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ABSTRACT 9 

Moderate content of premixed chlorine salt could improve the fluidity and strength of cement-10 

based grouts containing a large amount of bentonite, while its effect on pore structure is still unclear. 11 

In this study, pore characteristics were systematically described by low-field NMR combined with 12 

low-pressure CO2 and N2 adsorption. Pores were classified into five types according to their size to 13 

clarify the effect of chloride content, curing time, and chloride type (NaCl or CaCl2) on various pore 14 

volumes. This was further analyzed by the introduction of unit volume variation (U). Results show 15 

that the volume of inter gel pore (2–10 nm) and middle capillary pore (50–1000 nm) increases with 16 

the increase of chloride content while that of fine (10–50 nm) and large (> 1000 nm) capillary pore 17 

decreases. The inter gel pore volume and fine capillary pore volume depend on C–S–H content and 18 

surfactant micelles number, respectively. The volume of middle and large capillary pores is mainly 19 

affected by the hydration product content. For intra sheet pores (< 2 nm), their volumes show an 20 

inverted "N" shape with the increase of NaCl content and a "U" shape for CaCl2, which is mainly 21 

related to the ettringite dissolution and nano-SiO2 dispersion. The chloride content and curing time 22 

also have a large reduction effect on the U of intra sheet pores, fine and large capillary pores. 23 

Furthermore, CaCl2 contributes more than NaCl to the development of pore structure, especially for 24 

inter gel pores and middle capillary pores. 25 
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1. Introduction 1 

Bentonite is always used in clay-cement mixtures due to its great fluid properties and ability to 2 

prevent solids settling (bleeding), and also produces a low-permeability hardened material that is ideal 3 

for sealing groundwater inflow and strengthening surrounding rock of a deeply fractured rock mass 4 

[1]. Nevertheless, the large incorporation of bentonite (reaches about 50%) reduces the workability of 5 

fresh slurry due to the strong water absorption of montmorillonite, which is the main component of 6 

bentonite, and decreases the mechanical properties of hardened grout because of the reduction in 7 

cement content [2]. Thus, in our previous study, nano-SiO2 (NS) and accelerator (chlorine salts such 8 

as NaCl and CaCl2) were added to the material to improve the weakened mechanical properties [3]. 9 

Unexpectedly, it was found that not only the uniaxial compressive strength of the cement-based grout 10 

containing a large amount of bentonite was improved by the synergistic effect of surfactant (sodium 11 

dodecyl sulfate, SDS) and chlorine salt, but also the dispersion of NS and fluidity of fresh slurry were 12 

modified. Based on the composition analysis of products, the mechanical enhancement was initially 13 

attributed to the filling effect of well-dispersed NS and matrix compaction associated with the 14 

formation of calcium aluminosilicate hydrate (C–A–S–H) and Friedel's salt (C3A·CaCl2·10H2O). The 15 

filling effect of Friedel's salt could refine the pore structure and improve the mechanical properties of 16 

hardened grout, but mainly enhance the early strength. Nevertheless, the pore structure evolution of 17 

hardened grouts has not been systematically analyzed. Moreover, grout is a highly disordered, multi-18 

phase, and complex porous material consisting of micropores to macropores [4]. As a porous material, 19 

the microscopic properties of the pore system such as size distribution and connectivity play a 20 

significant role in determining macroscopic capacity in terms of permeability, strength, durability, and 21 

other mechanical properties and thus the suitability and effectiveness for engineering application [5, 22 

6]. The effects of different pores on the macroscopic properties vary significantly. Specifically, gel 23 

pores will lead to the shrinkage and creep of grouts [7], whereas capillary pores will affect strength 24 

and durability [8]. Therefore, a further precise description and characterization of the pore system are 25 

essential for understanding the performance of the grout. 26 

Chlorine salt, as one of the most widely used accelerators, was added to improve the performance 27 

of cement-based grouts containing a large amount of bentonite in our previous mixture design [3]. 28 
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Chlorine salt can accelerate the hydration or reaction of the cement or supplementary cementitious 1 

materials and quickly enhance the early strength [9, 10]. The early strengthening effect is mainly 2 

attributed to the reaction between chloride ions and tricalcium aluminate (C3A), which calls chloride 3 

binding and finally forms Friedel's salt [11]. When NaCl is introduced into the cement-based material, 4 

it will firstly react with Ca(OH)2 and then react with C3A, as shown in Eqs (1) and (2), respectively 5 

[12]. While for CaCl2, it will directly react with C3A shown in Eq. (2). Accelerators do improve early 6 

strength but understanding the effect of NaCl or CaCl2 on the pore characteristics of hardened grouts 7 

is also equally essential. The microstructural evolution of materials affected by chloride has been 8 

reported in existing studies. Concretely, the reduction of porosity was found in cement paste with 9 

chlorides using a water saturation method, which was mainly attributed to the formation of Friedel's 10 

salt [13]. Conversely, the increased porosity was also reported through the mercury intrusion 11 

porosimetry (MIP) method after the addition of chlorine salt, which might be due to the Ca2+ leaching 12 

[14]. In the above studies, the pore structure of samples with and without chlorine salts was compared 13 

to analyze the influence of chlorides. However, some conflicting conclusions are obtained and the 14 

effect of chloride (e.g. content and type) on various pores is still unclear. In addition, the dispersion of 15 

NS was effectively improved under the synergistic effect of SDS and chlorine salt, which may further 16 

have some effects on the pore characteristics. 17 

2 2Ca(OH) 2NaCl CaCl 2Na 2OH                          (1) 18 

3 2 2 3 2 2C A CaCl 10H O C A CaCl 10H O                         (2) 19 

Methods used to study the pore characteristics of cement-based materials include low-pressure 20 

CO2 adsorption, N2 adsorption, MIP, low-field nuclear magnetic resonance (LF-NMR), scanning 21 

electron microscopy (SEM), etc. [4, 15]. The application scope of some methods is shown in Fig. 1 22 

[16, 17]. It can be observed that MIP and LF-NMR cover a larger pore size range than other quantitative 23 

methods. The MIP has been widely used to evaluate the porosity and pore size distribution of cement 24 

pastes and concretes [18, 19]. However, it can only capture information about interconnected meso-25 

/macropores and may result in artificial micro-cracks at capillary pressure over confining pressures. 26 

Compared with MIP, LF-NMR characterizes the pore structure of materials by detecting the hydrogen 27 

proton signal of pore water. Thus, LF-NMR can test both connected and non-connected pores and has 28 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

4 

 

the greatest advantage of providing non-destructive and continuous detection [16]. Moreover, LF-1 

NMR is capable of characterizing pore size from micro-scale to macro-scale and is suitable for the 2 

determination of gel and capillary pores, which makes it particularly convenient for achieving a 3 

comprehensive microstructure characterization of hardened grouts [20, 21]. Furthermore, as the most 4 

important hydration product in cement-based materials, calcium silicate hydrate (C–S–H) gel has many 5 

pores with a pore size distribution between 1 and 10 nm [7]. Among the above methods, the N2 6 

adsorption method tests micropores and sub-micropores, particularly in the range of 2–50 nm [22], 7 

while CO2 adsorption tests micropores whose size is less than 2 nm. Thus, a combined measurement 8 

of low-pressure CO2 and N2 adsorption allows relatively full testing of nanoscale pores, which is 9 

expected to provide additional information on the pore structure of grout. 10 

 11 

Fig. 1. Application scope of some pore structure test methods [16, 17]. 12 

In this paper, the pore structure of hardened grout was classified into two major categories (gel 13 

pores and capillary pores) with a pore size of 10 nm as the dividing line (as shown by the red dashed 14 

line in Fig.1). Five subcategories were further divided according to their pore size (intra sheet pores: 15 

< 2 nm, inter gel pores: 2–10 nm, fine capillary pores: 10–50 nm, middle capillary pores: 50–1000 nm, 16 

and large capillary pores: > 1000 nm). Then, the T2 spectrum distribution of grouts cured at 28 days 17 
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was tested by LF-NMR, and the volumes of different pores were obtained by calculating the peak area. 1 

Low-pressure CO2 and N2 adsorption tests were also performed to obtain additional information on 2 

the pore structure. The volume variation and underlying mechanism of various pores with the chloride 3 

content and type (NaCl and CaCl2) were further discussed. Furthermore, the pore structure of grouts 4 

cured at different times (3, 7, and 28 days) was also tested to explore the effect of chloride on various 5 

pores at different curing times. Finally, the effect of chloride on pore structure was further studied by 6 

introducing the unit volume variation (U), which represented the unit change of various pores volume 7 

with increasing chlorine content (Uc) or curing time (Ut). 8 

2. Experimental 9 

2.1 Sample preparation 10 

The grout is composed of cement (PC), bentonite (Bt), NS suspension, naphthalene-based 11 

superplasticizer (FDN), water glass (WG), and water. The NS suspension is obtained by adding the 12 

SDS, chlorine salt (NaCl or CaCl2), and NS to the water. A water/(PC + Bt) ratio of 1.2 is chosen for 13 

its popularity in grouting applications. The mass ratio of PC to Bt is considered to be 1.0. The NS 14 

content is 2%, which is the most used content to improve the performance of concrete. The mass ratio 15 

of SDS to NS is 0.05:1 and the contents of NaCl and CaCl2 are shown in Table 1. The amount of FDN 16 

is 1%, within the recommended dosage of 0.5% to 1.0%. The 2% WG is chosen for its ability to shorten 17 

the setting time of fresh slurry and enhance the strength of hardened grouts. It is worth noting that the 18 

above materials are all in percentage of the total mass of PC and Bt. Moreover, grout without any 19 

chlorides is also prepared to further clarify the effect of chloride on the pore structure.  20 

The prepared fresh slurry is shaped in a cylindrical mold with a diameter of 50 mm and a height 21 

of 100 mm. Then the samples are cured at an ambient temperature of 20 ± 2 °C and relative humidity 22 

of 95% for three different times (3, 7, and 28 days). The samples cured for 28 days are further divided 23 

into two groups (group A and B) according to the added chloride type, as shown in Table 1. To facilitate 24 

the analysis of subsequent results, the grouts are named as AB-X, where A represents the percentage 25 

content of chlorine salt, B is the chloride type, and X is the curing time. The sample without any 26 

chlorides in the control group is designated as 0-28. After the samples are cured to a predetermined 27 

time, LF-NMR tests, low-pressure CO2 and N2 adsorption experiments are performed sequentially. 28 
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Due to the limitations of test conditions, the number of samples in each test condition is one. Thus, in 1 

order to reduce the effect of non-uniformity on the test results, the uniformity of samples is improved 2 

by extending the stirring time and using a concrete vibrating table to vibrate the fresh grout during the 3 

casting process. A schematic diagram of the preparation process and tests of grouts is shown in Fig. 2. 4 

 5 

Fig. 2. Schematic diagram of grout fabrication and test process. 6 

Table 1 7 

Mixture design of grouts. 8 

Group 
Chloride 

type 

Chloride 

content (%) 

Curing time 

(days) 
Sample ID 

– – 0 28 0-28 

A NaCl 

0.5 

28 

0.5Na-28 

1.0 1.0Na-28 

1.5 1.5Na-28 

2.0 2.0Na-28 

2.5 2.5Na-28 

B CaCl2 

0.10 

28 

0.10Ca-28 

0.25 0.25Ca-28 

0.50 0.50Ca-28 

0.75 0.75Ca-28 
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1.00 1.00Ca-28 

– 
NaCl 1.5 

3 1.5Na-3 

– 7 1.5Na-7 

– 
CaCl2 0.50 

3 0.50Ca-3 

– 7 0.50Ca-7 

2.2 Methods 1 

2.2.1 Classification of pores 2 

The range of pore sizes in the cement pastes spans many orders of magnitude, which can be 3 

classified into two major categories: gel pores formed by the C–S–H gel and capillary pores formed 4 

by the mixed water that is not involved in the hydration reaction [21]. The gel pores contain intra C–5 

S–H sheet pores and inter C–S–H particle gel pores, with sizes of 0.5–1.8 nm and 2–10 nm, 6 

respectively [23, 24]. Capillary pores can also be further divided into fine, middle, and large pores. 7 

Thus, five subcategories of pores are identified in this study according to the following pore size: intra 8 

sheet pores (< 2 nm), inter gel pores (2–10 nm), fine capillary pores (10–50 nm), middle capillary 9 

pores (50–1000 nm) and large capillary pores (> 1000 nm) [25, 26]. It should be noted that some 10 

micropores in the grouts are also classified as intra sheet pores. 11 

2.2.2 LF-NMR measurement 12 

Pore characteristics of the sample can be depicted by the LF-NMR signal (amplitude, peak area, 13 

and continuity) of the transverse relaxation time (T2) spectrum and pore size can be transformed from 14 

T2 according to Eq. (3) [27, 28]. Before the LF-NMR test, cylindrical hardened grouts are firstly 15 

vacuum-saturated with distilled water for 24 h. To eliminate the influence of water evaporation on the 16 

results, grouts are wiped with wet paper towels after being removed from distilled water and wrapped 17 

with sealing tape. Then the LF-NMR experiments are conducted using a MacroMR12-150H-I 18 

spectrometer (Suzhou Niumag Analytical Instrument Co., Ltd., China) with a constant magnetic field 19 

strength of 0.3 T and a resonance frequency of 12.98 MHz. The magnetic uniformity is as low as 30 20 

ppm, and relaxation from gas diffusion could be ignored. A Carr-Purcell-Meiboom-Gill (CPMG) 21 

sequence is used to measure T2. The echo spacing, wait time, number of echoes, number of scans, and 22 

test temperature are 0.2 ms, 3000 ms, 8000, 64, and 35 C, respectively. 23 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

8 

 

2
2

2

1 1
s

2,surf

ρS
ρ F

T T V r

 
    

 
                           (3) 1 

where T2 is the transversal relaxation time of water in the pores; T2,surf is the transversal relaxation time 2 

due to surface relaxation; S/V is specific surface area; Fs is a geometrical factor, equalling to 2.0 for 3 

cylindrical pores; ρ2 is surface relaxivity; r is pore radius. Normally, surface relaxivity relates to the 4 

"thickness" of the surface layer, which is regarded as 50 μm/s in this study according to [29].  5 

2.2.3 Low-pressure CO2 and N2 adsorption 6 

The low-pressure CO2 adsorption experiments and low-pressure N2 adsorption experiments are 7 

conducted using a physical adsorption instrument (TriStar 3020 II) to reflect the information related to 8 

intra sheet pores and fine capillary pores, respectively. The grouts are crushed (60–80 mesh) and 9 

degassed after fully drying. CO2 adsorption experiments are performed under a relative pressure (P/P0) 10 

ranging from 0 to 0.03 at 273.15 K. The intra sheet pore volume is interpreted using Brunauer-Emmett-11 

Teller (BET) model. N2 adsorption experiments are conducted at a constant liquid nitrogen temperature 12 

of 77 K with P/P0 ranging from 0.01 to 0.99. The fine capillary pore volume is obtained from the N2 13 

adsorption-desorption data based on the Barrett-Joyner-Halenda (BJH) model.  14 

3. Results and Discussion 15 

3.1 Effect of chloride content on pore structure 16 

3.1.1 LF-NMR analysis 17 

The relaxation properties for the fully saturated hardened grouts are shown in Fig. 3. The left 18 

figure shows the LF-NMR T2 spectrum, where the upper axis is the pore radius converted by Eq. (3). 19 

The right figure presents the cumulative LF-NMR signal. It could be found that the grouts cured for 20 

28 days show a multimodal distribution, illustrating the irregularity and complexity of the pore 21 

structure. LF-NMR signals of the grout are mainly distributed in three regions, from left to right, 22 

representing the inter gel pores, middle capillary pores, and large capillary pores, respectively. The 23 

strongest T2 peak appears in 1–10 ms and occupies a majority of the total LF-NMR signal, indicating 24 

that middle capillary pores are the main component of pore structure. As chloride content increases, 25 

the first and second peaks and cumulative LF-NMR signal increase continuously, while the peaks 26 

associated with large capillary pores are decreased. After adding NaCl or CaCl2, the pore structure 27 
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evolution of grouts with the chloride content is similar, but there are some differences in specific 1 

quantitative indicators.  2 

 3 

Fig. 3. LF-NMR T2 distributions of grouts in groups A (a) and B (b), (Ⅰ: intra sheet pore, Ⅱ: inter gel 4 

pore, Ⅲ: fine capillary pore, Ⅳ: middle capillary pore, and Ⅴ: large capillary pore). 5 

Four peaks could be identified from the LF-NMR T2 spectrum of grouts in group A (Fig. 3a). The 6 

first peak is mainly distributed at the range of 0.02–0.09 ms, representing the inter gel pores. The 7 

second peak locates between 1.5 and 14 ms, corresponding to a pore size of 150–1400 nm, which 8 

means that the majority of the second peak is in the middle capillary pores range, with a small 9 

proportion being large capillary pores. The third and fourth peaks are connected and distributed 10 

between 50 and 10000 ms (5000–1000000 nm), illustrating that the two peaks represent large capillary 11 

pores. The connection between T2 peaks is an index defining the connectivity of pore size, and the 12 
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valley with no signal presents non-connection [30]. Thus the connection between the third and fourth 1 

peaks indicates the continuity in the size distribution of large capillary pores. A constant shift of the 2 

first and second peaks to the right could also be observed, indicating that an increase in NaCl content 3 

will make the smaller pores (such as inter gel pores and middle capillary pores) transform to larger 4 

sizes. Different from the above peaks, no clear monotonic left or right shift is observed on the two 5 

right peaks. The LF-NMR T2 spectrum suggests trimodality for grouts in group B (Fig. 3b). The second 6 

peak lies between 0.33 and 16 ms (33–1600 nm), meaning that most of the second peak represents 7 

middle capillary pores and a small part is fine capillary pores and large capillary pores. The connection 8 

between the second and third peaks could be observed to be strongly affected by the CaCl2 content, 9 

changing from non-connected at low content to connected at high levels. The rightward shift of the 10 

first peak is also noticed, but not on the second peak, suggesting that the increase of CaCl2 content 11 

does not lead to a shift of middle capillary pores toward the larger pore size. Conversely, the third peak 12 

undergoes a leftward shift, implying a transition of large capillary pores from large sizes to small sizes.  13 

To further understand the effect of chlorine salt content on the pore characteristics, the T2 14 

distribution of samples before and after adding chloride is compared, and the results are shown in Fig. 15 

4. For the grouts added with chloride, samples 0.5Na-28 and 0.10Ca-28 are purposely selected for 16 

comparison, as they have the lowest total LF-NMR signal in each group. It can be found that the total 17 

LF-NMR signal of sample 0-28 in the control group is still lower than those in the test group, 18 

elucidating that the incorporation of chlorine salt could increase the pore volume. The first and second 19 

peaks of the grout without chloride are lower than those with chloride. It can also be noticed that the 20 

T2 peaks associated with middle and large capillary pores shift to the right after the incorporation of 21 

NaCl or CaCl2, which suggests that chlorine salt could lead to the shift of capillary pores toward large 22 

size. 23 
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 1 

Fig. 4. LF-NMR T2 distribution of grouts with and without chloride. 2 

It does not seem to be a reliable method to use the peak height of the T2 spectrum to judge the 3 

pore volume of grouts. Because the widths of T2 peaks are inconsistent and the direct comparison of 4 

peak heights is prone to errors, leading to its usage only for preliminary, qualitative, and simple 5 

analysis. In this context, the area under the T2 spectrum, representing the total signal of H atoms in the 6 

sample [16], is calculated to quantify the pore volume. It is worth noting that the area of each peak 7 

could be obtained directly from the test results. However, as can be observed in Fig. 3, a peak 8 

sometimes spans more than one pore type, so the volumes of different pores are recalculated according 9 

to their pore size and the results are shown in Fig. 5. It should be noted that the volume fractions of 10 

intra sheet pores and fine capillary pores are not shown in the figure, although they are included in the 11 

total area, which will be systematically analyzed in Sections 3.1.2 and 3.1.3. 12 

 13 

Fig. 5. Total T2 spectrum area and pore volume fraction of grouts in groups A (a) and B (b). 14 

As can be seen in Fig. 5, the pore structure of all hardened grouts is dominated by middle capillary 15 
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pores, followed by large capillary pores, and least by inter gel pores, which is consistent with the report 1 

[31]. The total pore volume (i.e., the total area shown in Fig. 5) of the grout with chloride is 2 

significantly higher than that without chloride, with a maximum growth rate of 52.06% for NaCl 3 

(2.0Na-28) and 94.67% for CaCl2 (0.75Ca-28). The significant increase in porosity is mainly attributed 4 

to the effect of salt on the void ratio of bentonite, and partly to the ettringite dissolution and Ca2+ 5 

leaching from the hardened grout [32]. It has been reported that the bentonite saturated with salt 6 

solution has a larger void ratio than that of the bentonite saturated with distilled water under the same 7 

suction [33]. During the preparation of fresh slurry, a mixture of cement and bentonite is firstly added 8 

to the NS suspension, which contains a large amount of chlorine salts, and then the admixtures are 9 

added. Since the slurry has good fluidity, it can be assumed that the bentonite is in a saturated state in 10 

the fresh slurry. In addition, the shaped samples are cured in the same humidity (95%), thus the suction 11 

environment of the hardened grouts could be regarded as the same. Therefore, the high void ratio of 12 

bentonite further contributes to the higher porosity of hardened grout with chloride than that without 13 

chloride. The thermodynamic stability conditions of ettringite can be affected by pH, and its dissolution 14 

increases with the increase of pH [34]. When chloride is added to the cement system, Cl– is adsorbed 15 

by C–S–H or participates in some chemical reactions, so that cation (Na+ or Ca2+) becomes free. To 16 

balance the charge, the cation will be bound into OH–, resulting in an increased pH and finally 17 

aggravating ettringite dissolution. The Ca2+ leaching may also be responsible for the increased total 18 

pore volume, which could be accelerated by chloride ions [32]. The vacuum-saturation of the sample 19 

before the LF-NMR test provides conditions for Ca2+ leaching. The inter gel pores, deriving from C–20 

S–H gels, also show a higher volume fraction in grouts containing chloride. The highest inter gel pore 21 

volume fractions of grouts in groups A and B are 9.52 times and 8.08 times higher than that in the 22 

control group. The increased volume fraction may be related to the role of chlorine salt on the 23 

promotion of C3A and tricalcium silicate (C3S) hydration and then more C–S–H gels are formed [10]. 24 

The incorporation of chloride reduces the volume fraction of middle capillary pores, and the reduction 25 

effect of NaCl is more pronounced than CaCl2. It can also be observed that the volume fraction of 26 

middle capillary pores tends to increase with the increase of chloride content, and if the content 27 

continues to increase, the same volume fraction as the control group (92.08%) may be reached. 28 
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However, according to our previous test results, when the NaCl content increased from 0.5% to 2.5% 1 

or CaCl2 content increased from 0.10% to 1.00%, the uniaxial compressive strength of the hardened 2 

grouts showed a tendency to decrease, especially for the 28-day strength [3]. Following this variation 3 

in mechanical properties, the strength may continue to decline if the chloride content is further 4 

increased, which may eventually result in the grout losing its application value. Thus, the maximum 5 

content of NaCl and CaCl2 in this study is 2.5% and 1.00%, respectively. For large capillary pores, the 6 

addition of NaCl increases their volume, which may still be associated with the high void ratio of 7 

bentonite under the salt solution, ettringite dissolution and Ca2+ leaching. CaCl2 could also lead to an 8 

increase in the volume fraction of large capillary pores. However, when the CaCl2 content continues 9 

to increase, the volume fraction keeps decreasing and is lower than that in the control group (7.18%), 10 

where the filling effect of Friedel's salt needs to be responsible.  11 

A different volume variation of pores is observed with the change of chloride content. The total 12 

pore volume increases with the increase of chloride content. However, when the chlorine salt content 13 

is the highest, such as 2.5Na-28 and 1.00Ca-28, the total pore volume decreases slightly, which is 14 

probably due to the constant content of cement in the grouts having the maximum chloride binding 15 

capacity [35, 36]. The volume fractions of inter gel pores and middle capillary pores increase as the 16 

chloride increases, while that of large capillary pores is decreasing. Large fluctuations in the volume 17 

fraction of capillary pores can also be found, especially in the middle capillary pores of grouts in group 18 

B. It has been reported that fully hydrated cement pastes typically contain about 23% non-evaporable 19 

water [16]. Actually, the mixed water is much greater than this value and the redundant water 20 

undergoes different degrees of evaporation leading to the generation of capillary pores. As a result, the 21 

volume of capillary pores fluctuates slightly. The decrease of large capillary pores may correspond to 22 

some interactions between grout constituents. Firstly, when chlorides are internally mixed in cement-23 

based materials, the cement hydration is accelerated, leading to more precipitation of C–S–H [37]. The 24 

higher the chloride content, the stronger the promotion of cement hydration, and the more obvious the 25 

decrease in pore volume. Secondly, the observed decrease can be partially attributed to the precipitation 26 

of Friedel's salt. It is commonly recognized that voluminous chloride-bearing compounds, such as 27 

Friedel's salt, preferentially precipitate in the coarser pores [38]. Besides, according to [39], the 28 
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morphology of Friedel's salt is a hexagonal slice with a size of 2–3 μm, which is within the size range 1 

of large capillary pores. The higher the chloride ion concentration, the more opportunities for chloride 2 

ions to enter the binding site [35, 36], leading to more formation of Friedel's salt. Preferential growth 3 

of products in larger spaces is also responsible for the increase in the volume fraction of middle 4 

capillary pores. A large number of new pores are formed that are smaller than the original size, where 5 

the middle capillary pores dominate. This means that the original large capillary pores are divided and 6 

filled by Friedel's salt and other hydration products, leading to the increase of middle capillary pores. 7 

The increase in gel pore volume fraction is related to the massive formation of C–S–H gels. 8 

Theoretically, the total pore volume should decrease with the increase of chloride content due to the 9 

filling effect of formed Friedel's salt and C–S–H gels. However, an opposite experimental result is 10 

obtained. This may be mainly due to the higher void ratio of the bentonite, because bentonite will have 11 

a relatively higher porosity when it is saturated at a higher salt concentration [33]. Therefore, under 12 

the influence of large amount of bentonite, the total pore volume of hardened grout increases with the 13 

increase of chloride content. The increasing pore volume may also be partly related to the ettringite 14 

dissolution and Ca2+ leaching. In addition, it can also be seen that the total T2 spectrum area of samples 15 

in group B is significantly greater than that in group A, while the large capillary pore volume is lower. 16 

CaCl2 also has a stronger contribution to the increase in inter gel pore volume than NaCl, because a 17 

small gradient change in the CaCl2 content could result in a larger variation in the volume fraction. 18 

The underlying mechanism of pores influenced by the chloride type will be further discussed in Section 19 

3.3.  20 

3.1.2 Intra sheet pores analysis 21 

LF-NMR is indeed an effective method for non-destructively quantifying the pore structure of 22 

concrete [4]. However, the T2 value for the water chemically bound to the C–S–H gel is too short to 23 

be fully detected by the CMPG sequence [16, 40]. For the test of supermicropores (pore diameter < 2 24 

nm), a better solution is to use CO2, whose molecular diameter is about 0.33 nm, as the probe gas to 25 

obtain more pore information [41]. Thus the intra sheet pores are detected by the low-pressure CO2 26 

adsorption test to make up for the flaw of LF-NMR and the results are shown in Figs. 6 and 7.  27 
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 1 

Fig. 6. CO2 adsorption isotherms of hardened grouts in groups A (a) and B (b). 2 

It can be seen that for all hardened grouts, the adsorbed amount of CO2 increases rapidly, and then 3 

the increased rate gradually slows down with the increase of P/P0. According to the International Union 4 

of Pure and Applied Chemistry (IUPAC) classification, the CO2 adsorption isotherms belong to Type 5 

I, indicating the existence of micropores (< 2 nm). The adsorbed CO2 volume (i.e., intra sheet pore 6 

volume) of sample 0-28 is higher than other grouts, except for the sample 0.10Ca-28, which may be 7 

caused by the lower NS dispersion in the grouts [3]. The lower dispersion means that NS is prone to 8 

agglomerate, which will make NS lose part of the filling effect on micropores and further lead to an 9 

increase in intra sheet pore (micropore) volume.  10 

The intra sheet pore volume decreases with the increase of NaCl content and then increases and 11 

finally decreases again, showing an inverted "N" shape. The decrease of intra sheet pore volume at 12 

lower NaCl content may be due to the adsorption of Cl– by hydration products. It is well accepted that 13 

Cl– can be adsorbed by the chemical adsorption layer and microcrystalline lattice in the C–S–H, which 14 

increases C–S–H chain length and degree of polymerization [42] and further contribute to a decrease 15 

in the intra sheet pore volume. Dissolution of ettringite may be responsible for the subsequent increase 16 

of intra sheet pore volume. The increased NaCl content raises the pH of system, which intensifies the 17 

dissolution of ettringite. The final decrease may be related to the improvement of NS dispersion. It has 18 

been reported in our previous study that increasing the NaCl content could significantly improve the 19 

NS dispersion [3], which may further reduce the intra sheet pore volume due to the filling effect of NS. 20 

In group B, the intra sheet pore volume shows an overall trend of first decreasing and then increasing 21 
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with the increase of CaCl2 content, which looks like a "U" shape, and no further decrease is observed. 1 

Although sample 0.50Ca-28 has a slightly higher pore volume than 0.25Ca-28 and 0.75Ca-28, the 2 

difference is small compared to the variation of other volumes. Thus, the small increase can be 3 

considered as fluctuation and neglected. The absence of the second decrease is due to the well-4 

dispersed NS in all five levels of CaCl2 content used in this study [3]. The above analysis regarding 5 

the intra sheet pores further indicates that low-pressure CO2 adsorption tests can compensate for the 6 

limitations of LF-NMR in the characterization of the pore structure of C–S–H gels.  7 

 8 

Fig. 7. The volume of intra sheet pores and fine capillary pores of grouts in groups A (a) and B (b). 9 

3.1.3 Fine capillary pores analysis 10 

To clarify the effect of chlorine salt on fine capillary pores, a volume analysis of pore diameters 11 

smaller than 50 nm is attempted using a low-pressure N2 adsorption device, which can measure the 12 

pore size between 2 and 50 nm [22]. According to the pore classification in this study, both inter gel 13 

pores and fine capillary pores will be tested. Thus, the pore volume with a size of 10–50 nm is 14 

recalculated and presented in Fig. 7. 15 

The volume of fine capillary pores of sample 0-28 is higher than that of samples in group A, 16 

which may be related to the filling effect of SDS micelles in the grouts containing chloride. The 17 

formation of SDS micelles under the synergistic effect of SDS and chlorine salt has been reported in 18 

our previous study [3]. The characteristic length of surfactant micelle is about 20 nm [43], which lies 19 

in the size range of fine capillary pores (10-50 nm) and thus can act as a filler. In group B, the fine 20 

capillary pore volume is higher than that in the control group when CaCl2 content is low, which is 21 

probably associated with the filling effect of Friedel's salt on large capillary pores, the same as the 22 
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reason for the increase in the middle capillary pore volume. The absence of the phenomenon that the 1 

pore volume of grouts in group A higher than that in sample 0-28 is because CaCl2 could lead to more 2 

formation of Friedel's salt than NaCl [3]. The SDS micelles do, of course, play a filling effect, which 3 

may not compensate for the volume increase caused by the filling effect of the generated Friedel's salt. 4 

When CaCl2 content is high, the lower pore volume of grouts with CaCl2 than that without any 5 

chlorides is perhaps still attributed to the filling effect of SDS micelles. 6 

The fine capillary pore volume decreases continuously with the increase of chloride content. It is 7 

recognized that the increase of chloride content will increase the aggregation number of ionic micelles 8 

[43], which is beneficial to the filling effect of SDS micelles and the reduction of the fine capillary 9 

pore volume. It can be found that the reduction effect of CaCl2 is higher than that of NaCl, because the 10 

increase rate of 0.9% CaCl2 content causes a reduction in the pore volume of 76.01 mm3/g, while that 11 

of 2.0% NaCl is 65.29 mm3/g. The underlying mechanism will be further analyzed in Section 3.3. In 12 

addition, it can also be seen that the fine capillary pore volume in the grouts is significantly higher 13 

than the intra sheet pore volume, while the signal related to fine capillary pores cannot be detected in 14 

most of the samples during the LF-NMR test. The possible reason is that the sample is not fully 15 

saturated and there are no H atoms in some of the non-connected pores, which do not contain free 16 

water absorbed during the saturation process or adsorbed water generated during the hydration reaction. 17 

The foregoing analysis further indicates that the low-pressure N2 adsorption could provide additional 18 

pore information on grouts.  19 

3.2 Effect of chloride on pore structure at different curing times 20 

3.2.1 LF-NMR analysis 21 

Grouts containing the most moderate content of chloride (1.5% NaCl or 0.50% CaCl2) from the 22 

five levels used in this study are selected and cured at different times to further study the effect of 23 

chloride on the pore characteristics and the results are shown in Figs. 8 and 9. At the early stage (3 24 

days), the pore structure of grout with 1.5% NaCl is mainly composed of middle and large capillary 25 

pores, while at the later time the middle capillary pores become the main component. For grout 26 

containing 0.5% CaCl2, the pore structure mainly consists of middle capillary pores, followed by large 27 

capillary pores, which is hardly influenced by the curing time. The T2 peak representing the middle 28 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

18 

 

capillary pores shifts to the left with curing time, implying that pores have been refined due to the 1 

various chemical reactions within components. The connectivity of T2 spectra has changed, gradually 2 

shifting from connected at 3 days to non-connected at 28 days, which may be attributed to the filling 3 

effect of hydration products in some larger pores. It can also be found that the total pore volume and 4 

volume fraction of inter gel pores and middle capillary pores increase with curing time, while that of 5 

large capillary pores decreases. The reduction of large capillary pores can be understood from the 6 

following. As the cement hydration progresses, a large number of hydration products, such as C–S–H 7 

and ettringite, are generated. In addition, the incorporation of chlorine salts (Na+, Ca2+, and Cl–) 8 

promotes the hydration of cement, which leads to the formation of more C–S–H gels. Secondly, the 9 

observed decrease can be partially attributed to the precipitation of Friedel's salt. Finally, the reduction 10 

is also expected to be partly due to the formation of C–A–S–H gels. It is accepted that Al3+ present in 11 

bentonite can promote the polymerization of C–S–H gels into C–A–S–H gels [44]. Our previous 12 

research also found that the C–A–S–H content increased with curing time [3]. The mean chain length 13 

of C–A–S–H is about 28.3, which is larger than that of C–S–H (7.5), resulting in a larger particle size 14 

than C–S–H [45]. Thus, the effect of C–A–S–H on reducing the volume is stronger than C–S–H. The 15 

above reasons should also be responsible for the increase in middle capillary pore volume, as discussed 16 

in Section 3.1.1. The increase in the inter gel pore volume is mainly related to the increasing C–S–H 17 

content with curing time. In addition, the reduction in the volume fraction of large capillary pores by 18 

0.5% CaCl2 is 20.7% from 3 to 28 days, while that by 1.5% NaCl is 26.51%, which is not a significant 19 

difference between them. The increments in inter gel pore volume fraction by NaCl and CaCl2 are 20 

0.69% and 1.43%, respectively. The above phenomena indicate that the low content of CaCl2 could 21 

almost reach or even exceed the effect of high NaCl content on the variation of pore volume, which 22 

will be thoroughly discussed in Section 3.3. 23 
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 1 

Fig. 8. LF-NMR T2 distributions of hardened grouts with 1.5% NaCl (a) or 0.50% CaCl2 (b) cured at 2 

different times. 3 

 4 

Fig. 9. Total T2 spectrum area and pore volume fraction of grouts with 1.5% NaCl (a) or 0.50% 5 

CaCl2 (b) cured at different times. 6 
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3.2.2 Intra sheet pores analysis 1 

The information concerning the intra sheet pores is shown in Figs. 10 and 11. According to the 2 

IUPAC classification, the CO2 adsorption isotherms belong to Type I, which are not affected by the 3 

curing time. It can be found that the adsorbed CO2 amount, i.e. intra sheet pore volume increases with 4 

curing time, which can be understood from four aspects. Firstly, as the cement hydration proceeds, the 5 

C–S–H gel, which is generated in large quantities, is mainly responsible. The increasing amount of 6 

amorphous C–S–H gel changes the pore structure and increases the gel pore volume [46]. Secondly, 7 

the crystalline linkage of hydration products is partially responsible for the increase, which will convert 8 

large pores into smaller pores (micropores) [47]. Thirdly, the hydration reaction of cement consumes 9 

the residual water in grouts, which may lead to the generation of some micropores. Lastly, the increase 10 

is also associated with the evaporation of some physically adsorbed water in the gel pores during the 11 

curing process.  12 

 13 

Fig. 10. CO2 adsorption isotherms of grouts with 1.5% NaCl (a) or 0.50% CaCl2 (b) cured at 14 

different times. 15 
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 1 

Fig. 11. The volume of intra sheet pores and fine capillary pores of grouts cured at different times. 2 

3.2.3 Fine capillary pores analysis 3 

The recalculated fine capillary pore volumes are shown in Fig. 11. It can be seen that the volume 4 

of fine capillary pores increases with curing time. On the one hand, with the progress of cement 5 

hydration, the pores are gradually filled with hydrates such as C–S–H, C–A–S–H, ettringite, Friedel's 6 

salt, and others, which leads to the transformation of pores from large to small size and eventually 7 

increases the fine capillary pore volume. On the other hand, this phenomenon may be related to the 8 

shrinkage of grouts. The main mechanism for the development of shrinkage in hydrated cement paste 9 

is the removal of water held by hydrostatic tension in fine capillary pores and the loss of physically 10 

adsorbed water in the C–S–H gels. Autogenous shrinkage will occur as water held in capillary pores 11 

is consumed during the cement hydration process, which often occurs in capillary pores with a size 12 

smaller than 50 nm [48].  13 

3.3 Effect of chloride type on pore structure 14 

Based on the mixture design in Table 1, grouts with identical content of NaCl or CaCl2 (taking 15 

0.5% as a representative content) are compared to understand the effect of chloride type on pore 16 

structure and the results are shown in Fig. 12. It can be seen that T2 peaks associated with middle and 17 

large capillary pores of sample 0.50Ca-28 are located at the left of sample 0.5Na-28, indicating that 18 

CaCl2 will lead to a finer middle and large capillary pore size. The total LF-NMR signal of 0.50Ca-28 19 

(22.20 × 104) is also significantly higher than that of 0.5Na-28 (17.53 × 104), which may be due to the 20 

higher void ratio of the bentonite in sample 0.50Ca-28. This is because the bentonite prepared with 21 

CaCl2 solution has a larger void ratio compared to the bentonite prepared with NaCl [49]. The high 22 
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signal of 0.50Ca-28 may also be related to the leaching of Ca2+ because the leaching caused by CaCl2 1 

is larger than that of NaCl due to its higher diffusion coefficient and concentration of Cl– [50]. 2 

Furthermore, the dissolution of ettringite should also be responsible, since the higher charge of divalent 3 

Ca2+ than Na+ will require more OH– to balance the charge, leading to a higher pH that eventually 4 

accelerates the ettringite dissolution. These mentioned above can also be used to understand the higher 5 

total T2 spectrum area of group A samples than group B samples (Fig. 5), as mentioned in Section 6 

3.1.1. It can also be observed that CaCl2 results in higher inter gel pore volume and middle capillary 7 

pore volume than NaCl. The high inter gel pore volume may be associated with the higher content of 8 

generated C–S–H. It has been reported that CaCl2 has a more significant accelerating effect on C3S 9 

hydration than NaCl [51], which generates more C–S–H. Furthermore, due to the high hydration-10 

promoting effect of CaCl2, the inter gel pore volume of grout with 0.50% CaCl2 in each curing time is 11 

higher than that with 1.5% NaCl at the same curing time, as shown in Fig. 9. The high middle capillary 12 

pore volume should be attributed to the filling effect of Friedel's salt. In our previous study, we found 13 

that CaCl2 could result in more Friedel's salt formation than NaCl [3]. The filling of large capillary 14 

pores with Friedel's salt leads to the generation of smaller pores, which increases the volume of middle 15 

capillary pores. Distinct from inter gel pore and middle capillary pore, the large capillary pore volume 16 

fraction of 0.50Ca-28 (5.43%) is significantly smaller than that of 0.5Na-28 (30.06%), which is 17 

primarily attributed to the filling effect of Friedel's salt. Secondly, the formation of a large amount of 18 

C–S–H by CaCl2 is also responsible, which could also play a filling effect. The greater production of 19 

C–S–H gels and Friedel's salt caused by CaCl2 further explains the lower volume fraction of large 20 

capillary pores in grout with 0.5% CaCl2 than that with 1.5% NaCl (Fig. 9) at the same curing time.  21 
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 1 

Fig. 12. LF-NMR T2 distributions of hardened grouts with 0.5% chlorine salt. 2 

Comparing the adsorbed CO2 amount in Fig. 6 and intra sheet pore volume in Fig. 7, it can be 3 

found that sample 0.5Na-28 has a larger intra sheet pore volume than 0.50Ca-28, which may be related 4 

to the lower NS dispersion of grout with 0.5% NaCl. The evaporation of water from NS agglomerates 5 

could lead to the formation of some micropores. According to our previous study, NS precipitation 6 

was observed at the vial bottom when the NaCl content was 0.5%, while this phenomenon was not 7 

observed in the NS suspension with CaCl2 [3]. The higher improvement of NS dispersion by CaCl2 8 

than NaCl also helps to understand the underlying mechanism that the intra sheet pore volume of grout 9 

with 1.5% NaCl is higher at each curing time than that with 0.50% CaCl2 at the same age, as illustrated 10 

in Fig. 11. 11 

It could also be found from Fig. 7 that 0.5% CaCl2 leads to a lower fine capillary pore volume 12 

than 0.50% NaCl, which is related to the effect of cation on SDS micelles. CaCl2 has a greater 13 

promotion effect on SDS micelle generation than NaCl [43]. On the one hand, the presence of chloride 14 

drives the micelles toward larger sizes, especially in the presence of excess chlorides. The effect is less 15 

prominent for NaCl, which is perhaps not surprising since Ca2+ is a divalent ion and thus the ionic 16 

strength of the solution is increased relative to NaCl. On the other hand, the introduction of CaCl2 17 

drives the SDS to form more compact micelles with a smoother surface, while the micelles appear 18 

disordered and fluctuate in shape in the presence of Na+. Both of the above-mentioned points contribute 19 

to the filling effect of SDS micelles in the fine capillary pores, which also further explains the high 20 

reduction effect of CaCl2 on the fine capillary pore volume than NaCl, as described in Section 3.1.3.  21 
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3.4 Effect of chloride on unit pore volume variation 1 

Unit volume variation (U), meaning the unit change of various pores volume with increasing 2 

chloride content (Uc) or curing time (Ut), is introduced in this paper to further understand the effect of 3 

chloride on pore structure, which is calculated according to Eqs (4) and (5), respectively. 4 

c

V
U

C
                                        (4) 5 

t

V
U

T
                                        (5) 6 

where Uc represents the unit variation of pore volume with chloride content; Ut means the unit change 7 

of pore volume with curing time; V is the pore volume; C is the percentage content of chlorine salts; 8 

T represents the curing time of hardened grout.  9 

Fig. 13 shows the Uc of grouts in groups A and B. It can be seen that with the increase of NaCl or 10 

CaCl2 content, the Uc regarding intra sheet pore, fine, middle, and large capillary pores decreases, 11 

indicating that the change (increase or decrease) in pore volume is not linearly correlated with the 12 

change rate of chloride content. The Uc associated with inter gel pores shows a decreasing and then 13 

increasing variation. The initial decrease may be due to the generation of C–A–S–H by polymerization 14 

of most C–S–H gels, which decreases the increased rate of inter gel pore volume. The subsequent 15 

increase of Uc is related to the promotion of C–S–H production by chlorine salts. Since the content of 16 

Al3+ in the system is certain, it will limit the polymerization process of C–S–H, although the process 17 

is still going on. In group A, the increase of NaCl content has the greatest effect on the Uc regarding 18 

the large capillary pores, followed by intra sheet pores and fine capillary pores, and the lowest 19 

influence on middle capillary pores. The high reduction of Uc associated with intra sheet pores, fine 20 

and large capillary pores is related to the limited NS content, SDS content, and chloride binding sites 21 

in the grouts, respectively [37]. In group B, the Uc of intra sheet pores and fine capillary pores is greatly 22 

affected by the CaCl2 content, while the inter gel pores are least affected. Comparing the Uc in the two 23 

groups, it can be found that the reduction rate of Uc regarding intra sheet pores, fine, middle and large 24 

capillary pores of grouts in group B is significantly higher than that in group A, which is directly 25 

attributed to the higher promotion effect of CaCl2 than NaCl on the dispersion of NS and the generation 26 

of SDS micelles, C–S–H and Friedel's salt. 27 
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 1 

Fig. 13. Uc of grouts in groups A (a) and B (b). 2 

The Ut of grouts with 1.5% NaCl or 0.50% CaCl2 is presented in Fig. 14. It can be found that the 3 

Ut of five types of pores decreases with the increase of curing time, meaning that the change rate of 4 

pore volume is relatively large at the early curing time and decreases slowly at the later stages. For 5 

grout with NaCl, the greatest reduction in Ut is associated with large capillary pores, followed by intra 6 

sheet pores and fine capillary pores, and the smallest for the middle capillary pores. It can be seen from 7 

Fig. 14(b) that curing time has the greatest effect on Ut of large capillary pores, followed by inter gel 8 

pores and intra sheet pores, and the least effect is on the middle capillary pores. The strong reduction 9 

in Ut of the large capillary pores during the early stages is related to the faster hydration of cement-10 

based materials at these early stages, resulting in the formation of a large number of products that can 11 

play a filling role, which further leads to a reduction in the Ut of fine capillary pore. As the curing time 12 

increases, the amount of free and bound water consumed by hydration and evaporation gradually 13 

decreases, which could reduce the Ut of intra sheet pores and fine capillary pores. A large amount of 14 

C–S–H is generated in the early stage of hydration, thus the Ut of inter gel pores is large. In the later 15 

stage, although some C–S–H is still generated, the content is relatively small and the Ut of inter gel 16 

pores decreases. The higher Ut associated with inter gel pores in grout with CaCl2 than that with NaCl 17 

further verifies the higher promotion of C–S–H production by CaCl2. 18 
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 1 

Fig. 14. Ut of grouts with 1.5% NaCl (a) or 0.50% CaCl2 (b). 2 

4. Conclusions 3 

In this paper, low-field NMR combined with low-pressure CO2 and N2 adsorption tests is 4 

conducted to analyze the effect of chloride content, curing time, and chloride type on the volume of 5 

various pores in the cement-based hardened grouts containing a large amount of bentonite. The main 6 

conclusions are summarized as follows:  7 

(1) Incorporation of chlorine salt increases the total pore volume of hardened grouts, with a 8 

maximum increase rate of 52.06% for NaCl and 94.67% for CaCl2, which is mainly due to the 9 

increased void ratio of bentonite under the salt solution. Chloride also has a great influence on the 10 

volume of various pores. Specifically, chloride increases the volume of inter gel pores and middle 11 

capillary pores, while decreasing the fine and large capillary pore volume. This increasing or 12 

decreasing trend is continuously magnified with the increase of chloride content. Different from the 13 

above four pore types, the volume of intra sheet pores presents an inverted "N" shape with the increase 14 

of NaCl content and shows a "U" shape for CaCl2. The unit volume variation of inter gel pores first 15 

decreases and then increases with the increase of chloride content, while that of other pores decreases. 16 

(2) The effect of mixture design on the volume of various pores is governed by different factors. 17 

Intra sheet pores, including some micropores, are mainly associated with ettringite dissolution and 18 

nano-SiO2 dispersion. The inter gel pores, which mainly derive from the C–S–H gels, undoubtedly 19 
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depend on the C–S–H content. The volume of fine capillary pores is mainly dependent on the number 1 

and size of SDS micelles in the NS suspension and partly related to the filling effect of hydration 2 

products on larger pores. For middle and large capillary pores, their volume is mainly affected by the 3 

hydration product content, such as C–S–H, C–A–S–H, ettringite, and Friedel's salt.  4 

(3) Curing time will affect the connectivity of pore size distribution, changing from connected at 5 

an early age to non-connected at a later age. As curing time increases, the volume fraction of large 6 

capillary pores decreases continuously due to the filling effect of generated products, while the volume 7 

of other pores increases. The variation of intra sheet pore volume with curing time is mainly related to 8 

the amount and crystalline linkage of hydration products, and the consumption and evaporation of 9 

water in the grouts. The fine capillary pore volume is associated with the generated product amount 10 

and the shrinkage degree of hardened grouts. Curing time will greatly reduce the unit volume variation 11 

of large capillary pores, while the reduction effect on other pores is relatively small. 12 

(4) CaCl2 is more conducive to the development of pore structure, as the total LF-NMR signal of 13 

grout with CaCl2 is significantly higher than that with the same content of NaCl. CaCl2 could also lead 14 

to a higher inter gel pore volume and middle capillary volume due to the higher promotion of CaCl2 15 

on cement hydration and Friedel's salt production, which further results in a smaller large capillary 16 

pore volume. The volumes of intra sheet pores and fine capillary pores of grout with CaCl2 are lower 17 

than those with NaCl owing to the better dispersion of NS and higher promotion of SDS micelle 18 

production by CaCl2, respectively. 19 

There is a tight connection between the pore structure and the macroscopic properties of grouts. 20 

In this paper, a quantitative and systematic analysis of pore characteristics is carried out using three 21 

different methods. However, the relationship between pore structure and macroscopic properties of 22 

grouts has not been established. It should therefore be emphasized that extra work is essential to better 23 

understand the relationship between various pores and macroscopic properties of hardened grouts in 24 

terms of permeability and strength. 25 
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