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Abstract: In terms of quality test, ultrasonic wave velocity test, static mechanical test and dynamic
compression test, the physical and static mechanical properties of geopolymer concrete after water
immersion for 180 d were studied, and the effects of water saturation and impact load on the
mechanical properties of geopolymer concrete were analyzed. The results show that the geopolymer
concrete reaches the water saturated state after water immersion for 180 d, and the ultrasonic wave
velocity of geopolymer increases after water saturation, while the compressive strength, splitting

tensile strength and flexural strength decrease. Water saturation increases the strength and stiffness
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of geopolymer concrete under impact load, while reducing its deformation capacity, with no significant
effect on its energy consumption characteristics. The dynamic compressive strength and dynamic
elastic modulus of geopolymer concrete increase after water saturation, the dynamic peak strain and
pre-peak toughness decrease, and the impact toughness exhibits no significant alteration. The
dynamic compressive strength of geopolymer concrete after water saturation increases by
8.61%~19.01%, the dynamic elastic modulus shows an average increase of 52.20%, the dynamic
peak strain shows a maximum reduction of 28.88%, and the pre-peak toughness decreases by
14.07%~43.26%. The dynamic increase factor (DIF) of geopolymer concrete increases significantly
after water saturation, and the fractal dimension of fragments decreases. The Comité Euro-
International du Béton (CEB) model can well predict the DIF of geopolymer concrete in dry state, but
significantly underestimate the DIF value of geopolymer concrete in water saturated state. Based on

the test results, a DIF fitting formula for geopolymer concrete in water saturated state is proposed.

Key words: geopolymer concrete; impact load; water saturation; mechanical properties; strain rate

1. Introduction

Geopolymer concrete is considered to be one of the best substitutes for ordinary Portland cement
concrete, which not only has the advantages of environmental protection, solid waste recycling, low
energy consumption, low carbon emission, but also has high strength, high temperature resistance
and excellent durability [1,2]. Furthermore, geopolymer concrete exhibits exceptional corrosion
resistance and superior erosion resistance, which is a highly promising material for hydraulic
structures, and has been applied in marine engineering projects and bridge engineering construction
[3,4]. Concrete contains numerous inherent voids and microcracks. When subjected to prolonged
water exposure, water infiltration becomes inevitable, leading to a water saturated or near-water
saturated state within the concrete. The moisture gradient, surface tension and pore water pressure
caused by water saturation will change the stress state of concrete and affect the mechanical
properties of concrete [9].

In addition, due to various natural disasters and human factors (such as earthquakes, underwater
explosions, collisions, weapon strikes, etc.), many hydraulic structures will be subjected to impact
loads during their service life [6,7]. Under impact load, the stress state, failure mode and damage
evolution process within concrete differ significantly from those under static load [8]. Consequently,
the effect and mechanism of water saturation on the mechanical properties of concrete under impact
load will undergo further alterations. Li et al. studied the effect of water saturation on the static
compressive strength and acoustic emission characteristics of concrete, and found that the static
compressive strength and acoustic emission characteristics of concrete decreased after water
saturation [9]. Wang et al. also confirmed that the static compressive strength of concrete decreased

after water saturation, but found that the dynamic compressive strength of concrete in water saturated
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state under impact load was larger than that in dry state [10]. Cui et al. studied the dynamic
mechanical properties of concrete in water saturated state by the split hopkinson pressure bar (SHPB)
test equipment, and found that concrete with different saturation levels exhibits strain rate sensitivity,
and under dynamic compression load, free water in the pores reduced the strain rate effect [11]. Yan
et al. found that the peak strain and specific energy absorption of concrete after water saturation
under impact load decreased, and the degree of fragmentation of concrete decreased [12].
However, current research on the dynamic mechanical properties of concrete in water saturated
state mainly focuses on ordinary Portland cement concrete, and less on geopolymer concrete.
Therefore, understanding the dynamic response of geopolymer concrete under the coupling action of
water saturation and impact load is of significant importance to promote the application of geopolymer
concrete in hydraulic structures and ensure their safety and reliability. In view of this, this paper firstly
conducts quality test, ultrasonic wave velocity test and static mechanical test on geopolymer concrete
in dry and water saturated states, and studies the physical and static mechanical properties of
geopolymer concrete after water saturation. Then the dynamic compression test of geopolymer
concrete is carried out by SHPB test equipment, and the effect of water saturation and impact load

on the mechanical properties of geopolymer concrete is analyzed.

2. Experiment

2.1. Specimen preparation

The materials prepared geopolymer concrete include slag, fly ash, NaOH, sodium silicate, gravel,
sand and water[13]. Slag: quenched blast furnace slag, produced by Hancheng Longmen Iron and
Steel Co., LTD., with a density of 2.97 g-cm™, a specific surface area of 491.6 m?-kg™ and an activity
index of 95%. Fly ash: Grade | low calcium fly ash, produced by Hancheng No. 2 Power Plant, with a
density of 2.05 g-cm. NaOH: flake solid, produced by Tianjin Kemie Ou Chemical Reagent Co., LTD.,
with a purity of 97%. Sodium silicate: analytically pure, produced by Nanjing Unity inorganic Chemical
plant production, with a SiO2/Na>O modulus of 3.1 ~ 3.4. Gravel: limestone gravel, with a density of
g-cm and a particle size of 5 ~ 20 mm. Sand: river sand, with a fineness modulus of 2.8 and a density
of 2.63 g-cm. Water: clean tap water. The mix ratio of geopolymer concrete is shown in Table 1,
geopolymer concrete is prepared according to it, and the specific preparation process is shown in
Figure 1. Three sizes of specimens are prepared, which were 100x100%x100 mm? (for mass test,
ultrasonic wave velocity test, compressive strength test and splitting tensile strength test),

100%100x400 mm? (for flexural strength test), and 100 mmx50 mm (for dynamic compression test).
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Table 1. The mix ratio of geopolymer concrete (kg-m-3).

Slag Fly ash NaOH Sodium silicate Gravel Sand Water

250 110 25 90 1018 810 90

Water  Alkaline activator

1
1
:
1
= :
1
1
1
1
1

Sodium silicate

Gravel

______________

Fig. 1. Preparation process of specimen.

The specimens that were standard cured to 28 d are divided into two groups. One group (S-W)
is immersed in tap water for 180 d to achieve a fully water saturated state, while the other group (S-
D), as control group, is placed indoor (the standard concrete curing room) for 180 d to dry naturally
[12,13].

It should be noted that the S-D specimens used as control group in the test are treated by indoor
natural drying rather than oven drying for two main reasons. First, hydraulic structures in real-world
environments are usually not subjected to oven drying treatment when dry, so the use of natural drying
ensures that the test results better reflect actual conditions. Secondly, relevant studies have shown
that oven drying treatment can alter the capillary pore structure and composition of concrete, thereby
affecting its properties [14]. Therefore, to ensure the accuracy and comparability of the test results
and avoid interference of other factors, the natural drying method is chosen. After drying and water

saturation for 180 d, the specimen is taken out for test.

2.2. Experimental method

Quality and ultrasonic wave velocity test: precision electronic balance is used to test the mass of
specimen, the ultrasonic wave velocity of specimen is tested by NM-4 non-metallic ultrasonic
detection analyzer. Before measurement, the surface moisture of the specimen is wiped dry.

Mechanical tests: The electro-hydraulic servo material test system is used to test the
compressive strength and splitting tensile strength of specimen, the flexural strength of strength is
tested by the flexural testing machine, and the dynamic compression test is carried out by the 100

mm SHPB test equipment, as shown in Figure 2.

4 /23



In dynamic compression test, the strains of incident wave, reflected wave and transmitted wave
are measured by strain gauge, and then the "three-wave method" is used to process the test data.
During the test, the aluminum wafers are used to correct the incident waveform to ensure the stress
uniformity in the specimen. The time history curve of test waveform is shown in Figure 3. From this
figure, the coincidence degree of incident wave + reflected wave and transmitted wave is high,

indicating that the internal stress of the specimen reaches the uniform state [15,16].

Fig. 2. ®100 mm SHPB test equipment.
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Fig. 3. Time history curve of the test waveform.
3. Results and discussion

3.1. Physical properties and static mechanical properties

The mass-time curve of geopolymer concrete after water immersion is shown in Figure 4, the
mass and ultrasonic wave velocity after water saturation for 180 d are shown in Table 2 and Figure
5, and the static mechanical properties are shown in Table 3 and Figure 6. From Figure 4, with the
increase of water immersion time, water continues to enter the specimen, and the mass of geopolymer

concrete continues to increase. After water immersion for 180 d, the mass of specimen increases by
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3.34%. The water absorption rate of specimen decreases with the increase of water immersion time,
and the mass of specimen increases rapidly in the early stage of water immersion (within 7 d), and
tends to be stable after water immersion for 28 d. After water immersion for 180 d, the mass of
specimen has no change compared with that of water immersion for 28 d, so it can be considered
that the geopolymer concrete has basically reaches the water saturated state after water immersion
for 180 d. The variation of mass of geopolymer concrete with water immersion time is similar to that
of ordinary Portland cement concrete [17,18]. It should be noted that although the mass of geopolymer
concrete has not increased significantly after water immersion for 28 d, it is still chosen to extend its
water immersion time to 180 d during this test. The primary purpose is to allow water to penetrate the
specimens as thoroughly as possible, ensuring that the specimens reach full saturation and achieve
internal humidity equilibrium. This avoids the formation of humidity gradients, which could otherwise

affect the subsequent test results.

2420 +

2400

2380+

Mass/g

2360

2340

0 30 60 90 120 150 180
Time/d

Fig. 4. Mass-time curve of geopolymer concrete after water immersion.

Table 2. Mass and ultrasonic wave velocity of geopolymer concrete after water immersion for 180 d.

Mass /g ultrasonic wave velocity /m-s-
Time
Test value Average value Test value Average value
2379 4216
Before water immersion 2295 2337 4422 4322
2336 4328
2447 5218
After water immersion for 180
q 2394 2415 5171 5148
2405 5056
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Fig. 5. Mass and ultrasonic wave velocity of geopolymer concrete after water immersion for 180 d.

From Table 2, Table 3, Figure 5 and Figure 6, compared with S-D, the acoustic characteristics
of S-W improves, while the static mechanical properties decrease. Compared with S-D, the ultrasonic
wave velocity of S-W increases by 19.11%, while the compressive strength, splitting tensile strength
and flexural strength decrease by 11.76%, 15.91% and 13.89%, respectively. Ultrasonic wave velocity
is an indirect reflection of the inner pore structure and density of concrete. In general, the less the
pores and the larger the density of concrete, the larger the ultrasonic wave velocity [13]. After long-
term water immersion , the non-closed pores inside S-W are filled with water to reach saturation, and
the compactness increases. The ultrasonic wave propagates faster in water than in air, so the
ultrasonic wave velocity of geopolymer concrete increases significantly in water saturated state. The
static mechanical properties of geopolymer concrete decrease in water saturated state. The effect of
water saturation on the static mechanical properties of geopolymer concrete is similar to that of
ordinary silicate concrete, both of which show a negative deterioration effect [19]. It is mainly caused
by the decrease of surface energy at the solid-liquid surface inside geopolymer concrete and the
stress concentration in the interfacial transition zone. Firstly, the surface energy of material needs to
be overcome continuously for the initiation and expansion of cracks, and the surface energy at the
solid-liquid surface of material decreases in water saturated state [20]. Therefore, under the same
external load, the initiation and expansion of cracks in geopolymer concrete with water saturated state
are more likely to occur. The excess strain energy will cause the formation of more cracks, and these
cracks continuously expand and interconnect, ultimately leading to a reduction in the strength of the
geopolymer concrete. Secondly, there are a lot of interfacial transition zones between matrix and
aggregate in geopolymer concrete, and there are many micro-cracks and pores in the interfacial
transition zone. In water saturated state, on the one hand, these micro-cracks and pores will absorb
water and expand, on the other hand, the expansion coefficient of various types of gel and aggregate
after water absorption is not the same [21,22]. Therefore, water saturated state, further stress
concentration will occur in the interfacial transition zone, which will weaken the strength of geopolymer

concrete to a certain extent.
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Table 3. Static mechanical properties of geopolymer concrete.

Compressive strength /MPa  Splitting tensile strength /MPa Flexural strength /MPa

Specimen No.
Testvalue Average value Testvalue  Average value Testvalue Average value

54.1 4.2 7.2
S-D 53.6 54.4 4.4 4.4 6.9 7.2
55.4 4.6 74
471 3.5 6.4
S-wW 48.2 48.0 3.7 3.7 6.2 6.2
48.6 3.9 6.1
8 60
P Splitting tensile strength
= Splitting tensile strength -
[ Flexural strength ey
- 552
£ El
=2 5
E — 1% 2
) — 7
7 = 4
(=%
40

S-D S-W

Fig. 6. Static mechanical properties of geopolymer concrete

The static compressive strength of concrete material is an important parameter in structural
design and calculation, and its value is directly related to the serviceability and safety of the structure
[23]. Currently, the majority of design codes, especially those for hydraulic structures, have not yet
accounted for the effect of water saturation on the static compressive strength of concrete materials.
According to the above test results, the static compressive strength of geopolymer concrete is
obviously deteriorated in water saturated water. Therefore, in order to ensure the safety and reliability
of structure, the adverse effects caused by water saturation should be considered in the design and
calculation of the structure in the long-term wet environment and hydraulic structure. In practice
engineering, in order to avoid damage to existing building structures, ultrasonic -strength
measurement method is usually used to evaluate the static compressive strength of concrete
materials indirectly. Generally, the larger the ultrasonic wave velocity, the larger the static compressive
strength of concrete [24]. However, based on the test results, although the ultrasonic wave velocity of
geopolymer concrete in water saturated state increases, its static compressive strength significantly
decreases. This means that these two indicators of geopolymer concrete change in opposite

directions after water saturation. Therefore, when applying the ultrasonic -strength measurement
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method, it is essential to consider the water saturation level of concrete material to avoid

overestimating its actual static compressive strength.

3.2. Dynamic compressive strength and dynamic increase factor

The dynamic compression test results of geopolymer concrete are shown in Figure 7 and Table

5. Dynamic compressive strength (fs) and dynamic growth factor (DIF) characterize the dynamic

compressive strength characteristics of geopolymer concrete. The f is the peak stress reached by

geopolymer concrete in the process of dynamic compression, that is, the peak stress in the dynamic

stress-strain curve, and DIF is the ratio of f.4 to static compressive strength [25,26].
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Fig. 7. Dynamic stress-strain curve of geopolymer concrete.
Table 4. Dynamic compression test results of geopolymer concrete.
Strain Dynamic Dynamic Dynamic Dynamic
. . . Impact Pre-peak Fractal
, rate  compressive increase peak elastic , ,
Specimen No. . ) toughness  toughness dimension
(g)s strength factor strain modulus
(IMKI-m3 (ITp)/KJ-m3 (Dy)
1 (fea)/MPa (DIF) (0)/10°  (Eq)/GPa
30.6 68.07 1.25 9.52 10.01 657.78 318.37 1.712
41.5 72.74 1.34 10.49 10.21 870.62 430.47 1.817
S-D 52.4 81.55 1.50 11.35 10.18 1240.65 524.57 1.987
63.7 85.92 1.58 12.14 9.27 1338.75 579.30 2.089
72.6 89.62 1.65 12.94 11.36 1530.54 625.65 2.213
33.5 75.07 1.56 7.25 15.01 712.67 224.96 1.635
42.6 84.08 1.75 8.42 16.17 860.12 297.75 1.733
S-wW
50.8 92.62 1.93 9.23 15.18 1151.30 358.85 1.806
63.5 98.42 2.05 10.85 15.69 1372.08 459.6 1.929
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69.1 104.82 2.18 11.81 15.64 1502.49 533.71 2.012

The f.y of geopolymer concrete is shown in Figure 8. From this figure, the f.q of S-D and S-W both
exhibit obvious strain rate effects. The f.q of S-D and S-W increases with the increase of strain rate
(£7). At the same strain rate, the fcy of S-W is larger than that of S-D. It can be seen that the f.4 of
geopolymer concrete increases in water saturated state, and water saturation can improve the
dynamic compressive strength characteristics of geopolymer concrete. In order to quantitatively
characterize the effect of water saturation on the 7.4, linear fitting of the f.y of geopolymer concrete
and the ¢’ is carried out, and the change rate dynamic compressive strength (Ry) is calculated, as
shown in Equation (1) :

Rt = (feacs—w) — feacs-p))/ feais—n) (1
where, the f.qs-w) and feys-0y are the fq of S-W and S-D respectively. The Rr of geopolymer concrete
is shown in Figure 9. From this figure, the Rr of geopolymer concrete is all larger than 0, and has
strain rate effect. With the increase of strain rate, the Rr of geopolymer concrete increases
continuously, and the improvement effect of water saturation on the f.4 increases continuously. In the
strain rate range of 30 ~75 s™, the Ry of geopolymer concrete is 8.61%~19.01%. The effect of pore
water inside geopolymer concrete on its strength is related to the loading rate. Under quasi-static load
(low strain rate), water saturation "weakens" the strength of geopolymer concrete, while under
dynamic compression load (high strain rate), water saturation "enhances " the strength of geopolymer
concrete. Geopolymer concrete is destroyed in a very short time under high strain rate, and the crack
propagation rate is much larger than that under quasi-static load [27]. Therefore, the pore water inside
geopolymer concrete does not have enough time to reach the crack tip and can only form a half-
moon-shaped plane on the crack surface. Affected by the surface tension of liquid, these half-moon-
shaped planes will exert an inward tensile constraint stress on the crack, thus hindering or delaying
the further expansion of cracks [28,29]. Therefore, the f.4 of geopolymer concrete in water saturated
state is larger than that in dry state. But even so, in practical engineering, it is not appropriate to take
into account the enhancement effect of water saturation on the f.s when designing structures that are
subjected to the coupling effects of dynamic load and wet environment. This is because these
structures (such as wharf, dam, pier, etc.) are occasionally subjected to dynamic loads during their
service, but are subjected to static loads most of the service life. According to the test results, the
static compressive strength of geopolymer concrete decreases obviously in water saturated state.
Therefore, for such structures, it is safer and more reliable to use the static compressive strength in

water saturated state as the design index.
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Fig. 8. Dynamic compressive strength of Fig. 9. Change rate of dynamic compressive
geopolymer concrete. strength of geopolymer concrete.

The DIF reflects the strengthening effect of strain rate on the strength of concrete. The DIF of
geopolymer concrete is shown in Figure 10. From this figure, the DIF of S-D and S-W is consistent
with fcs, and both increase with the increase of strain rate. The relationship between DIF and strain
rate can be expressed as a linear function, as shown in Equation (2). At the same strain rate, the DIF
of S-W is larger than that of S-D. This is mainly because the static compressive strength of
geopolymer concrete decreases and the f.s increases in water saturated state. In addition, the
increase rate of DIF of S-W with strain rate is also larger than that of S-D, which can be seen from
the slope of the fitted line in Equation (2). It follows that the rate sensitivity of geopolymer concrete
strength is improved by the presence of pore water after water saturation. As an important index to
characterize the difference in strength of concrete under static and dynamic loads, the DIF has been
gradually adopted by engineering designers and incorporated into relevant specifications. For
example, Formula (3) is the DIF model of concrete adopted by Comité Euro-International du Béton
(CEB) [30]. The DIF value of geopolymer concrete calculated according to Equation (3) is shown in
Figure 6. It can be seen that CEB model can well predict the DIF of S-D, and the model curve is in
good agreement with the test results. However, the CEB model significantly underestimates the DIF
of S-W, and the model curve differs greatly from the test results, which indicates that the CEB model
is not suitable for geopolymer concrete in water saturated state. This is mainly because the CEB
model only considers the effect of strain rate, and does not consider the concrete material in some
special service environment (such as water saturation, high temperature, corrosion environment, etc.)
[31,32]. Therefore, for geopolymer concrete in water saturated state, the DIF fitting formula in
Equation (2) is superior to the CEB model.
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3.3. Dynamic peak strain and dynamic elastic modulus

The dynamic peak strain (&) characterizes the dynamic compressive deformation characteristics
of geopolymer concrete. The &, is the strain corresponding to the peak stress of geopolymer concrete
during the dynamic compression process. The ¢, of geopolymer concrete is shown in Figure 11. From
this figure, the strain rate strengthening effect of the ¢, of geopolymer concrete is significant. The ¢,
increases linearly with the increase of strain rate. The ¢, of S-D is larger than that of S-W at the same
strain rate. In order to quantitatively analyze the effect of water saturation on the ¢, of geopolymer
concrete, the change rate of dynamic peak strain (R;) is defined, and its solution process is consistent
with Rr. The R: of geopolymer concrete is shown in Figure 12. From this figure, the R, of S-W is less
than 0 in the strain rate range of 30 ~75 s™'. The R; of S-W increases with the increase of strain rate.
When the strain rate is small, the ¢, of S-W decreases significantly, resulting in a large difference
between the R: of S-W and S-D. When the strain rate is large, the reduction of R: of S-W is small.
The minimum of R, of S-W is -28.88%, and the ¢, of S-W decreases by 28.88% compared with S-D
at this time. From the above analysis, the dynamic compression deformation characteristics of
geopolymer concrete decreases after water saturation. The free water in the pores and cracks limits
the deformation of geopolymer concrete, thus reducing the &, of geopolymer concrete [33].
Geopolymer concrete is a heterogeneous material, which contains various types and sizes of pores
and cracks. On one hand, compared to air, water in the pores of geopolymer concrete is more difficult
to compress. Under impact compression load, the volume of water in the pores of geopolymer
concrete is difficult to change, and the water can not be expelled in a short time [34]. Therefore, the

water in the pores of geopolymer concrete after water saturation restricts the deformation and damage
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of these pores. On the other hand, according to microscopic hydrodynamics, for very small cracks,
the viscosity of free water increases significantly. This viscous effect exerts a reverse force on crack
propagation, thereby hindering the extension of cracks [35]. With the strain rate increases, the rate of
deformation and failure of geopolymer concrete accelerates, and the ability of free water in the pores
and cracks to restrict deformation weakens relatively [36]. Consequently, the decreasing range of &,

of geopolymer concrete after water immersion decreases with the increase of strain rate.

® SD
*x SW|  £70.0803£7+7.094

R’=0.998 \

[
AN
T

—
[\

—
(=)

oo
T

Dynamic peak strain (&,)/ 107

Change rate of dynamic peak strain/%

gpz=o.1253'+3.009 -20 = SD
ol R=0.993 5 -@-S-W
1 1 1 1 1 1 1 1 _30 1 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65 70 75 30 35 40 45 50 55 60 65 70 75
Strain rate (&”)/s™! Strain rate/s™!
Fig. 11. Dynamic peak strain of geopolymer Fig. 12. Change rate of dynamic peak strain of
concrete. geopolymer concrete.

The dynamic elastic modulus (E,), which is the slope of the linear elastic stage in the ascending
section of the dynamic stress-stress curve, characterizes the difficulty of deformation of geopolymer
concrete under dynamic compressive load. The E4 of geopolymer concrete is shown in Figure 13.
From this figure, the E4 of S-D and S-W is not sensitive to strain rate, and the Ey of geopolymer
concrete has no obvious change trend with the increase of strain rate. On the whole, water saturation
improves the stiffness of geopolymer concrete, and the E; of S-W is larger than that of S-D. The
average E4 of S-D and S-W is 10.21 GPa and 15.54 GPa respectively, and the E, of S-W increases
by 52.20% compared with that of S-D. At present, the variation trend of the E4 of concrete with strain
rate is not uniform. Wang et al. believed that the E4 of concrete increased with the increase of strain
rate [37], while Su et al. found that the E, of concrete decreased with the increase of strain rate [38].
In addition, Lok et al. believed that the E; of concrete was independent of strain rate [39]. This is
mainly related to the inconsistency of test equipment and means. However, the effect of water
saturation on the Ey of concrete is consistent [40,41]. After water saturation, the water in the pores
delay the deformation of geopolymer concrete and increas its deformation difficulty, so the Ey of
geopolymer concrete increases. In water saturated state, the deformation degree of geopolymer
concrete decreases, the stiffness increases. And water saturation improves the "brittle-hardness" of
geopolymer concrete. Therefore, for structures constructed with geopolymer concrete, the failure in
water saturated state will become more sudden, and the failure precursor will be less noticeable than

that in dry state. This feature is of great significance for deformation monitoring and failure warning of
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structures in practical engineering.
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Fig. 13. Dynamic elastic modulus of geopolymer concrete.

3.4. Impact toughness and pre-peak toughness

In dynamic compression test, there are generally two indexes used to characterize the impact
energy consumption characteristics of concrete [42]. One is impact toughness (/T), which is the area
under the dynamic stress-strain curve. The other is dissipative energy, that is, the difference between
the energy carried by the incident wave and the energy carried by the reflected and the transmitted
waves. The IT is a comprehensive reflection of the strength characteristics and deformation
characteristics of materials, which can effectively characterize the energy consumption characteristics
of the material from the initial loading stage to complete instability and failure [43]. The difference
between the incident energy and the reflected and transmitted energy is essentially the energy
dissipated by the entire test system, which includes not only the energy dissipated by the specimen
but also the kinetic energy generated by the splash fragments of the specimen and other forms of
energy produced during the test [44]. The latter two parts of energy are difficult to calculate accurately
by experimental means, and can not be ignored when the loading rate is high. Therefore, the IT can
characterize the impact energy consumption characteristics of geopolymer concrete. The IT of
geopolymer concrete is shown in Figure 14. From this figure, the IT of both S-D and S-W increases
with the increase of strain rate, showing an obvious strain rate effect. When the strain rate is the same,
the IT of S-D and S-W is not much different. Considering the dispersion caused by the heterogeneous
characteristics of geopolymer concrete itself, it can be considered that water saturation has no
obvious effect on the impact energy consumption characteristics of geopolymer concrete. Since the
IT is a comprehensive reflection of the strength and deformation characteristics of geopolymer
concrete in the whole failure process, although the f.; of S-W is larger, its deformation degree is lower,
so the impact energy consumption characteristics of S-W have no obvious change. According to the
above analysis, although the f.q of geopolymer concrete increases after water saturation, its /T does
not change significantly. Therefore, from the point of view of energy, it can not be considered that

geopolymer concrete after water saturation can withstand more external loads. Special attention
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should be paid to hydraulic structures involving energy absorption and protection functions to avoid

one-sidedness simply from the point of view of strength, resulting in overestimation of structural

properties.
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Fig. 14. Impact toughness of geopolymer concrete.

From the test results in Figure 14, the energy consumption characteristics of geopolymer
concrete in the whole impact failure process are not affected by pore water. However, the effect of
pore water is not exactly the same before and after the specimen reaches the critical state (such as
peak stress). Excess pore water pressure can be generated in the pore before the critical state, and
the pore water pressure can disappear after the specimen is destroyed. Therefore, it can be inferred
that the energy consumption characteristics of geopolymer concrete in different stages of the impact
failure process are different. For this purpose, the pre-peak toughness (/T,), that is, the area contained
in the rising section of the dynamic stress-strain curve, is defined to further analyze the energy
consumption characteristics of geopolymer concrete at different stages of the impact failure process.
The IT, of geopolymer concrete is shown in Figure 15. From this figure, the /T, of geopolymer concrete
increases linearly with the increase of strain rate. When the strain rate is the same, the IT, of S-D is
larger than that of S-W, and water saturation results in the lower energy consumption of geopolymer
concrete before it reaches the critical state. The overall rigidity of geopolymer concrete increases after
water saturation, and the excess pore water pressure can slow down the instability of pores to a
certain extent. Part of the external load energy is used to overcome the cohesive force and the excess
pore water pressure of geopolymer concrete [45]. Therefore, the IT, of geopolymer concrete after
water saturation is relatively small. In order to quantitatively characterize the effect of water saturation
on the /T, of geopolymer concrete, the change rate of pre-peak toughness (Ri7) is defined, and its
solution process is consistent with Rrand R.. The R;r of geopolymer concrete is shown in Figure 16.
From this figure, the variation trend of R;r with strain rate is consistent with that of R.. In the strain rate
range of 30 ~ 75 s, the R;r of S-W is less than 0, which is -43.26% ~ -14.07%. With the increase of
strain rate, the energy of pore water to delay deformation is relatively weakened, so the R;r of S-W

increases [46].
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Fig. 15. Pre-peak toughness of geopolymer Fig. 16. Change rate of pre-peak toughness of
concrete. geopolymer concrete.

3.5. Fracture morphology and fractal characteristics

The fracture morphology of geopolymer concrete is shown in Figure 17. From this figure, the
fracture morphology of S-D and S-W has strain rate sensitivity. With the increase of strain rate, the
fracture degree of S-D and S-W increases, the size of fragments decreases, and the quantity of
fragments increases.When the strain rate is similar, the fracture degree of S-D is more serious than
that of S-W. In order to further quantify the difference of fracture degree between S-D and S-W, the
collected specimen fragments are screened by standard screens with diameters of 40 mm, 20 mm,
10 mm, 5 mm and 2.5 mm, respectively, and the mass of retained fragments on the screens is
weighed. Then, according to Equation (4), the In[M(r)/M+]-Inr curve is drawn, and the fragment fractal
dimension (Dy) is solved [47].




Fig. 17. Fracture morphology of geopolymer concrete.

In[M(r)/M+]~(3-Ds)Inr @
where, Mr is the total mass of fragments, and M(r) is the mass of fragments with a particle size less
than r. The Dr of geopolymer concrete is shown in Figure 18. From this figure, with the increase of
strain rate, the Dy of S-D and S-W increases continuously, showing a strong strain rate sensitivity. It
can be seen that the fracture degree of specimen is closely related to the Dy, and the former can be
quantitatively characterized by the latter, that is, the higher the fracture degree, the larger the Drvalue.
When the strain rate is the same, the Drof S-D is larger than that of S-W. According to the meaning
of Dy, it shows that S-D has a more serious fracture degree and the fragmentation scale distribution
is more complex [48]. This conclusion is consistent with the result in Figure 14, which further verifies

the feasibility and correctness of using the Drto describe the fracture degree of geopolymer concrete.
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Fig. 18. Fragment fractal dimension of geopolymer concrete.

The relationship between fragment fractal dimension (Dy) and dynamic compressive strength (fcq)
and impact toughness (/T) of geopolymer concrete is shown in Figure 19 and Figure 20 respectively.
The Dy of geopolymer concrete has good positive correlation with f. and /T. With the increase of Df,
the feo and IT of geopolymer concrete increase linearly. When the Df is the same, the f.q of S-W is
larger than that of S-D. Geopolymer concrete after water saturation can withstand larger external load
under the same fracture degree. It should be noted that in terms of S-D or S-W alone, the larger the
fea, the larger the Dy In combination with Figure 6 and Figure 16, the f.q of S-W is larger, but its Dris
smaller when the strain rate is the same. In fact, there is no contradiction between the two, the former
is mainly related to the strain rate effect, the latter is caused by the effect of pore water. When the Dy
is the same, the IT of S-W is larger than that of S-D. It can be seen that S-W consumes more energy
when it reaches the same Fracture degree. In other words, geopolymer concrete is more resistant to

damage after water saturation.
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of geopolymer concrete. concrete.

4. Conclusion

The quality test, ultrasonic wave velocity test, static mechanical test and dynamic compression
test are carried out on geopolymer concrete in dry and water saturated conditions. The physical
properties and static mechanical properties of geopolymer concrete before and after water saturation
are compared, and the effects of water saturation and impact load on the mechanical properties of
geopolymer concrete are analyzed. The main conclusions are as follows:

(1) Geopolymer reaches the water saturated state after water immersion for 180 d. Water
saturation increases the ultrasonic wave velocity of geopolymer concrete, but has obvious negative
effect on its static mechanical properties. After water saturation, the compressive strength, splitting
tensile strength and flexural strength of geopolymer concrete decrease.

(2) Geopolymer concrete shows strong strain rate sensitivity under impact load, and the dynamic
compressive strength, DIF, dynamic peak strain, impact toughness, pre-peak toughness and fracture
fractal dimension of geopolymer concrete increase with the increase of strain rate. The dynamic
elastic modulus of geopolymer concrete is not sensitive to strain rate.

(3) Water saturation increases the strength and stiffness of geopolymer concrete under impact
load, while reducing its deformation capacity, with no significant effect on its energy consumption
characteristics. The dynamic compressive strength and dynamic elastic modulus of geopolymer
concrete increase after water saturation, the dynamic peak strain and pre-peak toughness decrease,
and the impact toughness exhibits no significant alteration.

(4) The DIF of geopolymer concrete increases significantly after water saturation. The Comité
Euro-International du Béton (CEB) model can well predict the DIF of geopolymer concrete in dry state,
but significantly underestimate the DIF value of geopolymer concrete in water saturated state. Based

on the test results, a DIF fitting formula for geopolymer concrete in water saturated state is proposed.
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(5) The fragments of geopolymer concrete under impact load have fractal characteristics. After
water saturation, the fracture degree and fragment fractal dimension of geopolymer concrete
decrease. The fragment fractal dimension of geopolymer concrete is positively correlated with
dynamic compressive strength and impact toughness. When the fractal dimension is the same, the
dynamic compressive strength and impact toughness of geopolymer concrete after water saturation

increase.

Acknowledgements

This study was funded by National Natural Science Foundation of China (Grant no. 52278287).

Data availability

All data needed to support the conclusions in the paper are presented in the manuscript.

Additional data related to this paper may be available from the corresponding author upon request.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Author contribution statement

Zhihang Wang: Formal analysis, Writing — original draft, Writing — review & editing. Dexian Zhao:
Funding acquisition, Investigation, Methodology, Writing — review & editing. Chaojia Liu: Data
curation, Formal analysis, Writing — original draft. Chao Zhang: Methodology, Funding acquisition,
Resources. Mengyang Li: Methodology, Funding acquisition, Resources. Erlei Bai: Funding
acquisition, Investigation, Methodology, Writing — review & editing. All the authors have approved the

final manuscript.

Use of Al statement

None.

Reference

[1]Danish Aamar, Ozbakkaloglu Togay, Ali Mosaberpanah Mohammad, et al. Sustainability benefits
and commercialization challenges and strategies of geopolymer concrete: A review[J]. Journal of
Building Engineering, 2022, 58:105005.

19 /23



[2]Liu Yuzhong, Hu Xiang, Du Yunxing, et al. A review on high-temperature resistance of geopolymer
concrete[J]. Journal of Building Engineering, 2024, 98:111241.

[3]Singh Sandeep, Kant Sharma Shashi, Abdul Akbar M.. Developing zero carbon emission
pavements with geopolymer concrete: A comprehensive review[J]. Transportation Research Part
D, 2022, 110:103436.

[4]JAmran Mugahed, Al Fakih Amin, Chu S.H., et al. Long-term durability properties of geopolymer
concrete: An in-depth review[J]. Case Studies in Construction Materials, 2021, 15:e00661.
[5]Zhang Guohui, Li Xiaohang, Li Zongli. Experimental study on static mechanical properties and
moisture contents of concrete under water environment[J]. Sustainability, 2019, 11(10):2962.
[6]JAhmad Zaidi Fakhryna Hannanee, Ahmad Romisuhani, Al Bakri Abdullah Mohd Mustafa, et al.
Geopolymer as underwater concreting material: A review[J]. Construction and Building Materials,

2021, 291:123276.

[71Zhang Yongliang, Zhu Dayong, Li Yongchi, et al. Dynamic mechanical characteristics and
mechanism of dry and saturated concrete [J]. Explosion and Shock Waves, 2015, 35(06):864-
870.

[8]Shilko Evgeny V, Konovalenko Igor S, Konovalenko Ivan S. Nonlinear mechanical effect of free
water on the dynamic compressive strength and fracture of high-strength concrete[J]. Materials,
2021,14(14):4011.

[9]Li Haoran, Meng Shirong, Shi Dongping, et al. Influence of moisture on ultrasonic propagation,
acoustic emission activity, and failure mechanism in concrete media[J]. Construction and Building
Materials, 2023, 386:131499.

[10]Wang Hailon, Jin Weiliang, Li Qingbin. Saturation effect on dynamic tensile and compressive
strength of concrete[J]. Advances in Structural Engineering, 2009, 12(2):279-286.

[11]Cui Jian, Shi Yanchao, Sun Tianyu, et al. Influence of water saturation on dynamic tensile and
compressive behaviors of concrete[J]. Journal of Materials in Civil Engineering,
2024,36(6):17256.

[12]Yan Tiecheng, Yin Xiangxiang, Zhang Xingyuan. Impact toughness and dynamic constitutive
model of geopolymer concrete after water saturation[J]. Scientific Reports, 2024, 14(1):7117.
[13]Ren Weibo, Xu Jinyu, Liu Junliang, et al. Dynamic mechanical properties of geopolymer concrete

after water immersion[J]. Ceramics International, 2015, 41(9):11852-11860.

[14]Alzeyadi Ahmed, Yu Tzuyang. Remote characterization of chloride content in oven-dried concrete
specimens by using synthetic aperture radar image models[J]. Construction and Building
Materials, 2021, 302:124317.

[15]Wang Zhihang, Bai Erlei, Xu Jinyu, et al. Effect of nano-SiO, and nano-CaCOs; on the static and
dynamic properties of concrete[J]. Scientific Reports, 2022, 12(1):907.

[16]Wang Zhihang, Bai Erlei, Huang He, et al. Effect of strength grade on mechanical properties of
concrete under dynamic load[J]. Structural Concrete, 2023, 24(3):3646-3655.

20/ 23



[17]Rossi P, Mier J G M, Boulay C, et al. The dynamic behaviour of concrete: influence of free water[J].
Materials and Structures, 2012, 25(9):509-514.

[18]Zheng Zhaogiang, Liu Huaighong, Xiao Mingli, et al. A creep model coupling moisture and
mechanical damage for water-bearing concrete[J]. Construction and Building Materials, 2022,
326:126598.

[19]Wang Hailong, Li Qingbin. Micromechanics mechanism of static and dynamic compressive
strength variation of saturated concrete [J]. Journal of Hydraulic Engineering, 2006, 37(8): 958-
962.

[20]Song Yang, Sheng Yanmin, Ge Pei, et al. Pore structure characterization of saturated cement-
based materials by nuclear magnetic resonance considering water sensitivity[J]. Journal of
Building Engineering, 2025, 101:111868.

[21]Huang Yaoying, Shao Chengyu, Yu Zhengyuan, et al. Study of freeze-thaw deterioration of
saturated and unsaturated hydraulic concrete based on measured strain[J]. Journal of Building
Engineering, 2024, 97:110771.

[22]Lv Yao, Niu Ditao, Yang Ruixi, et al. Effects of general and saturated humidity on concrete
performance deterioration under sulfur dioxide attack[J]. Journal of Building Engineering, 2024,
96:110325.

[23]Xia Zhaolai, Huang Wei, Zhang Jiawei, et al. Internal curing of high strength concrete based on
saturated microporous cenospheres[J]. Case Studies in Construction Materials, 2024, 20:e03072.

[24]Li Yifan, Sun Xinjian, Li Guochao, et al. Impact of concrete face cracks on the saturated and
unsaturated seepage behavior of rockfill dams[J]. Structures, 2024, 61:105990.

[25]Wang Zhihang, Bai Erlei, Ren Biao, et al. Effects of temperature and basalt fiber on the
mechanical properties of geopolymer concrete under impact loads of different high strain rates[J].
Journal of Building Engineering, 2023, 72:106605.

[26]Wang Zhihang, Bai Erlei, Zhang Tong, et al. Early-age mechanical properties and constitutive
model of polystyrene concrete under impact load[J]. Materials Today Communications, 2023,
35:106039.

[27]Wang Zhihang, Bai Erlei, Huang He, et al. Dynamic mechanical properties of carbon fiber
reinforced geopolymer concrete at different ages[J]. Ceramics International, 2023, 49(1):834-846.

[28]Fan Ran, Gong Hangli, Luo Yi, et al. Experimental characterization of dynamic strength and failure
behavior of saturated reef limestone concrete under biaxial stress constraint[J]. Construction and
Building Materials, 2023, 403:133116.

[30]Comité Euro-International du Béton (CEB). CEB-FIP model code for concrete structures[S].
Lausanne, Switzerland: 1990.

[31]Wang Zhihang, Bai Erlei, Liang Lei, et al. Effect of ceramic fiber on mechanical properties of
concrete with different strength grades and its strengthening and toughening behaviors under
impact load[J]. Construction and Building Materials, 2023, 402:132993.

21/ 23



[32]Wang Zhihang, Bai Erlei, Liu Chaojia, et al. Early age dynamic mechanical properties of basalt
fiber reinforced early strength concrete[J]. Structural Concrete, 2023, 24(6): 7648-7659.

[33]Liu Cheng, Qi Yue, Chen Gaofeng, et al. Multiscale numerical-analytical modelling of oxygen
diffusivity in partially saturated concrete: Role of interfacial transition zone[J]. Journal of
Sustainable Cement-Based Materials, 2023, 12(8):983-994.

[34]Glinaydin Osman,Akbas Ergiin, Ozbeyaz Abdurrahman, et al. Machine learning based evaluation
of concrete strength from saturated to dry by non-destructive methods[J]. Journal of Building
Engineering, 2023, 76:107174.

[35]Wen Yanbo, Chi Hui, Lai Zhichao, et al. Experimental and numerical investigation on saturated
concrete subjected to underwater contact explosion[J]. Construction and Building Materials, 2023,
384:131465.

[36]Wang Jiahe, Li Huajian, Wang Zhen, et al. Humidity field and moisture transfer of concrete with
different pre-saturated recycled sand[J]. Construction and Building Materials, 2023, 382:131338.

[37]Wang Shasha, Zhang Minhong, Quek Ser Tong. Mechanical behavior of fiber-reinforced high-
strength concrete subjected to high strain-rate compressive loading[J]. Construction and Building
Materials, 2012, 31: 1-11.

[38]Su Haoyang, Xu Jinyu. Dynamic compressive behavior of ceramic fiber reinforced concrete under
impact load[J]. Construction and Building Materials, 2013, 45: 306-313.

[39Lok T S, Zhao P J, Lu G. Using the split Hopkinson pressure bar to investigate the dynamic
behaviour of SFRC[J]. Magazine of Concrete Research, 2003, 55(2): 183-191.

[40]Wang Hao, Wang Licheng, Ghiassi Bahman, et al. Relationship between dynamic tensile strength
and pore structure of saturated concrete under lateral pressure[J]. KSCE Journal of Civil
Engineering, 2022, 27(3):1166-1173.

[41]Hao Xianjie, Wei Yingnan, Zhang Tong, et al. Comparative study of the effects of different
nanomaterials on the failure process of saturated concrete in an underground reservoir of a coal
mine[J]. Energy Exploration & Exploitation, 2022, 40(6):1788-1805.

[42]Wang Zhihang, Bai Erlei, Luo Xin, et al. Comparative study on toughness evaluation indicators of
nano-concrete under impact load[J]. Structures, 2023, 54:1803-1814.

[43]Shen Peiliang, Lu Jianxin, Lu Linnu, et al. An alternative method for performance improvement of
ultra-high performance concrete by internal curing: Role of physicochemical properties of
saturated lightweight fine aggregate[J]. Construction and Building Materials, 2021, 312:125373.

[44]Hayashi Kazuhiro, Takahashi Shuhei, Saito Taiki. Dynamic response of the saturated soil-
reinforced concrete pile-superstructure interaction under repeated shaking[J]. Soil Dynamics and
Earthquake Engineering, 2021, 145:106685.

[45]Guo Bingbing, Qiao Guofu, Li Dongsheng, et al. Multi-species reactive transport modeling of
electrochemical corrosion control in saturated concrete structures including electrode reactions

and thermodynamic equilibrium[J]. Construction and Building Materials, 2021, 278:122228.

22723



[46]Hognon Sogbossi, Jérébme Verdier, Stéphane Multon. Permeability and damage of partially
saturated concrete exposed to elevated temperature[J]. Cement and Concrete Composites, 2020,
109:103563.

[47]Gao Fangfang, Tian Wei, Wang Wenda. Residual impact resistance behavior of concrete
containing carbon nanotubes after exposure to high temperatures[J]. Construction and Building
Materials, 2023, 366: 130183.

[48]Chen Qing, Zhu Hehua, Ju Woody J, et al. Stochastic micromechanical predictions for the
probabilistic behavior of saturated concrete repaired by the electrochemical deposition method[J].
International Journal of Damage Mechanics, 2020, 29(3):435-453.

Author biography

c
dih

Zhihang Wang, Lecturer, Air Force Logistics Academy, Doctor.
Both the undergraduate, master's and doctoral degrees were obtained from the Air Force
Engineering University.

Research interests: Concrete material, Airport engineering.

[

7,

Chaojia Liu, Postdoctor, Zhejiang University.
Both the undergraduate and master's degrees were obtained from China Civil Aviation University,
and the doctoral degree was earned from Air Force Engineering University.

Research interests: Airport engineering, Concrete material.

23 /23




    R  f =    (   f  c d  ( S − W ) −   f  c d  ( S − D ) )    f  c d  ( S − D )

