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Abstract: China possesses abundant pumice resources and
thereby makes the utilization of pumice in the preparation
of pumice aggregate concrete (PAC) a significant strategy
for environmental protection and resource conservation.
To obtain the effect of pumice pore structure variation
on the compressive strength of PAC, PACs with strength
classes LC20, LC30, and LC40 were prepared. Moreover,
the pore structure of PAC was characterized using nuclear
magnetic resonance to investigate the effect of pore struc-
ture variation on the compressive strength of PAC. Results
showed that the higher the coarse aggregate content of
PAC, the higher the percentage of large capillary and
non-capillary pore sizes of PAC, corresponding to higher
porosity and lower compressive strength. The hydration
products in PAC continuously fill in the pore structure,
the proportion of large capillary pores and non-capillary
pore size gradually decreases, the proportion of small
capillary pores and medium capillary pore size gradually
increases, the pumice concrete matrix gradually becomes
dense, and the compressive strength increases. The predic-
tion model of the pore structure and compressive strength
is established based on gray theory, and the relative error
between predicted and tested values is not significant,

which can effectively predict its compressive strength. It
provides effective guidance for the engineering practical
application of PAC.

Keywords: pumice aggregate concrete, pore structure,
compressive strength

1 Introduction

Concrete is composed of cement, water, aggregates, and
various additives and is one of the most commonly used
construction materials in the world due to its durability
and high plasticity. Among the components of concrete,
aggregates play a crucial role, constituting approximately
60–80% of the total volume of concrete [1]. With the
construction industry witnessing substantial growth, the
demand for aggregates has surged significantly, leading
to a scarcity of natural sand and gravel resources. To miti-
gate the consumption of these finite resources, alternative
options such as natural lightweight rocks are employed as
coarse aggregates in concrete production. Examples of
such lightweight rocks include expanded perlite [2], slate
[3], coral stone [4], and pumice [5]. Pumice, in particular,
stands out due to its easy availability, convenient construc-
tion process, lower cost, and outstanding properties [6].
Utilizing pumice as an aggregate for concrete preparation
can effectively curtail the depletion of natural sand and
gravel resources.

Pumice, also referred to as light stone, is a widespread
natural material with a rough texture. It is found abun-
dantly across the globe, with Italy being the largest pro-
ducer and China, Spain, Greece, and Turkey possessing
substantial reserves [7]. Lightweight concrete, utilizing
highly porous pumice as a coarse aggregate, exhibits com-
mendable thermal insulation [8], freeze–thaw resistance
[9,10], and seismic performance [11]. As the most funda-
mental characteristic of concrete, mechanical properties
have been the subject of extensive research concerning
pumice aggregate concrete (PAC). For instance, Kashyap
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and Sasikala [12] replaced natural coarse aggregates with
pumice aggregates at various replacement rates (0, 10, 20,
30, and 40%) to produce concrete. Comparing the results
with ordinary concrete, it was observed that the concrete’s
porosity gradually increased with higher replacement rates,
leading to a reduction in compressive strength by 9, 14, 18,
and 21%. Despite this, the compressive strength remained
higher than the values specified in the standard. Similarly,
Liu et al. [13] manufactured ultra-high performance con-
crete (UHPC) by replacing river sand with pumice aggregate.
The study revealed that pumice aggregate possessed a high
porosity ranging from 51.6 to 56%, a pore connectivity of
99.8%, and an average pore size of 5.8 μm. Additionally,
the pore-rich structure of pumice aggregate contributed to
the reduction of self-shrinkage in UHPC without compro-
mising its mechanical properties. From this, it can be
observed that different scholars have obtained diverse trends
regarding the compressive strength of concrete incorporating
pumice aggregates. Therefore, investigating the influence of
pumice aggregates on concrete’s compressive strength is cru-
cial to optimize their usage in concrete preparation.

PAC is considerably known to be a typical porous
material. Moreover, the pore structure within concrete is
an inherent physical property, with the microstructure
playing an important role in influencingmacroscopicmechan-
ical properties and durability [14], focusing mainly on qualita-
tively exploring the influence of pore structure characteristics
and interface structure on performance. In response to the
inadequate quantitative research, Erenson and Kalkan [15]
assessed the PAC compressive strength and porosity correla-
tion by digital image processing to determine the relationship
between the pore structure and macroscopic properties. Liu
et al. [16] obtained the freezing law of interstitial water of
pumice concrete using the nuclear magnetic resonance
(NMR) technique, studied the effect of pore water freezing
on the compressive strength of pumice concrete under a
low-temperature environment, and found that the increase
of compressive strength is caused by the freezing of inter-
stitial water of 0.1–1 μm, and finally, established the com-
pressive strength model considering the freezing stress. Gao
et al. [17] used a combination of gray correlation and mul-
tiple linear regression analysis to explore the relationship
between the mortar pore size and macroscopic properties
and established a multiple linear regression equation.
Nasharuddin et al. [18] tested the pore size distribution of
cemented paste backfill materials using NMR spectroscopy.
Accordingly, they described the effect of pore size distribu-
tion on macroscopic properties and established the relevant
equations. Santos et al. [19] tested the pore structure of
mortars and evaluated the effect of pore size distribution
on compressive strength, establishing a link between the

two aspects. Liu et al. [20] investigated the microstructural
characteristics of light-aggregate concrete with wind-depos-
ited sand using the NMR spectroscopy. Moreover, they
applied gray theory to explore the relationship between
the fractal dimensions of 0–0.1, 0.1–10, and >10 μm and com-
pressive strength; and established a GM(1,4) gray model
for predicting the compressive strength. In summary, it
can be found that there is a huge link between the micro-
scopic pore structure and the macroscopic properties of
concrete, and minimal research has been conducted on
the macroscopic performance of the pore structure evolu-
tion law of PAC. Furthermore, the pore relationship, based
to find the strength prediction model of PAC, is yet to be
established.

In this study, we prepared PAC with pumice as coarse
aggregate, and the pore structure parameters of PAC with
different strengths were measured using NMR spectro-
scopy to analyze changes in porosity, pore size distribu-
tion, and fractal dimension. The objective is to reveal the
evolutionary pattern of the pore space of the pumice aggre-
gate during the maintenance period on the changing pattern
of the compressive strength. Finally, the compressive strength
prediction model of PAC was established by analyzing the
magnitude of the influence of the hole parameters on the
macroscopic properties by means of Dunn’s correlation.

2 Materials and test methods

2.1 Test materials and matching ratio

Cement is P.O 42.5 ordinary silicate cement. Coarse aggre-
gate is pumice aggregate with particle sizes between 5 and
20mm in Inner Mongolia. Figure 1 shows the morpholo-
gical characteristics of natural pumice. Note that the

Figure 1: Morphological characteristics of pumice aggregate.
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surface of pumice aggregate is considerably rough, mainly
with open pores, irregular pore shape, and uneven pore
size distribution. The main physical properties of pumice
aggregates are shown in Table 1 and the chemical proper-
ties are shown in Table 2. Table 2 shows that the SiO2 and
Al2O3 contents of the pumice aggregate are high, and stu-
dies have shown that pumice aggregate has volcanic ash
activity [21]. The fine aggregate is ordinary river sand with
a coarseness of medium sand and a moisture content of
2.31%, apparent density of 2,550 kg·m−3, and bulk density of
1,590 kg·m−3. Fly ash is produced at the Huaneng Dianqiao
Thermal Power Plant in Hohhot. The water-reducing agent
is the naphthalene ordinary water-reducing agent and
dosing of 1% of the cementitious material. The water
used is municipal tap water.

Combined with years of research on PAC by Wang
et al. [22], as well as a large number of experimental prac-
tices, the PAC proportions in this study were determined.
They not only can meet the construction requirements of

the actual project but also ensure the compatibility of the
concrete preparation. The specific PAC mix is shown in
Table 3, and the specific characteristics of natural pumice
concrete are shown in Table 4.

It is worth noting that, due to the low density of
pumice aggregate, surface porosity, and other characteris-
tics, the pumice aggregate was placed in water to soak and
absorb water for 12 h before preparing PAC to ensure that
the pumice aggregate reaches a saturated state, which
increases the quality of pumice aggregate after treatment,
reduces the water absorption of pumice aggregate, and
avoids the phenomenon of pumice aggregate floating. Then,
the pumice aggregate was face-dried before the concrete mix
was mixed, and the water absorbed by the pumice aggregate
was added to the mix to avoid the water/cement ratio being
affected by the water absorbed by the aggregate during the
preparation of PAC and to ensure that the fluidity of the mix
was not affected.

2.2 Test methods

2.2.1 NMR spectroscopy test

The T2 spectrum measured using NMR spectroscopy is well
known to be able to reflect the environment of hydrogen

Table 1: Physical properties of pumice aggregate

Physical
properties

Bulk
density (kg·m−3)

Apparent
density (kg·m−3)

Water
absorption (%)

Uniaxial compressive
strength (MPa)

Loss on
ignition (%)

Acid
insoluble (%)

Test value 810 1690 17.6 2.77 3.31 76.63

Table 2: Chemical properties of pumice aggregate

Chemical
composition

SiO2 Al2O3 Fe2O3 CaO MgO Na2O Other

Content (%) 45.62 15.26 10.46 8.37 6.96 5.24 8.09

Table 3: Mix proportion of PAC

Sample Water (kg) Cement (kg) Fly ash (kg) Sand (kg) Pumice (kg) Water reducer (kg) Water/glue ratio Sand rate (%)

LC20 150 300 75 841 588 3.75 0.4 42
LC30 144 320 80 739 562 4 0.36 40
LC40 136 340 85 644 532 4.75 0.32 38

Table 4: Properties of PAC

Sample Strength of 28
days (MPa)

Water/blinder
ratio

Split tensile
strength (MPa)

Elastic modulus
(104 MPa)

Poisson’s ratio Slump
(cm)

Dry
density (kg·m−3)

LC20 24.92 0.46 0.97 2.37 0.14 0.21 1891.73
LC30 32.02 0.33 1.52 2.60 0.17 0.18 1943.73
LC40 33.71 0.30 1.80 2.96 0.18 0.17 1948.30
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protons in the specimen, and that the hydrogen protons
inside the concrete are subject to binding forces. That is, it
is the binding force generated by the pore structure in the
specimen, so the pore characteristic parameters of the spe-
cimen can be obtained by further analysis of the T2 spec-
trummeasured by NMR spectroscopy [23]. The relationship
between the relaxation time T2 and the pore size r can be
expressed as [24]
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where T2 is the transverse relaxation time, ms; S is the pore
surface area, μm2; V is the pore fluid volume, μm3; ρ2 is the
transverse relaxation rate, μm·ms−1; Fs is the pore shape
factor, which is 3 for spherical and 2 for columnar [25]; and
R is the pore radius, μm.

For the same specimen, the surface relaxation strength
ρ2 and the pore shape factor Fs are constant. By defining
ρ2·Fs as a constant N, and continuing to take the logarithm
of Eq. (1), we have

− =T N Rlg lg lg .2 (2)

After comparing the cumulative NMR T2 distribution
curves with the cumulative distribution curves of the mer-
cury–pressure aperture, the curve that best matched the
two measurements was used to calculate the N value [26].
The N value is returned to the T2 spectrum measured by
NMR spectroscopy, which is able to complete the conver-
sion from the T2 spectrum to the pore size; signal ampli-
tude corresponds to the pore volume. The N values of
pumice aggregate and PAC are 0.1 and 3, respectively.

Specimens with a height of 50 mm and a diameter of
50 mmwere prepared for NMR testing of pumice aggregate
and PAC. The Shanghai Newmark MesoMR-60S NMR instru-
ment was used, and the test conditions were as follows:
instrument magnetic field strength, 0.5 ± 0.08 T; main fre-
quency, 21.3MHz; echo number, 2,048, 64 scans; and NMR
test instrument (Figure 2).

The NMR test procedure is shown in Figure 3. When
the NMR specimens reach the specified curing age (7, 14, 21,
and 28 days) in the standard curing environment (tempera-
ture, 20 ± 2℃; relative humidity, 95 ± 5%), the specimens
were put into the vacuum saturator 1 day in advance for
the vacuum saturation treatment of the specimens with a
vacuum pressure value of 0.1 MPa for 24 h. After comple-
tion of saturation, the specimens were wrapped under-
water with a waterproof tape and placed in an NMR test
apparatus to carry out NMR experiments to obtain porosity
and the T2 spectra of PAC at each curing age. After the
completion of each age test, the specimens were returned
to the standard maintenance environment for further
maintenance and the completion of subsequent age tests.

2.2.2 Compressive strength test

The PAC specimens were prepared to a size of 100 mm ×

100mm × 100mm according to test standards. Then, stan-
dard conservation (temperature, 20 ± 2°C, relative humidity,
95 ± 5%) and compressive strength testing were performed
after reaching the curing age (i.e., 7, 14, 21, and 28 days).
According to the Standard for Mechanical PropertiesFigure 2: NMR test equipment.

Figure 3: Flow chart of NMR.
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Test Methods of Common Concrete (GB/T50081-2002), the
YAS-600 microcomputer-controlled electro-hydraulic servo
high stiffness rock uniaxial pressure tester manufactured
by Changchun Xinte was used to test the PAC. The loading
rate was 0.5MPa·s−1. The test equipment is shown in Figure 4.

3 Results and analysis

3.1 Pore structure characteristics of pumice
aggregate

Four types of pores were classified according to Kumar and
Bhattacharjee [27]: small capillaries (0–0.1 μm), medium
capillaries (0.1–1 μm), large capillaries (1–10 μm), and non-
capillaries (>10 μm). According to the NMR test, it is known
that the porosity of pumice aggregate ranges from 17.92
to 45.73%, that of expanded clay ranges from 39.28 to
48.39%, and that of expanded slate [28] ranges from 29.60
to 37.96%. It can be found that pumice has similar porosity
to expanded clay and expanded slate, and the pore struc-
tures are richer. In this study, we classified pumice aggre-
gate into classes I and II based on their pore size distribution
characteristics. Two typical pumice aggregate pore size dis-
tributions are shown in Figure 5. Note that both pumice pore
sizes are distributed between 1 and 100,000 μm. The pore
size distribution graph of the class I pumice aggregate shows
two peaks. The main peak is distributed around 10,000 μm,
which belongs to non-capillary pores and is the main pore

size distribution interval of pumice. The secondary peak
appears around 10 μm, which indicates that the pumice aggre-
gate also has some large capillary pores inside, accounting for
a relatively small percentage. The pore size distribution dia-
gram of class II pumice aggregate shows only one wave peak,
located around 100 μm, and has a smaller pore size span and
more uniform pore size compared with the class I pumice. In
this study, we selected the pumice aggregate mixes of classes I
and II to prepare PAC. Thus, the pore size distribution of the
pumice aggregate mixes showed three wave peaks.

3.2 Pore structure evolution law of PAC

3.2.1 Porosity

The variation pattern of the porosity of PAC under dif-
ferent curing ages is shown in Figure 6. As shown in
Figure 6(a), the porosities of LC20, LC30, and LC40 show
a decreasing trend with an increase in curing age. For
example, the porosity of LC20 PAC was 5.46% at a curing
age of 7 days, which decreased to 4.91% when it reached 28
days; this resulted in a decrease of 10.07% compared with
the porosity percentage at 7 days. LC30 and LC40 showed
the same pattern, with the porosity percentages at 28 days
decreasing by 21.51 and 17.69%, respectively, compared
with the porosity percentage at 7 days. Although the por-
osity of expanded perlite concrete [29] ranged from 15.1 to
48.3%, PAC had lower porosity compared to that of
expanded perlite concrete. The reduction in the porosity
of PAC is caused by two factors.
1) Reduction in porosity of coarse and fine aggregate accu-

mulation: During the maintenance process, cement under-
goes hydration reactions and the resulting hydrationFigure 4: Compressive strength test piece and test equipment.

Figure 5: Pore size distribution of pumice aggregate of types I and II.
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products fill the pores due to the accumulation of coarse
and fine aggregates [30].

2) Reduction of pumice aggregate’s own porosity: In PAC,
the porosity of pumice aggregate is between 17.92 and
45.73%, and its pore size is mainly distributed in the
range of non-capillary pores. Accordingly, hydration
products may fill the pores of the pumice aggregate
itself, thereby leading to a reduction in porosity.

The combined effect of the two aspects causes the
decrease in the porosity of PACwith increasing age of curing.

Figure 6(b) shows that LC20 has the highest porosity at
the same age, followed by LC30, with LC40 having the
lowest porosity. Since the coarse and fine aggregate con-
tent of LC20 is the highest, the resulting aggregate pile
porosity and the pumice aggregate provide a larger por-
osity. Another reason is that as the cement content of PAC
is different under varying strength levels, the content of
hydration products produced by cement increases with
strength level, and the corresponding porosity filled by
hydration products will also increase.

3.2.2 Pore size distribution

Figure 7(a) shows the pore size distribution of LC20 PAC,
indicating a bimodal pattern. Most of the pore size of Peak1
is 0.38 μm, which is in the range of medium capillary pores,
and the Peak1 aperture accounts for about 25%. Most of the
pore size of Peak2 is 16.59 μm, which is in the range of non-

capillary pores, and the Peak2 aperture accounts for about
15%. Figure 7(b) and (c) shows the pore size distribution
plots of LC30 and LC40 PAC, respectively. Compared with
LC20, the pore size distribution plots of LC30 and LC40
show a three-peak pattern. Among them, the most avail-
able pore size of Peak1 remains unchanged at 0.38 μm, but
the percentage of its corresponding pore size increases to
35 and 47%. Moreover, the peak heights of Peak1 of LC30
and LC40 gradually increased with an increase in the
intensity level, and the peak heights of Peak2 and Peak3
showed an opposite pattern. The pore size distribution
map of PAC at the same strength level also changed. Con-
sidering LC30 as an example, the pore size percentage of
Peak2 increased from 13.21 at 7 days to 17.49% at 28 days,
and the pore size percentage of Peak3 decreased from 16.71
at 7 days to 12.95% at 28 days. The pore size percentage
changes of Peak2 and Peak3 may be influenced by cement
hydration. That is, as the age of maintenance increases,
hydration intensifies and the resulting hydration products
gradually fill in the pores of the aggregate pile and fill
within the pores of the pumice aggregates itself. The filling
of hydration products leads to the gradual differentiation
of non-capillary pores (pore size >100 μm) in PAC into large
capillary pores (pore sizes in the range of 1–10 μm). Among
them, coral concrete [31] has about 16% of the most avail-
able pore size of small capillaries and 5% of the most avail-
able pore size of medium capillaries, and PAC has a larger
percentage of small and medium capillaries compared to
coral concrete; moreover, PAC is more abundant in small
pores, while both have the same three-peak distribution.

Figure 6: Porosity of PAC: (a) different strengths and (b) different curing ages.
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3.3 Compressive strength of PAC

Figure 8 shows the changes in the compressive strength
of PAC at different curing ages. It can be seen that the
compressive strength of LC20, LC30, and LC40 show an
increasing trend with the growth of the age of mainte-
nance. For example, the compressive strength of LC20
PAC is 17.78 MPa at the curing age of 7 days and increases
to 24.92 MPa when it reaches 28 days, which is an increase
of 7.14 MPa compared with that at 7 days. The compressive
strengths of LC30 and LC40 showed the same pattern, and
the compressive strengths at 28 days increased by 8.64 and
8.72 MPa, respectively, compared with those at 7 days. This
is due to the filling of the pumice aggregate porosity and
pore size by the hydration products and the gradual
increase in the compressive strength of the PAC. From
the above, it can be seen that the porosities of LC20,
LC30, and LC40 decreased by 0.55, 0.74, and 0.46%, respec-
tively, compared to those at 7 days, and 0.46%, respectively.
In addition, the percentages of Peak1 and Peak2 pore size
increased, non-capillary pores gradually differentiated into
large and medium capillary pores, and the matrix gradually
compacted, resulting in the compressive strength of PAC
increasing with an increase in curing age.

3.4 Mechanism of the effect of pore
structure of pumice aggregate on the
compressive strength of PAC

The fractal dimension of concrete can be used to charac-
terize the complexity of the spatial distribution morphology
of the cement matrix pores; that is, the larger the fractal
dimension of the pore volume, the more complex the spatial
distribution morphology of the pores and the greater their
space-filling capacity [32]. In this study, we obtained the
fractal dimension of the pore volume of PAC using the
NMR method [33], in which the fractal geometry of the geo-
metric fractal principle [34] is formulated as follows:

⎜ ⎟= ⎛
⎝

⎞
⎠

−

S
T

T
.v

D

2 max

2

3

(3)

Further simplification gives

( ) ( )= − + −S D T D Tlog 3 log 3 log ,v 2 2 max (4)

where T2 exhibits a proportional conversion relationship with
the pore radius. Eq. (4) is further converted as follows:Figure 7: Pore size distribution of PAC: (a) LC20, (b) LC30, and (c) LC40.
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where Sv is the cumulative pore volume as a percentage of
the total pore volume when the relaxation time is less than
the T2 cutoff value, D is the fractal dimension, r is the
arbitrary pore diameter, and rmax is the maximum pore
diameter in the pore.

Figure 9 illustrates the variation of the fractal dimen-
sion of PAC with the curing age. According to fractal theory
[35–37], the fractal dimension of pore surfaces typically
falls within the range of 2.000–3.000. If the fractal dimen-
sion of pore surfaces in a specific pore size region exceeds
this range, it is considered that the region does not exhibit
fractal characteristics. By the fitting of NMR data, we dis-
covered that pumice concrete exhibited multiple fractal
features. However, the fractal dimension of small capillary
pores was consistently found to be greater than 3.000 in
the PAC. This finding suggests that PAC does not possess
fractal characteristics within the small capillary pore range,
which aligns with previous research [38,39]. Other pore
volume fractal dimensions for pumice aggregate concrete
range from is 2.004 to 2.972. The fractal dimensions of
medium and large capillary pores tend to decrease and
increase thereafter with an increase in maintenance age.
The reason is that the addition of pumice aggregate
increases the volume of medium and large capillary pores.
Moreover, when the pumice aggregate is incorporated,
there are many pores larger than the corresponding fractal
pores, enabling the fractal dimension of the corresponding
pores to be reduced; the fractal dimensions of medium and
large capillary pores gradually refine with an increase in
maintenance age and the fractal dimension gradually

increases. The fractal dimension of non-capillary pores, on
the other hand, shows a positive trend in relation to the age
of maintenance. The fractal dimension change of non-capil-
lary pores is influenced by the pumice aggregate, which
provides nucleation sites for the hydration reaction. More-
over, the hydration products refine the non-capillary pores
in PAC, increasing the internal pore complexity of PAC.
Thus, the fractal dimension of non-capillary pores increases
with an increase in the curing age.

Pores of different sizes and shapes are produced in
PAC, and pore structure changes with increasing curing
age; a change in the pore structure will determine the
change in its compressive strength. The study of the pore
structure generated by aggregate accumulation has matured
[40–42], and will not be elaborated considerably in this
study. We will focus on the effect of pore structure on the
compressive strength of PAC as influenced by the variation
of pore space in the pumice aggregate. By the pore charac-
teristic analysis of PAC, the evolution of the pore character-
istics of PAC can be simplified, as shown in Figure 10.

Pumice aggregates have well-defined pore structure
characteristics and high specific surface area, which can
provide nucleation sites for cement hydration [43]. First,
cement mortar and moisture are able to enter the pores of
the pumice aggregate and form a dense mortar paste film
on the inner surface of the pores of the pumice aggregate
[44]. The pore wall of pumice aggregate is filled and
extended to the inside, thereby effectively improving the
microstructure of pumice aggregate pores. Second, pumice
aggregate acts as an internal water reservoir, and water is
able to return from the aggregate during maintenance, which
can react with the cement particles inside the pores of the

Figure 8: Compressive strength of PAC: (a) different strengths and (b) different curing ages.
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aggregate and increase the hydration of the cement [45].
As the age of maintenance increases, calcium hydroxide crys-
tals (C–H) in the cement paste react volcanically with amor-
phous SiO2 in the aggregate [46]. Gradually, there is a strong
volcanic ash reaction of the paste film in the pores of pumice
aggregates, and the resulting C–S–H gel crystals adhere to the
pore walls of pumice aggregates. Owing to the disorderly
growth of hydration products, the pores of pumice aggregate
become more curved and irregular, and there is a gradual
differentiation of the larger pores to the smaller ones,
increasing the percentage of medium capillary pores and
small capillary pore volume. The filling of hydration products
inside the pumice aggregate results in the PAC having a
tighter microstructure inside [47], with reduced porosity,
better cohesion, and enhanced compressive strength. And
some lightweight concrete pore structure changes have simi-
larities with pumice concrete, such as expanded perlite [48]
as aggregate for the preparation of concrete, mortar con-
taining perlite has large pores, and expanded perlite has a
large water absorption capacity in a high humidity environ-
ment, and the phenomenon of water reversion will occur
during the curing process to achieve the effect of internal
curing, which allows the concrete to enhance the overall
strength from the inside. In addition, coral aggregate [49]
has a similar surface structure to pumice aggregate because
of its porous surface properties, and the hydration products
fill in the voids of coral aggregate, which makes the pore size
gradually transform into small pores and forms interlock in
cement paste matrix, which enhances the compressive
strength of coral concrete. By comparing other lightweight
aggregates, it is found that pumice concrete has the same
evolution mechanism as other porous aggregates. As the
curing age increases, the hydration reaction continues, the
hydration products on the surface of the pore structure of
the pumice aggregate inside the concrete gradually extend to
the inside of the pores, and the transition zone of the interface
between the pumice aggregate and the cement paste becomes
denser, making the concrete gradually stronger.

4 Compressive strength model for
PAC based on pore characteristics

4.1 Correlation analysis

To determine the influence of pore structure characteristic
parameters of PAC on its compressive strength, compressiveFigure 9: Fractal dimension of PAC: (a) LC20, (b) LC30, and (c) LC40.
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strength was used as the reference sequence, and the por-
osity and the percentage of each pore size interval as the
comparison sequence. Moreover, the correlation between
the reference and comparison sequences was obtained using
the calculation method of Dunn’s correlation (Table 5). Table 5
shows that the correlation of LC20 pore structure parameters
on the compressive strength is as follows: percentage of
medium capillaries > percentage of small capillaries > per-
centage of large capillaries > porosity > percentage of
non-capillary pore. The LC30 pore structure parameters
on the compressive strength are as follows: percentage of
large capillaries > percentage of medium capillaries >

percentage of small capillaries > porosity > percentage
of non-capillary pore. Finally, the LC40 pore structure
parameters on the compressive strength are as follows:
percentage of large capillaries > percentage of small
capillaries > percentage of medium capillaries > porosity
> percentage of non-capillary pore. Therefore, the com-
pressive strength is highly correlated with the percen-
tages of small capillary pores, medium pore size, and
large pore size and less correlated with the percentage
of porosity and non-capillary pores.

4.2 Establishment of the compressive
strength prediction model

The gray model can generate a strong regular data series
by accumulating randomly generated data, calculating the
corresponding parameters using the least-squares method,
building the relevant equation model, and predicting the
trend of further development. According to the correlation
analysis [50], the compressive strength of PAC was found to

be highly correlated with the percentages of small capillary
pores, medium capillary pore size, and large capillary
pore size. However, the percentage of small capillaries
in PAC ranged from 1.98 to 3.51% of the pore volume,
thereby having a small effect on the compressive strength
[51]. Therefore, the percentage of medium and large capil-
laries were selected as indicators to establish the GM(1,3)
gray models of LC20, LC30, and LC40 strengths to obtain
the development pattern of the compressive strength
of PAC.

To build a gray system model to perform certain
operations on the data series to weaken the randomness
and highlight the trend of the data series, various forms of
operations are defined first as follows.

Let the original sequence be ( ( ) ( )
( ) ( ) ( )=X x x1 , 2 ,i i i

0 0 0

( ) ( ))( )
( ) ( ) =x x n i n3 ,… 2, 3,…,i i

0 0 . Its first-order cumulative

generation (1-AGO) sequence is defined as ( ( )
( ) ( )=X x 1 ,i i

1 1

( ) ( ) ( ))( )
( ) ( ) ( ) =x x x n i n2 , 3 ,… 2, 3,…,i i i

1 1 1 , of which ( ) =x ni

1

( )( )∑ = x 1i

n

1
0 . The immediate neighboring mean of the sequence

( )
X1

1 generates a sequence of ( )
Z1

1 , defined as ( ( )
( ) ( )=Z z 2 ,1

1 1

( ) ( ))( ) ( )z z n3 ,…,1 1 . Among them, ( ) ( ( )( ) ( )= +z n x n1 1

( ))( ) −x n 1 /21 , ( )( )x n1 is the corresponding first-order cumu-
lative generated value of the original sequence ( )

X1

0 .
According to the preceding definition, let ( )

x1

0 be the
compressive strength of PAC and ( )

( ) =x i 2, 3i

0 be the per-
centages of the medium and large capillary pores. The GM
(1, N) model is established as follows:

) ) ) )
( ) ( ) ( ) ( ) ( )( = − ( + ( + ( + ⋯+ ( )x k az k b x k b x k b x k ,N N1

0

1

1

2 2

1

3 3

1 1 (6)

where the parameters are defined as [ ]=a b b aˆ , , T
2 3 , and

the model coefficient vector equation ( )= −a B B B Yˆ T T1 is
obtained according to the least-squares estimation:

Figure 10: Pore evolution diagram of pumice aggregate.

10  Xiaoxiao Wang et al.



( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )

( )

( )

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

( )

( )

( )

=

⎡

⎣

⎢
⎢
⎢
⎢

− ⋯

−
⋮ ⋮

⋯
⋱ ⋮

− ⋯

⎤

⎦

⎥
⎥
⎥
⎥

=

⎡

⎣

⎢
⎢
⎢ ⋮

⎤

⎦

⎥
⎥
⎥

B

z x x

z x x

z n x n x n

Y

x

x

x n

2 2 2

3 3 3
,

2

3
.

n

n

n

1

1

2

1 1

1

1

2

1 1

1

1

2

1 1

1

0

1

0

1

0

(7)

The test data were substituted into the preceding equa-
tions to obtain three PAC compressive strength prediction
models:

( ) ( )
( ) ( ) ( ) ( )= − + +x k z k x xLC20 1.1965 0.0021 1.3242 ,1

0

1

1

2

1

3

1 (8)

( ) ( )
( ) ( ) ( ) ( )= − + +x k z k x xLC30 1.3537 0.1565 1.8538 ,1

0

1

1

2

1

3

1 (9)

( ) ( )
( ) ( ) ( ) ( )= − + −x k z k x xLC40 1.1492 0.9704 0.9231 .1

0

1

1

2

1

3

1 (10)

4.3 Validation of the model

Figure 11 shows the predicted values of the GM(1,3) predic-
tion model, experimental values of the tests, and relative
errors of the two. The compressive strength obtained
from the PAC compressive strength prediction model has
minimal error compared with the test values. The relative
errors of PAC were in the range 6.40–19.89%, with average
errors of 12.65, 11.24, and 13.26% (i.e., below 20%). To ensure
the applicability of the developed model, NMR data mea-
sured from ordinary concrete in the literature [52] was
substituted into the model. For the LC20 model, the relative
errors were obtained as 18.04, 2.44, and 11.42%. For the
LC40 model, the relative errors were 5.00, 44.81, and

Table 5: Correlation analysis

Sample Influential factors Correlation

LC20 Porosity 0.5757
Small capillary pores 0.6702
Middle capillary pores 0.7189
Large capillary pores 0.6403
Non-capillary pores 0.5753

LC30 Porosity 0.5849
Small capillary pores 0.6743
Middle capillary pores 0.6929
Large capillary pores 0.8699
Non-capillary pores 0.5764

LC40 Porosity 0.5759
Small capillary pores 0.6545
Middle capillary pores 0.6532
Large capillary pores 0.7949
Non-capillary pores 0.5548 Figure 11: Simulation value, and test value, (a) LC20, (b) LC30, and

(c) LC40.
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14.54%. Additionally, by substituting the NMR data of wind-
deposited sand concrete [53] into the present model, the
relative errors for the LC40 model were obtained as 15.25,
2.50, and 7.33%. These results indicate that when using the
compressive strength model developed for PAC to predict
the compressive strength of other concrete types, the rela-
tive errors between the obtained test values and simulated
values are small. This demonstrates the high accuracy of
the GM (1,3) model established in this study for predicting
the compressive strength of PAC, considering both the per-
centage of the medium pore size and that of the large
pore size.

5 Conclusions

In this study, we investigate the microstructure and mechan-
ical properties evolution of PAC at different curing ages. The
following conclusions were drawn:
1) The pumice aggregate porosity ranged between 17.92

and 45.73%, and the pore size distribution ranged
between 1 and 100,000 μm, showing a rich pore struc-
ture of pumice aggregate. The pumice concrete por-
osity ranged from 2.11 to 5.68%, and the pore size dis-
tribution ranged from 0.046 to 1,659 μm, showing a
three-peaked structure.

2) The pore fractal dimension of PAC ranged from 2.004 to
3.861. The fractal dimension of small capillaries is
between 3.724 and 3.861 and does not have fractal char-
acteristics. The fractal dimension of medium capillaries
is between 2.004 and 2.089, and the pore surface is
smooth and gentle; the fractal dimension of large capil-
laries and non-capillaries is between 2.808 and 2.972,
and the pore surface is rough.

3) The enhancement of the compressive strength of PAC is
influenced by changes in the pore structure of pumice
aggregates. The rich pore structure of pumice aggre-
gate can provide nucleation sites for cement hydration.
With the growth of age, the C–S–H gel crystals pro-
duced by hydration can grow disorderly inside the
pores of pumice aggregate and fill in the inside of the
pores of pumice aggregate. The concrete is more com-
pact inside and the compressive strength is gradually
enhanced.

4) Based on the pore structure characteristics of PAC, a
GM(1,3) prediction model with a medium and large
capillary pore size ratio was established to predict the
compressive strength and the relative errors between
the predicted and tested values of the model were in
the range of 6.40–19.89%. The accuracy of the model

was also verified in plain concrete and wind-cured con-
crete, and the average relative errors ranged from 8.36
to 21.45%, and the prediction of compressive strength
using the model is feasible.
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