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Introduction

Fly ash concrete has become a key material widely used 
in hydraulic engineering due to its environmentally friendly 
nature, high density, high durability, strong resistance to 
erosion and abrasion, and excellent impermeability [1, 
2]. With the continuous development of design theories 
for fly Ash cement-based materials, there is a growing 
need to systematically reveal the macroscopic mechanical 
response mechanisms of such materials. The nonlinear 
mechanical behavior of concrete is influenced not only by 
the characteristics and spatial distribution of its components 
but also significantly by structural size and shape. This is 
particularly evident in hydraulic infrastructure dominated 
by large-volume components, making in-depth study of the 

size effect essential for achieving fly Ash material design and 
performance control. On the other hand, fly Ash cement-
based materials must possess the ability to respond fly Ash to 
dynamic loads (e.g., earthquakes and impacts) in real service 
environments. The notable strain rate effect exhibited by 
concrete is directly related to its damage evolution and failure 
modes under dynamic conditions, serving as an important 
basis for evaluating the material's self-sensing and impact-
resistant functionalities. As engineering structures evolve 
toward intelligence and high performance, systematic research 
on the size effect of fly ash concrete under quasi-static to 
low-to-medium strain rate loading will not only enhance the 
understanding of its dynamic mechanical behavior across 
multiple scales but also provide theoretical foundations 
and data support for the modeling, lifespan prediction, and 
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sustainable maintenance of such materials in future fly Ash 
hydraulic infrastructure [3].

As a complex subject in material science, concrete size 
effect is closely related to the aggregate distribution, aggregate 
particle size, concrete porosity and strength grade. In the 
existing literature, the size effect is usually examined by 
scientific experiment, theoretical modeling and/or numerical 
analysis [4-11]. For example, Lee et al. [5] carried out static 
and dynamic compression tests on 120 concrete cylinders by 
considering the strength grades of 30MPa, 35MPa and 40MPa, 
and the dimensions of 150×300mm and 100×200mm. Their 
results showed that concrete with a higher strength grade 
would exhibit a more obvious size effect on its compressive 
strength. Chen et al. [6] performed compression tests on 24 
concrete cylinders with the diameter ranged from 150mm to 
460mm and the strength grade of C60 and C45, and reported 
that the axial compressive strength and peak strain of concrete 
were negatively correlated with the sample size. To date, 
the mechanism of size effect has been explained by many 
researchers from different perspectives. For instance, Bazant 
[12, 13] proposed the fracture mechanics size effect theory 
based on energy release; Weibull [14] proposed the statistical 
size effect theory based on the “weakest chain” concept; and 
Carpinteri [15] proposed the size effect theory by considering 
the influence of crack fractal characteristics on the tensile 
strength and fracture energy of concrete-like materials. Wu 
et al. [16] investigated the influence of fly ash with different 
particle sizes on the performance of mortar. The results 
showed that fly ash with a particle size range of 10–20 µm 
resulted in the lowest total porosity (12.88%), the smallest 
average pore diameter (27.1 nm), and the smallest most 
probable pore diameter (21.2 nm) in the cement mortar. This 
led to a reduction in harmful pores and an increase in harmless 
pores, resulting in a denser microstructure and improved 
durability. Although the type of hydration products remained 
unchanged across different fly ash particle sizes, a smaller 
particle size led to a more complete pozzolanic reaction, 
thereby exerting a more pronounced promoting effect on the 
hydration of the mortar.

Following the change of strain rate, the mechanical 
behaviors and properties of a material may also change to 
varying degrees. This phenomenon is known as the strain 
rate effect, and concrete is a typical composite material with 
a significant strain rate effect. The mechanical properties 
of concrete under a dynamic strain rate can be significantly 
different from those under the static strain rate [17-20]. 
According to previous studies on the strain rate effect of 
concrete, it is generally concluded that the compressive 
strength, tensile strength and elastic modulus are all improved 
gradually with the increase of strain rate, and the compressive 
strength is less affected by the strain rate than the tensile 
strength [3, 21, 22]. However, the conclusions on the peak 
strain of concrete are contradictory [3, 23, 24]. Regarding the 
mechanism underlying the strain rate effect, a number of 
explanations have been reported from different perspectives 
[25-28], among which, the evolution of cracks, the viscosity 
effect, and the inertia effect were most widely discussed. Zhang 

et al. [29] employed a split Hopkinson pressure bar (SHPB) with 
a diameter of 75 mm to investigate the effects of strain rate, 
fiber type, and hybrid fiber content on the dynamic mechanical 
properties of basalt–polypropylene fiber-reinforced coral 
aggregate concrete (HBPRCAC) under impact loading. The 
results indicate that the incorporation of basalt fibers (BF) 
and polypropylene fibers (PF), particularly when used as 
hybrid fibers, effectively mitigates the damage to HBPRCAC. 
As the strain rate increases, the degree of damage intensifies; 
even at low strain rates, cracks propagate directly through 
the coral aggregates. At low strain rates, BF and PF are more 
prone to pull-out failure, whereas at high strain rates, they 
predominantly exhibit fracture failure.

The currently-available literature concerning the size 
effect on the mechanical properties of concrete under dynamic 
strain rates was usually based on the developing trend of 
compressive strength [3, 22, 30, 31]. Yu et al. [3] examined 
how the compressive strength of shale ceramsite lightweight 
aggregate concrete changed under the influence of size 
effect by considering different dynamic strain rates. The 
results suggested that the strain rate sensitivity was gradually 
weakened with the increase of size, and this trend was more 
obviously seen in shale ceramsite lightweight aggregate 
concrete than in ordinary concrete. Li et al. [22] conducted 
compression tests on nuclear power containment concrete 
with 3 different sizes by considering 10 different strain rates. 
It was found that the failure of concrete mainly occurred at 
the interface layer under a lower strain rate, while under 
a higher strain rate, the failure mode involved damage of 
coarse aggregates. Therefore, the size effect had a greater 
impact on the mechanical behaviors of nuclear containment 
structure under a higher strain rate. Jin et al. [11] established 
a mesoscopic model to numerically analyze the dynamic size 
effect of concrete under the strain rate from 10-5/s to 200/
s, and detected a critical strain rate in this range. When the 
loading strain rate was greater than the critical value, the size 
sensitivity of compressive strength would increase with the 
increase of strain rate; when the loading strain rate was lower 
than the critical value, the size sensitivity of compressive 
strength would decrease with the increase of strain rate. Xu et 
al. [32] employed a split Hopkinson pressure bar (SHPB) system 
to investigate the dynamic mechanical response of steam-cured 
concrete under different strain rates. The results indicate 
that the effect of curing temperature on strength exhibits a 
trend of first increasing and then decreasing. Furthermore, 
under dynamic loading, the enhancing effect of strain rate on 
strength is greater than that of curing temperature. 

However, analyses on the compressive failure mode of 
concrete under the strain rate effect and size effect were 
usually based on the failure morphology upon the completion 
of loading action, while the evolution of cracks during the full-
stage failure process was rarely examined. Moreover, there 
are few studies focusing on the developing trend of the full 
compressive curve under the coupling influence of size effect 
and strain rate effect. Up to date, research on the mechanical 
parameters under the strain rate effect mainly focuses on 
the compressive strength and tensile strength. No systematic 
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studies on other mechanical characteristic values, such as the 
loading curve changing trend, the crack evolution trend, the 
energy absorption characteristics and concrete damage, have 
been reported yet.

Based on the literature review above, uniaxial compression 
tests were carried out on fly ash concrete in this paper 
to explore the developing trends of various mechanical 
properties under the influence of strain rate effect and size 
effect. During the experiment, high-speed cameras were used 
to record the development of crack failure during the entire 
compression process in order to analyze the crack evolution 
process under different working conditions. Then, based on 
statistical analyses of various mechanical parameters (e.g., 
compressive strength, peak strain, elastic modulus and energy 
absorption) obtained from the experiment, a semi-empirical, 
semi-theoretical model for simulating the developing trend of 
the stress-strain curve of fly ash concrete under the coupling 
influence of strain rate effect and size effect was established. 
The research outcome of this study provides a theoretical basis 
for the application and development of fly ash concrete in civil 
and hydraulic engineering.

1. Experiment overview

1.1 Sample preparation

In this paper, the samples of fly ash concrete were designed 
with a strength grade of 35MPa, and the specific mix ratio was 
determined according to the “Technical code for application 
of fly ash concrete (GBT50146-2014)”. The raw materials 
include cement, water, fine aggregates, coarse aggregates, 
fly ash and water reducing agent (their masses in each cubic 
meter of mixture are 340kg, 170kg, 735kg, 1070kg, 85kg and 
4.25kg, respectively). More specifically, the cement is ordinary 
Portland cement P.O 42.5; the coarse aggregates are continuous 
graded natural aggregate crushed stone with a particle size 
of 5-20mm and an apparent density of 2700kg/m3; the fine 
aggregates are river sand with a fineness modulus of 2.5 and 
an apparent density of 2650kg/m3; the fly ash is Grade II fly ash 
with a loss on ignition of 2.6%, a moisture content of 0.2% and 
a stability of 1.5mm; the water reducing agent is the potassium 
naphthalene sulfonate condensate water reducing agent 
(for 1.0%-2.0% of the cement mass, the corresponding water 
reducing efficiency is 20%-30%). The concrete blocks used in 
the experiment were poured according to the mix ratio above, 
and were then cured under room temperature (20±3 ℃ ) and 
95% humidity for 28 days. Many recent studies have shown that 
the secondary hydration of fly ash is a "slow" and "persistent" 
process, requiring more than 90 days or even 180 days to 
significantly affect the concrete microstructure [33]. Therefore, 
the specimens were then immersed in a natural environment 
for 120 days to allow the fly ash to fully react.

In this paper, cylindrical samples of 3 different sizes 
(Φ50mm×100mm, Φ75mm×150mm and Φ100mm×200mm) 
were fabricated by the method of drilling core sampling from 
the concrete blocks prepared above. This method can not 
only eliminate the potential impact imposed by the plastering 

surface of direct pouring, but also ensure the flatness of the 
upper and lower surfaces and the verticality of the cylinder, 
so as to reduce the probability of eccentric compression to 
capture the actual axial compressive data.

1.2 Loading plan

To examine the coupling influence of size effect and strain 
rate effect on the mechanical properties of fly ash concrete, 
3 sample sizes, namely large (L: Φ100mm×200mm), medium 
(M: Φ75mm×150mm) and small (S: Φ50mm×100mm), and 
4 loading strain rates were considered in this study. It is well 
known that the strain rates for conventional static loads, self-
weight and long-term loads typically range from 1.0×10-6/s to 
1.0×10-4/s, whereas the strain rates for seismic loads, strong 
wind loads and equipment vibration loads（which have the 
greatest impact on concrete structures）range from 1.0×10-3/s 
to 1.0×10-2/s. Whereas impact and explosion strain rates (102/s 
to 106/s) are relatively uncommon in most concrete structures. 
Therefore, this paper selects four strain rates for analysis: 
1.0×10-5/s, 1.0×10-4/s, 1.0×10-3/s and 1.0×10-2/s. In view of 
the randomness and discreteness characteristics of concrete 
during sample fabrication, 4 samples were prepared for each 
loading condition in order to calculate the mean values for 
analysis to improve the accuracy of the test data.

Fig. 1. Experiment equipment.      Fig. 2. Sample processing.

The compression tests were performed by an electro-
hydraulic servo machine as shown in Figure 1, which 
can switch between multiple loading methods including 
displacement control and load control. The machine is 
installed with high-precision load sensors and displacement 
sensors that are well compliant with the measurement 
requirements. The samples fabricated by the drilling core 
sampling method are shown in Figure 2. The loading process 
was implemented by a hybrid method. 

Firstly, the load control method was applied at a loading 
rate of 10kN/min, and after reaching 20kN, the machine was 
unloaded to zero. This process was repeated for three times to 
eliminate the gap between the sample surface and the machine 
to improve the accuracy of the test data. Then, the formal 
loading process was started by applying the displacement 
control method according to the loading rates determined 
earlier, until the failure of the sample. In order to control 
the impact of friction between the machine and the sample 
surface on the test results, lubricating grease was applied on 
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Fig. 3. Full process of failure evolution under different strain rates.
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the contact surfaces by referring to Yu et al. [3]. This method 
can effectively reduce the impact of friction to improve the 
test accuracy. To better analyze the crack developing trend of 
fly ash concrete during the compression process, a high-speed 
camera was used to record the full-stage failure evolution 
throughout the entire loading process.

2. Analysis of test results

2.1 Failure evolution

According to the experiment plan above, the full-stage 

failure evolution images of fly ash concrete under different 
loading conditions were captured by the high-speed camera, 
and 6 typical time points were selected for comprehensive 
analysis. Then, the mechanical failure characteristics of fly ash 
concrete were examined from a macroscopic perspective based 
on the failure modes, as shown in Figure 3-4.

The influence of loading strain rate effect on the crack 
evolution of fly ash concrete under uniaxial compression 
was analyzed according to Figure 3. As it can be seen, under 
the static strain rate of 1.0×10-5/s, the crack develops slowly, 
and the failure mode is mainly manifested as a single main 
crack. Except for the main crack, the integrity of other parts 

Fig. 4. Full failure evolution process of fly ash concrete with different sizes.
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of the sample is generally good, without occurrence of any 
obvious cracking zone. The crack has a small width and 
mainly propagates along the interface between mortar and 
coarse aggregates. Affected by the distribution of aggregates, 
the development path of the crack shows a tortuous pattern. 
With the increase of strain rate, the propagation of the crack is 
gradually accelerated during the loading process, and multiple 
small cracks were generated concurrently. The small cracks 
expand and widen continuously, and the entire sample presents 
a serious deformation. As the loading time extends, a certain 
number of coarse aggregates are damaged accompanying with 
crack development. Upon failure, a large number of fragments 
are formed and peel off from the non-loaded surface. Overall, 
the compressive failure mode of fly ash concrete shows an 
obvious strain rate effect under different strain rates. The crack 
evolution process indicates that the failure of fly ash concrete 
occurs more suddenly and the damage is more serious under a 
higher strain rate.

The influence of size effect on the compressive failure 
mode of fly ash concrete was analyzed according to Figure 
4. The compressive failure mechanism of fly ash concrete is 
similar to that of ordinary concrete, which is both attributed 
to horizontal tensile failure caused by the increase of 
horizontal tensile strain under the influence of vertical load 
and Poisson’s ratio. The crack development pattern differs 
obviously among samples of different sizes. Specifically, the 
failure evolution of sample “S” is significantly different from 
that of the other two sizes. On the non-loaded surface of sample 

“S”, some fine and oblique cracks are formed, while the crack 
failure pattern on the non-loaded surface of the other two sizes 
is basically a single vertical crack penetrating the sample. The 
crack developing trend over time is also significantly different 
among different sizes. The single vertical crack on sample “L” 
appears earlier, and propagates and widens continuously with 
time, without generation of new cracks. However, on sample 

“S”, multiple small cracks are formed around the same time 
but in a relatively later stage, and the cracks develop rapidly. 
The compressive failure modes of fly ash concrete with 
different sizes are obviously different, thereby suggesting an 
obvious size effect.

In order to further explore the influence of strain rate 
effect and size effect on the compressive properties of fly ash 
concrete, the compressive failure morphologies under the 
strain rate effect and size effect were summarized based on 
the full-stage failure evolution process under different loading 
conditions (Figure 5-6).

From Figure 3, it can be seen that the loading process takes 
a longer time under a lower strain rate, so that the interior of 
the sample is subjected to uniform stress and the crack can be 
fully developed. Accordingly, the stress has sufficient time to 
find the weakest path in the sample to form micro-cracks. Since 
the weak areas are generally distributed around the interface 
layer between the cement mortar and coarse aggregates, the 
failure mode under a lower strain rate is mainly manifested 
as interface slip failure. As the loading strain rate grows, the 
failure process is gradually shortened, so that the compressive 
stress can no longer be evenly distributed throughout the entire 

sample. Consequently, the internal stress cannot uniformly and 
fully transmit. Moreover, the addition of fly ash can improve 
the compactness and reduce the weak areas in the concrete, 
so that the micro-cracks can develop rapidly to penetrate and 
damage coarse aggregates to release the concentrated energy. 
Therefore, the fracture effect of coarse aggregates can be more 
obviously observed under a higher strain rate, as shown in 
Figure 5. For a larger-sized sample, the ratio of the average 
volume of coarse aggregates to the volume of the entire sample 
(referred to as the coarse aggregate volume ratio in this paper) 
is smaller. Thus, the crack is more prone to developing along 
the weak path around the interface layer. For a smaller-sized 
sample, the coarse aggregate volume ratio is greater, so that 
the crack cannot easily bypass coarse aggregates during its 
evolution process. In the end, more tortuous cracks will be 
formed upon compressive failure in order to release energy, as 
shown in Figure 6.

Fig. 5. Failure of aggregates of fly ash concrete under different 
strain rates.

Fig. 6. Crack propagation of fly ash concrete under different 
coarse aggregate volume ratios.
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Comprehensive analysis on the coupling influence of strain 
rate effect and size effect suggests that, with the increase of 
strain rate, the failure mode of fly ash concrete will gradually 
transform from the pattern of a single main crack to the 
pattern of multiple cracks. Compared to the loading condition 
under a lower strain rate, the failure mode under a higher 
strain rate shows a higher degree of damage, accompanied 
by more cracks and more energy release. Such a failure 
developing trend under the influence of strain rate effect is 
more obviously observed in a smaller-sized sample.

2.2 Stress-strain curve

Based on data acquired by the computer-controlled 
electro-hydraulic servo machine, the stress-strain curve for 
each working condition of fly ash concrete was obtained as the 
average of 4 parallel tests, as shown in Figure 7.

According to the stress-strain curves under different strain 
rates as shown in Figure 7, the compressive strength of fly ash 
concrete shows an upward trend with the increase of strain 
rate. According to the slopes of the ascending and descending 
sections of the stress-strain curve under various working 
conditions, it can be seen that the elastic modulus increases 
gradually and the brittleness characteristics become more 
obvious as the strain rate grows.

The influence of size effect on the stress-strain curve 
can be summarized as follows. When the loading strain rate 
remains unchanged, the compressive strength and elastic 
modulus decrease gradually and the brittleness characteristics 
are gradually weakened with the increase of sample size. 
However, the peak strain shows a discrete trend with the 
increase of size. In order to further explore the influence 
of strain rate effect and size effect on the compressive 
properties of fly ash concrete, the developing trends of various 
mechanical properties under different working conditions will 
be examined more comprehensively in later sections.

2.3 Compressive strength

The dynamic increase factor αDIF, as shown in Equation 
(1), is often used in strength analysis of concrete in previous 
studies [3, 22, 34].

Where, αDIF refers to the dynamic increase factor of 
compressive strength; σs refers to the concrete compressive 
strength under the static loading strain rate (1.0×10-5/s, unit: 
MPa); σd refers to the concrete compressive strength under a 
dynamic loading strain rate (>1.0×10-5/s, unit: MPa).

Figure 8 shows the relationship between the compressive 
strength and loading strain rate of  fly  ash concrete 
corresponding to 3 different sizes. As the strain rate grows, 
the compressive strength shows an obvious increasing trend. 
For sample “S”, the compressive strength increases from 
30.81MPa to 45.66MPa, suggesting an improvement by 48.18%. 
For sample “M”, the compressive strength increases from 
27.46MPa to 37.95MPa, suggesting an improvement by 38.19%. 
For sample “L”, the compressive strength increases from 
26.09MPa to 33.67MPa, suggesting an improvement by 29.07%. 
The test results indicate that sample “L” has the smallest 
improvement in compressive strength due to the increase 
of strain rate. For all the 3 different sizes, the improvement 
in uniaxial compressive strength of fly ash concrete under 
the strain rate effect is higher than that of ordinary concrete 
as reported by Li et al. [22], which implies that the strain 
rate effect has a stronger impact on fly ash concrete. From 
a microscopic perspective, during the secondary hydration 
reaction of fly ash, the reactive SiO2 and Al2O2 in the fly ash 
react with Ca(OH)2 generated by cement hydration. This 
process not only consumes most of the Ca(OH)2 but also 
produces substantial amounts of C-S-H (calcium silicate 
hydrate) gel and, in some cases, the more polymerized C-A-S-H 
(calcium aluminum silicate hydrate) gel. The newly formed 
gels act as a “binder” tightly cementing surrounding hydration 
products together, which significantly enhances the strength 
of the interfacial transition zone (ITZ) in fly ash concrete 
and reduces its internal porosity [35-37]. Consequently, this 
mitigates the tendency of cracks to bypass coarse aggregates 
under low strain rate conditions, thereby increasing the strain 
rate sensitivity of fly ash concrete. From the perspective 
of fracture mechanics, the unique micro-bead effect of fly 
ash forces crack propagation to consume more energy in 
penetrating the fly ash micro-beads and their dense hydration 
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 Fig. 7. The average stress-strain curve corresponding to different sizes and strain rates.
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products, which further corroborates the above observations.

Fig. 8. Loading strain rate and compressive strength of fly ash 
concrete.

Fig. 9. Loading strain rate and the dynamic increase factor of 
compressive strength.

Then, the developing trend of compressive strength under 
the influence of strain rate effect was quantitatively analyzed 
according to the relationship between the loading strain rate 
and the dynamic increase factor of compressive strength 
as shown in Figure 9. Li et al. [22] proposed the equation 
describing the relationship between the strain rate and the 
dynamic increase factor of compressive strength for ordinary 
concrete as shown in Equation 

A mass of studies [3, 22] have conducted mathematical 
regression analysis using Equation (2), and it has been 
concluded that the dynamic increase factor of compressive 
strength is linearly correlated with the dimensionless logarithm 
of strain rate. In Equation (2), the value of coefficient b is 
generally ranged between 0.98 and 1.02. Considering that b is 
the dynamic increase factor under the static loading condition, 
its value was set to 1 in this paper. Then, the equation for the 

relationship between the strain rate and the dynamic increase 
factor of comprehensive strength as shown in Equation (3) was 
obtained.

Based on the test data of compressive strength under 
different loading strain rates for 3 different sizes of fly ash 
concrete, mathematical regression analysis was performed on 
Equation (3), and the regression curves as shown in Figure 9 
and Equation (4)-(6) were obtained.

From Figure 9 and Equation (4)-(6), it can be seen that 
the dynamic increase factor of compressive strength of fly 
ash concrete is linearly correlated with the dimensionless 
logarithm of strain rate for all the 3 different sample sizes. 
According to the compressive strength variation factor a 
of fly ash concrete under the strain rate effect for different 
sample sizes, it can be found that the value of a increases 
gradually with the decrease of size. The test data in this paper 
indicates that, when the strain rate is ranged from 1.0×10-5/s to 
1.0×10-2/s, the smaller the sample size, the larger the increase 
of compressive strength under the strain rate effect is. This 
conclusion is basically consistent with the related reports on 
ordinary concrete under the coupling influence of size effect 
and strain rate effect in the same range of strain rate (1.0×10-5/s 
– 1.0×10-2/s) [3, 22].

Then, by further considering the variation of compressive 
strength of fly ash concrete under the size effect, the changing 
trend of compressive strength under the coupling influence 
of strain rate effect and size effect was obtained as shown in 
Figure 10 according to the dimensionless logarithm of different 
loading strain rates.

It can be seen from Figure 10 that, for the same strain 
rate, the compressive strength of fly ash concrete decreases 
gradually with the increase of size. As the strain rate grows, the 
changing range of compressive strength varies significantly 
under the influence of size effect. Under the static strain rate 
of 1.0×10-5/s, the changing range of compressive strength is 
2.36MPa under the influence of size effect. When the strain 
rate increases to 1.0×10-2/s, the changing range of compressive 
strength is increased to 6.00MPa under the influence of size 
effect. This implies that the change of compressive strength 
under the influence of size effect is gradually enlarged as the 
strain rate grows. In order to further explore the developing 
trend of compressive strength affected by the size effect 
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under different strain rates, the relationship between the 
sample size and the compressive strength attenuation factor 
σ/σ50 was obtained as shown in Figure 11, where σ50 refers 
to the compressive strength of sample “S”, σ refers to the 
compressive strength of sample “M” (i.e., σ75) or sample 

“L” (i.e., σ100). The finding is consistent with the conclusion 
of Li et al. [22] that the changing range of compressive 
strength under the size effect is linearly correlated with the 
dimensionless logarithm of strain rate.

Fig. 10. Relationship between the size and compressive 
strength of fly ash concrete.

Fig. 11. Relationship between the size and the compressive 
strength attenuation factor of fly ash concrete.

According to Figure 11, when the loading strain rate 
remains constant, the compressive strength decreases 
gradually with the increase of size. For a strain rate ranged 
between 1.0×10-5/s and 1.0×10-2/s, the compressive strength 
of sample “L” is reduced by 16.89% – 26.26% compared to that 
of sample “S”. The overall developing trend indicates that 
the reduction in compressive strength under the size effect 
is gradually enlarged as the strain rate grows. By considering 
the strain rate in the same range, Li et al. [22] reported that, 
the compressive strength of 70mm cubic concrete sample 
increased from 35.92MPa to 47.09MPa under the influence 

of strain rate, suggesting an improvement by 31.09%, and 
the compressive strength of 100mm cubic sample increased 
from 31.14MPa to 36.24MPa under the influence of strain rate, 
suggesting an improvement by 16.38%. Comparative analysis 
shows that the influence of size effect on the compressive 
strength of fly ash concrete is stronger than that on ordinary 
concrete. Research on the relationship between size effect 
and compressive strength is usually carried out based on 
quantitative analysis from two perspectives, the size effect 
degree and the size effect law. For instance, Bazant [13] 
proposed the size effect equation for concrete compressive 
strength from the perspective of size effect law, as shown in 
Equation (7).

Where, σN refers to the nominal compressive strength 
corresponding to any size of concrete sample; σ ∞ refers 
to the nominal compressive strength corresponding to an 
infinitely-large sample; Db refers to the structural characteristic 
dimension of the sample; D refers to the diameter of the 
sample. For the convenience of analysis, the parameter σN 
in Equation (8) was non-dimensionalized based on σ50, and 
eventually, the expression of size effect law as shown in 
Equation (8) was obtained, where cσ refers to the dimensionless 
value of the nominal compressive strength corresponding to an 
infinitely-large sample.

According to the equation of size effect law as shown in 
Equation (8), mathematical regression was performed on 
the compressive strength of fly ash concrete with 3 different 
sample sizes under 4 different strain rates, and the expression 
of size effect law as shown in Figure 12 was obtained.

Fig. 12. Relationship between the size and compressive 
strength of fly ash concrete.

It can be seen from Figure 12 that the equation of size 
effect law has good applicability in describing the influence 
of size effect on the compressive strength of fly ash concrete 



Yaojie Lian  et. al Journal of Asian Concrete Federation, Vol. 12, No.3, July 2026

10

under different strain rates. Then, the strain rate effect on cσ 
and Db was examined by performing statistical analysis on the 
relevant test data, as shown in Figure 13.

Fig. 13. Relationships between the size effect law parameters cσ 
and Db and the loading strain rate.

It can be seen from Figure 13 that cσ decreases gradually 
while Db increases gradually with the increase of the 
dimensionless logarithm of loading strain rate. By performing 
mathematical regression analysis on these parameters, the 
relationships between cσ and Db and the loading strain rate 
were obtained, as shown in Equation (9)-(10).

By substituting Equation (9)-(10) into Equation (8), 
Equation (11) was obtained.

From Figure 12 and Equation (11), it can be seen that the 
compressive strength and size sensitivity of fly ash concrete are 
reduced gradually with the increase of size. When the sample 
size is larger than a threshold value, the further increase of 
size will have little impact on the compressive strength, and 

this threshold value is referred to as the critical dimension Dcr. 
The comprehensive strength corresponding to Dcr is known as 
the critical strength fcr. When the sample size is larger than the 
critical dimension, the size effect of concrete can be ignored.

From Equation (11), the critical dimension Dcr and the 
critical strength fcr of fly ash concrete under different loading 
strain rates were calculated, based on which, the relationships 
between the loading strain rate and Dcr and fcr were obtained, 
as shown in Figure 14.

Fig. 14. Relationships between the loading strain rate and Dcr 
and fcr.

According to Figure 14, the critical dimension and critical 
strength of fly ash concrete are linearly correlated with the 
dimensionless logarithm of strain rate. Based on qualitative 
analysis, mathematical regression was then performed on the 
calculation results, and the relationship equations as shown in 
Equation (12)-(13) were obtained.

Then, the parameter 21.635 in Equation (13) was used to 
non-dimensionalize the parameter 0.387, and the equation 
for the dynamic increase factor at the critical compressive 
strength fcr was obtained, as shown in Equation (14).
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By comparing the slope in Equation (14) (i.e., 0.01789) with 
the slopes in Equation (4)-(6) (i.e., 0.159 for sample “S”, 0.127 
for sample “M”, 0.097 for sample “L”), it can be found that 
the compressive strength is obviously affected by the loading 
strain rate when the sample reaches the critical dimension.

Since σ50 in Equation (11) represents the compressive 
strength of sample “S” under 4 different loading strain rates 
in the range from 1.0×10-5/s to 1.0×10-2/s, σ50 can be seen as 
a relational function of compressive strength with respect to 
the strain rate. By combining Equation (1) and Equation (4), 
Equation (15) was obtained, which could be further simplified 
to Equation (16). It is the equation describing the influence of 
strain rate effect on the compressive strength for sample “S”.

Where, σs-50 refers to the compressive strength of sample 
“S” under static load (unit: MPa); σd-50 refers to the compressive 
strength of sample “S” under a dynamic load (unit: MPa).

By substituting σ50 in Equation (11) with Equation (16), 
Equation (17) was obtained. Thus, the equation describing the 
coupling influence of size effect and strain rate effect on the 
compressive strength of fly ash concrete was established.

2.4 Elastic modulus

Elastic modulus is one of the important parameters for 
describing the elastic deformation of concrete, and is a critical 
factor to be considered for establishing the empirical model. In 
this section, the developing trend of elastic modulus (which is 
defined as the secant modulus at 50% of the peak stress) of fly 
ash concrete under the coupling action of strain rate effect and 
size effect was statistically analyzed. 

In order to comprehensively examine the coupling 
influence of strain rate effect and size effect on the peak strain, 
the dynamic increase factor of elastic modulus DIFE (similar to 
the dynamic increase factor of comprehensive strength) was 
introduced, as shown in Equation (18).

Where, DIFE refers to the dynamic increase factor of 
elastic modulus; Es refers to the elastic modulus under the 
static strain rate (1.0×10-5/s, unit: 1×103MPa); Ed refers to the 
elastic modulus under a dynamic strain rate (>1.0×10-5/s, unit: 
1×103MPa).

According to the relationship between the elastic modulus 
and loading strain rate for 3 different sample sizes as shown 
in Figure 15, it can be seen that the elastic modulus has high 

sensitivity to strain rate. For sample “S”, the peak strain 
increases from 1.65×104MPa under the static strain rate of 
1×10-5/s to 2.30×104MPa under the strain rate of 1×10-2/s, 
suggesting an increase by 39.40%. For sample “M”, the peak 
strain increases from 1.53×104MPa to 1.93×104MPa under 
the strain rate effect, suggesting an increase by 26.14%. For 
sample “L”, the peak strain increases from 1.48×104MPa 
to 1.78×104MPa under the strain rate effect, suggesting an 
increase by 20.27%. In general, the elastic modulus of fly ash 
concrete increases gradually with the increase of strain rate. 
For different sample sizes, the elastic modulus becomes more 
sensitive to the strain rate with the decrease of size. As shown 
in Figure 16, DIFE exhibits an obvious upward trend as the 
strain rate grows. From the overall trend, it can be seen that 
the increase in elastic modulus under the strain rate effect is 
gradually reduced with the increase of size.

Fig. 15. Loading strain rate and elastic modulus of fly ash 
concrete.

Fig. 16. Loading strain rate and the dynamic increase factor of 
elastic modulus.

In order to quantitatively reflect the developing trend of 
elastic modulus, mathematical regression was performed on 
Equation (19) using the data points of elastic modulus under 
different strain rates. Then, the mathematical regression curve 
as shown in Figure 15 and the fitting equations as shown in 
Equation (20)-(22) were obtained.
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Where, E refers to the elastic modulus (unit: 1×103MPa); 
b and k are parameters of the fitting equation, which can be 
determined by mathematical regression.

Since Equation (20)-(22) only reflect the developing 
trend of elastic modulus with the change of strain rate for a 
particular size, in order to explore the changing trend of peak 
strain under the coupling influence of size effect and strain 
rate effect, statistical analysis was performed on b and k. The 
developing trends of b and k with the change of size are shown 
in Figure 17.

Fig. 17. Changing trends of parameter b and k with size.

According to Figure 17, the fitting equations for b and 

k were obtained by mathematical regression, as shown in 
Equation (23)-(24).

By substituting Equation (23)-(24) into Equation (19), 
the model equation describing the elastic modulus of fly ash 
concrete under the coupling influence of size effect and strain 
rate effect was proposed, as shown in Equation (25).

2.5 Energy absorption characteristics

For compression tests under a constant strain rate, the 
stress-strain curves obtained from multiple parallel tests 
show a certain degree of discreteness, which means it is not 
reasonable to simply compute the average stress-strain curve 
for analysis [38]. Therefore, in this paper, the stress-strain 
curve with the intermediate compressive strength among the 
4 curves obtained for each working condition was selected 
to examine the compressive strength, compaction strain and 
energy absorption of fly ash concrete.

Miltz et al. [39] proposed to use the energy absorption 
efficiency Ef to evaluate the energy absorption characteristics 
of a material, as shown in Equation (26).

Where, σ(ε)  refers to the stress-strain functional 
relationship that describes a material under compression; εa is 
an arbitrary strain; σa is the stress corresponding to εa.

The optimal working state of energy absorption refers to 
the state when the energy absorption efficiency of a material 
reaches the maximum value. The strain corresponding to 
the maximum energy absorption efficiency is referred to as 
the compaction strain εD [40]. Usually, there are two or more 
maximum values of energy absorption efficiency for each 
sample, so it is necessary to comprehensively determine the 
value of εD based on the developing trend of the stress-strain 
curve. For the convenience of calculation, the peak strain εpk 
was used in this paper to replace the compaction strain εD, and 
the specific energy absorption W(J/cm3) was used to evaluate 
the energy absorption characteristics of fly ash concrete. W 
refers to the energy absorption capacity of fly ash concrete per 
unit volume, which can be computed by Equation (27).

Where, εpk refers to the peak strain of concrete; σ(ε) is a 
function of stress with respect to strain; ε is the strain value of 
concrete; W is the specific energy absorption (unit: J/cm3).

In order to comprehensively analyze the coupling influence 
of strain rate effect and size effect on the specific energy 
absorption, the dynamic increase factor of specific energy 
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absorption DIFW (similar to the dynamic increase factor of 
comprehensive strength) was introduced, as shown in Equation 
(28).

Where, DIFW refers to the dynamic increase factor of 
concrete specific energy absorption; Ws refers to the specific 
energy absorption under the static loading strain rate (1.0×10-

5/s, unit: J/cm3); Wd refers to the specific energy absorption 
under a dynamic loading strain rate (>1.0×10-5/s, unit: J/cm3). 

Fig. 18. Loading strain rate and specific energy absorption rate 
of fly ash concrete.

Fig. 19. Loading strain rate and the dynamic increase factor of 
specific energy absorption rate.

According to Equation (27), the values of W with the 
change of sample size and strain rate were calculated and 
sorted out, as shown in Figure 18. It can be seen that the 
specific energy absorption rate of fly ash concrete shows an 
obvious strain rate effect. As the strain rate grows, the energy 
absorption capability of fly ash concrete is strengthened 
gradually in a roughly linear manner. From Figure 19, the 
relationship between the dynamic increase factor of specific 
energy absorption rate and the loading strain rate also forms a 
roughly linear function, and it is not obviously affected by the 
size effect.

In summary, the specific energy absorption of fly ash 

concrete is gradually increased with the increase of strain rate. 
In the initial loading stage, most of the energy input by the 
testing machine is stored in the sample in the form of elastic 
strain energy. As the load grows, the plastic deformation 
energy will exceed the elastic strain energy under a higher 
strain rate, and the energy of the sample is mostly released 
in the form of fracture surface energy, frictional heat energy 
and plastic deformation energy. Since the energy release is 
greatly reduced, the sample exhibits a ductile failure mode. 
On the contrary, the elastic strain energy of the sample is 
higher than the plastic deformation energy under a lower 
strain rate. Since the sample has accumulated a lot of energy 
during the elastic stage, once the storage limit is reached, the 
energy will be rapidly released to result in brittle failure. With 
the decrease of sample size, the specific energy absorption of 
fly ash concrete shows a continuously-growing trend. This is 
mainly because, under the influence of aggregate volume ratio, 
the crack developing path penetrating through a smaller-sized 
sample appears to be more tortuous, and the specific energy 
absorption is greater, which reflects a stronger absorption 
capability.

2.6 Statistical analysis

For the developing trend of the stress-strain curve of 
concrete, Weibull [41] proposed the brittle failure theory based 
on the “weakest chain” concept, which emphasizes that the 
strength of the weakest link in the chain determines the failure 
load of the entire chain. This theory can well simulate the 
stress-strain developing trend of traditional concrete structures 
before reaching the peak stress. For simulating the stress-
strain curve after reaching the peak stress, the Lognormal 
distribution theory can be applied. By using this method, a 
piecewise constitutive equation of concrete was obtained, as 
shown in Equation (29).

Where, εpk refers to the peak strain (unit: 1×10-3); σpk 
refers to the peak stress (unit: MPa); E refers to the elastic 
modulus (unit: MPa); m is the curve shape parameter of the 
ascending section m=ln((Eεpk)/σpk); t is the shape control 
parameter of the descending section, which can be obtained by 
mathematical regression.

The changing trend of t with size can be obtained by 
mathematical regression, as shown in Equation (30):

There has been no consistent conclusion with respect 
to the influence of dynamic size effect on the peak strain of 
concrete [3, 18, 19]. By referencing to the analysis method for 
compressive strength, the coupling influence of strain rate 
effect and size effect on the peak strain of fly ash concrete is 
illustrated in Figure 20.
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Fig. 20. Loading strain rate and peak strain of fly ash concrete.

According to the relationship between the peak strain and 
loading strain rate for 3 different sample sizes as shown in 
Figure 20, it can be seen that the peak strain shows a tortuous 
developing trend with the increase of strain rate. For sample 

“S”, the peak strain increases from 1.948×10-3 under the static 
strain rate of 1×10-5/s to 2.081×10-3 under the strain rate of 
1×10-2/s, suggesting an increase by 6.83%. For sample “M”, 
the peak strain increases from 1.909×10-3 to 2.075×10-3 under the 
strain rate effect, suggesting an increase by 8.70%. For sample 

“L”, the peak strain increases from 1.788×10-3 to 2.038×10-3 

under the strain rate effect, suggesting an increase by 13.98%. 
Similar to the analysis method on compressive strength, the 
equation describing the coupling influence of size effect and 
strain rate effect on the peak strain of fly ash concrete was 
obtained by performing mathematical regression on the peak 
strain, as shown in Equation (31).

Then, by substituting the compressive strength fitting 
Equation (17), the elastic modulus fitting Equation (25), the 
parameter t fitting Equation (30) and the peak strain fitting 
Equation (31) into Equation (29), Equation (32) and Equation 
(33) were obtained:

Further, the semi-empirical, semi-theoretical constitutive 
model considering the coupling influence of strain rate 
effect and size effect on the full-stage stress-strain curve 
of fly ash concrete was obtained by substituting the value 
of m in Equation (32) with Equation (33). There are three 
correlation parameters in this equation: lg(εd/εs) is the strain 
rate influencing factor; D is the dimension influencing factor 
(i.e., the diameter of the cylindrical sample in this paper, 
unit: mm); σs-50 is the compressive strength of sample “S” 
(Φ50mm×100mm) under the static load (unit: MPa).

The model equation established above was then used to 
simulate the performance of fly ash concrete with different 
sample sizes under different strain rates, and the simulation 
results were compared with the test data, as shown in Figure 
21.

As shown in Figure 21, the established model has a high 
degree of fitting to the stress-strain curve of fly ash concrete 
under the coupling influence of strain rate effect and size 
effect. Moreover, for other types of concrete, the empirical 
constitutive model can be easily obtained by replacing 
the parameter equations in this model with appropriate 
ones. In view of its good applicability and variability, the 
model proposed in this paper is of an important theoretical 
significance for the development of empirical and constitutive 
models for other types of concrete.

3. Discussions

The full-stage compressive failure process can clearly 
reflect the strain rate effect on the compressive performance of 
fly ash concrete. Under a lower strain rate, there is enough time 
to redistribute the compressive stress throughout the entire 
sample, so that the stress can fully develop. Accordingly, the 
internal damage evolution shows a more uniform distribution 
pattern inside the entire sample. On the contrary, under a 
higher strain rate, there is not enough time to fully distribute 
the compressive stress throughout the entire sample, and the 
damage is largely concentrated in a local area. Consequently, 
the sample exhibits a severe and concentrated failure mode 
upon failure, and the damage evolution mainly takes place 
around the crack. Generally speaking, the strain rate effect 
of fly ash concrete can be explained by the difference in the 
damage developing trend under different strain rates.

The mechanism for the size effect is largely related to the 
coarse aggregate volume ratio. For a larger sample, the coarse 
aggregate volume is relatively smaller, so that the crack can 
easily bypass the coarse aggregates to propagate downward 
along the weak path in the sample. In this way, the damage 
evolution will be smoother and more thorough. On the 
contrary, for a smaller sample, the coarse aggregate volume is 
relatively larger, so that the crack cannot easily bypass coarse 
aggregates to propagate forward. Consequently, the damage 
evolution is insufficient, and the failure mode will form a 
concentrated pattern. Therefore, the strain rate sensitivity of 
fly ash concrete is gradually reduced with the decrease of size.

From the perspective of energy, most of the energy input 
by the testing machine in the initial loading stage is stored 
in the sample in the form of elastic strain energy. Under a 
higher strain rate, the plastic deformation energy will exceed 
the elastic strain energy, and the energy is mostly released 
in the form of fracture surface energy, frictional heat energy 
and plastic deformation energy. Therefore, the sample 
exhibits a ductile failure mode. Under a lower strain rate, the 
elastic strain energy of the sample is higher than the plastic 
deformation energy, leading to a brittle failure mode.

The influence of specimen inertial effects on the test 
results is further discussed herein. Within the strain rate 
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range of 1.0×10-5-1.0×10-2/s, the dominant strengthening 
mechanism differs from that under higher strain rate 
conditions. The intrinsic strain rate effect of the material 
in this range primarily originates from the time-dependent 
evolution of microcrack dynamics. A higher loading rate limits 
stress relaxation at the crack tip, allowing a greater number 
of microcracks to participate simultaneously in load bearing. 
This not only manifests as an increase in nominal strength but 
also alters the energy dissipation path within the specimen. In 
contrast, the radial inertial effect, as an extrinsic strengthening 
factor, mainly couples with the inherent confining pressure 
sensitivity of the compressive strength of concrete. Under 
higher strain rate impact loading, such as in split Hopkinson 
pressure bar (SHPB) tests, it makes a significant contribution 
to the increase in nominal strength.

In summary, the damage evolution of fly ash concrete 
shows a more uniform distribution pattern under a lower strain 
rate, and the damage can fully develop throughout the entire 
concrete structure. The integral damage of the entire sample 
leads to expansion of micro-cracks to release energy. Under 
a higher strain rate, the damage evolution is insufficient and 
mainly takes place around the crack. Consequently, only a few 

main cracks are formed to release energy. The phenomenon 
above is ultimately manifested as: the higher the strain rate, 
the higher the compressive strength is.

4. Conclusions

By considering 3 cylindrical sizes and 4 medium-low strain 
rates, an experimental study was carried out in this paper 
to examine the coupling influence of size effect and strain 
rate effect on the mechanical properties of fly ash concrete 
based on the developing trend of the stress-strain curve under 
various working conditions, and the following conclusions 
were obtained:

(1) The failure mode of fly ash concrete varies greatly 
under the influence of strain rate effect and size effect. Under 
the static loading strain rate, the failure mode is manifested 
as a single, slowly-developing vertical crack on the unloaded 
surface. As the loading strain rate grows, the failure mode 
gradually transforms into a rapid-developing damage pattern 
dominated by multiple oblique small cracks that penetrate 
the sample. The higher the strain rate, the more serious the 
damage of aggregates is. Meanwhile, a smaller-sized sample 

Fig. 21. Comparison between stress-strain curves obtained from experiment and obtained by mathematical regression for fly ash 
concrete with different sizes under different strain rates.
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tends to form more cracks during the failure process. This 
failure mode is different from that of ordinary concrete.

(2) For the same sample size, the compressive strength, 
elastic modulus and energy absorption characteristics are all 
improved gradually as the loading strain rate grows, and their 
dynamic increase factors have roughly a linear relationship 
with the dimensionless logarithm of strain rate. For the 3 
different sizes “L”, “M”, and “S”, the compressive strength 
is improved by 29.07%, 38.19% and 48.18%, respectively, under 
the strain rate effect. Overall, the smaller the size, the higher 
the strain rate sensitivity is. In addition, the elastic modulus 
shows a similar developing trend to that of the compressive 
strength. On the contrary, the energy absorption characteristics 
of fly ash concrete exhibit a weak strain rate effect but not size 
effect.

(3) For the same loading strain rate, the compressive 
strength of fly ash concrete decreases gradually with the 
increase of size, but the decreasing rate is gradually reduced. 
When the sample size exceeds the critical dimension, the 
influence of size effect on the compressive strength can be 
roughly ignored. Moreover, the critical dimension increases 
gradually with the increase of strain rate. Under different 
strain rates, the reduction in compressive strength under 
the size effect is ranged between 16.89% and 26.26%. Based 
on the Bazant size effect law, the relationship between the 
compressive strength and sample size under different strain 
rates was quantitatively analyzed in this paper.

(4) By referring to the related research conclusions 
on ordinary concrete, fly ash concrete is more obviously 
affected by the size effect and strain rate effect compared to 
ordinary concrete. Based on the Weibull-lognormal statistical 
distribution, a model describing the stress-strain curve of fly 
ash concrete under the coupling influence of size effect and 
strain rate was proposed in this paper, which was verified 
by comparing with the test data. Finally, the developing 
trend of the coupling influence of size effect and dynamic 
rate effect on the mechanical properties of fly ash concrete 
was comprehensively analyzed to elucidate the underlying 
mechanisms.
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