 46.61 25.98 2.79 1.21 6.89 1.93 1.83 2.55
GGBS 36.71 29.80 17.46 9.02 2.44 0.91 0.62 0.32 0.58
CCS 91.3 3.24 2.08 0.41 1.01 0.51 0.21 0.15 0.34
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3. Uniaxial tensile properties and compressive properties of EGC

The results of the uniaxial tensile experiments of EGC are shown in Fig. 4(a) and Table 4, where the initial crack strength indicates 
the tensile stress to which the specimen is subjected at the appearance of the first crack, the ultimate tensile strength indicates the 
maximum tensile stress to which the specimen is subjected, and the ultimate tensile strain indicates the strain in the strain-softening 
stage when the magnitude of the tensile stress to which the specimen is subjected is 80 % of the ultimate tensile strength. The average 
crack width and the average number of cracks were obtained by averaging the three sets of data, measurement range is within 80 mm 
of the center of the tensile specimen. It is noticed that the initial crack strength and ultimate tensile strength of the specimens maintain 
a decreasing trend as the PE fiber doping increases from 0 % to 2 %. Among them, the initial crack strength and ultimate tensile 
strength decreased the most when the PVA fiber doping was reduced from 1 % to 0.5 %, up to 17.3 % and 14.1 %, correspondingly. 
Furthermore, the ultimate tensile strain maintains an increasing trend, and the ultimate tensile strain of 2 % doped PE fiber is 2.36 
times higher than that of 2 % doped PVA fiber. It can be concluded that increasing the PVA fiber doping is beneficial to increase the 

Table 2 
Physical properties of fibers.

Fiber type Density (g/cm− 3) Length (mm) Diameter (μm) Elastic Modulus (GPa) Tensile Strength (MPa)

PVA 1.29 12 51 36 1580
PE 0.98 12 18 105 3210

Table 3 
Mixing proportions of EGC.

Type FA GGBS CCS Alkaline activator Water River sand PVA fiber 
(vol%)

PE fiber 
(vol%)

HRWR

EGC− 2–0 0.55 0.33 0.06 0.06 0.36 0.5 0.02 0 0.01
EGC− 1.5–0.5 0.55 0.33 0.06 0.06 0.36 0.5 0.15 0.05 0.01
EGC− 1–1 0.55 0.33 0.06 0.06 0.36 0.5 0.01 0.01 0.01
EGC− 0.5–1.5 0.55 0.33 0.06 0.06 0.36 0.5 0.05 0.15 0.01
EGC− 0–2 0.55 0.33 0.06 0.06 0.36 0.5 0 0.02 0.01

Fig. 2. Specimen preparation process.

Fig. 3. Experimental apparatus.
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tensile strength of EGC under the pseudo-static load, while increasing the PE fiber doping is beneficial to increase the tensile ductility 
of EGC.

It is worth noting that excessive crack width reduces the durability of EGC [40].The average crack widths of EGC-0.5–1.5 and 
EGC-0–2 reached 166μm and 208μm, respectively, which were 1.78 and 2.23 times higher than that of EGC-1–1, while the tensile 
ductility was only increased by 35.3 % and 33.9 %, respectively, compared with that of EGC-1–1. The reason for this phenomenon may 
be the weak bonding between PE fibers and geopolymer matrix [41], so the doping of PE fibers should not be more than 1 % when EGC 
is needed to have strong crack control ability. Additionally, based on experimental data from other researchers, the average crack 
width range for PVA-ECC is 70–130 μm [42], while the average crack width range for PE-ECC is 80–200 μm [43]. This indicates that 
PVA-ECC has stronger crack control capabilities, while PE-ECC and PE-ECC have similar performance.

The results of 7d and 28d compressive experiments of EGC are shown in Fig. 4(b). A high PVA doping ratio can be found to have 
higher compressive strength at the early stage of EGC maintenance, and the compressive strength is inversely proportional to the PE 
fiber doping. The 7d strength of EGC-2–0 is 1.70 times that of EGC-0–2, but the 28d strength is only 1.14 times that of EGC-0–2. In the 
early stage of material maintenance, the friction strength between the PE fiber and matrix interface is at a low level [44]. It is difficult 
to form an effective stress transfer mechanism at the interface between the fiber and matrix at this stage [45], resulting in the PE fiber 
not being able to effectively inhibit the expansion of microcracks, but instead introducing more defects within the interface transition 
zone, resulting in a decrease in the strength of EGC. At 28 d, the strength difference between the mixing proportions of EGC was small, 
a phenomenon that indicates that the influence effect of fiber type parameters on the late strength development of the material is 
gradually weakening. At this mature stage, the degree of microstructural densification of the geopolymer matrix and the mechanical 
properties of its hydration products become the decisive factors dominating the macroscopic compressive strength properties of EGC 
[46].

4. Impact resistance

4.1. Impact energy of 9J

When the impact energy is 9J, the force-displacement curve (a), force-time curve (b) and energy dissipation coefficient (c) of EGC 
after impact are shown in Fig. 5. The larger impact force of EGC-2–0 compared to the other groups can be found, which indicates that it 
has greater impact stiffness. Another remarkable feature of the impact force-displacement curves of EGC-2–0 is that there is no plateau 
segment, and the impact force decreases rapidly after reaching the peak value. The reason for the plateau segment is that the fiber 
bridge effect makes the fibers bear parts of the impact force [47], and the force-holding fibers are pulled out from the geopolymer 

Fig. 4. Uniaxial tensile test and compression test results.

Table 4 
Uniaxial tensile test results.

Initial crack strength 
(MPa)

Ultimate tensile strength 
(MPa)

Ultimate tensile strain 
(%)

Average number of 
cracks

Average crack width 
(μm)

EGC− 2–0 3.64 5.22 3.30 73 39
EGC− 1.5–0.5 3.38 4.49 4.11 69 51
EGC− 1–1 3.28 4.48 5.81 54 93
EGC− 0.5–1.5 2.71 3.85 7.86 39 166
EGC− 0–2 2.63 4.00 7.78 31 208
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matrix, which leads to the creation of new cracks. The new cracks keep the total friction of the fibers during pullout essentially 
constant, while a small portion of the fibers break, so the impact force stays in a small range of fluctuation [4]. At the same impact 
displacement, the impacts of EGC-2–0 and EGC-1.5–0.5 took longer, probably due to the good interfacial bonding between the PVA 
fibers and the geopolymer matrix and greater elongation at break [48], which allowed the specimens to dissipate energy mainly 
through the fracture of the PVA fibers themselves instead of friction, which could explain the higher energy dissipation coefficient for a 
PVA fiber doping of 2 % and the absence of a plateau segment in the impact curve.

The damage pattern at an impact energy of 9J is shown in Fig. 6, where the integrity of the impact specimen can be maintained at 
the 9J impact energy, and it can be found that the number of cracks on the tensile surface of the impact specimen increases, and the 
crack width decreases with the increase of PE fiber doping. It is worth noting that this is contrary to the results of uniaxial tensile 
experiments, where PVA fibers have better crack control in the pseudo-static test at a strain rate of 0.0001 s− 1, while PE fibers have 
better crack control at low impact speeds at a strain rate of 1–10s-1, the strain rate is approximated as the strain during loading divided 
by the loading time.

4.2. Impact energy of 12J

The impact force, impact displacement and duration of the impact specimen increased when the impact energy was 12J, as shown 
in Fig. 7. At this point, the impact displacement and duration of EGC-2–0 increased significantly, but the strain rate remained in the 
range of 1–10 s− 1, and the impact displacement reached 11.4 mm, which was 76 % of the specimen thickness, at this time, the 
specimen was close to being pierced, but the specimen still maintained its integrity before the impact energy was completely dissi
pated, and the energy dissipation coefficient reached 99.1 %, which indicated that the PVA-EGC had a good energy dissipation ability 
before being pierced. Additionally, the energy dissipation coefficient of the EGC specimen with PE fibers was slightly lower than that of 
EGC-2–0, but the difference was only within 1.3 %.

The damage pattern at an impact energy of 12 J is shown in Fig. 8. Compared with the 9 J impact energy, the specimens containing 
PE fibers showed an increase in the number of cracks and the average crack width, and the cracks were radially or reticulately 
distributed along the force points of the drop hammer impact, with a wider main crack connected to several to dozens of fine cracks, 
which resulted in a more even distribution of the impact damage in the specimens [49]. On the other hand, EGC-2–0 still maintains a 
smaller number of cracks and a larger crack width, which is not conducive to the durability of EGC in service condition [50].

4.3. Impact energy of 15J

When the impact energy is 15J, the results of the impact experiments of EGC are shown in Fig. 9, and the impact force and impact 
displacement of the impact specimens further increase. It is worth noting that at this time, the force-displacement curves of EGC- 
1.5–0.5 exhibit similar characteristics to those of EGC-2–0 at 9J and 12J impact energy, i.e., the impact force reaches the peak and then 
decreases rapidly, and the reason for this phenomenon may be that the impact force is too large, which makes the specimen more 
inclined to the dilation of the old cracks than to the generation of the new cracks in the impact process. In addition, it can be found that 
the energy dissipation coefficient of EGC-2–0 is only 58.5 %, which is reasonable. First, as shown in Fig. 10, it was observed that EGC- 
2–0 broke into several small pieces after being impacted by the drop hammer, and a large portion of the energy in the form of kinetic 
energy was absorbed by the fragments of the impacted specimen [51]. Secondly, the action time of the impact was only 2.2 ms, and 
when the specimen was destroyed, the hammer head still had a certain velocity in the free-fall direction, and this part of the kinetic 
energy was not absorbed by the impacted specimen. Therefore, it can be concluded that EGC doped with PE fibers exhibit greater strain 
energy density and superior impact energy dissipation compared to conventional EGC reinforced with PVA fibers [45].

Fig. 5. Results of impact experiment (9 J).
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Fig. 6. Damage pattern of impact specimen (9 J).

Fig. 7. Results of impact experiment (12 J).

Fig. 8. Damage pattern of impact specimen (12J).

Fig. 9. Results of impact experiments (15 J).
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4.4. Microscopic morphology of impact specimens

The micro-morphological analysis of the specimens under 15J impact energy (Fig. 11) reveals that the surface of the PVA fibers in 
specimen EGC-2–0 exhibit localized friction traces and transverse fractures distributed along the radial direction of the fibers, which 
indicates that the fiber system achieves energy dissipation through the dual mechanism of frictional slip at the fiber-substrate interface 
and tensile fracture of the fibers. It is worth noting that the two types of fibers in the EGC-1–1 specimen show significantly different 
failure modes: compared with PVA fibers, PE fibers show a significant increase in surface roughness and form continuously distributed 
friction tracks, and a large number of exfoliated particles of the geopolymer matrix are visible on their surfaces (with particle sizes 
concentrating on 2–5μm), which is attributed to the continuous friction of PE fibers to exfoliate particles of the matrix, which is 
inferred to be the main factor of energy dissipation in the system. This phenomenon is attributed to the stripping of matrix particles by 
PE fibers through continuous friction action, and it can be inferred that the friction dissipation accounts for a high proportion of their 
total energy absorption [52]. In particular, the PE fibers in the EGC-0–2 specimen showed a denser distribution (fiber spacing <50μm). 
Since the diameter of PE fibers (18μm) is only 35 % of that of PVA fibers (51μm), their higher specific surface area results in a sig
nificant enhancement of the fiber-substrate interfacial contact area, which in turn produces a stronger interfacial shear stress transfer 
effect [53]. This enhanced interfacial interaction ultimately gives PE-EGC composites excellent impact energy absorption properties.

4.5. Comparison of impact resistance

In this study, by comparing and analyzing the performance differences between PVA and PE fibers under low-speed impact, 
combined with the benchmark data of fly ash ECC in the literature [24], it was found that (fiber doping are 2 % volume fraction), 
despite the differences in raw material parameters, water-cement ratio, and impact height of the different specimens, the differences in 
these variables can be ultimately characterized by the three key indexes of the maximum impact force, the maximum impact 
displacement, and the energy dissipation coefficient These differences can be effectively characterized by three key indicators(Fig. 12): 

Fig. 10. Damage pattern of impact specimen (15 J).

Fig. 11. Microscopic morphology of impact specimen.
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maximum impact force, maximum impact displacement and energy dissipation coefficient. The experimental data show that the 
impact force distribution of the specimen under low velocity impact is in the range of 4500–7000 N, the impact displacement is 
concentrated in the range of 1–4 mm, and the energy dissipation coefficient is in the range of 65 %-99 %. It is worth noting that the 
impact stiffness shows a significant sensitivity to the impact height and the elastic modulus of the material but does not establish a clear 
linear relationship with the energy dissipation coefficient.

Comparative test data show that the average impact force of the PVA fiber specimen is increased by 16.5 % compared with that of 
the PE fiber specimen, but its average impact displacement and energy dissipation coefficient are reduced by 26 % and 3 %, 
respectively. This phenomenon is consistent with the findings of the specimen damage pattern and fiber micromorphology analysis: 
Compared to PE fiber specimens, the PVA fiber enhances the material stiffness through interfacial reinforcement but leads to a decrease 
in impact toughness [54]. Although the two types of fibers have similar energy dissipation capacity in the unbroken stage, the PVA 
fiber specimens are more likely to fail at high impact energy due to their brittle damage tendency. In summary, PE fiber specimens 
show better impact resistance at high impact energy, and their unique ductile damage mechanism not only effectively slows down the 
structural failure process, but also significantly improves the post-impact crack control ability through the multi-crack development 
mechanism [55].

5. Comprehensive performance analysis

To more accurately evaluate the comprehensive performance of each EGC ratio group, the Technique for Order of Preference by 
Similarity to Ideal Solution (TOPSIS) method was used to evaluate five performance indicators: tensile ductility, compressive strength, 
impact energy dissipation capacity, cost, and embodied carbon. The specific process was calculated using the following formula [51, 
56]:

A total of five mix designs need to be evaluated, and each mix design has five evaluation indicators, which constitute the 
normalized matrix X: 

X =

⎡

⎣
x11 ⋯ x15
⋮ ⋱ ⋮

x51 ⋯ x55

⎤

⎦ (6) 

Transform the normalized matrix X into the normalized matrix Z: 

Z =

⎡

⎣
z11 ⋯ z15
⋮ ⋱ ⋮

z51 ⋯ z55

⎤

⎦ (7) 

zij =
xij

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n
i=1x2

ij

√ (8) 

Calculation of positive Z+and negative Z− ideal solutions: 

Z+ = (Z+
1 , Z

+
2 ,⋯,Z+

5 ) = (max {z11, z21,⋯, z51},⋯, max {z15, z25,⋯, z55}) (9) 

Z− = (Z−
1 , Z

−
2 ,⋯,Z−

5 ) = (min {z11, z21,⋯, z51},⋯, min {z15, z25,⋯, z55}) (10) 

The distance to the positive ideal solution D+
i and the distance to the negative ideal solution D−

i are calculated using the following 
formula, where ωj is the weight of each performance indicator: 

D+
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1
ωj(Z+

j − zij)
2

√

(11) 

D−
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

j=1
ωj(Z−

j − zij)
2

√

(12) 

The higher the value of Relative proximity Si, the better the scheme under this weight, which is calculated using the following 
formula: 

Si =
D−

i
D−

i + D+
i

(13) 

The data used for calculations are shown in Table 5, where the impact energy dissipation capacity was calculated as the energy 
dissipation coefficient at 12 J. Raw material prices are based on average market prices in Nanjing in 2025. The statistics of experi
mental results are shown in Table 6.

The weights used for the calculations are shown in Table 7, with Weight-1 equally distributing the weights of each performance 
metric to reflect the comprehensive performance assessment under no-preference conditions.

Weight-2 significantly increases the tensile performance and cost weights to highlight the key differences for the fiber-reinforced 
EGC material properties. Similarly, Weight-3 focuses on mechanical performance indicators, while Weight-4 focuses on economic and 
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environmental evaluation.
Fig. 13 shows the standard normalized performance indicators of EGC materials with different fiber ratios. The experimental results 

indicate that EGC-0.5–1.5 exhibits the best tensile properties, which improve with increasing PE fiber content and reach a plateau at 
1.5 % content, at which point the tensile properties, compressive strength, and impact energy dissipation stabilize. It is worth noting 
that due to the high unit price of polyethylene fibers, material costs increase significantly with increasing PE content. In contrast, 
formulations with higher PVA fiber content exhibit superior compressive strength and energy dissipation performance.

Fig. 14 calculates the comprehensive performance scores (relative proximity) of each formulation using the TOPSIS method. 
Analysis revealed that EGC-0.5–1.5 maintains the best overall performance under different weighting conditions, with a score 10.6 % 
higher than the pure PE ratio (EGC-0–2). EGC-1–1 exhibits good stability, while high PVA ratios (EGC-1.5–0.5 and EGC-2–0) show 
minimal performance differences. Weighting analysis shows that the scoring results for average distribution (weight 1) and key 

Fig. 12. Comparison of impact resistance.

Table 5 
Statistics of experimental results.

Raw materials Material cost 
(CNY/t)

Embodied carbon 
(kg CO2/t)

Fly ash [51] 0 4
GGBS [51] 200 42
CCS [57] 100 9.22
ASM [58] 3600 1320
River sand [59] 80 2.51
HRWR [49] 4000 1880
PVA fiber [17] 40000 3400
PE fiber [17] 100000 4080

Table 6 
Statistics of experimental results.

Tensile ductility (%) Compressive strength (MPa) Impact energy dissipation capacity (%) Costs (CNY/t) Embodied carbon 
(kg CO2/t)

EGC− 2–0 3.30 38.9 99.1 765.3 121.4
EGC− 1.5–0.5 4.11 37.3 98.5 885.6 120.6
EGC− 1–1 5.81 33.7 98.1 1005.5 119.7
EGC− 0.5–1.5 7.86 35.8 97.8 1125.3 118.9
EGC− 0–2 7.78 34.1 98.3 1245.7 118.0

Table 7 
Weight distribution table.

Number Tensile ductility compressive strength Impact energy dissipation capacity Costs Embodied carbon

Weight− 1 0.2 0.2 0.2 0.2 0.2
Weight− 2 0.3 0.1 0.2 0.3 0.1
Weight− 3 0.3 0.3 0.2 0.1 0.1
Weight− 4 0.15 0.15 0.1 0.3 0.3
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indicator differentiation (weight 2) are similar, indicating good consistency in the evaluation system. Specifically, under weight 3, 
which emphasizes mechanical performance, the scores for PE-containing ratios increased by 23 %-28 %, while those for high PVA 
ratios decreased by 34 %-40 %; under cost weight 4, the differences between ratios were significantly reduced.

Based on the comprehensive research results, in engineering applications with low tensile ductility requirements and cost control 
needs (such as commercial buildings, industrial plants, etc.), PVA fiber-reinforced EGC demonstrates significant advantages, with 
superior compressive strength, crack control capability, and cost-effectiveness compared to PE-reinforced ratios. However, for 
structures requiring high toughness or impact resistance (such as seismic components, bridge expansion joints, protective engineering, 
etc.), a mixture containing 1 %-1.5 % PE fibers is recommended. This formulation can enhance material ductility by 76 %-138 % while 
maintaining good impact energy dissipation capability, and can control crack width to within 1 mm via the fiber bridge effect. 

Fig. 13. Standardized values.

Fig. 14. Relative proximity with different weights.
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However, it should be noted that this results in a 31 %-47 % increase in cost. In addition, compared to regular ECC, EGC reduces 
carbon emissions by 78 %, providing significant environmental benefits [4].

6. Conclusion

In this study, the mechanical properties of PVA/PE hybrid fiber-reinforced engineered geopolymer composites were systematically 
investigated, with mechanical response mechanism and damage evolution law under the effect of low-velocity impact, and the 
following conclusions were obtained based on the experimental results: 

1. The evolution of the matrix-fiber interface shows stage-by-stage characteristics. At the early stage of curing, PVA fibers enhance the 
early strength through hydrogen bonding, while PE fibers have lower strength due to interfacial defects; at the late stage of curing, 
matrix densification dominates the strength development, and the difference in compressive strength between different proportions 
is reduced to less than 15 %.

2. PVA and PE fibers show significant complementary effects: PVA fibers form a strong interfacial bond through hydroxyl bonding and 
achieve multi-seam cracking under pseudo-static loading; PE fibers dominate the dynamic response through frictional slip energy 
dissipation by virtue of their high specific surface area and hydrophobicity; the synergy of the two fibers optimizes the balance of 
the tensile strength (4.48 MPa) and ductility (5.81 %).

3. The material properties showed significant strain rate effects. In pseudo-static loading (0.0001 s− 1), the PVA fiber system showed 
better crack width control than the PE system; however, under low-velocity impact loading (1–10 s− 1), the PE fiber system 
exhibited superior damage tolerance through a dense crack network.

4. Based on the standardized evaluation system, PE/PVA fiber hybrid system (EGC-0.5–1.5) has a comprehensive advantage in tensile 
ductility (7.86 %), tensile strength (3.85 MPa), and it has better crack control performance during the impact process, which makes 
it suitable for high-impact demand scenarios (piers for cross-sea bridges, offshore wind power infrastructure, etc.); The pure PVA 
fiber hybrid system (EGC-2–0) controls the tensile crack width at about 39 μm through the fiber bridging effect, and at the same 
time reduces the cost by 14–39 % compared with the PE fiber system, which is suitable for the engineering scenarios that have strict 
crack control requirements and need to take into account the economy (protective layer for harbor splash zone, etc.).

In addition, this study mainly conducted impact tests on samples under standard laboratory curing conditions and did not consider 
the effects of real marine environments (such as salt spray corrosion and dry-wet cycles) on material performance. Furthermore, the 
study did not cover high strain rate (10–100 s⁻¹) impact response scenarios, such as extreme load conditions caused by ship collisions 
and explosions. Future research should conduct in-depth exploration of the above shortcomings.
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