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As an excellent inorganic hydraulic cementitious material, new cement-based grouting material (abbreviated as NCG) has a wide
application prospect in grouting engineering. Four types of water-cement ratio (W/C ratio) NCG concretions were systematically
researched on the solid-phase composition, microscopic morphology, nanoscale pore characteristics and micron-scale multiphase
microscopic characteristics through SEM, TGA-DSC, BET, MIP, and 3D-XRM in combination with hydration reaction
mechanism. The NCG concretion is characterized as a spatial network structure formed by dendritic or columnar ettringite (AFt)
crystals, filled with calcium silicate hydrate gel (C-S-H) and aluminum gel (AH;). In the solid phase, the mass of AFt is the
highest, about 65%, the mass of C-S-H is about 20%, and the mass of AHj is the least, about 15%. In nanoscale, the pore size of
NCG concretion is concentrated in about 50 nm-3 ym, and the volume proportion reaches about 90%, which can be used as the
characteristic parameter of pore-phase. With the increase of W/C ratio and age, the MPD of pore decreases, and the probability of
the MPD-pore increases, and the dispersion of the probability of pores increases. In nanoscale, the porosity of NCG concretion is
as high as 60%. With the increase of W/C ratio and age, the porosity of NCG concretion increases, but the effect on the density of
solid-phase is little. In micron scale, the regular characteristics related to diameter of pore-phase and gel-phase are similar,
showing a three stage formula: as their diameter increases, the number of monocases decreases and its rate of reduction gradually
slows down, the volume-proportion decreases first and then increases, the differentiation of volume between the monocases
increases gradually, and the differentiation between monocases shape and sphere is bigger, and its shape characteristics are more
diverse and discrete.

1. Introduction

Grouting has been widely used in various fields, such as
mining, water conservancy, underground, construction,
road, and bridge. The properties and types of grouting
materials determine the construction technology and ap-
plication scene. After more than 200 years of development,
there are various types of grouting slurry, including three
major categories: cement slurry (e.g., single cement slurry,
cement-sodium silicate slurry, clay cement slurry, etc.),
chemical slurry (e.g., sodium silicate, propylene phthali-
mide, lignin, epoxy resin, chrome lignin, formaldehyde
resin, polyurethane, etc.), and composite cement-chemical
slurry [1-4].

A new cement-based grouting material (hereinafter
referred to as NCG) was studied in this paper, belonging to
the high water-cement ratio (volumetric moisture content is
80%-90%) inorganic hydraulic gel material. It consists of
material A (usually composed of CA, CAS, or CAF cement
sintering, suspension concentrate, dispersant, and retarder)
and material B (usually composed of gypsum, lime, sus-
pension concentrate, dispersant, and accelerator). Material
A and material B are separately added with water to form a
single slurry, which has the advantages of long time non-
setting, high fluidity, good pumpability, and no pipe plug-
ging. After mixing two single parts, the grouting material can
quickly set and harden to reach early strength, with excellent
performance. The grouting material was applied widely to
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solve engineering problems such as geological cavity, frac-
ture, and broken rock caused by the production activities in
the fields of construction, water conservancy, transportation,
mining, metallurgy, environmental protection, and petro-
leum. Many scholars have studied the hydration reaction
mechanism [5-7] and physical properties [8-10] of this kind
of cement-based grouting material, and the microscopic
structure characteristics of the concretion are involved in the
research of mechanism and performance.

Apparently, the microstructure of the concretion of
cement-based material determines its macroscopic perfor-
mance. In the study of macro performances of materials
such as strength, corrosion, and cracking [11-13], more and
more attention has been paid to microscale and micro-
characteristics. In view of the new cement-based grouting
material, combined with the hydration reaction mechanism,
a comprehensive and systematic study on the solid com-
position, micro morphology, nanoscale pore characteristics
and micron-scale multiphase characteristics is carried out by
using a variety of test and analysis methods, which are of
significance for understanding the macro physical properties
of concretion and mechanical behavior of porous multi-
phase media.

2. NCG Material and Specimens

The composition of NCG is shown in Figure 1.

By different mix proportions, the setting time, strength,
and other physical properties of NCG materials can be
adjusted to form different NCG materials. In addition, the
W/C ratio (the mass ratio of water to solid material) is the
key parameter to the material mix formulations. In this
paper, three types of specimen are studied, and their
identifiers and mix proportions are shown in Table 1. Fig-
ure 2 shows the single slurry stirring state and setting
hardening concretion of NCG material.

3. Micromorphology and Solid-Phase-
Composition of NCG Concretion

3.1. Solid-Phase Product of NCG Concretion. Based on the
research results [5-7], the hydration reaction of NCG ma-
terial conforms to the main hydration reaction of CAS
cement: C,A;S-CS-CaO-H,O system. According to the
proportion of CAS cement clinker, gypsum, and lime, there
are four different hydration reactions (a simplified no-
menclature of cement is adopted; that is, C=CaO, S=Si0,,
A =ALO;, S=S05, and H=H,0):

C4A;S + 18H — C3AS;H,, + 2AH,

3C,A;S + 2CSH, + 34H — 3C,AS,H;, + 4AH,
2CS+2H — C-S-H+CH

C,A;S + 8CSH, + 6CH + 74H — 3C,AS;H;,

(1)

Therefore, solid-phase products of NCG mainly include
ettringite (Cs A S; Hay, referred to as AFt), aluminum gel
(AH;), and hydrated calcium silicate gel (shortened to
C-S-H). The ettringite (AFt) is a trigonal system with
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needle-columnar crystal structure and the aluminum gel has
mainly indefinite shape, and the morphology of hydrated
calcium silicate gel (C-S-H) is more diverse, mainly in thin
fragments, fibrous or lamellae [14, 15].

SEM (scanning electron microscope) and TGA-DSC
(thermogravimetry-differential scanning calorimetry) were
used to study the microscopic characteristics and solid-
phase composition of NCG concretion in this paper.

3.2. Microscopic Morphology SEM Analysis of NCG
Concretion. The high-power microscopic morphology of
WIN, W2N, and W4 N concretions is obtained by SEM test,
as shown in Figure 3.

Based on the prediction of the products of hydration
reaction and description of the morphology of AFt and
C-S-H gel [14, 15], SEM analysis of different NCG con-
cretions shows that the solid-phases in the concretion are
mainly ettringite (AFt), aluminum gel (AH;), and hydrated
calcium silicate gel (C-S-H), presenting a typical spatial
network structure characteristic. The needle-prismatic AFt
crystal interlaces form a spatial network structure, which
accounts for the most. In addition, AH; and C-S-H are filled
between intervals of AFt crystal. With the increase of W/C
ratio, AFt crystal becomes thinner and shorter, and the
density and regularity of network structure also decline.

3.3. TGA-DSC Analysis on Solid-Phase Composition of NCG
Concretion. By the combination of TGA (thermogravimetry
analysis) and DSC (differential scanning calorimetry), the
possible reaction process of material can be judged from the
endothermic peak and exothermic peak of DSC curve and
the corresponding TGA curve with mass loss or not, so as to
determine the property of the transition peak. TGA-DSC
was used to analyze the W2N concretion in this paper.
Before the test, NCG concretion specimens were immersed
in ethyl ethanol (7 days), dried at a constant temperature
(60°C), and ground (less than 200 mesh) for powder to stop
the hydration and reduce the influence of adsorbed water.
The TG curve, DTG curve, and DSC curve of the sample
were obtained by heating from room temperature at the rate
of 5°C/min to 1000°C under the protection of nitrogen at-
mosphere, as shown in Figure 4. Among them, the TG curve
shows the relationship between mass and temperature,
reflecting the stage, trend, and variable quantity of mass
change; DTG curve is the result of first-order differential of
TG curve, reflecting the rate relationship between mass and
temperature; DSC curve exhibits the relationship between
heat of the substance and temperature, which is the power
output difference of them under programmatic heating (or
cooling) at the same temperature.

According to the DSC curve in Figure 4, three heat
absorption peaks of the NCG concretion appear at 90°C,
230°C, and 670°C, respectively, corresponding to the hy-
drolysis of AFt, the dehydration of AHj3, and the dehydration
of hydrated calcium silicate gel (C-S-H) [16-19], which
consist of three extremums of DTG curve, respectively,
indicating the extreme value of mass change rate. The
temperature returns to normal level after the extreme point
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| New cement-based grouting material |
I
I 1 I 1
Main material A | | Auxiliary material A | | Main material B I | Auxiliary material B
. Suspension concentrate . Suspension concentrate
CAS cement clinker & dispersant & retarder Gypsum Lime & dispersant & accelerator
FiGUure 1: Raw material component of NCG material.
TaBLE 1: Mix proportions of NCG specimens.
Material A/(g) Material B/(g)
Identifier =~ W/C ratio i i Main material B
Main materla‘l A Auxiliary material A Water . Auxiliary material B Water
CAS cement clinker Gypsum  Lime
WI N 1 100 10 110 80 20 10 110
W2 N 2 100 10 220 80 20 10 220
W4 N 4 100 10 440 80 20 10 440

(b)

FIGURE 2: Preparation of NCG concretion. (a) Single slurry stirring state. (b) Setting hardening concretion.

in DTG curve, at which the corresponding three solid-phase
hydrolysis (or dehydration) processes end. Based on the TG
curve, the corresponding solid-phase composition of NCG
concretion hydrolyzes or dehydrates, leading to the mass
reduction.

Combined with the related studies [16-19] and TG
curve, the results can be obtained: (1) At about 90°C, AFt
(3Ca0-Al,03-3CaS0,4-32H,0) lost 14 crystalline water [20],
resulting in a mass reduction of 17.5%. (2) At about 230°C,
AHj; (AL,05-3H,0) lost 3 crystalline water and transformed
to Al,O; with mass reduction of 7.6%. (3) At about 670°C,
the dehydration of C-S-H (Ca0-2Si0,-3H,0) lost 3 crys-
talline water, resulting in a 6.1% reduction in mass (note: the

basic composition of C-S-H is xCa0-ySiO,-zH,0, which
has a wide range of chemical composition. Considering the
hydration reaction characteristics of NCG material and the
small proportion of C-S-H, it is reasonable to assume that it
is Ca0-25i0,-3H,0).

Considering the mass reduction proportion caused by
the molecular formula and water loss amount of solid-phase
and the error caused by water loss and adsorbed water of
other solid-phases, the total mass proportion of three kinds
of solid-phases is corrected with the target of 100%. The mass
proportion of three main solid-phases components can be
approximately obtained from formulas (2) and (3), as shown
in Figure 5.
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FIGURE 3: Micromorphology of NCG concretion. (a) WIN. (b) W2N. (c) W4N.
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FIGURE 4: TGA-DSC test curves of NCG concretion.
M; concretion, while the proportion of solid-phase production
Wi=Wy- nMy () sstill relatively stable. The solid composition ratio shown in
Figure 5 has a certain degree of representativeness: AFt
, M, accounts for the highest proportion, about 65%; C-S-H
W;= Y M, x 100, 3) occupies the second place, about 20%; and AH; occupies the
1

where W; is the mass ratio of solid-phase i (%), Wy; is the
mass reduction ratio of solid-phase i at corresponding
temperature (%), M, is the relative molecular weight of solid-
phase i, My is the relative molecular weight of water, # is the
number of water loss molecules, and wi- is the corrected mass
ratio of solid-phase i (%).

Taking the different W/C ratio into account, the pore
structure characteristics are affected greatly by the

least proportion, about 15%.

4. Nanoscale Pore Characteristic of
NCG Concretion

NCG concretion is a porous structure and the pore size
covers the range of nanoscale to micron scale. It is necessary
to analyze the pore structure characteristics in different
scales by corresponding test and analysis methods. In this
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FIGURE 5: Mass component of solid-phase in of NCG concretion.

paper, BET nitrogen adsorption method and mercury in-
trusion method (MIP) were used to study the nanoscale pore
structure of W2 N NCG concretion.

4.1. Analysis of Pore Characteristic of NCG Concretion by BET.
In the BET (Brunauer-Emmett-Teller) test, nitrogen molecules
enter into the sample to produce multilayer adsorption under
the temperature of liquid nitrogen (77 K). The 7-day-old W2 N
concretion was cut into small pieces, immersed in ethanol (7
days), and dried at constant temperature (60°C) to stop hy-
dration for the BET test. The adsorption isotherm (curve of the
relationship between adsorption medium and pressure when
the temperature is constant and the adsorption/desorption
equilibrium state is reached) is shown in Figure 6.

According to the classification of adsorption isotherm
type and hysteresis loop shape by IUPAC (International
Union of Pure and Applied Chemistry) [21], the adsorption
isotherm of NCG concretion is type IV and the hysteresis
loop is type H3, without obvious saturated adsorption
platform, showing irregular pore structure formed by
granular solid-phase and fracture.

Based on the multilayer adsorption model, the rela-
tionship equation between the single-layer adsorption ca-
pacity V,,, and the multilayer actual adsorption capacity V is
established, which is the BET equation [22] (seen in formula
(4)).

p c-1 P 1
V(P,-P) V,C P, V,C’

(4)

where P is the nitrogen partial pressure, P, is nitrogen
saturated vapor pressure at liquid nitrogen temperature, V'is
actual nitrogen adsorption on the sample surface, V,, is
nitrogen monolayer saturation adsorption capacity, and C is
a constant related to the adsorption capacity of a sample.

According to the theory and experience, the BET equation
is suitable for P/P, in the range of 0.05-0.3. The BET diagram
(P/V (P, —P) to P/P,) obtained from the adsorption iso-
therm data in the above range (Figure 7) is linear, consistent
with the expression of BET equation. Comparing the BET
equations, the straight slope A ((C - 1/V,,C)) and intercept B
((1/v,,C)) are achieved from BET diagram. Furthermore, the
adsorption capacity of monolayer V,, = (1/A + B) can be
obtained. Based on the average cross-range area of N,
molecules and Avogadro’s constant, the BET specific surface
area of NCG concretion is Sppr=13.418 mz/g, less than the
BET specific surface area of ordinary Portland cement con-
cretion (20.7-58.94 m*/g [23]).
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FIGURE 6: The adsorption isotherm of NCG concretion.

Furthermore, according to the adsorption curve data,
the pore size distribution diagram of various pore volume
related parameters of NCG-concretion is obtained by BJH
(Barrett-Joyner-Halenda) method [24], as shown in
Figure 8.

In Figure 8, dV curve represents pore volume per unit
aperture and SUM (dV) represents cumulative pore volume.
It can be seen that the pore size of NCG concretion ranges
from 2 nm to 200 nm. The dV/dD and dV/d logD differential
distribution curves show the variation rate of pore volume
with pore diameter. The peak is the most developed pore
size, representing the most probable pore diameter (MPD),
which is an important characteristic parameter of pore
structure. Among them, dV/d logD curve is more intuitive
when the pore size distribution is large. According to Fig-
ure 8, the dV/d logD curve has a significant peak at
113.57 nm, indicating that the pore size is the most probable
diameter. According to IUPAC classification criteria based
on pore size (micropore diameter <2 nm, mesopore diam-
eter between 2nm and 50nm, and macropore diameter
>50nm), the pores of NCG concretion belong to the
mesopores and macropores by BET test. In order to analyze
the pore size distribution more scientifically and reasonably,
the range of mesopore and macropore is further divided into
four ranges: 2nm-10nm, 10 nm-50nm, 50 nm-100nm,
and 100 nm-200 nm. According to the distribution of pore
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Figure 7: The BET figure of NCG concretion.

volume (dV) of BET test, the proportion of pore volume of
four ranges can be obtained, as shown in Figure 9.

4.2. Analysis of Pore Characteristic of NCG Concretion by MIP.
According to the results of BET test, the pore size distri-
bution of NCG concretion concentrates in the range of
mesopore and macropore, with the most probable pore
diameter belonging to macropore. In order to obtain more
accurate pore size distribution characteristics in macropore
size range, the pore structure is further tested by mercury
intrusion porosimetry (MIP). The amount of mercury en-
tering the pore under different external pressure is mea-
sured, and the pore diameter is estimated based on the
Washburn equation [25]:

40 cos 0
r =

> (5)

where r is pore diameter, p is the pressure measuring pore, o
is the surface tension of mercury (0.485N/m), and 0 is the
contact angle between mercury and material (130°).

In this paper, the 7-day-old W1 N and W2 N concretions
and the 28-day-old WIN concretion were cut into small
pieces, immersed in absolute ethanol (7 days), and dried at
constant temperature (60°C) to stop the hydration reaction
for MIP test, obtaining the mercury intrusion and extrusion
curves shown in Figure 10.

According to the range of mercury pressure value P in the
mercury intrusion and extrusion curves in Figure 10, it can be
concluded from equation (5) that the pore size distribution of
NCG concretion is between 3.2nm and 4.2 x 10° nm, with
wide pore size coverage. According to the MIP test data, the
log differential curve of pore volume to pore diameter (dV/d
logD) in logarithmic coordinates and the percentage of pore
volume to total pore volume (dV/V) under different pore sizes
were obtained, as shown in Figures 11-13.

According to IUPAC classification criteria based on pore
size, the pores of NCG concretions are mesopores and mac-
ropores, far exceeding the limit of macropores >50 nm defined
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before. In order to analyze the whole range aperture distri-
bution scientifically and reasonably, this paper subdivides the
macropore (=50 nm), considering that the MPD (dV/d logD
peak pore diameter) is roughly located in the middle of each
pore size range. The subdivided results are shown in Table 2.

Focusing on the above pore size ranges, the dV/d logD
values and the coefficient of variation (C. V.) of the MPD
(Figure 14) and the percentage and its C. V. of pore volume
accumulated (Figure 15) of W1 N and W2 N concretions with
7 days of age are compared. In addition, the dV/d logD values
and the C. V. of the MPD (Figure 16) and the percentage and
its C. V. of pore volume accumulated (Figure 17) of W1IN
concretion with 7 days of age and 28 days of age are compared.

According to the above analysis chart, the conclusion of
nanoscale pore-phase distribution of NCG concretion can be
drawn. (1) The pore size of NCG concretion mainly con-
centrates in the range of 50 nm to 3000 nm, and the pore
volume accounts for about 90% of the total pore volume
(referred to as the rich pore range). Moreover, the MPD also
appears in the range of 700nm-900 nm. The pore size
distribution of the rich pore range is representative and can
be used as the pore-phase characteristic parameter of NCG
concretion. (2) The occurrence probability in each pore size
range and the proportion of pore volume in the rich pore
range are significantly higher than those in other pore size
ranges, and the dispersion degree of pore diameter occur-
rence probability and volume proportion is also higher than
that of other ranges, but it is lower than that of the whole
pore range. (3) With the increase of W/C ratio and curing
age, the MPD decreases, while the probability of the MPD
increases, and the dispersion of the occurrence probability in
each pore size range increases. (4) The proportion of pore
volume and the dispersion of pore volume proportion in-
crease as the W/C ratio and curing age increase.

In the analysis of MIP test, according to a series of pa-
rameters, such as the volume and mass of the dilatometer
module of the mercury injection meter, the mercury mass
before and after pressure, the mercury density and the test
sample mass, and the macroscopic physical parameters, po-
rosity #, bulk density pg, and skeletal density pg, can be ob-
tained, shown in Table 3. It can be seen that the porosity of
NCG concretion is more than 60%, belonging to a kind of
porous material. With the increase of W/C ratio and curing age,
the porosity of concretion increases and the bulk density de-
creases. The skeletal density increased slightly as the W/C ratio
increased, while the skeletal density decreased slightly with the
increase of age. In contrast, the W/C ratio and curing age have
little effect on the solid density of the concretion, mainly on the
porosity, resulting in the change of the bulk density.

5. Microstructure of NCG Concretion

5.1. 3D Reconstruction on Microstructure of NCG Concretion.
In this paper, 3D X-ray Microscopy (3D-XRM) technology
was used to analyze the NCG concretion to obtain the
multiphase 3D microscopic morphology of the concretion.

In this paper, 3D-XRM projection images of 7-day-old
WIN and W4N concretions were collected, and 1004 2D
images of W1 N concretion samples (resolution 5.15 ym)
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and 1017 2D images of W4 N concretion samples (resolution
5.45 ym) were obtained. Combined with the composition of
NCG concretion, the segmentation and extraction of pore-
phase, AFt-phase, and gel-phase (several gels cannot be
differentiated, so they are combined into one phase for
statistical analysis) can be realized by means of 2D image
gray threshold. Taking W1 N as an example, the distribution
of each phase at the same position is shown in Figure 18.

3D reconstruction of more than 1000 2D images of two
types of NCG concretions was carried out, including three-
phase holistic and hidden solid-phases (AFt-phase and gel-
phase) showing only the three-dimensional reconstruction
state of pores. Taking W4 N as an example, the 3D recon-
struction is shown in Figure 19.

At a resolution of about 5ym, the micron scale of the
images acquired by 3D-XRM can be recognized at about
10 ym. As can be seen from the above 2D images and 3D
reconstructed images, AFt accounts for the largest pro-
portion in the NCG concretion at this micron scale and plays
the role of the main skeleton. There were obvious differences
between W1 N and W4 N concretions. In W1 N concretion,
AFt-phase was more uniform and dense, gel-phase
accounted for a larger proportion, and pore-phase also
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accounted for a smaller proportion. Further quantitative
statistics of the volume ratio of each phase of the two types of
specimens are shown in Figure 20.

It can be seen that when the W/C ratio increases and
foaming agent is added, the ratio of AFt-phase in the
concretion is basically stable, but the ratio of the gel-phase is
reduced by 68.15%, and the ratio of the pore-phase is in-
creased by 162.37%.

For WIN concretion, according to 3D-XRM analysis,
the pore-phase proportion is 3.80%, and the porosity ob-
tained by MIP analysis (Chapter 4.2) is 67.71%. The dif-
ferences of the above data results are analyzed. The
difference of data is mainly due to the different interval of
statistical aperture identified by the two test analysis
methods; the pore size range of 3D-XRM analysis is more
than 10 ym. Nanoscale pores, especially the smaller pores in
AFt, cannot be identified and counted. However, the pore
size range of MIP test statistics is between 2 nm and 400 ym,
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FIGURE 13: Pore diameter distribution of 28-day-old W1 N con-
cretion by MIP test.

so the pore size range of MIP statistics is wider, and the
porosity is higher. The overall porosity of MIP is 67.71%,
among which the proportion of pore volume over 10 ym in
the total pore diameter range is 3.24%, and the proportion of
pore-phase over 10 ym after conversion is 2.14%, which is
basically consistent with the results of 3D-XRM analysis. The
two test analysis results are mutually verified.

Further, according to the 3D-XRM test data, quanti-
tative statistics were made on the volume, surface area,
quantity, distribution, and other information of the
monomer of the pore-phase and gel-phase, respectively
(because the proportion of AFt-phase is too high to dis-
tinguish the monomers, the statistics are not made). In
order to further facilitate comparative analysis, the
equivalent diameter of an equal volume sphere dy (di-
ameter of a sphere of the same volume:d, = v/6V/n. The
equivalent diameter mentioned in the following paper
refers to that of an equal volume sphere) corresponding to
monomer volume V of each pore-phase is counted. In this
paper, the monomer quantity, volume interval, and
equivalent-diameter interval of each phase are counted by
the two types of samples, as shown in Table 4.

In order to facilitate the data analysis and processing, the
equivalent-diameter of the equal volume sphere is divided
into several intervals with the accuracy of 1 yum. The relative
parameters of pore-phase or gel-phase monomer were
counted, including: (1) the quantity #; (2) the representative
value of equivalent-diameter d; (the representative value
refers to the average value of relevant parameters of all
monomers in the 1 ym interval; the same below); (3) interval
volume Vi (refers to the sum of all monomer volumes in
1 ym interval corresponding to the representative value of
equivalent-diameter d;); (4) surface area representative value
Si (5) the surface area S;zp calculated according to the
representative value of equivalent-diameter; (6) according to
S: and S;gp, the representative value of sphericity ¢, of the
interval monomer is obtained (¢, = S,/S;; p, parameters for
characterizing the morphology of the monomer, the closer
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TaBLE 2: Pore types boundary based on pore diameter D.

) 0<D<2 2<D<50 D>50 (IUPAC macropore, subdivided)
Pore diameter range/(nm)
(Same as IUPAC) (Same as IUPAC) 50<D<3000 3000<D<50000 D>50000
Category Micropore Mesopore Secondary macropore  Middle macropore  Extra macropore
45 3.0 3.0 3.0
2906 5741 2.744
40 f 2.61 77 7d-dVidlogD
P77 WIN-dV/dlogD {25 25| 28d-dVidlogh 244 12s
35 -~ 221 - 221
W2N-dV/d logD
S 30F A WINCV._, {20 20 {20
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FIGURE 14: The dV/d logD of MPD and its C. V. in pore-diameter
ranges of different W/C ratio NCG concretion.
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FIGURE 15: The cumulative pore volume proportion and its C. V. in
pore-diameter ranges of different W/C ratio NCG concretion.

to 1, the closer the monomer to the sphere). In addition, in
order to compare and analyze the volume distribution of
monomer in each phase of the two types of concretions, in
view of the differences in the total volume of the two types of
concretions, the direct comparison of the interval volume
cannot truly reflect the differences between the two types of
concretions, so the interval volume proportion V; (the
percentage of the interval volume V; in the total volume of all
monomers) is introduced.

5.2. Micron-Scale Analysis of Pore-Phase of NCG Concretion.
In order to analyze the regularity of the continuity of the
equivalent-diameter of the pore-phase in each area, the
equivalent-diameter is numbered from the small to the large,
forming the pore-label. According to the 3D-XRM analysis

Pore diameter D (nm)

FIGURE 16: The dV/d logD of MPD and its C. V. in pore-diameter
ranges of different-ages NCG concretion.
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FiGure 17: The cumulative pore volume proportion and its C. V. in
pore-diameter ranges of different-ages NCG concretion.

data, the curves of the relationship between the equivalent-
diameter of the two types of concretions and the pore-label
sequence and the number of monomers are obtained, as
shown in Figure 21.

The pore-phase distribution curves of WIN and W4 N
are basically consistent. The pore-label curve in Figure 21
shows the continuity characteristics of pore-phase equiva-
lent-diameter distribution from small to large. The front
range is basically straight line, indicating that the pore of the
small equivalent-diameter increases uniformly and contin-
uously at a similar amplitude. When the pore equivalent-
diameter reaches 169.0 ym, the slope of the curve becomes
slower, indicating that the growth of diameter is no longer
uniform and there is a leaping growth. The bigger the di-
ameter, the bigger the leaping growth rate. The quantity
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TaBLE 3: Porosity and density of NCG concretion. The data of “the rate of change” is the rate of change relative to W1N (7 d).

Porosity #/(%) Bulk density pp/(g/cm?) Skeletal density ps/(g/cm?)
Samples (age)
Value Rate of change Value Rate of change Value Rate of change
WIN (74d) 65.91 —_— 0.7319 —_— 2.1472 —_—
W2N (7d) 74.77 13.44% 0.5500 -24.85% 2.1801 1.53%
WIN (28d) 67.71 2.73% 0.6867 —6.18% 2.1271 —0.94%

FiGure 18: Extraction of AFt-phase of NCG concretion by 3D-XRM. (a) AFt-phase. (b) Gel-phase. (c) Pore-phase.

()

(®)

FIGURE 19: 3D reconstruction of NCG concretion by 3D-XRM. (a) Whole three-phase. (b) Pore-phase. (c) Pore-phase magnification.
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FIGURE 20: Volume proportion of phases of NCG concretion by 3D-XRM.

curve in Figure 21 shows that the pore-phase quantity
distribution basically follows the rule that the larger the
diameter is, the smaller the quantity is. According to the
characteristics of the quantity distribution curve, it can be
roughly divided into three ranges: the small aperture range
with steep descent, the medium aperture range with curved
descent, and the large aperture range with basically hori-
zontal appearance. Among them, the feature points of the
front range were taken from the point where the slope of

steep range and curved range changed (around 40.5ym),
while the feature points of the back range were taken from
the aperture continuity boundary of the pore-label curve
(around 169.0 yum), as shown in Figure 21. The character-
istics of the three ranges of the equivalent-diameter quantity
curve are as follows: (1) small aperture range (23.4/
26.5 ym-40.5 ym): the number is large, and the number
decreases sharply with the increase of equivalent diameter;
(2) medium aperture range (40.5 ym-169.0 ym): the number
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TaBLE 4: Numbers, volume range, and equivalent-diameter range of monomers by 3D-XRM.

Statistical parameters of 3D-XRM WI N W4 N
Number of monomers 54078 46452
Pore-phase Volume interval/um?> 6.01x10°-1.32x 10 8.97 x10°-64.71 x 10°
Equivalent diameter/um 23.45-632.50 26.51-638.98
Number of monomers 111500 189618
Gel-phase Volume interval/ym’ 1.04x10°-8.21 x 107 2.24x10°-3.21 x 107
Equivalent diameter/um 27.07-539.25 16.24-394.27
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FIGure 21: Quantity and continuity distribution of pore-phase of NCG concretion by 3D-XRM. (a) W1N. (b) W4N.
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FIGURE 22: Volume-proportion distribution and C. V. of volume of pore-phase of NCG concretion by 3D-XRM.

is in the middle, and the slope of the number decreases with ~ number is basically maintained at single digit, basically
the decrease of the equivalent-diameter; (3) large aperture  stable, and does not change with the equivalent-diameter,
range (169.0 yum -632.5/639.0 ym): the number is small, the ~ and the quantity and diameter have great randomness.
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FIGURE 23: Quantity and volume proportion in different pore equivalent-diameter ranges of NCG concretion by 3D-XRM.
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FIGURE 24: Sphericity distribution and its C. V. of pore-phase of NCG concretion by 3D-XRM. (a) WIN. (b) W4N.

Further statistics of the interval volume proportion
distribution corresponding to the equivalent diameter of the
two types of concretion and the coefficient of variation
(C. V.) of pore-phase monomer volume in the three di-
ameter ranges are shown in Figure 22.

The volume distribution curve in Figure 22 refers to the
total volume of all pore-phase monomers corresponding to
the representative value of equivalent-diameter. It can be
seen that the volume distribution curves of W1 N and W4 N
show a similar law of first decreasing and then rising: when
the pore diameter is small, although the volume of single
pore-phase monomer is small but the number is large, the
corresponding total volume is large. With the increase of
pore diameter, although the volume of pore-phase monomer
increases, the number decreases correspondingly, and the
corresponding total volume shows a decreasing trend. Then,
as the decreasing trend of the quantity of pore-phase
monomers slowed down its volume rendering again with the
trend of the equivalent diameter increases. Comparing the
volume distribution curves of W1 N and W4 N, it can be
seen that the volume distribution curves of the two types of

concretion fluctuate significantly in the small aperture range,
and there are obvious differences between the two types of
curves. This is mainly due to the large difference in the
number of monomers in the corresponding 1ym unit in-
terval when the equivalent-diameter is small. However,
when the equivalent-diameter is large, the two types of
concretion are stable in the corresponding unit interval of
monomer number region, so the two types of curves tend to
be consistent. Generally speaking, the pore-phase volume
distribution of the two types of concretion is relatively close.
It can be seen that the C. V. of volume of each monomer in
the small diameter range is the smallest, which means that
the volume of the pore-phase monomer tends to be con-
sistent, while the dispersion coefficient in the medium di-
ameter range and the large diameter range increases
gradually, indicating that the volume difference of the pore-
phase monomer increases with the increase of the equivalent
diameter. The C. V. of volume of W1 N and W4 N are close
to each other in the small and medium aperture ranges, the
former is slightly larger than the latter, and the volume
dispersion coefficients of W4 N in the large diameter range
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FIGURE 25: Quantity and continuity distribution of gel-phase of NCG concretion by 3D-XRM. (a) WIN. (b) W4N.

are larger than those of W1N. In the whole diameter dis-
tribution interval, the volume dispersion of W1N pore-
phase monomer is smaller than that of W4 N.

The quantity proportion of pore-phases and the pro-
portion of the accumulative volume in the above three
ranges are shown in Figure 23.

As can be seen from Figure 23, the number of pore-
phases in small diameter range takes up the highest
proportion. However, due to the small pore size, the
volume takes up the smallest proportion, accounting for
about 20%. In the middle diameter range, the number of
pore-phases is the second, but the volume proportion is
the highest, accounting for about 50%. The number of
pore-phases in the large diameter range accounts for the
smallest proportion, only about 0.2%, but, due to the large
pore size, the volume proportion exceeds that of the small
pore size, accounting for about 30%. Through the com-
parative analysis of the pore-phase number and volume
proportion of W1 N and W4 N samples, the influence of
W/C ratio in the three pore diameter ranges is demon-
strated (1) In the latter, the quantity proportion of pore-
phase in the small diameter range increases slightly, but
the volume proportion remains unchanged, indicating
that the pore size in the range decreases. (2) Although the
quantity proportion of pore-phase in the latter range
decreases slightly, the volume proportion increases, in-
dicating that the pore size increases. (3) The quantity and
volume proportion of the latter in the large diameter range
are reduced.

The sphericity distributions corresponding to the
equivalent-diameter of pore-phase monomer of the two
types of concretions and the C. V. of sphericity in three
diameter ranges are shown in Figure 24.

It can be seen from Figure 24 that, with the increase of
pore-phase equivalent-diameter, the sphericity trend of
pore-phase monomer decreases gradually, but the de-
creasing range of sphericity gradually slows down, and the

C. V. of sphericity is also higher. It indicates that the closer
the pore-phase monomer is to the sphere, the more similar
and unified the shape characteristics between them are. With
the increase of the equivalent-diameter of pore-phase, the
difference between the shape of pore-phase monomer and
sphere is more and more obvious, and the dispersion and
randomness are also higher, and the distribution of shape
characteristics is more diverse. The C. V. of the sphericity of
the pore-phase monomer of W1 N and W4 N were basically
similar without obvious difference.

5.3. Micron-Scale Analysis of Gel-phase of NCG Concretion.
Similar to the analysis mentioned above, the relation curve
between the equivalent-diameter of the gel-phase monomer
and the gel-label and the quantity of the two types of
concretion is given in Figure 25.

As can be seen from Figure 25, the gel-label curve is similar
to the pore-label: the monomer diameter in the small diameter
range increases uniformly and continuously by a similar
amplitude, and the slope of the curve slows down in the later
stage, indicating that the monomer diameter of the gel-phase
increases by leaps and no longer grows uniformly. The gel-
phase quantity curve is similar to the pore-phase distribution;
that is, the smaller the monomer diameter is, the more the
number is, and the distribution is basically in three stages.

By comparing the distribution characteristics of gel-
phase in Figure 25 with those of pore-phase in Figure 21, we
can see that the difference in gel-phase distribution between
W1N and W4 N is more significant than that in their pore-
phase distribution, which is mainly reflected in the following
two aspects: (1) The pore-phase distribution ranges of the
two types of concretions are basically similar, while the gel-
phase monomer volume, number, and the distribution range
of equivalent-diameter of the gel-phase of the two types are
significantly different. (2) The segmented feature points of
pore-phase number curve of the two types of concretion
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TaBLE 5: Interval of equivalent-diameter range of gel-phase by 3D-XRM.

Range Small aperture range Medium aperture range Large aperture range
Quantity is large and decreases  Quantity is in the middle and decreases Quantity is small and does not vary
Feature ; . . . . .
sharply with diameter gradually with diameter with diameter
W1
Type of N 27.51 ym-39.51 ym 39.51 ym-246.45 um 246.45 ym-539.25 ym
concretion Vl\? 16.59 yum-25.53 yum 25.53 yum-174.16 ym 174.16 yum-394.27 ym

Gel equivalent-diameter range
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FIGURE 26: Volume distribution and C. V. of volume of gel-phase of NCG concretion by 3D-XRM.
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FIGURE 27: Quantity and volume proportion in different gel equivalent-diameter ranges of NCG concretion by 3D-XRM.

were basically similar, while the points of the gel-phase The gel volume distribution of the two types of con-
number curve were significantly different (compared with  cretion and the C. V. of the gel-phase monomer volumes in
WI1N, the segmented feature points of W4 N moved for-  the three diameter ranges are shown in Figure 26.

ward, and the interval width was also smaller), and the range Figure 26 shows that the volume distribution curve of the

description was shown in Table 5. gel-phase also shows a trend of first decline and then rise,
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FIGURE 28: Sphericity distribution and its coeflicient of variation of gel-phase of NCG concretion by 3D-XRM. (a) WIN. (b) W4N.

which is similar to the pore volume distribution. Compared
with the pore volume distribution, the curve of volume
distribution curve of gel-phase is more intense, indicating
that the number of gel-phase monomers in the adjacent
equivalent-diameter interval is quite different, and this
difference is reflected in the whole interval. By comparing
WIN and W4N, it can be seen that the volume proportion
of the latter in the small and large diameter ranges is higher
than that of the former, and the difference of gel-phase
volume distribution of the two types is higher than that of
pore-phase volume distribution. The C. V. of volume in the
three ranges of the gel-phase is also significantly different
from that of the pore-phase. Among them, the C. V. of
volume of the gel-phase of W1N still increases with the
increase of the diameter. The C. V. of volume in the middle
diameter range of W4N is the highest, that in the large
diameter range is slightly less than that in the middle di-
ameter range, and that in the small diameter range is the
lowest. The C. V. of volume of W1 N in the small and middle
diameter ranges are all lower than that of W4 N, while that of
WI N in the large diameter range is slightly higher than that
of W4N. In all equivalent-diameter ranges, the C. V. of
volume of W1N gel-phase are lower than that of W4N.

The quantity and volume proportion in the three ranges
mentioned above are shown in Figure 27.

As can be seen from Figure 27, the quantity and volume
proportion of gel-phases of the two types of concretions are
similar to those of pore-phases: (1) The quantity in the small
diameter range accounted for the highest proportion, but the
volume accounted for the lowest proportion. (2) The
quantity proportion in the medium diameter range is in the
middle, and the volume proportion is the highest. (3) The
quantity proportion in the large diameter range is the lowest,
but the volume proportion is the highest. Comparing the
volume proportions of pore-phase and gel-phase, the former
occupies a more balanced proportion in the three diameter
ranges, while the volume of the gel-phase is more con-
centrated in the medium diameter range, which accounts for
a more prominent proportion. Comparing W1 N and W4 N,
with the increase of W/C ratio, the quantity and volume

proportion in the medium diameter range were reduced,
while the proportion in the small diameter range was ba-
sically stable, and that in the large diameter range increased.

The sphericity distribution of gel-phase corresponding to
equivalent-diameters and the C. V. of sphericity in the three
diameter ranges of gel-phase monomers are shown in
Figure 28.

It can be seen from Figure 28 that the sphericity of the
gel-phase decreases with the increase of the diameter, and
the C. V. of sphericity is higher. This indicates that the
smaller the diameter of the gel-phase monomer is, the closer
the monomer is to the sphere, and the more similar and
uniform the shape characteristics are. With the increase of
the diameter, the difference between the shape of the gel-
phase and the sphericity becomes larger and larger, and the
higher the dispersion and randomness are, the more diverse
the distribution of shape characteristics is. Comparison of
WI1N and W4 N concretions showed that the difference of
sphericity of the gel-phase monomer was significantly higher
than that of the pore-phase monomer: the sphericity of the
gel-phase monomer of W1 N was lower than that of W4N,
and the corresponding dispersion coefficient was higher
than that of the pore-phase monomer. This indicated that
the shape characteristics of the gel-phase monomer of W1 N
were more diverse and the shape distribution was more
discrete than that of W4N.

6. Conclusions

The following conclusive remarks have been achieved in this
research:

(1) NCG material conforms to the
C,A;S-CS — CaO — H,0 hydration reaction system,
and its solid products are mainly ettringite (AFt),
aluminum gel (AH3), and calcium silicate hydrate gel
(C-S-H), showing the characteristics of spatial
network structure. With the increase of W/C ratio,
AFt crystals become thinner and shorter, and the
density and regularity of the network structure also
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decrease. Basic rules of the proportion of solid-phase
mass in NCG concretion are as follows: AFt
accounted for the highest proportion, about 65%;
C-S-H accounts for about 20%; AH; accounted for
the least, about 15%.

(2) The BET adsorption isotherm of NCG concretion
belongs to type IV isotherm; characteristics of
hysteresis type belong to H3, with no obvious
saturated adsorption platform. It shows the ir-
regular pore structure formed by granular solid-
phase and fracture. The specific surface area and
the MPD of the NCG concretion indicate that the
pore types are mainly in mesopore and macropore
range.

(3) In nanoscale, NCG concretion is a porous material,
and its porosity is more than 60%. With the increase
of W/C ratio and age, the porosity of concretion
increases and the bulk density decreases. With the
decrease of W/C ratio and the increase of age, the
skeleton density (i.e., the density of solid phase)
decreases slightly. W/C ratio and age have little
influence on solid density of concretion but mainly
have significant influence on porosity, thus causing
changes in bulk density.

(4) In micron scale, AFt occupies the largest proportion
in the NCG concretion body and acts as the main
framework. The smaller the W/C ratio was, the more
uniform and denser AFt was; gel-phase accounted
for a larger proportion and pore-phase accounted for
a smaller proportion.

(5) In micron scale, the pore-phase and gel-phase
characteristics of NCG vary with the diameter in
similar ways: With the increase of diameter, the
number of monomers gradually decreased and the
decreasing rate gradually slowed down. The vol-
ume proportion first decreased and then in-
creased, and the difference between the volumes of
each monomer gradually increased. The greater
the difference between the shapes of monomers
and spheres is, the more diverse and discrete the
shape characteristics are. The pore-phase and gel-
phase of NCG concretion are distributed in three
stages: (1) small diameter range: the highest
quantity proportion and the lowest volume pro-
portion; (2) medium diameter range: the quantity
proportion is in the middle, and the volume
proportion is the highest; (3) large diameter range:
the quantity proportion is the lowest, and the
volume proportion is in the middle.
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