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Abstract. Studies of the piles bearing capacity after strengthening soil by 
cement mortar pressure injection were carried out to determine pile 
foundations bearing capacity increasing patterns in a result of soils 
cementation. Depending from the volume and cement mortar technological 
injection parameters, the soil stress state around the pile changes, 
additional pile-soil compression occurs and the friction along the lateral 
surface increase, as well as the soil resistance under the pile bottom end. 
Cementation effect on the pile bearing capacity for different injectors 
location and the number of piles in the foundation were determined by 
tests. The research results can be used in the pile foundations 
reinforcement design in conditions of reconstruction with increasing loads 
on the foundations. 
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1 Introduction 
In the process of performing reconstruction work on the buildings and structures, with 
increasing loads, it is often necessary to increase the pile foundations bearing capacity. 
Reinforcement of the pile foundation may also be required if the soil characteristics 
surrounding the pile deteriorate, for example, due to increased humidity. To increase the 
pile foundation bearing capacity, you can apply the method of laying additional piles. 
Currently, to strengthen foundations, are widely used various types of piles, carried out 
according to various technologies [1, 2]. However, the installation of additional piles is 
associated with a high cost and the necessary to design structures that transfer the load from 
the existing foundation to the new piles, which complicates the implementation of 
reinforcement work. 

At the same time, an increase in the bearing capacity of the pile foundation can be 
achieved by strengthening the soil between the piles and the ground base under the pile. 
One of the soil strengthening effective methods is the pressure cementation method [3, 4]. 
As a result of the cement mortar pressure injection, compactingthe soil around the pile and 
under its lower end, which leads to an increase in the soil and pile contact interaction along 
the lateral surface and the soil resistance increase under the lower end [5-9]. 
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A sources review in this area shows that at present has not been proposed any method 
for determining the bearing capacity of hanging piles in a cemented soil massif. The 
available studies give a general picture of the hardened soil characteristics, while there is no 
data about the effect from the soil strengthening process by cementation on the bearing 
capacity of the existing pile foundations [3, 7, 10-12]. This work purpose is to study the 
changes in the stress-strain state of the soil around the piles and to quantify the bored pile 
bearing capacity after strengthening the soil by pressure cementation. 

2 Materials and methods 
To determine changing regularities ofthe bored pile bearing capacity during strengthening 
the soil by pressure cementation and to quantitatively evaluation the cementationparameters 
effect on the bearing capacity, were carried out experimental researches in the volumetric 
tray in the laboratory «Ground bases, Foundations, Dynamics of Structures and Engineering 
Geology» department of Kazan State University of Architecture and Engineering. For 
research, was made a scale model of a bored pile from fine-grained concrete in a 1:20 ratio. 
The pile model has a 3.0 cm diameter and a 50 cm total length. The soil for testing was 
created from fine-grained sand by layer-by-layer filling with uniform compaction. A 
general view ofthe test tray is shown in Fig. one. 

 
Fig. 1. General view of the test tray (single pile experiment). 

Physical and mechanical characteristics of the initial soil are presented in Table. 1. 
Table 1. Physical and mechanical characteristics of the soil before testing. 

Indicators name Symbol  Measurement 
unit  Value 

Specific gravity γ kN/m3 14.8 
Soil particlesspecific gravity γs kN/m3 26.5 
Drysoilspecific gravity γd kN/m3 14.36 
Porosity coefficient e s.u. 0.845 
Humidity W % 3 
Internal friction angle φ degree 25 
Soil particlescohesion с kPa 2 

The pile model and injectors installation for cement mortar injecting into the soil massif 
was carried out in the process of dumping the soil into the tray. The single pile model, 
injectors and measuring devicesin the tray location scheme are shown in Fig. 2. 

 
 

Fig. 2. Pile model, injectors and soil sensors in the tray location scheme(single pile experiment). 

In the volume tray were carried out several experiment series with single pile and with a 
pile cluster, consisting from four piles. At the beginning, before carrying out the 
experiments with soil cementation, were carried out tests of the pile and pile cluster to 
determine their bearing capacity in the initial soil. Based on these tests results, was 
determined the pile total bearing capacity, as well as the bearing capacity along the lateral 
surface (in the absence of soil resistance under the pile lower end). 

Cement mortar was injected into the ground using a KSG-700 mortar pump under a 
pressure of up to 0.5 MPa through plastic injectors. The injectors in the injection zone have 
perforations on four sides - holes with a 3 mm diameter. As a strengthening solution was 
used water-cement suspension with a water-cement 0.7 ratio, prepared from Portland 
cement grade 400. After the solution was injected into the soil mass and hardened for 5 
days, were taken data from the pressure sensors installed in the soil mass. Subsequently, the 
piles were tested with a vertical static indentation load. 

3 Results 
As showsthe obtained experimental results, at the cement mortar injection into the sandy 
soil, the soil compaction around the injector occurs relatively uniformly in the radial 
direction, as a result, after the mortar hardens, is formed a soil-cement element, which is 
close to cylindrical in shape, but variable in cross-section height. Around this soil-cement 
column forming a compacted soil zone, the dimensions of which, depends on the injected 
mortarvolume. When the injection pressure reaches a certain critical value, it causes thesoil 
hydraulic fracturing, and the mortar begins to spread to the sides along the formed paths 
(cracks) in the soil. To retain and accumulate the largest volume of cement mortar in the 
injection zone, as it is supply into the soil mass, it is necessary to smoothly increase the 
pressure to the required value without sudden jumps [13-17]. 

If the injector located next to the reinforced pile or in the between pile space of the pile 
cluster, as a cement mortar injection result, the soil density increases and increases the soil 
pressure on the pile lateral surface. The compaction degree to certain limits depends on the 
volume of the injected mortar, in each case there is a limiting mortar volume value at which 
the density of the soil reaches its maximum value and does not increase further [18-20]. 
Compaction of the soil is reached due to a more compact soil particles arrangement and a 
decrease in their porosity [10, 21-26]. Compaction is also reachedby a temporary sand 
humidity increase during cementation due to the water release into the soil by the cement 
mortar. During the experiments, the sand humidity increase in the injection zone was from 
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3 % to 7-10 %. It was found that the increase in soil density occurs to a greater extent at the 
pile lateral surface, and less under the pile lower end. The sand density changinggraph 
depending on the volume of the injected mortar is shown in Fig. 3. 

 

Fig. 3. Soil density changing graph in depending on the volume of the injected mortar (1 – at the side 
surface, 2 – under the lower end). 

During the cement mortar injection, the horizontal compressive stresses in the soil section 
between the pile and the injector increase sharply, reaching about 20-30 kPa. After 
removing the injection pressure in the soil, stress relaxation occurs, therefore, after a short 
time, the stresses in the same zone were no more than 10 kPa. In Figures 4 and 5 shown the 
graphs of horizontal stress changes in thepile lateral surface area at a depth of 30 cm, 
measured according to the soil sensors data after stabilization of stresses at the 
cementmortar injection end and at testing the pile model with a static load. As can be seen 
from the graphs, at the cementmortar injection, the stresses in the soil around the pile 
increase, under static loading it initially continues to grow, and after the pile «breaks», it 
sharply decreases. 

 

Fig. 4. Horizontal stresses changing at a depth of 30 cm after cement mortar injection (1, 2, 3 – when 
the volume of the injected cement mortar per injector is 0.5, 1.0 and 1.5 liters, respectively). 

 

Fig. 5. Horizontal stresses changing at a depth of 30 cm when the pile is loaded with a static load (1 – 
after the cement mortar injection; 2, 3, 4 – when the load on the pile is 8, 16 and 24 kgf, respectively; 
experiment No. 5). 

The dependence graphs of the pile settlement from the applied load at various reinforcing 
mortar injection parameters are shown in Fig. 6. 

 
Fig. 6. Dependence graph of the pile settlement from the applied load on the pile (1 – before soil 
strengthening; 2, 3, 4 – reinforcement in the lateral surface area; 5, 6, 7 – reinforcement under the 
lower end, with the volume of the injected cement mortar on the injector, respectively 0.5, 1.0, 1.5 l) 

During the experiments, an increase inthe soil internal friction angle atthe ground massif in 
compacted zone during the cement mortar injection was found from 250 to 310, the highest 
value of this indicator was fixed between the injector and the pile. 

The results obtained during the research are given in Table 2. 

Table 2. Cementation technological parameters and experimental results. 

Experiment 
number 

Number 
of piles 

Number 
ofinjectors 

Cement 
mortar 

volume per 
injector, l 

Injection 
zone 

Bearing capacity of 
the pile model, kgf 

 
Soil 

density 
at the 

pile, g / 
cm3 

total side bottom 

1 1 - - - 19.1 6.6 12.5 1.48 
2 4 - - - 22.0   1.48 

3 1 2 0.5 side 
surface 19.9 7.4  1.53 

4 1 2 0.75 side 
surface 21.4 8.9  1.561 

5 1 2 1.0 side 
surface 24.1 11.6  1.575 

6 1 2 1.5 side 
surface 24.6 12.1  1.605 

7 1 2 0.5 bottom 20.2  13.6 1.52 
8 1 2 0.75 bottom 20.9  14.3 1.546 
9 1 2 1.0 bottom 21.5  14.9 1.577 

10 1 2 1.5 bottom 21.8  15.2 1.59 

11 4 1 1.0 side 
surface 23.8   1.586 

12 4 1 1.0 bottom 25.1   1.564 

13 4 4 1.0 side 
surface 24.2   1.610 

14 4 4 1.0 bottom 27.0   1.607 

4

E3S Web of Conferences 274, 03023 (2021) https://doi.org/10.1051/e3sconf/202127403023
STCCE – 2021



3 % to 7-10 %. It was found that the increase in soil density occurs to a greater extent at the 
pile lateral surface, and less under the pile lower end. The sand density changinggraph 
depending on the volume of the injected mortar is shown in Fig. 3. 

 

Fig. 3. Soil density changing graph in depending on the volume of the injected mortar (1 – at the side 
surface, 2 – under the lower end). 

During the cement mortar injection, the horizontal compressive stresses in the soil section 
between the pile and the injector increase sharply, reaching about 20-30 kPa. After 
removing the injection pressure in the soil, stress relaxation occurs, therefore, after a short 
time, the stresses in the same zone were no more than 10 kPa. In Figures 4 and 5 shown the 
graphs of horizontal stress changes in thepile lateral surface area at a depth of 30 cm, 
measured according to the soil sensors data after stabilization of stresses at the 
cementmortar injection end and at testing the pile model with a static load. As can be seen 
from the graphs, at the cementmortar injection, the stresses in the soil around the pile 
increase, under static loading it initially continues to grow, and after the pile «breaks», it 
sharply decreases. 

 

Fig. 4. Horizontal stresses changing at a depth of 30 cm after cement mortar injection (1, 2, 3 – when 
the volume of the injected cement mortar per injector is 0.5, 1.0 and 1.5 liters, respectively). 

 

Fig. 5. Horizontal stresses changing at a depth of 30 cm when the pile is loaded with a static load (1 – 
after the cement mortar injection; 2, 3, 4 – when the load on the pile is 8, 16 and 24 kgf, respectively; 
experiment No. 5). 

The dependence graphs of the pile settlement from the applied load at various reinforcing 
mortar injection parameters are shown in Fig. 6. 

 
Fig. 6. Dependence graph of the pile settlement from the applied load on the pile (1 – before soil 
strengthening; 2, 3, 4 – reinforcement in the lateral surface area; 5, 6, 7 – reinforcement under the 
lower end, with the volume of the injected cement mortar on the injector, respectively 0.5, 1.0, 1.5 l) 

During the experiments, an increase inthe soil internal friction angle atthe ground massif in 
compacted zone during the cement mortar injection was found from 250 to 310, the highest 
value of this indicator was fixed between the injector and the pile. 

The results obtained during the research are given in Table 2. 

Table 2. Cementation technological parameters and experimental results. 

Experiment 
number 

Number 
of piles 

Number 
ofinjectors 

Cement 
mortar 

volume per 
injector, l 

Injection 
zone 

Bearing capacity of 
the pile model, kgf 

 
Soil 

density 
at the 

pile, g / 
cm3 

total side bottom 

1 1 - - - 19.1 6.6 12.5 1.48 
2 4 - - - 22.0   1.48 

3 1 2 0.5 side 
surface 19.9 7.4  1.53 

4 1 2 0.75 side 
surface 21.4 8.9  1.561 

5 1 2 1.0 side 
surface 24.1 11.6  1.575 

6 1 2 1.5 side 
surface 24.6 12.1  1.605 

7 1 2 0.5 bottom 20.2  13.6 1.52 
8 1 2 0.75 bottom 20.9  14.3 1.546 
9 1 2 1.0 bottom 21.5  14.9 1.577 

10 1 2 1.5 bottom 21.8  15.2 1.59 

11 4 1 1.0 side 
surface 23.8   1.586 

12 4 1 1.0 bottom 25.1   1.564 

13 4 4 1.0 side 
surface 24.2   1.610 

14 4 4 1.0 bottom 27.0   1.607 

5

E3S Web of Conferences 274, 03023 (2021) https://doi.org/10.1051/e3sconf/202127403023
STCCE – 2021



4 Discussion 
As a result of cement mortar injection, there was an increase in the contact interaction 
between the soil and the pile. In addition, during the solution hardening in the soil, were 
formed rigid inclusions, reinforcing the soil mass and enhancing the effect of soil 
compaction and interaction with the pile.Based on the carried out experiments results 
analysis, to determine the piles bearing capacity after strengthening the soil by pressure 
cementation, the formula SP 24.13330.2011 offers to use with the correction factors 
addition to the design resistances Randfi tabular values: 






  


ii

n

i
ficfiRcRcd hfuARF

0
  (1) 

where, the coefficients ξRandξfitake into account the soil compaction degree during the 
cement mortar injection. These coefficients depend on thecement mortarinjected volume, 
the initial soil density and the injectorsinstallation scheme relative to the pile. According to 
the obtained experimental data, in the case of sandy soils, the ξR coefficient varies within 
1.05 ... 1.2, the ξfi coefficient - within 1.1 ... 1.6. It should also be noted that when the pile 
foundation is strengthened by cementation, soil-cement elements are formed that resemble 
a bored injection pile in shape. At calculatinga pile cluster total bearing capacity after 
strengthening the foundation with pressure cementation, the bearing capacity of these 
elements can be taken into account [11, 12, 27]. The soil-cement elements cross-section 
area and perimeter are proposed to be determined based on the element average diameter: 





l

ккVd zп
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4
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where, V is the injected cement mortarvolume; 
l – is the injector perforated part length; 
кn – coefficient taking into account the cement mortarlosses during injection; 
кz – coefficient taking into account the increase in the cement mortar volume due to mixing 
sandy soil with cement mortar, depending on the cement mortarconsistency (water-cement 
ratio) and sandy soil characteristics. 

5 Conclusions 
According to the performed experiments, regular variations in the stress-strain state of the 
soil massif around the bored pile were determined, depending on the cement mortar 
injected volume. The soils pressure cementation surrounding the pile leads to pile 
compression and an increase in friction along the pile lateral surface, and to a lesser extent 
to an increase in the pile frontal resistance – during the soilstrengthening under the pile 
lower end. In the accepted soil conditions, the increase in the soil density near a single pile 
after the cement mortar injection was up to 8.8 %, the increase in the piles bearing capacity 
along the lateral surface up to 80 %, under the lower end up to 20 %. In the case of the pile 
cluster soil strengthening in the between-pile space, bearing capacity increase of each 
individual pile in the cluster is greater than in a single pile, with the same reinforcing 
mortar injection technological parameters. Based on this, we can conclude that the pressure 
cementation greatest effect is achieved when soil is strengthened under pile foundations 
with a cluster arrangement of piles and under raft-pile foundations. 
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