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To explore some solutions for construction or repair problems, it is necessary to determine the performance of a quick-setting
grout such as a sulfoaluminate cement-based grout (SACG). In this study, two typical sulfoaluminate cement (SAC) and one
ordinary Portland cement (OPC) were prepared, the water/solid (W/S) ratio was selected as 0.6:1 — 1.2:1. The properties
investigated were: the rheological behaviours, i.e., mini-slump, flowability; the fresh-state properties, i.e., effective W/S
or stability, flowability losing time and initial/final setting time; the mechanical performance, i.e., flexural strength (FS),
unconfined compressive strength (UCS); the mineral characteristics; microstructure and erosion resistance coefficient. The
mechanical strength of blended (SAC+OPC) suspension-sodium silicate double slurries (volume ratios of 1:1 — 5:1) were
determined to provide optimisation suggestions for the double slurries. The results showed that the approximate combination
of an anti-washout agent and a superplasticiser should be used, the mineral composition and volume ratio were the main
influence factors for the flowability losing times. The strength developments of the SACG were relatively low at high W/S. The
strengths of the SAC double slurries are low, and a 10 - 30 % SAC and volume ratio of 3:1 are recommended if the SACG
double slurries are applied. The sulfate erosion resistance coefficients of the SACG were much higher than 1.0 and they have

obvious advantages for sulfate erosion resistance.

INTRODUCTION

In geotechnical and underground engineering, grou-
ting technology is widely employed to strengthen the
fracture, to ensure the safety of the engineering structure
and to achieve the objective of effective reinforcement
[1-4]. Compared with chemical grouts, cement-based
grouts are inexpensive, environmentally friendly and
more durable [5-7]. Owing to the relatively rapid setting,
high early compressive strength, micro-expansion and
good corrosion resistance [8-12], sulfoaluminate ce-
ments (SACs) are needed accordingly in the related
structural or concrete engineering industries. In grouting
engineering, there are relatively few studies about the
performance evaluation of SAC grouting materials. To
explore some solutions for construction problems, such
as water plugging, rapid repair, grouting reinforcement of
jointed rock, broken rock, soft soil, etc., in underground
engineering, it is meaningful to evaluate and control the
performance of the SAC based grout.

The hydration essence of SACG is mainly focused
on the mineral hydration of the sulfoaluminate cement
clinker under different additional admixtures. The follo-
wing academic cement terminologies are applied herein:

C = CaO, S = Si0,, S = SO;, F = Fe,0,, and H = H,0
[13]. The main mineral components of SAC are C,A;S,
B-C,S, C,AF, C,AS, C;A and CS or CSH,, etc. The hy-

dration products of ordinary SAC are different from

those of OPC. In the initial period, the C,A;S hydrates to
form AFt (ettringite) in the absence of CS or CS Hy(1).
The continuous hydration of C,S can provide the strength
development in the later period, and the CH generated
(2) can promote the formation of AFt (4-5). If there is not
enough CS or CSH,, the chemical reactions of (5) and (6)
easily take place. The primary hydration products of the
calcium sulfoaluminate cement (CSA) are approximately
AFt, AFm, AH,. At the same time, C-S—H (I), C,ASHj,
C4(A,F)X,-yH,0 and C;AH, can be formed in hydration
process [14,15].

C,A,S +2CSH, + 34H — C,AS;Hy, +2AH; (1)

C,S +2H — CH + C-S-H(I) )

C,A,S + 8CSH, + 6CH + 74H — 3C,AS;H;, 3)
AH, +3CH + 3CSH, + 20H — 3C,AS;H,,  (4)
C,AS + 18H — C,ASH,, + 2AH, ®)
3C4AS;H;, — C,ASH,, + 2CSH, + 16H (6)

The property of SAC at a low water/solid (W/S)
ratio and the property of Portland cement-based grouts
have been studied by many researchers [16-19], however,
the mechanism, property and workability of SACG at
higher W/S (= 0.8) ratios are not reported systematically

[20-22]. To determine and improve the performance
of a quick-setting grout such as SACG, it is necessary

Ceramics — Silikaty 64 (3) 249-262 (2020)

249


https://doi.org/10.13168/cs.2020.0014

Sha F, Li H., Liu P.

and urgent to study and improve the performance of the
SACG through laboratory tests. In this study, two typical
SAC and one ordinary Portland cement (OPC) slurries
(0.6:1 —1.2:1) were prepared, and a superplasticiser (SP)
and an anti-washout agent (AWA) were combined to
improve the fluidity and stability. Based on the requi-
rements of the grouting practice, the rheological be-
haviours, i.e., mini-slump, flowability; the fresh-state
properties, i.e., effective W/S or stability, flowability
losing time and initial/final setting time; the mechanical
performance, i.e., flexural strength (FS), unconfined
compressive strength (UCS); the mineral characteristic;
microstructure and erosion resistance coefficient were
investigated. Meanwhile, the effects of various factors
(cement type, volume ratio, W/S, curing day, etc.)
were analysed. The mechanical strength of the blended
(SAC+OPC) suspension-sodium silicate double slurries
(the volume ratios of 1:1 — 5:1) were determined.

Significance

Many researchers have presented the performance
of SAC especially at a lower W/S ratio (< 0.8), and
cement-based grouts with a high W/S ratio (> 0.8) have
been applied in grouting engineering. However, scientific
findings about the synergistic effects of the mineral
composition of the SAC, high W/S, SP and AWA on the
workability, determination of the mechanical strength
and erosion resistance of the SACG, compatibility of
the SAC and water glass in the SACG double slurries,
and optimisation suggestion of the SACG are lacking.
Therefore, it is urgent and essential to ensure the quality
of the SACG suspensions and provide key property data
that are reproducible in the field. This experimental
study was designed to fill this gap. The purposes of this
experimental study were as follows:

e To study the combined effects of the mineral com-
position of the SAC, high W/S, SP and AWA on the
workability of the SACG single slurries, which is
deficient in current research studies;

e To evaluate the rheological behaviour (mini-slump and
flowability) and the fresh-state properties (effective
W/S or stability, flowability losing time and initial/
final setting time) of the SACG slurries;

e To determine the main mechanical strength (flexural
strength (FS) and unconfined compressive strength
(UCS)), the mineral characteristic (XRD), the micro-
structures (SEM and MIP) and erosion resistance
of the SACG stone bodies, therefore, providing the
missing key data in the related references;

e To evaluate the compatibility of the SAC blended
(SAC+OPC) materials and water glass comparatively,
thus, providing elementary suggestions for formulation
optimisations of SACGs in practical engineering
applications.

EXPERIMENTAL

Raw materials

Considering multiple factors such as practicability,
typicality, performance, cost, etc., the CEM II/B-M
Type Portland-based cement (OPC) 42.5R from Jinan
was selected [23]. The two 42.5R SACs were selected
from Jining (SAC1) of Shandong province and Tangshan
(SAC2) of Hebei province, respectively. The sodium
silicate solution was selected from a company in Jinan, its
Baume degree and module are 40 and 3.0, respectively.
The chemical compositions and raw materials of the
above cements are shown in Table 1. Table 2 shows
the property of the naphthalene-based SP (hereinafter
called N) in this study. To improve the fluidity and stability
of the fresh grouts, a polynaphthalene based SP and
a polysaccharide-based AWA were used. All the grouts
were prepared with potable water [24, 25].

The particle size distributions (PSD) of SACI,
SAC2 and OPC were measured through a laser diffrac-
tion technique based on ISO 13320-1 [26]. The PSD
characteristic assists in better understanding the perfor-
mance of the cementitious suspensions. Figure 1 present
the PSD feature (cumulative percentage passing and
percentage passing) of the grouts (SAC1, SAC2 and
OPC). The average particle sizes (D5,) of SAC1, SAC2
and OPC were approximately 6.10, 6.98 and 10.65 um,
respectively. The D,, particle sizes of SAC1, SAC2 and
OPC were about 26.82,36.53 and 32.24 um, respectively.
At the particle size ranges of 1.0 - 20 um, the cumulative

Table 1. The main chemical composition of SAC1, SAC2 and OPC (wt. %).

Materials CaO SiO, ALO; Fe,O, MgO Na,O K,0 TiO, SO, LOI
SACI1 46.12 9.07 26.86 2.63 0.56 0.31 0.53 0.46 11.85 0.96
SAC2 46.16 8.03 27.87 2.36 1.11 0.29 0.42 0.39 11.57 1.17
OPC (CEM II/B-M) 54.06 21.65 9.15 2.85 3.90 0.24 0.66 0.49 3.62 2.87
Table 2. The properties of the naphthalene-based SP used in this study.
Bulk density Solid content Chloride ion Repulsion mechanism

Symbol Type Aspect _ H

y P P (g'ml™) (%) P content Electrostatic ~ Steric hindrance

N FDN-C  Dark brown 1.2 >92 7-9 Chloride-free * -
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percentage passing of SAC1 or SAC2 was higher than
that of the OPC, and that of the SAC1 was the highest.
The amounts of fine particles with sizes of 1 - 10 um
were higher than those of the OPC, it indicated the
PSD characteristic of the SAC had obvious advantages
compared with those of the OPC. The PSD difference
between SAC1 and SAC2 was small.
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Figure 1. The particle size distributions (PSD) of the SACI,
SAC2 and OPC.
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Preparation of single
and double slurries

Initially, all the raw materials for this study were
stored at 25 °C, then the cements were mixed uniformly
with the required water and the fresh slurry was agitated
automatically at 240 rpm for 10 minutes. The W/S ratios
were chosen as 0.6, 0.8, 1.0 and 1.2 by weight. For the
fresh slurries with the AWA by itself and in combination
with the SP, the AWA (relative to the weight of the
water) or the SP (relative to the weight of the solids)
was firstly added to the needed water. The AWA can
improve the stability and retention rate under a water-
rich environment or a relatively high flow speed of water,
and this is helpful for water plugging and reinforcement
during the construction or operation of underground
engineering. However, the AWA content ought not to
be so excessive as to guarantee enough spreading abi-
lity or the flowability of the slurries. Therefore, the
combination of the AWA and SP can provide a balance

Table 3. The key values of the particle size distribution of the
SACI1, SAC2 and OPC in this study.

Cement D, Dy, Dy Dys Dy, Dys
type (pm)  (pm)  (um)  (pm)  (um)  (um)
SAC1 1.039 6.079 15.601 19.708 26.828 40.616
SAC2 1.115 7.019 20.861 16.225 35.824 52.414
OPC  2.686 10.636 22.066 25.972 32.268 45.553

of the above contradictory performance. Considering
the ordinary particle size distribution (PSD), the quick
setting characteristics of the SAC and the results of the
preliminary experiments, the AWA and SP contents were
selected as 0.03 % and 0.7 % at lower W/S ratios (0.6 to
0.8), and 0.12 % AWA and 0.5 % SP were used at higher
W/S ratios (0.8 - 1.2). The single slurries were prepared
without, with AWA, and AWA+SP. For dynamic water
or water gushing with high pressure, the cementitious
suspension-water glass should be applied to block or
resist. As for the preparation of the double slurries,
the cement-based single slurry was placed in a specific
container immediately after its preparation, the water
glass single slurry was poured into the cement-based
single slurry, and quick mixing was applied during the
very quick hardening process.

Experimental approaches

The ambient temperatures of all the measurements
were 25 °C. To characterise the spreading ability and
flowability of the fresh SACG slurries, the mini-slump
spreading diameter and Marsh cone flow time were
measured and combined systematically. These tests
are easy ways to evaluate and control the rheological
behaviour of the fresh slurries prepared at worksites.
The mini-slump measurement can be calculated as the
average spreading diameter in a plate, the mini-slump
cone is similar to that used for determining concrete
consistency based on ASTM C-143 [27]. In addition, the
Do Pi,p and h (height) of the slump cone were 60,
36 and 60 mm, respectively [28]. The elapsed time of
the specific volume of the fresh suspension through the
Marsh cone can be defined as the Marsh cone flow time
based on ASTM C 939 [29] (ASTM, 2010). It is one part
of the family of orifice measurements or the ORIMET
[30] (Ozawa et al., 1995). Firstly, 1500 ml of fresh grout
was filled in a Marsh cone after its preparation process,
the elapsed time of 946 ml fresh grout was recorded as
F (s), and the internal orifice diameter of the Marsh cone
is 4.8 mm. In comparison, the flow time of 946 ml of
water was about 26 + 0.5 s.

The bleeding rate is measured as the ratio of AV/V,
three hours later, the ¥, and AV are the initial volume and
volume of the bleeding water, respectively. According to
the bleeding rates, the effective W/S ratio was calculated
as follows:

Effective W/S = (1 — Cy) X Initial W/S (7)

where Cj is the coefficient of the bleeding volume. The
fresh suspension is regarded as “‘stable” if its bleed
capacity was not over 5 % [31-33]. A Vicat needle appa-
ratus was used to determine the initial and final setting
time of the SACGs. Based on ASTM Standard C191
[34], the initial setting time was recorded when the
penetration height of the Vicat needle was 25 mm, and
the final setting time was determined when the needle
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did not leave a complete circular impression on the grout
surface or the penetration height of the needle was less
than 0.5 mm. In this study, the flowability losing time was
determined by the “pouring cup method”. The cement-
based single slurry and single slurry of the water glass
were placed in two paper cups separately. The water
glass was poured into the cup equipped with the cement-
based suspension firstly, and the newly formed double
slurries were poured between the two cups persistently
till the flowability or the fluidity of the double slurry
was totally lost [5]. Based on the requirements of the
grouting practice and pumping capacity of the grouting
pump, the volume ratios of the cement suspension and
sodium silicate were chosen as 1:1, 2:1, 3:1 and 5:1.
The FSs were determined to give practical references
for such SACGs. The size of the cubic specimen mould
was 40 x 40 x 160 mm, Vaseline was used to seal the
possible gap at the bottom side wall position of the cubic
mould. Based on ASTM C78-16 [35] and GB/T 17671
[36], the 3-day and 28-day FS tests of the hardened
grouts were conducted, and the loading rate is 2 mm/min.
Although it is known that the values of the UCSs are
higher than those of the FSs for cement-based materials,
the specific UCSs of such SACGs ought to be provided
specifically for the grouting practices. According to
GB/T 17671 [37], ASTM (C942-15 [36] and ASTM
C39/C39M-16 [38] (ASTM, 2016), the loading rate for
the compression test was 2 kN's™ and the dimension of
the specimen was 40 x 40 x 160 mm. The specimens
were cured in a moist chamber at 25 £ 3 °C and 100 %
RH (relative humidity) for the different curing times.
The failure characteristics of the fracture surface were
recorded and compared. The grout stone bodies (SACI,
SAC2 and OPC) were cured in pure water, sodium sulfate
solutions and sodium chloride solutions, respectively.
The concentrations of the sulfate ion and chloride ion
were all 10 % in this study. The erosion time of the grout
stone bodies was 120 days. Based on GB/T 749 [39] and
ASTM C580-18 [40], the erosion resistance coefficient

400

350

—a— OPC
—&— SAC1

—A— SAC2

—v¥— SAC1+AWA
—&— SAC1+AWA+SP

Minislump diameter (mm)
N
[6)]
o
1

150 ~

100 T T T T
0.65 0.8 1.0 1.2
Initial W/S
Figure 2. The mini-slump (mm) of the SAC1, SAC2 and OPC
suspensions at a W/S of 0.6:1 — 1.2:1.

(K) was used to evaluate the anti-erosion ability, and K
was calculated as the 180-day flexural strength ratios of
the grouts cured in the erosion solutions and those cured
in water.

In this study, a D8 ADVANCE type X-ray diffraction
analyser was applied to obtain the hydration minerals,
the scanning angle and the scanning speed were 5 - 60°
and 4 - 5 degrees-min’', respectively. The microstructure
of the grout was studied by using a scanning electron
microscope (SEM). Small broken pieces of hardened
SACGs were kept in absolute ethyl alcohol for the SEM
measurements.

RESULTS AND DISCUSSION
Spreading ability and flowability

The spreading ability and flowability of the fresh
SACG suspensions were represented by the flow time
(s) and mini-slump (mm), respectively. The result of the
mini-slump is shown in Figure 2.

In Figure 2, the effects of the W/S on the mini-slump
were relatively more significant compared with those of
the cement type, for example, the mini-slump ranges
of the SAC1, SAC2 and OPC suspensions were about
313-349, 293-321 and 201-328 mm, respectively.
At the W/S of 1.0-1.2, the mini-slump ranges of the
SACI1, SAC2 and OPC suspensions were about 349-374,
321-368 and 328-367 mm, respectively. Meanwhile, the
decreasing effects caused by the AWA on the mini-slumps
were also obvious especially for the low W/Ss. At W/Ss
of 0.65 to 0.8 and 1.0 to 1.2, the mini-slumps of the
SACI1 grout with the AWA ranged from 157 to 270 and
303 to 338 mm, respectively. The adverse effect of the
AWA can be offset with the different degrees through the
combination of the SP and AWA. For example, compared
with the mini-slumps of the SACG with the AWA only,
the rate of increase of those with the AWA+SP ranged
from 7.4 -25.5 % and from 4.1 - 5.0 % when the W/S were

60 —a— OPC B
] —e— SAC1
| —v¥— SAC1+AWA
50 —&— SAC1+AWA+SP
@ 45
__é- 1
3 40+
©
g 1
30
25
20 T T T T
0.65 0.8 1.0 1.2
Initial W/S

Figure 3. The mini-slump (mm) of the SAC1, SAC2 and OPC
suspensions at a W/S of 0.6:1 — 1.2:1.
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0.65-0.8and 1.0 - 1.2, respectively. It was also observed
that the mini-slumps of the SACG were slightly higher
than those of the OPC grouts, this might be due to the
unique chemical and mineral composition when the key
PSD values were almost similar. The mini-slumps tended
to be similar especially as the W/S increased, this might
be because that the slurries are likely more susceptible to
the friction or resistance under the relatively low shear
rates.

As presented in Figure 3, the W/S and the AWA were
the main influence factors for the flowability of the fresh
slurries. The effects of the W/S on the flowability were
remarkable especially when the W/S reached or excee-
ded 1.0. For example, ata W/S 0f 0.65 - 0.8, 0.8 - 1.0 and
1.0- 1.2, the flowabilities of the SACG (SAC1) were about
47.8-33.7,33.7-30.4 and 30.4 - 29.0, respectively. The
increase in the effect of the flowability was also obvious
even at higher W/Ss of 1.0 - 1.2, and the combination
of AWA and SP can be helpful for improving this ad-
verse phenomenon. For example, compared with the
flowability of the SACG with the AWA only, the decrea-
sing rate of the SACG (SAC1) with the AWA+SP ranged
from 3.7 - 6.45 % and from 4.3 - 4.9 % when the W/Ss
were 0.65 - 0.8 and 1.0 - 1.2, respectively. The decrease
in the rate was not so high, this might be because that the
variation of the flow time was sensitive when the slurries
are subjected to a high shear rate in the Marsh cone flow
tests. Meanwhile, it was observed that the difference bet-
ween the SAC and OPC was not generally obvious. The
influence of the chemical composition (cement type) on
the flowability or spreading ability of the fresh slurry
was relatively obvious at lower W/Ss (0.65 - 0.8 or
0.65 - 1.0).

Effective W/S of single slurries

The effective W/S was introduced to analyse
the stability and effective reaction of the SAC and the
OPC suspensions. It is worth mentioning here that the
effective W/S is necessary and helpful for understanding

the real mechanical properties of the hardened MCGs,
considering the bleeding effect. The result of the effective
W/S for the different initial W/S is shown in Figure 4.

As presented in Figure 4, the difference between the
effective W/S and the initial W/S became larger when the
initial W/S became larger without the AWA. For example,
the effective W/Ss of SAC1, SAC2 and OPC were
0.83 - 0.97, 0.86 - 1.01 and 0.73 - 0.80, respectively,
at the initial W/S range of 1.0 - 1.2. For SACI1, SAC2
and OPC, the bleeding capacity started to exceed 5 %
when the initial W/S ratio was larger than 0.6, 0.7 and
0.8 gradually. The effective W/S of the SACG was
generally higher than that of the OPC grout, this might
be because that the unique minerals such as the CSA
were more helpful for improving the stability of the
fresh slurries. The difference between SACI and SAC2
was small without the SP. Stable fresh suspensions are
recommended, while suspensions with a lower effective
W/S are inclined to provide only a partial filling of the
strata voids because of their higher bleeding volume
[41]. With the addition of the AWA, the effective W/Ss
were almost the same as the initial W/Ss, regardless of
the values of the initial W/S. The combination effects of
the AWA and SP on the effective W/S were acceptable
and practical.

Setting time and flowability
losing time

The setting time is of major importance to grouting
engineering, because too short a time can damage the
equipment and too long a time can delay the execution
of the work and reduce the grouting efficiency [6]).
The initial/final setting time and flowability losing time
were necessary to comprehensively evaluate the work-
ability of the single and double slurries (SACI1, SAC2
and OPC). Table 4 presents the initial/final setting times
of the single slurries (a W/S of 0.6 - 1.2) of the fresh
cementitious single slurries.

Determination of the initial/final setting time is
practical for operations involving repairs, the practical

1.3
] final setting times were evaluated because the subsequent
124 |—= g:& drilling must wait for the final setting of the grout in the
11 s SAC2 previous .grou.ting holes. As shpwn in Tablle 4, thg initial/
* 1 | —— SAC1+AWA ﬁnal setting times 0bV10u§1y increased \.mth an increase
B 1.04 | —o— SAC1+AWA+SP in the W/S. Compared with the OPC single slurry, the
2 094
é 1 Table 4. The initial and final setting times of the SAC1, SAC2
m 087 and OPC single slurries (W/S of 0.6:1 — 1.2:1).
0.7 + Type 0.6 (h) 0.8 (h) 1.0(h) 1.2(h)
0.6 SACI, Initial 0.90 1.23 1.40 1.78
05 1 SAC2, Initial 0.87 1.19 1.70 1.97
’ ! ! ' ' ' OPC, Initial 6.51 6.92 7.22 7.92
0.60 0.65 0.8 1.0 1.2 A
SAC2, Final 1.15 1.37 2.25 2.38
Figure 4. The effective W/S of the fresh SAC, SAC2and OPC o w0 060 £ 90 050 1oeo
suspensions at a W/S of 0.6 - 1.2. ’ ' ’ ' ’
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unique mineral composition and hydration mechanism
of the SACG determined its short initial and final setting
times. For example, at the W/S of 0.8 - 1.2, the initial/
final setting times of the SAC1, SAC2 and OPC were
1.23 - 1.78/1.40 - 2.08 h, 1.19 - 1.97/1.37 - 2.38 h and
6.92-7.92/8.90-10.60 h, respectively. The difference bet-
ween the initial and final setting times was small for
the SACI or SAC2 grouts at each W/S. Meanwhile, the
initial or final setting time of SACI was very close to
that of SAC2. The quick-setting characteristic of the
SACG was more suitable for rapid water blocking and
reinforcement in unique repair practices. Table 5 shows
the flowability losing time of the fresh cementitious
suspension-water glass double slurries.

It should be noted that the spreading ability of the
double slurries was affected by the flowability losing
time, which was calculated from the mixing moment
of the cementitious single slurry and the water glass
slurry. In Table 5, the flowability losing times of the
double slurries generally decreased with an increase
in the volume ratio (1:1 — 5:1) and a decrease in the
W/S. Although there was some randomness for SAC1

Table 5. The flowability losing time of the SAC1, SAC2 and
OPC double slurries (VC:VS = 1:1, 2:1, 3:1 and 5:1, W/S of
0.8, 1.0 and 1.2).

VC:VS
Type
1:1 (s) 2:1(s) 3:1(s) 5:1(s)
SACI, 0.8 205.36 92.00 45.19 23.32
SAC2,0.8 203.21 89.02 44.21 22.87
OPC, 0.8 35.75 18.30 14.43 9.05
SACI, 1.0 251.21 119.88 114.87 40.88
SAC2, 1.0 250.32 118.45 112.28 39.97
OPC, 1.0 32.57 22.55 14.68 9.97
SACI, 1.2 338.84 159.56 114.15 19.43
SAC2, 1.2 321.64 152.39 112.01 18.89
OPC, 1.2 44.22 24.80 17.03 12.31
5.0 B OPC,3days |
1 l SAC1, 3 days
4.5 B SAC2, 3 days
—~ 4.0 * OPC, 28 days |.
& : SACH1, 28 days
= 357 B SAC2, 28 days |
5 30_ ................................... I ...... -
8) 4
S 25 B
2504
Y |
3
e BB O B
Lo - B B
051-M B
04
0.8 1.0 1.2
Initial W/S
a) 3 days

and SAC2, the chemical composition (cement type)
and volume ratio were the main factors influencing the
flowability losing times of the OPC double slurries. It
was observed that the flowability losing times of the OPC
double slurries (less than 60 s) were much less than those
of the SAC double slurries. It could be concluded that the
gelling reaction of the SAC suspension-sodium silicate
was not so effective or violent. The short flowability
losing time of the double slurry can guarantee the fast
or timely plugging of dynamic water derived from water
gushing in underground engineering.

FS and UCS of the grout
stone body

Figure 5a and b show the FSs and UCSs (3d and
28d) of the single slurry stone bodies. The initial W/Ss
were 0.8, 1.0 and 1.2.

In Figure Sa, the 3-day FSs of the SACI, SAC2
and OPC single slurry stone bodies were approximately
2.95-2.23,2.89 -2.62 and 2.30 - 1.98 MPa at the initial
W/S of 0.8 - 1.0, respectively. The FSs of the SAC sus-
pensions were generally higher than those of the OPC
single slurries at the early age (3-day), the related diffe-
rences are not obvious probably because of the high W/S,
the brittleness characteristic, bleeding, etc. However,
the 28-day FSs of the OPC single slurry stone bodies
(4.17 - 2.46 MPa) were generally higher than those of
SACI1 (3.66 - 1.87 MPa) and SAC2 (3.41 - 1.79 MPa) at
the initial W/S of 0.8 - 1.2. It could be attributed to that
the FS developments of the SAC are lower than those
of the OPC at W/S of 0.8 - 1.2, and the stone bodies
of the 42.5R type OPC single slurries matured well in
the curing age of 28-days. The FS differences between
SACI and SAC2 were small, although some randomness
at the different W/Ss existed. As shown in Figure 5b, the
3-day UCSs of the SAC1, SAC2 and OPC single slurry
stone bodies were approximately 6.97-12.76,6.04 - 12.28

24 B OPC,3days |
22 ] H SAC1, 3 days

1 I B SAC2, 3 days
20 OPC, 28 days |”
18 SACH1, 28 days |-
16 B SAC2, 28 days |..

Compressive strength (MPa)

0.8 1.0 1.2
Initial W/S

b) 28 days

Figure 5. The FSs and UCSs (3d and 28d) of the single slurry stone.
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and 5.87 - 10.68 MPa at the W/S of 0.8 - 1.0, respectively.
The UCSs of the SAC single slurry stone bodies were
obviously higher than those of the OPC at the early
age (3-day). While the 28-day UCSs of the OPC single
slurry stone bodies (20.91 - 9.07 MPa) were generally
higher than those of SAC1 (13.66 - 6.52 MPa) and SAC2
(15.24 - 6.74 MPa) at a W/S of 0.8 - 1.2. It could be
attri-buted to that the 42.5R type OPC single slurry stone
bodies matured well, and the UCS developments of the
SAC are lower than those of the OPC from 3-days to
28-days at a W/S of 0.8 - 1.2. It is well known that the
cementitious material is brittle, and its flexural or shear
strength is low compared with its compressive strength.
The determined FS values help to provide a significant
reference for such SACGs in grouting practices.

Figure 6 presents the fracture surface photos of the
single slurries, and the W/Ss were 1.0 and 1.2.

In Figures 6a-c, at a W/S of 1.0, there were obvious
differences in the colour and sedimentation between the
SAC and OPC single slurry stone bodies. For example,
the colour of the SACG stone body was brown with
different shades, while the general colour of the OPC
was grey. At a W/S of 1.0, the height of the SACG was
almost the same as its width, and the height of the OPC
was less than the related width. This indicated that the
bleeding of the SACG was small and the SACG was
more stable, and it was in accordance with the results

of the higher effective W/S of the SACG in Figure 4.
In Figures 6d-f, at a W/S of 1.2, there were also obvious
differences in the colour and sedimentation between the
SAC and OPC single slurry stone bodies. At a W/S of
1.2, the height of the OPC single slurry stone body was
markedly less than its width, and the height of the SACG
was close to its width. This indicated that the SACG was
more stable with a higher effective W/S. Meanwhile,
the sedimentation and fracture uniformity of the SACG

Table 6. The FS and UCS of the SAC1, SAC2 and OPC double
slurries (VC:VS = 1:1, 2:1, 3:1 and 5:1, initial W/S of 1.0).

VC:VS

Type

1:1 (s) 2:1(s) 3:1(s) 5:1(s)
3d, OPC, FS 0.40 1.14 0.76 0.86
3d,SACI, FS 0.36 0.19 0.21 0.39
3d, SAC2, FS 0.41 0.20 0.21 0.28
28 d, OPC, FS 1.27 1.42 1.44 1.94
28 d, SACI, FS 0.61 0.35 0.36 0.59
28 d, SAC2, FS 1.15 0.34 0.32 0.30
3d, OPC, UCS 1.30 17.64 14.56 10.97
3d, SACI, UCS 1.88 1.27 0.75 3.03
3d, SAC2, UCS 1.55 0.71 0.73 0.97
28 d, OPC, UCS 10.85 19.30 22.31 18.01
28 d, SAC1,UCS  2.49 1.82 1.70 1.76
28 d, SAC2, UCS 3.85 1.70 0.92 1.33

Figure 6. Fracture surface photos of the 28-day SAC1, SAC2 and OPC single slurries (W/Ss of 1.0 and 1.2): a) OPC, 1.0; b) SAC1,
1.0; ¢) SAC2, 1.0; d) OPC, 1.2; e) SACI, 1.2; f) SAC2, 1.2.
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have more advantages compared with those of the OPC
stone bodies. Figure 7 shows the UCSs (3d and 28d) of
the single slurry stone bodies. The W/S ratios of were
selected as 0.8, 1.0 and 1.2.

Table 6 presents the FS and UCS of the SACI,
SAC2 and OPC double slurries, the volume ratios were
1:1,2:1, 3:1 and 5:1, and the W/S was selected to be 1.0.

This part can enrich the current research on the FS
characteristics of the SAC double slurries, especially
considering the combined influence factors such as the
cement type, volume ratio, high W/S, curing time, etc.
In Table 6, the FSs of the double slurry stone bodies
(OPC, SAC1 and SAC2) were all lower than those of the
single slurries, no matter if the curing age is 3-days or
28-days. To be specific, the 3-day FSs of the SAC1, SAC2
and OPC double slurries (a W/S of 1.0 and a volume
ratio of 1:1 — 5:1) were 0.21 - 0.36, 0.20 - 0.41 and
0.40 - 1.14 MPa, respectively. The 28-day FSs
were 0.35 - 0.61, 0.30 - 1.15 and 1.27 - 1.94 MPa,
respectively. The influence of the mineral constituent or
the cement on the FS was significant, and the 3-day and
28-day FSs of the OPC double slurries were higher than
those of the SAC. The volume ratios of 1:1 and 5:1 seem
to be beneficial to the FSs of the SAC double slurries,
the difference between SACI and SAC2 is small. The
volume ratios of 2:1 — 5:1 were conducive to the FSs
of the OPC double slurries. For the UCSs of the double
slurries, the 3-day UCSs of the SAC1, SAC2 and OPC
double slurries (a W/S of 1.0 and a volume ratio of
1:1-5:1)were0.75-3.03,0.71-1.55and 1.30- 17.64 MPa,
respectively. The related 28-day UCSs were 1.70 - 2.49,
0.92 - 3.85 and 10.85 - 22.31 MPa, respectively. The
mineral composition (OPC and SAC) was still the main
influencing factor for the UCSs of the double slurries, the
3-day and 28-day UCSs of the SAC double slurries were
much lower than those of the OPC, and the difference
between SAC1 and SAC2 is small. The effects of the
volume ratios of 1:1 —5:1 on the UCSs of the SAC double
slurries were not obvious. The volume ratio of 2:1 — 5:1

4.0
35‘ M 3 days, Vc:Vs =1:1, 1.0
] I B 3 days, Vc:Vs =3:1,1.0
7@30_ _____ " 28 days, Vc:Vs = 1:1,1.0| |
g7 M 28 days, Vc:Vs = 3:1, 1.0
- T.
kS)
c
g
k7
©
=]
X
K
[T

10 20 30 40 50 60 70 80 90
SAC1 contents in mixtures (%)

Figure 7. The FS (3d and 28d) of the blended (SAC1+OPC)
double slurries.

was helpful for the appropriate alkali-activated gelling
reaction of the OPC double slurries, and the ratios of 2:1
and 3:1 were more conducive to the UCSs of the OPC
double slurries at a W/S of 1.0.

To explore the improvement method for the me-
chanical strength of the SAC double slurries, blended
(SAC1+0OPC) double slurries were prepared. Presently,
there are few reports about the synergistic effects of the
water glass, blended cement, high W/S, volume ratio
and curing time on the FS and UCS of the double slurry
grout stone bodies. The FS and UCS values of the key
formulations were obtained to fill the corresponding
gap in the repair practices. Figure 7 shows the FS of the
blended double slurries. SAC1 was chosen as a typical
example, the amounts of SAC1 were 10 %, 20 %, 30 %,
40 %, 50 %, 60 %, 70 %, 80 % and 90 %. The W/S was
selected as 1.0, the curing times of 3-days and 28-days
were applied, and the volume ratios were chosen as 1:1
and 3:1.

In Figure 7, the combined effects of the relative
amount of the SAC, the volume ratio, the curing time
and the high W/S on the FSs were significant, however,
the effect of a single factor on the FS variation of the
blended double slurries were not relatively obvious. The
3-day and 28-day FSs of the blended double slurries at
the volume ratio of 1:1 seemed to be higher than those at
the volume ratio of 3:1, though some randomness existed
for the proportion of 30 % SAC. It might be because
that the volume ratio of 1:1 might be more appropriate
for the alkali excitation of the hydrated minerals of
the OPC. When the SAC contents exceeded 30 %, the
3-day FSs started to increase for the volume ratio of 1:1,
while it tended to decrease at the volume ratio of 3:1. At
the volume ratio of 3:1, the 28-day FSs of the blended
double slurries tended to obviously decrease when the
SAC contents exceeded 40 %, and the 28-day FSs were
relatively high when the SAC contents were within 40 %.
Although the strengths of the OPC double slurries were
relatively high, however, their alkalisation white areas at

© 28

o

= 1 B 3 days, Vc:Vs = 1:1,1.0
RSN B N D . W 3 days, VciVs = 3:1, 1.0

2 1 28 days, Vc:Vs = 1:1, 1.0
S 20@ W W 28 days, Vc:Vs = 3:1, 1.0 [
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Figure 8. The UCS (3d and 28d) of the blended (SAC1+OPC)
double slurries.
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1) 3:1, 30 % SAC

j) 3:1,40 % SAC k) 3:1, 60 % SAC 1) 3:1,90 % SAC
Figure 9. Fracture surface photos of the 28-day blended (SAC+OPC) double slurries (volume ratios of 1:1 and 3:1, W/S of 1.0).
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the volume ratio of 3:1 will probably be disadvantageous
for the stabilisation in a water-rich environment and with
the durability. Figure 8 shows the UCS of the blended
double slurries.

In Figure 8, the effects of the relative content of
the SACI (mineral composition), volume ratio, curing
time and high W/S were more significant. At the volume
ratio 3:1, the UCSs were relatively high when the SAC
contents were not over 30 %, and the difference between
the 3-day and 28-day UCS was maximal when the SAC
content was 30 - 50 %. At the volume ratio of 1:1, the
effects of the curing time on the UCSs were obvious
when the SAC content was less than 60 %. The UCSs
of the blended double slurries were highest when the
SAC contents were 0 - 30 % and the volume ratio was
3:1. However, at the volume ratio of 3:1, the 28-day
UCSs are not recommended when the SAC contents
were over 40 %. Combined with the UCSs of the single
slurries, the strengths of the blended double slurries were
closely related to the mineral composition or content,
volume ratio, curing time, etc. The FSs were low when
compared with the UCSs especially at the early stages.
The combinations of the 10 - 30 % SAC contents and
a volume ratio of 3:1 are recommended if the blended
double slurries are applied in grouting applications.
This part can provide references for the designs and
applications of the blended double slurries, especially
considering the control and practical influence factors
such as the relative content of the mineral or the raw
material, volume ratio, curing age, etc. Figure 9 presents
the fracture surface photos of the 28-day blended double
slurries.

In Figures 9a-f, at the volume ratio of 1:1, the co-
lour of the fracture surface changed from bright grey to
light brown when the SAC contents ranged from 10 %
to 40 %, these interval colours were probably helpful
for the 28-day FSs and UCSs combined with results of
Figure 7 and 8. The colour typically became brown when

E E - Ettringite
E Y - Ye'elimite
E v © C - Calcite
E E E E E
EY & E Eic C cc

28 days, SAC1, 1:1

Intensity (a.u.)

7 days, SAC1, 1:1

L A.MJ\ At kot

3 days, SACT1, 1:1
T T T T T T T

: : :
5 10 20 30 40 50 60
26 (%)
Figure 10. The XRD spectra of the SAC1 single slurries at the
different curing days.

the SAC contents exceeded 60 %, and some obvious
efflorescence phenomena existed. In Figures 9g-1, at the
volume ratio of 3:1, the colour of the fracture surface
changed from dark green-grey to light brown when the
SAC contents changed from 10 % to 40 %. Combined
with the results of Figures 7 and 8, the colours changing
from dark green-grey to light green were helpful for the
28-day FS and UCS when the SAC contents were within
30 %. The colour typically became brown when the SAC
contents exceeded 40 % at the volume ratio of 3:1, and
the efflorescence phenomena were not obvious. In Figu-
re 9, the alkalisation of the white areas with different
sizes reflected the violent and rapid alkali-activated reac-
tions, especially when the OPC contents were high and
the relative proportions of the OPC and sodium silicate
were appropriate per volume.

Hydration mineral analysis

Figure 10 shows the XRD spectra of the SACI
single slurries. The W/S was selected to be 1.0, and the
curing times were 3 d, 7 d and 28 d. The scanning angle
of the XRD test was 5 - 60°, and the scanning speed was
4-5°min’.

In Figure 10, the main hydration product of the SAC
grout was ettringite crystal (AFt), which had generated
vigorously at the early age (3d). The existing calcite
might have been added during the SAC manufacturing
process. The aluminium hydroxide was not detected
probably because the AH; gel was amorphous. With
the increment of the curing time, the mineral phase
C,A;S was greatly consumed and AFt accumulates
continuously. The presence of the AH, gel or C—S—H gel
might lead to the hump at the bottom of the XRD spectra.
The diffraction intensity difference between the different
curing ages were relatively small and the 28-day AFt
peak strength did not obviously increase. The reasons
might be that the Al element in the AFt structure could be
easily replaced by other elements such as Fe, Si, etc., AFt
was also likely to be solidly fused with these elements
[42, 43]. Meanwhile, the W/S of 1.0 was relatively high
and the bleeding of the SAC was relatively low.

Pore size distribution analysis

The pore size distributions of the SAC and OPC
hardened grouts were studied. The measurement results
are exhibited in Figure 11. The initial W/S was 1.0
and the volume of the y-axis represented the intrusion
amount of the mercury.

In Figure 11, the cumulative volume of the 28-day
SAC grout stone body was slightly higher than that of the
OPC, and the pore size distribution of the OPC has some
advantages over that of the OPC. Pores with smaller
sizes (< 10 nm) are generally classified into the gel pores
[44], the amounts of gel pores of the SAC hardened grout
seemed to be higher. This might be because that the
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Figure 11. The pore size distributions of the 28-day SAC and
OPC single slurries at a W/S of 1.0.

effective W/S of the SAC is higher than that of OPC when
the initial W/S is the same. For example, at the initial
W/S of 1.0, the effective W/S of SAC1 was 0.83, while
that of OPC was 0.73. The difference in the effective
W/S between the SAC and OPC might be the real reason
for the distinctions in the pore size distribution. A large
number of big pores were present in the hardened OPC or
SAC grout, which might be due to the high initial W/S,
bleeding, sediment, etc., The newly produced hydration
products are advised to fill large pores whose diameters
exceed 100 nm, thus, these pores will be transformed
into smaller ones.

Erosion resistance coefficient

Figure 12 shows the erosion resistance coefficients
of the SAC1, SAC2 and OPC single slurry stone bodies.
The erosion resistance coefficients were calculated as
the average ratios of the FSs in the erosion solutions

18| M OPC, 180 days, 10 % CI-
“°T7| ® sAc1, 180 days, 10 % CI-

| m SAC2, 180 days, 10 % CI

OPC, 180 days, 10 % SO >

1] ® sAC1, 180 days, 10 % SO,>
| m SAC2, 180 days, 10 % SO,> |

Erosion resistance coefficient

0.8 1.0 1.2
Initial W/S

Figure 12. The 180-day erosion resistance coefficients of the
SAC1, SAC2 and OPC single slurry stone bodies.

and those in the water. The erosion concentration of the
sulfate ion and chloride ion was chosen as 10 %, and the
curing time was 180 days.

In Figure 12, the sulfate erosion resistance coeffi-
cients of the SACI or SAC2 stone bodies were much
higher than 1.0 at the initial W/S of 1.0 and 1.2. The
difference between the sulfate coefficient of SACI and
SAC2 was small, and attention should be paid to the
increase in the randomness with an increase in the W/S.
This might be because that the main mineral C,A;S of
the SAC hydrated to form high amounts of AFt, and the
AFt can be stable in a sulfate environment for a long
time. The amounts of AFt in the SACG stone bodies
might increase significantly because of their relatively
high porosity especially at the high W/S of 1.0 - 1.2.
Although the chloride erosion resistance coefficients of
the SAC1 or SAC2 stone bodies were not very high, they
exceeded 1.0 in general. There was no obvious chloride
coefficient difference for the SAC1 and SAC2 stone
bodies at the W/S of 0.8 - 1.2. In comparison, the sulfate
or chloride erosion resistance coefficients of the OPC
stone bodies were relatively low and close to 1.0. The
existed deviations in Figure 13 might be because that the
FSs were relatively low compared with the UCSs, the
flexural fracture was easily caused due to the obvious
brittleness, and the related improvement seemed to be
more sensitive. Meanwhile, the higher bleeding rate at
the higher W/Ss might contribute to these deviations. The
erosion resistance coefficients could provide references
for the corrosion-resistance evaluation of slurry stone
bodies, it is suggested to combine the erosion resistance
coefficients with the specific mechanical performance.

Microstructure

The 180-day single slurry stone bodies (SACI,
SAC2 and OPC) under different environments were pre-
pared, and their microstructures were measured through
SEM methods. The SEM results are shown in Figures
13a-i. The W/S of the single slurry was selected as
1.0, and the environments were water, a 10 % sodium
chloride solution and a 10 % sodium sulfate solution,
respectively.

In Figures 13a-c, for the OPC single slurry stone
bodies, obvious cracks and cavities appeared in the three
envi-ronments. Compared with the microstructures of the
OPC stone bodies in water, the cracks were more obvious
in the chloride solution, the degrees of gelatinisation
interconnection among the gels decreased and the po-
rosity increased especially in the erosion solutions with
a high concentration (10 %) of sulfate ions. In Figu-
res 13d-f, for the SAC single slurry stone bodies, there
were no obvious cracks, though cavities existed with
different degrees. In Figure 13d, thick and thin needle
shaped ettringite crystals and a small amount of calcium
hydroxide existed, meanwhile, the microstructure was
not so dense. In Figure 13e, large cavities and loose
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microstructures still existed for the SAC1 stone bodies
in the chloride solution. In Figure 13f, well developed
columnar ettringite and amorphous gels mainly existed,
and the compactness of microstructure seemed to be
improved. In conclusion, for the SAC slurry stone
bodies, the concentration of the ettringite increased, the

morphology of the ettringite tended to become thick
needle-like or columnar in shape in the erosion solutions
with a high concentration sulfate ions, and the porosity
of SAC1 and SAC2 were not high.

Figure 13. SEM photos ofthe OPC and SAC single slurry stone bodies (initial W/S of 1.0) under different conditions: a) OPC, 180-day,
water; b) OPC, 180-day, 10 % concentration of chloride solution; ¢) OPC, 180-day, 10 % concentration of sulfate solution; d)
SACI1, 180-day, water; ¢) SAC1, 180-day, 10 % concentration of chloride solution; f) SAC1, 180-day, 10 % concentration of
sulfate solution.
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CONCLUSIONS

e Compared with the effect of the mineral composition,
the W/S was the control influencing factor especially
when the W/S was over 1.0. The AWA and SP should
be used together to enhance both the stability and
flowability. The mineral composition of the SAC is
potentially beneficial to obtain high effective W/Ss and
short initial/final setting times.

e As for the flowability losing time of the double
slurries, the mineral composition and volume ratio
were the main influencing factors, and it decreased
with an increase in the volume ratio (1:1 - 5:1) and a
decrease in the W/S. The flowability losing times of
the OPC double slurries were smaller (less than 60 s).
The fresh-state property differences between the SAC
slurries were small.

e Although the early FSs of the SAC single slurries were
higher than those of the OPC, the FS developments
of the SAC were smaller than those of the OPC at
a W/S of 0.8 - 1.2. The FSs of the double slurries
were all lower than those of the single slurries. The
FS differences between SACI and SAC2 were small.
The 28-day FSs were relatively high when the SAC1
contents were within 40 %.

e The mineral composition was still the main influencing
factor for the UCS s of the double slurries, the UCSs
of the SAC double slurries were much lower than
those of the OPC, and the difference between SACI1
and SAC2 was small. The volume ratios of 2:1 and
3:1 were conducive to the UCSs of the OPC double
slurries. The UCSs of the blended double slurries were
highest when the SAC contents were 10 % - 30 % and
the volume ratio was 3:1.

e The sodium silicate single slurry had negative effects
on the mechanical strength of the SACG. The blended
SACG double slurries can help increase the mechanical
strength, especially when the SAC contents were
within 30 %. The effective W/S should be considered
to evaluate the pore size distribution characteristic and
the mechanical strength.

e The sulfate erosion resistance coefficients of the
SAC1 or SAC2 grouts were much higher than 1.0.
The concentration of ettringite increased, the ettringite
tended to increase and become thick needle-like or
columnar in shape in the high concentration sulfate
ions. The cracks, cavities and loose microstructure of
the OPC might have adverse effects on the long-term
stability in erosion environments.
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