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ABSTRACT: Introduction. Shotcrete lining is the most economical and quite fully mechanized in production among all the known 
varieties of concrete linings. The construction practice of hydraulic structures has accumulated numerous examples of the use of 
a wide variety of building materials in lining – from stone to modern films made of synthetic resins. Despite the very active efforts to 
find more suitable materials, concrete lining will remain the main one for a long time. Accordingly, concrete lining requires further 
improvements, increasing durability and reducing cost. Methods and materials. The studies were carried out by the comparison 
method of laboratory tests of shotcrete with nanostructured surfactants additives. In the form of nanostructured additives, SCL 
(sulfite-cellulose liquor), NAR (neutralized air-retaining resin), cotton soap and bitumen were used in various consistency. The tests 
were conducted on strength properties, shrinkage, tension deformation, adhesion strength and water permeability. Structural 
changes in the properties were studied by electron-microscopic analysis. Results and discussion. It is established that the optimal 
proportion of SCL additive to the shotcrete gauged water, under the spraying condition, is 0.5% by the cement weight. NAR addi-
tive is not observed. When cotton soap additive with gauged water are added into the shotcrete, the water content in the placed 
shotcrete increases as the amount of the additive added increases, the optimal cement content in the shotcrete is observed when 
0.3% cotton soap additive by the cement weight is added. The “rebound” decreases when the additive proportion grows. The 0.3% SCL 
additive by cement weight added in 1:4 dry mixture shotcrete increases its compression strength by 16%, bending strength by 1% 
and tension strength by 20%. Conclusion. All nanostructured surfactant additives increase the shotcrete shrinkage. The shotcrete 
with SCL additive shows the smallest increase in the shrinkage, and the largest – with bitumen emulsion. The additives used in 
shotcrete significantly increase its tension deformability, and in a wide range reduce the values of the shotcrete instantaneous 
elasticity modulus, i.e. enhance its plastic properties. The surfactants and bitumen emulsion reduce the adhesion strength between 
shotcrete and reinforcement, however, it remains at a higher level than that of conventional concretes.
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INTRODUCTION

Most irrigation systems in Kazakhstan do not have 
anti-filtration lining on the channels. This is one 

of the main reasons for the very low efficiency of systems, 
as well as resalinization and waterlogging of suspended 
land [1].

Further development of agriculture in the Kazakh-
stan requires radical change in the prevailing views on 
the irrigation channels lining. The dwindling land re-
serve for new irrigation and the ever-increasing need 

for capital costs of reclaiming old irrigation land will 
sooner or later require a transition to fully lined sys-
tems. Therefore, there is already a very serious need for 
extensive scientific and industrial research of all kinds 
of materials and structures, methods of work and design 
of machines to install linings [2].

The construction practice of hydraulic structures in 
various countries has already accumulated numerous ex-
amples of the use of a wide variety of building materials in 
the lining- from stone to modern films made of synthetic 
resins. However, despite the very active efforts to find 
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more suitable materials, concrete lining will remain the 
main one for a long time. Accordingly, concrete lining 
requires further improvement, increasing durability and 
reducing cost [1–5].

Shotcrete lining is the most economical and quite fully 
mechanized in production among all the known varieties 
of concrete linings [6].

In Kazakhstan and Central Asia, there are almost no 
shotcrete linings, there are only small areas, although 
in some foreign countries, for example, in the USA and 
China, they have been used for a long time and are being 
re-built [7, 8].

Due to the simplicity, construction mechanization and 
great economy compared to monolithic and prefabricated 
linings made of ordinary concrete, shotcrete linings will 
take a proper place in irrigation construction.

METHODS AND MATERIALS

Research [9–12] determined the optimal parameters 
for the shotcrete work production. In experiments, the 
angle between material flow direction and the land to be 
treated was 90 degrees with the distance from the nozzle 
to the panel 90–110 cm. In the experiments, we used sand 
taken from the Syrdarya riverbed, with the volume weight 
of 1.44 kg/l, a specific gravity of 2.7 kg/l and voidness of 
46.5%, Portland cement grade 400 of Zhambyl Cement 
Plant and water from State utility enterprise on the right 
of economic management “Taraz Su”.

By applying shotcrete to special panels at an angle of 
90 degrees to their surface, shotcrete plates were made, 
which were cut into figures of certain sizes at the hori-
zontal position of the panel. This facilitated the samples 
production and improved their quality.

We took cubes sized 3×3×3 cm to test shotcrete com-
pression strength, and prisms 3×3×24 cm in size were 
used to test the bending properties. We prepared prisms 
3×3×8 cm in size, which were placed in normal-type 
briquettes and the “rounding-off shoulders” were filled 
with cement-water paste made of fine-ground cement. 
During the tension test, there were cases of “rounding-
off shoulders” shearing, so we designed special dies from 
roofing iron with wooden plungers and the workshops 
machined them.

The proportions of sand and cement to prepare dry 
mixture were taken by weight. The composition of the 
shotcrete was determined by the specific method [10, 
11]. Experimental samples were tested after storing them 
in wet sand for 7, 28, 60, 90, 180, 360, 720 days. At least 
three twin samples were tested at each stage. The strength 
properties of shotcrete (kg/cm2) without additives at 
28-days are given in Table 1.

At 18-months, shotcrete had the following strength 
(% of 28-days): by 1:2 composition of the dry mixture – 
116, by 1:3 and 1:4 – approximately 100, by 1:5 – 106 (in 
compression), by 1:4 – 184 and 1:5 – 164 (in bending). 
In later stages, the strength increases significantly during 
bending and slightly during compression. At 24-months, 
the compressed shotcrete has the following strength (% of 
28-days): by 1:3 composition of the dry mixture – ap-
proximately 100 and by 1:5 – 174 accordingly.

The ratios of bending strengths to compressive 
strengths, average for various periods of storage, increase 
with a decrease in the fat content of the dry mixture from 
0.32 for a composition of 1:2 to 0.42 for a composition 
of 1:6. Average ratios of tensile strength to compressive 
strength increase from 0.13 for 1:2 dry mixture to 0.29 for 
1:6 dry mixture.

In addition to sufficient compressive, bending and ten-
sile strength, water permeability is of great importance for 
the lining material. Shotcrete with an undamaged struc-
ture has a high water permeability [15]. When lining was 
installed at channels K-18, K-20 in the Maktaral district 
of the Turkestan region, shotcrete with 1:5 dry mixture 
composition  mixed with cement grade 400 and Zhetysay 
sand (lining thickness 5–7 cm) at 28-days stage withstood 
a pressure of 6–8 atm (Fig. 1).

Shrinkage was determined on prism shaped samples 
sized 5×5×50 cm using a designed and manufactured 
saddle-type indicator tensometer. The relative shrinkage 
values (ε×10–5) for shotcrete at 14 and 28-days are as fol-
lows (Table 2).

To determine the effect of water evaporation from 
the sample on its shrinkage, some samples were coated 
with paraffin. Dry mixture composition 1:4. Shrinkage 
was measured on a 5×5×50 cm sample. The paraffined 
sample shrank for 2 days gradually, due to contraction: 
then the shrinkage stopped, amounting to 9.4 µ. During 

Table 1
The strength properties of shotcrete (kg/cm2)

Type of test
Dry mix composition

1:2 1:3 1:4 1:5 1:6

Compression 281 230 179 150 100
Bending 105 73 72 62 40
Tensile 38 32 27 32 19
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this time, the non-paraffined sample shrank to 49.6 µ, 
i.e. 5.3 times more, and it continued, reaching 467.2 µ 
by 90 days stage, of which 383.2 or 82%, were in the first 
30 days. It is clear from the experiments how important 
it is to avoid water evaporation from the shotcrete during 
the setting process in order to reduce shrinkage. To create 
a vapor-proof film on a shotcrete surface, heavy highly 
polymerized Kyzylorda and Aktyubinsk oils can be used 
in this process.

The disadvantages of cement material, from the point 
of view of its use for channel lining, are 1) excessive stiff-
ness and brittleness, which increase over time, and 2) suf-
ficiently large temperature-shrinkage deformation. The 
first disadvantage does not allow to built thin concrete lin-
ing (5–7 cm), as it would be highly susceptible to destruc-
tion even with minor base deformations (subsidence and 
suffosion process). Therefore, monolithic concrete lining 
is usually 10–15 cm thick and are often reinforced with 
iron. The second disadvantage leads to the need to disturb 
the coating by cutting temperature-shrinkage seams, and 
this worsens coating operational performance and com-
plicates construction work. In this regard, it is desirable to 
increase the deformative properties and creep of cement 
material, in particular shotcrete [11–14].

The influence of nanostructured surfactants on the 
shotcrete creep was revealed when we add SCL (sulfite-
cellulose liquor), NAR (neutralized air-retaining resin) 
and cotton soap into gauged water. Bitumen substance 
has high plastic properties under certain conditions. It can 
transmit these properties to the input materials. Bitumen 
substance was added into the shotcrete as bitumen solu-
tion in kerosene and bitumen emulsion.

The effect of appending organic surfactants should 
affect the wetting ability of the gauged water and the me-

chanical properties of the shotcrete [16]. The influence 
of organic surfactants on the wetting ability of gauged 
water with the additive was determined by measuring the 
capillary suction of solutions. To determine the capil-
lary suction of distilled water with and without additives, 
a simple device is made consisting of four tubes with a di-
ameter of 3.2, 1.2, 0.5 and 0.3 mm, fixed on a measuring 
scale with the ends of the tubes extending beyond the 
scale by 20 mm. The tubes were immersed in the liquid. 
To measure the capillary suction, the average of three 
experiments was taken. 

RESULTS

SCL was added in the amount of 0.5, 1 and 1.5%, 
NAR – 0.05, 0.1 and 0.15, cotton soap – 0.1, 0.3 and 
0.5%. As a result, it was found that SCL increases the 
wetting ability of water, and the more additives the higher 
wetting ability is. NAR causes a slight increase, and cotton 
soap significantly reduces it.

To find out the effect of additives on the shotcrete 
spraying process, a set of experiments was carried out, the 
results obtained are given below. In experiments, a 1:4 dry 
mix shotcrete with various amounts of SCL, NAR and 
cotton soap was used. To make the research, the group 
of scientists took 10 kg of dry mixture and defined the 
composition of the shotcrete applied to the panel and its 
weight. According to the spraying conditions, the optimal 
amount of SCL additive is 0.5% by the cement weight. 
With such an amount of additive, shotcrete contains 
a minimum amount of water, a maximum amount of 
cement and has the smallest “rebound”.

The optimum addition of NAR is not observed. As 
it increases from 0.05 to 0.1% of the cement weight, the 
water content in the cast-in-place shotcrete increases from 
12.4 to 13.1%, cement content increases from 29.5 to 30.9, 
and the shotcrete weight changes from 4.3 to 5.3 kg, i.e. 
the “rebound” decreases.

When cotton soap mixed with gauged water is added to 
the shotcrete and as its amount increases, the water con-
tent in the shotcrete inhances. It is noted that the optimal 
amount of cement in shotcrete is by the addition of 0.3% 
cotton soap by cement weight, or 0.57% by water weight. 
The weight of the cast-in-place shotcrete increases from 

Table 2
Relative shrinkage values of shotcrete

Shotcrete 
composition 14-days 28-days

1:3 36.0 57.0

1:4 35.0 53.5

Fig. 1. Pilot sites of irrigation channel lining installation using shotcrete in the south of Kazakhstan
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4.38 kg with 0.1% cotton soap from the cement weight to 
5.88 kg with 0.5% addition, i.e.the “rebound” decreases.

In order to determine the effect of surfactant additives 
on strength properties, 5×5×5 cm cubes, 5×5×31 cm 
prisms, and normal-type briquettes were made. Beams 
sized 5×5×50 cm were tested for shrinkage. Also beams 
of the same dimentions with the released reinforcement 
ends d = 10 mm were tested for deformation ability under 
the condition of a slowly increasing static tensile load. The 
shotcrete creep was examined under the constant static 
load. The rings with a diameter of 20 cm and a thickness 
of 5 cm were tested for water permeability (Fig. 2).

The ideal proportion of additives in concrete and ordi-
nary mortar was established during laboratory and indus-
trial experiments: SCL is about 0.25%, NAR is 0.03 %, 
and cotton soap is 0.1% by the cement weight. 

To try shotcrete strength out, three twin samples 
were used. The tests were carried out at 28, 90, 180 and 
270 days of samples storage in wet sand. 1:4 dry mixture 
composition. The results are shown in the Table 3.

The SCL in the amount of 0.3% by the cement weight 
increases the compressive strength on the average of 16%, 
bending strength by 1%, and tensile strength by 20%. 
Shotcrete compressive strength increased on the average 

of 16%, the bending and tensile strengths decreased in 
comparison with the shotcrete corresponding strengths 
without additives when SCL 0.5% by cement weight was 
added. The average compressive and tensile strengths 
remained approximately at the same level as the shotcrete 
corresponding strengths without additives, and the bend-
ing strength increased by 20% when SCL 1% by weight 
of cement was added. 

Based on the experiment results, it can be concluded 
that SCL increases the shotcrete strength properties al-
most at the same limits as in ordinary cement mortars 
and concretes, so SCL in the amount of 0.3% by the ce-
ment weight can be recommended to use to increase the 
shotcrete strength in structures.

NAR and cotton soap reduced the shotcrete strength 
properties, and the more they are added the greater the 
strength decreases. The proportion of additives used in 
experiments showed that cotton soap reduces the com-
pressive and tensile strength to a greater extent than NAR. 
And only shotcrete bending strength was higher with cot-
ton soap added than with added NAR. This is explained 
by the fact that surface-active additives of hydrophobic 
type, adsorbed on the surface of concrete components, 
form films of water-solublecalcium soaps and therefore 

Table 3
Results of the shotcrete strength test

Type of shotcrete

Quantity
of additive, 

% by cement 
weight

Water/
Cement

in
shotcrete

Strength limits of samples in kg/cm2 at the 24-hour period

compression bending tensile

28 90 180 270 28 90 180 270 28 90 180 270

Without additive

With additives
SCL
NAR

Cotton Soap

Bitumen emulsion*

–
0.3
0.5
1.0

0.03
0.06
0.12

0.1
0.2
0.6

0.25
0.5

0.52
0.43
0.28
0.47
0.37
0.58
0.74

0.71
0.93
0.61
0.6
–

259
317
293
255
183
147
131

166
176
134
137
91

218
270
328
190
260
265
142

156
243
163
174
–

259
301
247
301
165
273
195

138
181.5
231
180
154

–
–

377
471
293
–
–

182
192.5
278
263
–

94
108
83

103
74
65
55

65
92
75
77
27

85
–
83

128
83
85
62

76
65
60
60
–

142
125

132.5
139
78
69
–

97
125
88.5
87
57

–
–

136
128
131
–
–

55
45
65
96
–

34
38
23
31
26
22
12

20
12
18
20
10

33
38
31
32
24
25
27

19
14.7
14
–
–

37.9
50.8
35.6
41.3
36.8
32.4
25.2

31.8
16.8
27.0
27.6
14.2

–
–

47.9
–

38.5
–
–

–
18.1

–
–
–

* The bitumen content is given as a percentage by the shotcrete weight

Fig. 2. Shotcrete samples 

http://nanobuild.ru/ru_RU/


http://nanobuild.ru info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2022; 14 (3): 
227–240

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

231

reduce the rate of hydration and hydrolysis of clinker min-
erals and, consequently, the increase in the strength over 
time. The plasticizing effect is based on air entrainment, 
which occurs in the concrete mixing process, but it does 
not occur during pneumatic spraying process, so there is 
no plasticizing effect [17].

The deformability of shotcrete containing various ad-
ditives of different proportions was determined under the 
influence of permanent step load.

The experiment shows that the speed of load applica-
tion is approximately constant, so the task to define the 
comparative deformability indicators of shotcrete with 
additives can be considered fully completed.

The prism shaped samples at the 28-days sized 
5×5×50 cm were tested during the experiment. Deforma-
tion was measured by indicator tensometer. Deformation 
reports were taken at stress intervals of 2 kg/cm2. Three 
twin samples were tested, and the number of loading 
and unloading cycles ranged from 4 to 15. Two samples 
were destroyed and one was left to be tested again at the 
3-months. Aside the deformation reliance on the stress, 
there were also determined the number of plastic defor-
mations at certain stress levels (sometimes close to Rp), 
maximum extensibility, and tensile strength limits.

The figures show the deformation reliance graph 
Δl = f(σp), based on the experiment results, where almost 
all traffic curves of the second loading cycle are taken for 
the samples that showed most logical change (out of three 
twin samples) in  deformation reliance. Shotcrete creep 
was determined based on measurements of 28.5 cm.

Fig. 3 shows deformation reliance on the stress for 
shotcrete with different proportions of SCL and NAR ad-
ditives, as well as control curves for shotcrete without ad-
ditives. All kinds of samples were made from cement dry 
mixtures and sand in a ratio of 1:4. The graphs show that 
SCL additive greatly increase the shotcrete deformation 
ability under certain load; the more additive added, the 
more sharply the deformability increases, and this fact is 
observed in an overall increase of the shotcrete with SCL 
additive strength properties. SCL increased the specific 
deformability, and consequently reduced the value of the 
instantaneous and long-term deformation modulus and 
thereby enhanced the plastic deformations as well. This 
is also indicated by a significant length reduction of the 
initial straight-line portion on the graphs.

The influence of additives on the maximum tensile 
strength of 28.5 cm of the prism section is characterized 
by the following data (1:4 dry mix composition, Table 4).

Graphs of shotcrete deformability with NAR additive 
show that NAR even more sharply than SCL increased 
the deformation ability of the shotcrete, however, this is 
already observed at a time when strength properties de-
creased substantially. NAR slightly changes the nature of 
the deformation curves: they approach the straight lines 
and the curve 8 changes the curvature sign.

Cotton soap increases the deformability of the shot-
crete more significantly than SCL and NAR, but it is par-
ticularly marked under a higher ultimate tensile strength 
decrease compared to the shotcrete with the NAR addi-
tion (Fig. 4a).

Fig. 3. Graph of shotcrete deformation reliance on load and additive Δl = f(σpD): 1 and 5 without additive, Δl = 0.3–
0.86; 2 – 0, % SCL, Δl = 0.4–0.62; 3 – 0.5% SCL, Δl = 0.5–1.2; 4 – 1.0% SCL, Δl = 0.6–1.5; 6 – 0.03% NAR; 
7 – 0.06% NAR; 8 – 0.12% NAR (for NAR Δl = 1.0)

a b

http://nanobuild.ru/ru_RU/


http://nanobuild.ru info@nanobuild.ru

Nanotechnologies in construction
Нанотехнологии в строительстве

2022; 14 (3): 
227–240

MANUFACTURING TECHNOLOGY FOR BUILDING MATERIALS AND PRODUCTS

232

Bitumen was added into the shotcrete with gauged 
water as an emulsion in 0.25 and 0.5% proportions (Fig. 
4b). Curve 2 corresponds to the deformation of the sam-
ples added 0.25% additive; with a few additives, the dif-
ference in elongation indicators compared to shotcrete 
without additive is not significant. The 0.5% additive 
increased significantly the shotcrete deformability, as 
is the case with NAR additive. Curve 3 has already a 

clearer inverse curvature, which logically should indicate 
the decrease in the plastic component of deformation 
as the stress increases. Bitumen additive dramatically 
reduced the tensile strength and even the ultimate tensile 
strength, although the specific tensile strength remained 
approximately the same.

For a more prominent comparison of the tensile 
strength (at 28-days), depending on its composition 
and additives, the values of the total increment of the 
samples length µ are given below based on the accepted 
measurement when the samples reach the tension of 5 and 
10 kg/cm2 (with additives, the dry mixture composition 
is 1:4, Table 5).

SCL increases the deformability under static load by 
2–2.5 times, NAR – by 2,5–4 times, cotton soap – by 
3–5 times, bitumen – by about 2 times.

The shotcrete deformability was determined from 4 to 
15 cycles of alternate loading and unloading.

Fig. 5 show the deformation reliance graph of the test 
of 1:4 dry mix shotcrete without additives at 5 loading 
cycles. The curves of different cycles are almost parallel 
(parallelism of tangentsat points of equal loads), although, 
with an increase in the number of cycles, they would have 
to straighten out due to a process similar to “hardening”. 
When the load is reset for the next loading cycle, the in-
dicator arrow does not return to its initial position, but 
always shows a longer length, a sample by a value a', a'ʹ  
and etc. As the number of loading cycles increases, the 
values of a, being as a residual deformation, decrease and 
are practically reduced to zero. The absolute values of a 
depend, apparently, on the material of the samples, the 
stage, and the present tension.

Fig. 4 (a, b). Graph of shotcrete deformation reliance on load and additive Δl = f(σpD): a – cotton soap additive, %; 
1 – without additive, Δl = 0.3–0.86; 2 – 0.1, Δl = 1.5; 3 – 0.2, Δl = 1.7; 4 – 0.6, Δl = 2.15; b – bitumen additive, %; 
1 – without additive, Δl = 0.3–0.85; 2 – 0.25, Δl = 0.3–0.86; 3 – 0.5, Δl = 0.74

Table 4
Effect of additives on the ultimate tensile strength value

Quantity of the 
additive, %

Ultimate tensile
 strength, kg/cm2

Maximum 
elongation, µ

Without additive 28 22

SCL
0.3
0.5
1.0

34.6
27.9
20

21
26–27

33

NAR
0.03
0.06
0.12

20
19
14

42
46–47

20

Cotton Soap
0.1
0.2
0.6

20.4
16.1
11

35
32
22

Bitumen
0.25
0.5

16
11

8
18

a b
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Thus, the reliance curve Δl = f(σp) sums up the elastic 
and plastic deformation components during the forward 
course (tension increase), and the second branch of the 
curve corresponding to the tension relief, on the contrary, 

differentiates them. In experiments, the rate of increase 
and decrease of the load is quite high; we can assume 
that the plastic component of deformationis restored. As 
the number of loading and unloading cycles increases, 
the angle of the graph inclination (lines 1, 2 and 3) to 
the abscissa axis decreases, and the value of the elastic 
modulus decreases along with the integrity violation of 
the shotcrete structural constructions.

This phenomenon is observed in all the tests we have 
performed with a large number of loading and unload-
ing cycles. During 1:4 dry mixture sample test with the 
0.06% NAR additive, the instantaneous elastic modulus 
found according to the graph of the second cycle was 
285 000 kg/cm2, and according to the graph of the 15th cy-
cle – 259 000 kg/cm2.

During the experiments to identify the shotcrete 
shrinkage, we were interested, firstly, in its shrinkage 
deformations, since shotcrete differ significantly from 
ordinary concretes and mortars in the placing method and 
water consumption, and, secondly, in the effect of surfac-
tants additives and bitumen on the shotcrete shrinkage.

Shrinkage was determined on prism shaped samples 
sized 5×5×31 cm and 5×5×50 cm using special devices. 
A set of control measurements showed that the relative 
shrinkage obtained on samples of different lengths dif-
fer very little. Shrinkage of the samples was observed 
for 2–3 months. According to the shrinkage graphs of 
shotcrete samples without additives and with the initial 
1:3 and 1:4 dry mixtures compositions as well as with 
0.3 and 0.5% SCL additives (by the cement weight), it 
can be concluded that the first three compositions have 

Table 5
Comparison of shotcrete tensile strength

Dry mix 
composition and

additive percentage
5 kg/cm2 10 kg/cm2

Without additive
1:2
1:3
1:4

0.2
0.7
1.8

0.4
2.0
5.0

SCL
0.3
0.5
1.0

2.1
2.7
5.0

5.0
6.7

11.5
NAR
0.03
0.06
0.12

5.0
5.2
8.0

10.0
10.2
13.4

Cotton Soap
0.1
0.2
0.6

8.8
10.0
10.6

16.2
18.6
21.0

Bitumen
0.25
0.5

2.0
5.6

5.3
9.5

Fig. 5. Curves of shotcrete deformation reliance on load Δl = f(σp) at 5 load cycles
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approximately the same shrinkage rate, and the fourth 
composition has a slightly higher one (Fig. 6a). This is due 
to the high cement content in the fourth composition, as 
well as the acceleration of cement hydration as a result of 
the SCL peptizing effect and the accelerating processes 
of diffuse water absorption by cement.

Shotcrete with NAR additive (1:4 dry mixture com-
position) has higher shrinkage than shotcrete without 
additive. According to the curves position (Fig. 6b), it can 
be seen that the cement content has a greater influence on 
the shrinkage rate than water, so the compositions with 
higher cement content correspond to curves of greater 
shrinkage rate.

Shotcrete with soapstock soap additive and bitumen 
has a slightly lower shrinkage rate in the first 15 days of 
testing, and in the subsequent days it has a higher one. 
(Fig. 6c) By the end of the month, the shotcrete with 
bitumen has the greatest shrinkage. To compare, the rela-
tive shrinkage values for all shotcrete compositions are 
given below (for shotcrete with 1:4 additives) at 14 and 
28-days. The additives used in the first month increase 
the shotcrete shrinkage, the highest indicators were found 
in shotcrete with bitumen (Table 6).

Table 6
Relative shrinkage rates

Dry mixture 
composition and 

additive percentage

Relative 
shrinkage
14 days

ty × 10–5 
at 28-days 

Without additive
1:4
1:3

35.0
36.0

53.5
57.0

SCL
0.3
0.5

39.0
48.0

55.0
63.7

NAR
0.03
0.06
0.12

49.0
44.0
36.0

59.5
58.5
55.0

Cotton Soap
0.1
0.2
0.6

44.0
23.4
35.0

62.5
55.0
60.3

Bitumen
0.25
0.5

40.0
37.0

68.0
66.0

Fig. 6. Graphs of shotcrete shrinkage reliance on time εy = f(t): а – SCL additive, %; 1 and 2 – without additive 
(mixture 1:4); 3 – 0.3, mixture 1:4; 4 – 0.5, mixtures 1:4; b – NAR additive (mixture 1:4), %; 1 – without additive; 
2 – 0.03; 3 – 0.06; 4 – 0.12; c – cotton soap additive (1 – 0.1%, 2 – 0.2, 3 – 0.6) and bitumen (4 – 0.25%, 5 – 0.5); 
mixture 1:4

a

b

c
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The adhesion strength between concrete and rein-
forcement is the most important factor that ensures their 
joint and reliable operation in constructions. It is caused 
by three main causes: friction and shear resistance. Nu-
merical value of adhesion strength is determined empiri-
cally, and its shear resistance (Rad and τad ) is expressed  
by the adhesion strength (kg/cm2) assigned to the total 
outside surface of the reinforcement Experiments have 
shown that τad for concrete ranges from 25 to 40 kg/cm2, 
and for shotcrete it is slightly higher – 38–62 kg/cm2 [18].

DISCUSSION

In our experiments, we tried to trace the effect of 
additives on the shotcrete adhesion strength. Adhe-
sion strength was determined by pulling out 10–12 mm 
long reinforcing rods from prism shaped samples with 
the cross- section of 50×50 mm and  the length of 15–
17 cm. The length of restraint of the reinforcement end 
was 10–12 cm. The adhesion strength between shotcrete 
and reinforcement has the same cohesion as the strength 
properties. SCL additive increased significantly the ad-
hesion strenth (almost in twice), and all other additives 
lowered it (Table 7).

However, by the 3-months, the SCL additive did not 
increase the shotcrete adhesion strength, while in shot-
crete without additives and with hydrophobic additives, 
adhesion strength increase is observed. In some cases, 
the adhesion strength between concrete and reinforce-

ment reaches 200% of the 28-days adhesive strength. By 
the 3-months, all shotcrete compositions got the adhe-
sion strength τad, close to one τad for ordinary concretes 
or even higher. Thus, it can be noted that the adhesion 
strength τad between shotcrete with additives (SCL, NAR, 
cotton soap, bitumen in proportions close to ours) and 
reinforcement is at a very satisfactory level, and therefore 
the minimum embedment length of the reinforcement 
can be calculated according to the principles that apply 
in ordinary concrete, i.e.

where l – is the minimum required embedment length 
of the reinforcement; Ra

H – is the standard resistance of 
the reinforcement.

To compensate for shrinkage deformations, the creep 
of the shotcrete under static load is of great importance 
[19–27]. Sample shrinkage deformations at 1-month, 
taken for testing from wet sand, were larger than the creep 
in a certain period of time: this became clear after testing 
9 sets of samples (shotcrete without additives, as well as 
with SCL and NAR).

Starting from the 10th set, where the samples made 
from dry mixture of cement and sand 1:4 with 0.6% cot-
ton soap additive (by the cement weight) were used, the 
deformations shown by the sample under the influence 
of the tension load were divided into shrinkage and creep 
by subtracting from them the shrinkage values obtained 

Table 7
Adhesion strength between shotcrete and reinforcement indicators 

Additive 
proportions, %

Dry mixture 
composition

Shear strength (kg/cm2) at the particular time

1 month 3 months 6 months

Without additive
1:2
1:3
1:4

34
29
26

53
48
41

52
41
47

SCL
0.3
0.3
0.5
1.0

1:3
1:4
–
–

46
44
40
25

43
–
37
–

41
–
36
40

NAR
0.03
0.06
0.12

–
–
–

23
21
17

46
34
22

46
52
31

Cotton Soap
0.1
0.2
0.6

–
–
–

12
15
10

24
31
20

–
23
26

Bitumen
0.25
0.5

–
–

19
16

25
–

18
–
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on an undisturbed twin sample. It has been established 
that the intensity and measure of shotcrete creep depend 
on the level of the sample tension state: the closer the 
acting load is to the ultimate strength, the more intense 
the creep is.

Due to the shrinkage effect, the shotcrete creep is 
not observed by direct measurements at low loads – 
0.2 ÷ 0.3Rp. As the load increased over 0.5Rp, almost all 
tested shotcrete compositions showed creep deformation, 
which was recorded directly by tensometer. However, 
this process was fading; after 4–6 hours, the shrinkage 
again exceeded the creep and tensometer began to show 
shortening of the samples.

A sample made from dry mixture 1:4 with 0.5% SCL 
additive was tested for creep effect. Regardless of the ten-
sion acting on it, the total deformations (creep, shrinkage) 
were permanently negative, i.e. the sample was shortened, 
and the shortening of 11 cm base fluctuated within the 
following limits (Table 8).

An increase of the tensile load on the shotcrete reduces 
its shrinkage deformations: this occurs due to the rise 

in the creep intensity and as a result of the creep efforts 
increase resisting shrinkage deformations. Table 9 shows 
the nature of the elastic deformation increment of the 
shotcrete during a stepping, highly dispersed in time load 
increment.

The experiment, the results of which are summa-
rized in the Table 9, was carried out as follows. When 
the sample was being effected by a continuous load, up 
to 6.4 kg/cm2, we took the tensometer readings, then af-
ter 21 hours the load was completely removed, the ten-
someter arrow was set to zero point, and after that, the 
sample was affected by the load again, up to 9 kg/cm2. The 
sample elongation was 15.2 and 14.5 µ, respectively. After 
48 hours, we repeated the same process again.

Data from tables and graphs (given only for one set of 
shotcrete samples) showed that in the general case, the 
relience Δl = f(σp) is curvilinear, and the curvature of the 
graphs is of the same direction (sign) as in the tests of 
shotcrete under continuous static loading. 

Water permeability tests were performed on disk sam-
ples with a diameter of 200 mm and a height of 50 mm 
(three samples per point at the 28-days). The pressure 
increased by 1 atm. after 4 hours. Samples were cut from 
50 mm thick shotcrete slabs using a die and plunger. The 
test results are given below (Table 10).

The effect of appending of nanostructured surfactants 
does not reduce the shotcrete water permeability, even 
the samples with 1% SCL additive by cement weight can 
withstand the 6 atm pressure. If SCL additives increase 
the shotcrete compression capacity and keep it at the level 
of its compressive capacity without additives, they also 
cannot reduce the water permeability.

Electron-microscopic analysis of shotcrete with 
nanostructured additives of surfactants has shown that 
the strength properties, shrinkage, tensile deformability 
and water permeability have significantly improved in-
dicators compared to ordinary concrete and confirm the 
results of the experimental work. The microstructure of 

Table 9
Increment nature of shotcrete elastic deformations 

Sample tension 
strength, kg/cm2

Number of hours 
before the load is 

applied

Sample elongation at the base of 110 mm, µ

Right tensometer Left tensometer Average

6.4
9.0

10.0
11.2
12.4
13.6
15.2
16.0
17.0

21
48
48
48

240
120
144
24

14.3
15.2
16.0
17.0
17.6
18.9
19.1
20.7
21.0

13.2
14.5
15.4
16.0
16.9
17.7
18.9
20.1
22.1

13.75
14.85
15.70
16.50
17.25
18.30
19.00
20.40
21.55

Table 8
Shotcrete creep indicators

σp, kg/cm2 Shortening, µ

16 12–9.5
23 7.8–7.3
25 3.3–3.0
28 2.0–1.4
32 1.9–1.2
33 1.8–0.8
37 1.7–0.6
40 0–0
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Table 10
Test results of shotcrete water permeability 

Additive 
proportion, %

Dry mix 
composition

Pressure 
sustained by 
samples, atm

Without additive 1:4
1:2

6
6

SCL
0.3
0.3
1.0

1:3
1:4

6
6
6

NAR
0.03
0.06

*
*

6
6

Cotton Soap
0.1
0.2

*
*

1*
6

* Samples burst when the pressure increased

Fig. 7. Microstructure of shotcrete samples: a – with SCL additive; b – with NAR additive; c – with cotton soap 
additive; d – with bitumen additive 

the samples was examined on the JEOL JSM7500 scan-
ning electron microscope with an X-ray spectral analysis 
attachment (Fig. 7). 

CONCLUSION

Based on the results of the study, the following conclu-
sions can be drawn:

1. Nanostructured additives of surfactants have differ-
ent effects on the water wetting ability and the shotcrete 
strength: SCL and NAR additives increase them, while 
NAR does it slightly. Cotton soap additive significantly 
reduces the water wetting ability and, probably, therefore 
reduces the shotcrete strength in case if gauged water is 
mixed with it.

2. The optimal proportion of SCL additive to the shot-
crete gauged water, under the spraying condition, is 0.5% 
by the cement weight. The optimum of NAR additive 
is not observed When cotton soap additive with gauged 
water are added into the shotcrete, the water content in 
the placed shotcrete increases as the amount of the addi-
tive added increases, the optimal cement content in the 
shotcrete is observed when 0.3% cotton soap additive by 
the cement weight is added. The “rebound” decreases 
when the additive proportion grows.

3. The 0.3% SCL additive by cement weight added 
in 1:4 dry mixture shotcrete increases its compression 
strength by 16%, bending strength by 1% and tension 
strength by 20% (compared to the corresponding shot-
crete strengths without additives).

a b

c d
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