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Assessment of mechanical properties of elements modular block
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Abstract. This study presents the control test process to assess the bearing capacity, crack resistance, and crack opening
width of the volume block ceiling slabs and the floor slab of the inter-block corridor. These parameters play an important
role in ensuring the reliability and durability of buildings, especially when volumetric blocks are used in construction.
The study's first phase focuses on the methodology of load-carrying capacity testing of ceiling slabs. The study's second
phase focuses on the materials' crack resistance. The analysis of cracks in the material structure is a key aspect since
cracks can lead to deterioration of its mechanical properties and reduced durability. The third stage of the study focuses
on the crack opening width. This parameter is important in determining the criticality of cracks and their effect on
structural integrity. The fourth stage of the study covers the analysis of the floor slabs of the interlocking corridor.
Considering the peculiarities of loads and operating conditions in this context, tests analyzing the bearing capacity and
stability of the slabs are carried out. The crack opening width reached 0.9 mm and the vertical deflections exceeded 50
mm, the deflection in the inter-block corridor floor slab before failure was about 11 mm. The test results indicate its
sufficient strength, stiffness, and crack resistance. The study provides a deeper understanding of the properties and
characteristics of materials used in construction and optimizes their use to improve the strength and durability of buildings.
Keywords: volume blocks, crack resistance, stiffness, strength, load, assessment.

1. Introduction

The current stage of development of large cities is marked by a significant change in the
structure towards the introduction of innovative structural solutions based on the use of multi-story
buildings made of prefabricated reinforced concrete structures. This is explained by the desire for
modern and efficient construction methods necessary to meet the growing needs of urbanization [1].
The resurgence of high-rise residential building construction using volumetric blocks represents a
significant transition in the construction industry. This approach involves the assembly of pre-
designed and prefabricated modules directly at the construction site, which provides a more
systematic and efficient construction process. The modular construction method offers several
advantages such as shorter project time, reduced construction cost, and increased flexibility in design
[2]. In addition, it complies with the principles of sustainable construction by minimizing waste and
optimizing the use of resources.

Prefabricated modules provide more precise control over the materials used, which contributes
to more efficient use of resources. In addition, the controlled environment in which these modules
are manufactured reduces the overall environmental footprint of the construction work. With a
growing population and increasing environmental concerns, modular construction acts as a
sustainable solution to address these issues. The materials used in modern modular construction also
contribute to the structural integrity and sustainability of buildings [3].

One of the key areas of technical advancement in the use of volumetric blocks also lies in
design methodology [4]. Traditional construction often adheres to linear and sequential design
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processes, whereas modular construction allows for a more integrated and parallel approach. Studies
have noted a shift towards the use of modern computer-aided design (CAD) software and building
information modeling (BIM) tools to facilitate the design of modular components [5]. The ability to
visualize and model modular structures in a digital environment allows architects and engineers to
optimize designs in terms of efficiency, aesthetics, and functionality.

In practice, the system of construction with the use of volume blocks is extensive. Thus, in
the construction of residential and civil buildings "Variel" (Elkon, Switzerland) uses volume blocks
of open type, assembled from two load-bearing end panels or portal reinforced concrete frames,
prestressed ribbed floor panels, and ceiling slab [6]. The average factory availability of volumetric
blocks is 70-80%.

In Sweden, the firm "Bostodsbolaget" (Gothenburg) builds houses with 10 floors of the height
of panel-block system from blocks of "glass™ type of various typo-sizes [7]. The bearing walls of the
blocks are 7-16 cm thick and made of concrete of 250 grade. |

n Finland, the system of volume-block housebuilding "Ausa" is developed, in which ribbed
volume blocks of the "pipe"” type are made in the size for the width of the building with the linear
transmission of vertical loads on the long sides.

In Brasov (Romania) the experimental construction of about 200 buildings up to 5 stories high
from volume blocks of the "cap™ type has been carried out. From the international experience of
construction of buildings from volumetric blocks, we can note the construction of low-rise buildings
in Belgium, Sweden, Peru, and Dubai, as well as high-rise buildings in New York and Singapore.

From the modern European experience, it should be noted the construction of low-rise
buildings with full factory finishing in Germany [8]. The modern stage of development of large cities
of the Republic of Kazakhstan also applies structural solutions of multi-story buildings from
prefabricated reinforced concrete structures [9]. In this regard, this study is related to the study of the
operation of volumetric blocks at all stages of loading by vertical load, control tests.

2. Methods

The paper considers the control tests to check the bearing capacity, crack resistance, and crack
opening width in the ceiling slabs of the volume blocks; and in the floor slab of the inter-unit corridor
[10]. The strength, stiffness, and crack resistance of the floor and ceiling slabs of the volume blocks,
as well as the floor slab of the inter-unit corridor, are evaluated by testing these elements under the
action of uniformly distributed vertical load [11].

Claydite concrete blocks are made of the "lying glass” type with dimensions of
3480x6980x2980 mm, consisting of three walls, ceiling, and floor slabs. The volumetric modules are
completed with prefabricated load-bearing exterior wall panels. According to the structural solution
of buildings from volume, modules are volume-block buildings with internal single-layer walls and
inserted external walls of both single-layer and three-layer execution [12].

The building is made of volume blocks supported on each other, with linear support on four
sides through a layer of mortar. The volume blocks are connected horizontally by welding plates
located on the ceiling.

Horizontal loads are taken by connecting elements located on three sides of the volume block.
Volumetric blocks have two side walls of ribbed design with a wall thickness of 50 mm and rib height
of 100 mm, as well as an end flat wall thickness of 100 mm.

The floor slab of the volume block is ribbed with a shelf 80 mm thick and ribs 170 mm high.
The ceiling slab of the volume block is flat with a runaway 80-97 mm thick. Volumetric blocks are
reinforced with spatial frames and reinforcement meshes united in a single spatial block (Figure 1).

The externally inserted wall panels with a total thickness of 120 mm are single-layer with a
load-bearing layer of expanded clay, effective insulation, and a cladding layer in the form of a curtain
wall system. The ceiling slab also integrates the walls of the volume block into a single system and
is loaded vertically only by the slab's mass.
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Figure 1 — Test bench with volumetric block

The volume block used for these tests with dimensions 6980x3480x2980 mm is made of
expanded clay concrete of strength class LC 20/22 (B20) density class p = 800 kg/m3. The ceiling
slab is a flat reinforced concrete slab of variable thickness with a slope from 97 mm to 80 mm. The
ceiling slab is reinforced with a lower mesh of @4 S400C (Vr400) reinforcing wire with 200x200 mm
mesh and upper supporting meshes of ¥4 S400C (Vr400) with 100x150 mm mesh. In addition, the
lower grid in the area of reduced thickness is reinforced with individual @8 S500 (A-500C) with a
spacing of 400 mm, as well as in the slab installed vertical V-shaped meshes with longitudinal
reinforcement of 305 S200C (Vr200) and transverse bars 334 S200C (Vr200) with a spacing of 200
mm, installed with a spacing of 1.0-1.05 meters. The ceiling slab was loaded with small piece weights
(bricks), the columns of which with dimensions of 500x500 mm were placed on a layer of sand in
such a way as to exclude their mutual touching and formation of vaults (Figure 2).
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Figure 2 — Loading the ceiling slab with brck cblumn

In the process of loading, vertical displacements were measured using PAO-6 deflection
meters with a division value of 0.01 mm in the middle part of the span and at the supports (Figures 3
and 4), and the crack development pattern was recorded with crack opening width measurement using
MPB-3 microscope with a division value of 0.02 mm [12].
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Figure 3 — Sheme of vertical deflection gauges on the ceiling slab

Figure 4 — Deflection gauges and safety supports unr the ceiling slab

The reinforced concrete slabs under consideration are placed between two rows of volume
blocks, forming an inter-block corridor in the building. The slabs have cantilevered overhangs, by
which they rest on the projecting consoles of the volume blocks (Figure 5). Interblock floor slab is a
flat reinforced concrete slab 140 mm thick, dimensions in plan 3480x2360 mm, made of heavy
concrete class C20/25 (B25). The slab is reinforced with a bottom mesh of periodic profile
reinforcement @8 S500 (AS00C) and @6 S500 (B500C) with 200x200 mm cells and vertical frames
with longitudinal reinforcement @8 S500 (A-500C) and transverse bars ¥4 B500 (B500C) located at
the cantilever overhangs of the slab.
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Figure 5 — Reinforcement of inter-corridor floor slab

Loading of the interblock ceiling slab with small piece weights (bricks), the columns of which
with dimensions of 500x500 mm were placed on a layer of sand in such a way as to exclude their
mutual touching and formation of vaults (Figures 6 and 7). In the process of loading of the
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interlocking slab, vertical displacements were measured with the help of PAO-6 deflection gauges
with a division value of 0.01 mm in the middle part of the span and on the supports (Figure 8).
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Figure 8 — Scheme of vertical deflection gauges on the interblock slab
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The picture of crack development was recorded by measuring the crack opening width using
a microscope MPB-3 with a division value of 0.02 mm (Figure 9). The MPB-3 microscope provides
an opportunity to enlarge the observation area and allows to study of the material structure at the
micro level with a high degree of resolution. Measurement of crack opening width allows not only to
monitor the development of cracks but also to assess the degree of their danger to the material. The
greater the crack opening width, the more likely it is that the crack may lead to failure or fracture of
the material.
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Figure 9 — View of safety supports under the interblock corridor slab

3. Results and Discussion

Figure 10 shows the deflection pattern of the middle part of the ceiling slab, which shows a
shift of the maximum deflections to the thinner part of the ceiling slab. The deflection at the variable
load gk = 70 kgf/m? was about 1.5 mm, which is significantly less than the allowable deflection (at
f/1=1/200 the allowable deflection is 15.6 mm), gk = 582.3 kgf/m? the ceiling slab rested on the safety
support, with a maximum deflection of 52.3 mm. Cracks in the ceiling slab appeared at a vertical load
of 240 kgf/m?, and before the ceiling slab failed, their opening width reached 0.9 mm (Figures 11 -
12). In general, the ceiling slab has sufficient stiffness, crack resistance, and strength.
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Figure 10 — Graph of vertical displacements of the middle part of the ceiling slab
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Figure 12 — Cracks in t ciIing slab

The deflection at a variable load gk = 3.0 kgf/m? was about 1.3 mm, which is significantly less
than the allowable deflection (at f/I=1/200 the allowable deflection is 11.4 mm). Cracks in the
interlocking slab appeared at a vertical load of 550 kg/m?, and before the failure of the interlocking
slab, the width of their opening reached 1.7 mm (Figures 13 - 14).
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Figure 13 — Diagram of cracks in the interlocking floor slab
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The failure of the inter-unit floor slab occurred at a vertical load gk = 1510.5 kg/m?, which
exceeds the control failure load according to [11] by almost two times. The largest deflection of the
corridor slab before failure was 11 mm, indicating the high stiffness of the floor slab. In general, the
interlocking floor slab has sufficient stiffness, crack resistance, and strength.

4. Conclusions

The performed control tests of elements and assemblies of volumetric blocks allow us to draw
the following conclusions:

1. The ceiling slabs unite the walls of the volume block as a single system and take vertical
loads only from their weight.

—Damage to the expanded clay concrete ceiling slab under vertical loading is accompanied by
the formation of envelope-shaped cracks on the bottom surface of the slab. The cracks in the slab
appeared at loads exceeding the alternating load. The deflections under alternating load were about
1.5 m, which is significantly less than the allowable deflection.

—Damage to the expanded clay concrete ceiling slab under vertical loading is accompanied by
the formation of envelope-shaped cracks on the bottom surface of the slab. The cracks in the slab
appeared at loads exceeding the alternating load. The deflections under alternating load were about
1.5 m, which is significantly less than the allowable deflection.

—The failure of the ceiling slab was accompanied by a significant crack opening, with the
value of the experimental failure load exceeding the control failure load. The crack opening width
reached 0.9 mm, and the vertical deflections exceeded 50 mm.

—The test results of the ceiling slab indicate that it is sufficiently strong, stiff, and crack-
resistant.

2. The floor slab of the inter-unit corridor is designed to accept variable vertical loads and to
unite parallel rows of modular units into a single system.

—The reinforced concrete slab of the inter-block corridor under vertical loading acts as a
single-span spherically supported slab, in which the main crack runs in the middle part of the span
and reaches 1.7 mm before failure. The deflections of the slab under alternating load were less than
the allowable deflections and the first cracks were formed by the vertical load exceeding the
alternating loads.

—The failure load in the inter-unit corridor floor slab was almost twice the control failure load,
and the pre-failure deflection was about 11 mm.

—In general, the floor slab of the inter-unit corridor meets the requirements of the standards
for strength, stiffness, and crack resistance.
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Research of foam concrete quality by two-stage foam injection method in
comparison with classical foam concrete
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Abstract. The article presents a method of production of foam concrete, which involves two-stage injection of foam.
The proposed method involves improving the pore structure of foam concrete, due to a more uniform distribution of
pores throughout the volume of the material. Laboratory tests were carried out for two types of samples, represented by
the proposed method of foam concrete production by two-stage foam injection with the use of modified additive in
comparison with the classical foam concrete. The density of Type 1 samples varies from 410 to 793 kg/m?® (coefficient
of variation from 5.12 to 7.31%), while the density of fiberboard samples lies within the range from 539 to 655 kg/m?
(coefficient of variation from 2.66 to 3.14%). The results of greater variation of densities by height in the Type 1
sample relative to the Type 2 sample indicate the influence of the technological process of foam concrete production on
the quality of the pore structure of the material. The results of strength evaluation showed a large scatter of Type 1
samples in relation to Type 2 samples. The highest values of CM strengths are logically observed in the lower part of
the sample and the lowest in the upper location: 44.04 and 32.33 kg/cm? (coefficient of variation from 5.15 to 9.54%)).
For Type 2 samples, the same values are 55.18 and 44.44 kg/cm2, for the lower and upper locations, respectively
(coefficient of variation from 2.79 to 5.35%). The results of thermal conductivity measurements of Type 1 samples
range from 0.098 to 0.203 W/m°C (coefficient of variation from 4.59 to 11.88%), while the densities of Type 2 samples
lie between 128 and 162 W/m°C (coefficient of variation from 3.38 to 3.55%).

Keywords: foam concrete, blowing agent, microsilica, post-alcohol bard, density, strength, thermal insulation
properties, production technology.

1. Introduction

In recent decades, intensive research in the field of concrete has led to significant progress in
both theoretical aspects and technological developments. This includes the development of new
admixtures, the optimization of compositions and mixing techniques, and the application of
specialized processing and curing methods. These efforts have made possible the creation and
production of concretes with a wide range of properties, from heavy to lightweight, with unique
characteristics of strength, durability, thermal and acoustic insulation, and the ability to adapt to
different operating conditions and environments [1-3].

In modern conditions, there is an active development of foam concrete production, which is
due to the introduction of new, more efficient blowing agents and the use of energy-saving
technologies based on the principles of non-autoclave production. New blowing agents offer more
precise control over the process of foam formation, which allows to obtain more stable product
quality and reduce production costs [4-6].

The development of new approaches to foam concrete production is an integral part of the
evolution in the construction industry. Modern production methods face challenges such as
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structure heterogeneity and material shrinkage during the setting process [7, 8]. Despite the
progress, shrinkage remains an issue as it can influence the final properties of building products.
Nevertheless, the classical production method continues to be widely used in the construction
industry, with the constant introduction of various additives and improvements. The continuous
search for new foam concrete production methods is driving innovation in the construction industry.
This search is aimed at improving the quality of building materials and providing increased
efficiency and durability of building structures in general [9-11].

To solve the problems associated with instability of structure and non-uniformity of foam
concrete density, an approach based on two-stage introduction of foam into the material is
proposed. The initial introduction of a low-concentrated blowing agent solution allows to achieve
uniform foam distribution within the mixture. This helps to create a more homogeneous and stable
material structure. This is followed by the addition of a highly concentrated solution, which further
enhances the formation of a stable foam concrete structure. This approach ensures that the foam is
evenly distributed in the material, making the final product more homogeneous and stable.
Reducing the water-cement ratio at the production stage shortens the setting time, which in turn
improves the strength characteristics of the foam concrete. These results are confirmed by numerous
studies in the field of construction materials and technologies [12-24].

Foam concrete producers are regularly challenged by structural instability, material
shrinkage and uneven density, which can ultimately affect the stability and quality of the finished
product. These deficiencies are often caused by high water-cement ratios, which affect the texture
and overall quality characteristic of the concrete. To solve these problems, producers resort to the
use of plasticizing admixtures, which not only improve the mortar characteristics but also achieve
more stable results in production [25, 26]. The addition of various modifying admixtures makes it
possible to customize the properties of concrete according to the requirements and improve its
performance, providing more durable and better quality end products. Modified admixtures and
plasticizers represent an integral part of the foam concrete improvement process in the construction
industry. Research and experimental applications of these additives demonstrate their significant
contribution in strengthening the structure, reducing material shrinkage and providing uniform
density. These factors significantly improve the strength and thermal insulation properties of foam
concrete, making it a more competitive and sought-after material for various construction
applications. However, it is important to note that when choosing modified additives and
plasticizers it is necessary to take into account not only their technical characteristics, but also their
environmental impact [27-29].

The developed modified additive for foamed concrete includes two key components:
microsilica and post-alcohol bard. Microsilica, which is a finely dispersed substance, helps to
improve the strength and stability of the material structure, as well as to increase its thermal
insulation properties by optimizing the internal structure. Post-alcohol bard, in turn, has properties
that help to increase density and improve adhesion, which affects the durability and stability of
foam concrete. The combination of these ingredients creates an effective additive that can improve
the quality and performance of foam concrete, making it a stronger, more thermally insulating and
durable material for building structures. Both of these components are important ingredients for
creating high quality foam concrete with improved performance.

The aim of the study is to evaluate the homogeneity of the pore structure of the proposed
method of foam concrete production by two-stage foam injection using a modified additive in
comparison with classical foam concrete.

2. Methods

In order to realize the set goal it is necessary to solve the following tasks:
- to prepare large samples of foam concrete produced by the classical method and the two-
stage foam injection method, GOST 25485-2019, GOST17177-94 [30, 31];
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- to prepare samples by segmenting large samples and taking them from different locations
for further laboratory testing, GOST 25485-2019, GOST17177-94 [30, 31];

- laboratory testing of foam concrete samples to determine the density, strength and thermal
insulation values (Figure 1), GOST 25485-2019, GOST17177-94 [30, 31].

Figure 1 — Laboratory testing of foam concrete .

From the technological point of view, the proposed production method is fundamentally
different from the previous technologies and includes two-stage foam injection, which was not
practiced earlier (Figure 2). The proposed method provides maximum distribution of foam
concentrate over the entire volume of the sample: the primary introduction of low-concentrated
foam solution occurs at the stage of preparation of sand-cement mortar, thereby improving its
wettability and subsequent reduction of water-cement ratio (reducing foam quenching by water).
Subsequently, at the secondary introduction of highly concentrated foam solution at the stage of
manufacturing the structure of cellular concrete, the reduction of water-cement ratio allows to
maximally preserve the primary multiplicity of foam concentrate, contributes to the formation of a
uniform structure of porous material.

77777

Figure 2 - Scheme of foam concrete production by two-stage foam injection

The technological process is represented by the following production stages: stage 1 -
introduction of microsilica with post-alcohol bard, in the ratio of 10:1 by mass (60 kg per 6 liters
per 1 cube), kneading 5 minutes; stage 2 - introduction of sand-cement mixture, in the ratio of sand
to cement 1: 1.40-1.45 by weight (220 kg to 320 kg per 1 cube), kneading 2-3 minutes; stage 3 -
introduction of foam with water in the ratio of 0.23 grams of foam per 75 liters of water per 1 cube,
kneading 5 minutes; stage 4 - leading foam with water in the ratio of 1.27 grams of foam per 40
liters of water per 1 cube, kneading 2 minutes.

The studies will be performed for foam concrete samples made by the proposed method of
two-stage introduction of foam with additive. The results will be compared with the reference
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sample - with the classical foam concrete production technology. The technological composition of
manufacturing of each method is presented in Table 1.

Table 1 — Technological composition of the compared samples

Index Unit Type 1 Type 2
Microsilica kilogram - -
M400 cement kilogram 320 320
Fine sand kilogram 220 220
Post-alcohol bard liter - 6
Foaming agent to water ratio at primary injection gram : liter 1.5:115 0.23:75
Foaming agent to water ratio at secondary injection gram : liter - 1.27:40

A total of 6 samples were tested for each of the compared types of foam concrete samples in
order to obtain statistical measurement data. To evaluate the quality of pore structure of foam
concrete, a large cube-shaped sample with dimensions 500x500 mm was prepared. To assess the
volumetric homogeneity (distribution of pores throughout the volume of the material), the large
sample was segmented into cubes (samples) with dimensions 100x100 mm. Control sampling for
evaluation of physical-mechanical and strength characteristics was performed in the middle and
peripheral (upper and lower) parts of the sample. The variability of sampling in the vertical
direction is primarily due to the fact that the heterogeneity of the pore structure of foam concrete is
manifested in the vertical direction. The latter is due to the fact that during foam quenching the
formed soapy water tends downward, under the influence of gravitational forces, until the setting of
the cement-sand mixture. Therefore, analyzing the vertical distribution of the pore structure is the
prerogative of this study. The vertical variation in sampling, however, is primarily due to the
statistical necessity required to obtain a stable average result. For convenience, the samples were
labeled, vertically with Latin letters and horizontally with Arabic and Roman numerals. A total of
27 samples were collected, 9 samples from each distinct vertical level.

3. Results and Discussion

Figure 3 shows the results of density determinations of the compared foam concrete
samples. Figure 3a shows the results of partial values of classical foam concrete (Type 1), Figure 3b
- of foam concrete with two-stage foaming (Type 2).

According to the measurement results, the Type 1 samples show a significant vertical
variation in density values. Samples from the lower part of the Type 1 sample showed the highest
values, ranging from 685 to 793 kg/m?, with an average value of 742 kg/m®. The lowest density
values were found in the upper part of the large sample: 410 to 505 kg/m3, with an average value of
455 kg/m®. In the middle part of the sample, the density is maximally consistent with the D600
foam concrete grade, ranging from 537 to 664 kg/m®, with an average value of 607 kg/m®.
Relatively dense density results are observed in Type 2 samples. The densities in the lower part
range from 612-655 kg/m? and the average is 636 kg/m>. The densities in the lower part are in the
range of 539-592 kg/m? and the average is 563 kg/m®. The density results in the middle part, also
maximally corresponding to the D600 foam concrete grade, ranges from 588 to 617 kg/m?3, and the
average is 611 kg/m3. Comparison of the coefficients of variation showed that the stability of the
private values of Type 1 samples is much lower than Type 2 samples. The variation of Type 1
samples ranges from 5.12 to 7.31% while that of type 2 samples ranges from 2.66 to 3.14%. The
maximum variation of data of Type 1 samples is 50% higher than that of Type 2 samples.
Nevertheless, the relationship of the individual values remains close as the maximum variation
values do not exceed 10%.

The results of a greater variation of densities by height in the sample of Type 1 relative to
the sample of Type 2 indicates the influence of the technological process of foam concrete
production on the quality of the pore structure of the material.
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Figure 3 — Results of density measurements

Figure 4 shows the results of determinations of strength values of the compared foam
concrete samples. Figure 4a shows the results of private values of Type 1 foam concrete, Figure 4b
— Type 2 foam concrete.
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Figure 4 — Results of strength measurements

Figure 5 shows the results of determinations of thermal conductivity values of the compared
foam concrete samples. Figure 5a shows the results of partial values of Type 1 foam concrete,
Figure 5b — Type 2 foam concrete.
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Figure 5 — Results of thermal conductivity measurements

The results of thermal conductivity measurements logically showed a similar dependence
with the estimation of densities: the Type 1 samples show a significant vertical variation of values.
The highest values are also observed in the lower part of the sample, which corresponds to the
maximum density: thermal conductivity varies from 0.177 to 0.203 W/m°C, with an average value
of 0.191 W/m°C. The lowest thermal conductivity values are logically found in the upper part of the
large sample, which corresponds to the lowest thermal conductivity values: 0.098 to 0.159 W/m°C,
with an average value of 0.107 W/mP°C. In the middle part of the sample, the thermal conductivity
varies from 0.131 to 0.159 W/m°C, with an average value of 0.141 W/m°C. In the lower part of the
type 2 image, the thermal conductivity ranges from 0.145-0.162 W/m°C and the average strength is
0.155 W/mPC. The thermal conductivity in the lower part of the sample ranges from 0.128-0.143
W/mPC and the average strength is 0.134 W/mPC. The results of thermal conductivity in the middle
part varies from 0.140 to 0.157 W/m°C, and the average is 0.144 W/m°C.

Comparison of coefficients of variation showed that the stability of private values of Type 1
samples, as in the case of density, is significantly lower than that of Type 2 samples. The variation
of Type 1 samples ranges from 4.59 to 11.88%, while that of type 2 samples ranges from 3.38 to
3.55%. The maximum data variation of Type 1 samples is more than 50% higher than that of Type
2 samples. The results of greater variation of thermal conductivity, as in the case of density, by
height in sample type 1 relative to sample Type 2 indicates the influence of the technological
process of foam concrete production on the quality of the pore structure of the material.

4. Conclusions

The following conclusions can be made on the basis of the experimental studies:

1. The results of density estimation of segmented foam concrete samples produced by the
classical method (Type 1) and the two-stage foam injection method (Type 2) were obtained. The
results showed a non-uniform distribution of the pore structure of foam concrete in the vertical of
the Type 1 samples relative to the Type 2. A large variation in the density of Type 1 is particularly
observed in the vertical, where the lower samples showed densities on average 38% higher than
those of the upper location samples. The same figure for the fiberboard samples was, on average,
only 11%. The density of the Type 1 samples ranged from 410 to 793 kg/m® (coefficient of
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variation from 5.12 to 7.31%), while the density of the fiberboard samples ranged from 539 to 655
kg/m?® (coefficient of variation from 2.66 to 3.14%). The results of greater variation of densities by
height in the sample of Type 1 relative to the sample of Type 2 indicate the influence of the
technological process of foam concrete production on the quality of the pore structure of the
material.

2. The results of strength evaluation of the same segmented foam concrete samples were
obtained. The results expectedly showed a large variation of Type 1 samples with respect to the
fiberboard samples. The highest values of Type 1 strengths are logically observed in the lower part
of the sample and the lowest in the upper location: 44.04 and 32.33 kg/cm? (coefficient of variation
from 5.15 to 9.54%). For fiberboard samples, the same values are 55.18 and 44.44 kg/cm?, for the
lower and upper locations, respectively (coefficient of variation from 2.79 to 5.35%). The
maximum variation of Type 1 sample data is 40% higher than the variation of Type 2 sample data.
All private strength values of Type 2 samples exceed the private strength values of Type 1 samples
(regardless of location), which is not characteristic of previously determined material density in
different locations. The latter indicates the influence of the modified additive on the strength values
of foam concrete.

3. The results of thermal conductivity estimation of the same segmented foam concrete
samples were obtained. The results of thermal conductivity measurements logically showed a
similar relationship with the estimation of densities: the Type 1 samples have a significant vertical
scatter of values. In percentage terms, the scatter of Type 1 thermal conductivity is as follows: the
thermal conductivity of the lower location samples is on average 44% higher than the thermal
conductivity of the upper location samples. The same indicator for fiberboard samples was only
13%. The thermal conductivity of Type 1 samples varies from 0.098 to 0.203 W/m°C (coefficient of
variation from 4.59 to 11.88%), while the density of fiberboard samples lie in the range from 128 to
162 W/m°C (coefficient of variation from 3.38 to 3.55%). The results of greater variation of thermal
conductivity, as well as in the case of density, by height in the sample of Type 1 relative to the
sample of Type 2 indicates the influence of the technological process of foam concrete production
on the quality of the pore structure of the material.
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Abstract. The article considers the application of geotechnical interpolation using ArcGIS software to determine the
intermediate geotechnical properties of soils at a construction site in a residential complex in Astana, Esil district. The
study is based on data from 8 boreholes drilled to a depth of 26 meters, and the purpose of the work is to use the kriging
interpolation method to determine intermediate soil properties. The raw data include the results of analyzing the
physical and mechanical properties of the soils from the boreholes, which served as a basis for interpolation and
mapping. The results of the study are presented in the form of maps showing the intermediate mechanical properties of
the soil at depths of 5, 10 and 15 m. The maps allow obtaining more accurate intermediate values. The proposed
methodology not only facilitates the work of designers, but also provides data for realistic scenarios of soil strength and
deformation characteristics, which significantly influences the selection of optimal types and sizes of foundations.
Keywords: geotechnical interpolation, ArcGIS software, Kriging, GIS, geotechnical engineering conditions, design
optimization, data visualization.

1. Introduction

Over the past two decades, the development of geographic information systems (GIS) has led
to their use for collecting, monitoring and analyzing geospatial data, providing a platform for
combining different types of data and organizing information in visualizations using maps and 3D,
allowing data to be stored, shared, analyzed and modified based on their actual location and
requirements [1].

Geotechnical investigations play a key role in the civil engineering process but are often
neglected due to various reasons such as ignorance, negligence or financial constraints [2].

However, geotechnical data collected by various organizations can be effectively used
through GIS to map the geotechnical properties of the soil in an area, which helps reduce the time
and cost of analysis and reduce construction delays [3].

GIS plays a critical role in developing data management systems to centrally store various soil
properties and also facilitates data visualization and interpretation, making it a valuable tool for
geotechnical engineering projects [4].

ArcGIS provides spatial analytics tools for interpolating data and identifying unknown data
points, integrates with different domains depending on project requirements, is used by researchers
to analyze location-based aspects such as land use and change detection, serves to store and manage
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geotechnical data, and enables the creation of three-dimensional data models, enhancing
visualization and analysis capabilities in geotechnical projects [5].

The use of geotechnical data, including soils maps and zoning through ArcGIS, helps reduce
the cost and time of engineering projects by guiding site investigation and preliminary design,
emphasizing the importance of understanding subsurface conditions, such as soil type and
resistance, to safely and economically complete a project, and highlights the potential of spatial
geotechnical data in planning site investigations and informing foundation design, while
recognizing the need to [6].

This paper [7] discusses a method to account for the spatial variability of soil properties in
geotechnical design using random fields based on cone penetration test (CPT) data, which provides
a more accurate representation of in-situ soil variability and makes efficient use of available field
data, and investigates the effect of the number of CPT measurements on reducing spatial
uncertainty and the optimal interval between CPT measurements to reduce this uncertainty.

Article [8] presents a GIS implementation for geotechnical data management in Athens,
Greece, describing the integration of data from more than 2,000 exploration wells and test pits to
create thematic maps with geotechnical engineering information, and a methodology for automated
seismic microzonation of the southern part of the city based on GIS and multiple data sources to
assess seismic ground motion variability.

The paper [9] investigates the use of GIS to create interpolated geotechnical zoning maps in
Surfers Paradise, Australia, based on data from 35 locations and 1,754 soil stiffness values, where
interpolation methods including IDW, kriging and spline were evaluated using ArcMap10, showing
that IDW provides the best representation for zoning maps to facilitate decision making for
geotechnical projects in the region.

The results of the study [8] emphasize the effectiveness of GIS-based systems in mapping soil
properties, which provides valuable information for planning and preliminary design of construction
and engineering projects. In addition, the system helps to identify areas suitable for development
and areas with potential problems, which facilitates informed decision-making in feasibility studies
and future development planning.

A study on creating spatial soil maps from geotechnical data revealed that maps produced
using the IDW method in ArcGIS can be an important tool for engineers, providing rapid
assessment of soil properties at various depths and improving the safety and cost-effectiveness of
projects by developing models of soil conditions at new sites [10].

In this study, we used the kriging method and ArcGIS software to assess the geotechnical
properties of soils in Astana, which allowed us to create a methodology for determining
intermediate strength and deformation properties with useful information for future projects and
construction planning. The purpose of the study is to apply the method of kriging interpolation in
ArcGIS software to determine the intermediate geotechnical properties of soil at the construction
site in a residential complex in Astana.

2. Methods

The study area is a residential complex in Astana city in Yesil district. Street E 116.
Topographic survey at a scale of 1:500 is shown in Figure 1. The territory is located in the steppe
zone. Esil settlement has coordinates 51.1057° North latitude and 71.425° East longitude.

Under the conditions of natural regime groundwater level is subject to seasonal fluctuations:
the minimum standing is observed in March, the maximum falls on the beginning of May.

The amplitude of level fluctuation in the studied area amounted to 1.20-1.50 m.

At spring maximum it is necessary to expect groundwater level rise by 1.0 m, higher on the
date of one-time groundwater level measurement on 23.09.2021.

The survey site is classified as potentially waterlogged.
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object [11]

The topographic survey data shows that the spacing between boreholes exceeds 25 meters
and the changes in absolute elevations range from 348.04 to 348.19 meters. As can be seen, the
large distance between boreholes, which may complicate the accurate modeling of geologic
structures and soil distribution at the site and require additional studies or survey methods to obtain
a more complete picture of the geologic structure.

Based on the results of the analysis of physical and mechanical properties of soils by
engineering-geological parameters, the following layers of soil occurrence are defined:

Engineering-geologic element No. 1 (tQIV): Bulk soil, dark brown in color, with hard
consistency, containing construction debris and impurities of organic matter with a volume of 3.6%.

Engineering-geologic element No. 2 (aQlI-I1I): A loam with a variable consistency ranging
from firm to fluid-plastic, characterized by light brown and gray tints, with admixture of carbonates
and interlayers of sand and loam up to 20 cm thick. The organic matter content varies from 3.20%
to 5.70%, with an average value of 4.10%.

Engineering-geologic element No. 3 (aQIll-Ill): Loam with hard and plastic consistency,
light brown in color, with carbonate phenocrysts and sand interlayers up to 20 cm thick. The
organic matter content varies from 2.30% to 3.50%, with an average value of 3.0%.

Engineering-geologic element No. 4 (aQlI-11l): Medium coarse sand, brown in color,
saturated with water, with interlayers of loam up to 20 cm thick.

Engineering-geologic element No. 5 (aQlI-111): Gravelly sand of brown color, saturated with
water, with interlayers of loam up to 20 cm thick.

Engineering-geologic element No. 6 (eCl): Loam of various shades, ranging from maroon to
greenish-yellow to dark red, with a firm to semi-hard consistency, containing up to 10 percent silt
loam, as well as patches of ogeolensis and omanganeseization. There are interlayers of clay and
sandy loam up to 20 cm thick.

Engineering-geologic element No. 7 (eCl): Woody loam of various shades, with hard and
semi-hard consistency, containing patches of yellowing and omarganization, as well as interlayers
of woody soil.

Engineering-geologic element No. 8 (eCl): Loamy sandy loam with various shades of
gravel, with a hard consistency, containing patches of tin-ironing and omarganization.

The geologic data obtained show that the soil strata layering does not follow the order of
geotechnical engineering elements (GEI). For example, in some boreholes, such as No. 5, it can be
observed that the engineering geologic element No. 2 follows the engineering geologic element No.
5, while in other boreholes the soil layers are presented in the expected order.
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In order to analyze the structure of the soil foundation, it is required to conduct additional
research, process the obtained data, and adjust the design solutions taking into account the
heterogeneity of the soil.

We used the method of kriging interpolation to determine the intermediate geotechnical
properties of the soil, which allowed us to obtain predictions of the values of each property at each
point of the studied area in the form of continuous maps. The results obtained were implemented in
ArcGIS software using the kriging spatial variation method to accurately predict values in other
areas. Thus, the kriging method provides us with useful and accurate predictions of intermediate
geotechnical soil values based on available data. It is important to note that this method takes into
account the characteristics of soil layering and transition between layers, which further improves the
accuracy and reliability of the results obtained.

3. Results and Discussion

Based on the available data, which includes the results of soil samples from 8 wells, we use
the Kriging interpolation method in ArcGIS to determine soil property values between these wells
where the data are unknown. This method allows us to predict soil property values at all other
points in the study area. We processed and loaded the soil mechanical property data into a map
database and presented the results in Figures 3-5. Using this approach helps to reduce resource and
time costs while providing reliable results of the study.

Figure 2 displays the distribution of different soil types in the study area using a variety of
color ranges corresponding to soil types.

Borehole No.
1 2 3 4 5 6 7 8
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Figure 2 — Geological cross sections with

Figures 3-5 show the distribution of soil over the study area at different depths (5m, 10m,
15m), using a color scheme to visualize the results of the analysis of its mechanical properties (Eo,
¢, ¢). In these schemes, the red color corresponds to the maximum values of the soil mechanical
properties and the blue color corresponds to the minimum values. Areas with shades of gray and
white show locations in the area where the values of soil mechanical properties are at an
intermediate level, indicating their comparability with known data. Transparent areas on the map
indicate minimal difference in the values of soil mechanical properties compared to known data.
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Figure 3 — Map of the study area showing the spatial variability of known values of total strain
modulus “Eo” at depths of a) 5 m; b) 10 m; ¢) 15 m
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Figure 4 — Map of the study area showing the spatial variability of known specific gravity values
“c” at depths of a) 5 m; b) 10 m; ¢) 15m

b)
Figure 5 — Map of the study area showing the spatial variability of known values of internal
friction angle “¢” at depths of a) 5 m; b) 10 m; ¢) 15 m

By specifying the required depth and applying the recommended interpolation method, we
can obtain intermediate geotechnical soil characteristics. This approach allows us to specify any
depth and obtain accurate values of characteristics, which greatly facilitates the correct assessment
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of engineering-geological conditions at the construction site. This, in turn, can lead to a reduction in
the cost of survey work. In addition, using information on soil conditions from known boreholes,
we can obtain data not only for idealized conditions, but also for realistic soil layering scenarios.

The proposed methodology serves as a practical tool for foundation footing visualization. It
provides engineers with a comprehensive understanding of the mechanical characteristics of the
soil, making it easier for designers to select optimal foundation types and sizes.

4. Conclusions

To conclude the study on the application of geotechnical interpolation using GIS for
foundation design, the following can be noted:

- the use of interpolation methods such as kriging in ArcGIS software can effectively
determine the intermediate geotechnical properties of soils at the construction site, which allows
engineers to obtain accurate values of soil characteristics at different depths, which facilitates the
process of selecting optimal types and sizes of foundations;

- the kriging method provides accurate predictions of the values of geotechnical soil
properties based on available data, which allows predicting the values of soil properties at all points
in the study area, which facilitates more accurate planning and design;

- the use of GIS-assisted geotechnical interpolation is an important tool for visualizing
foundation footings and provides engineers with a comprehensive understanding of soil mechanical
properties, which not only improves the evaluation of geotechnical engineering conditions at the
construction site, but can also lead to lower survey costs and optimize the foundation design
process.
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Abstract. The phenomenon of heat and mass transfer in seasonally freezing soils has a significant impact on the
condition of pile foundations. Building structures constructed in such soils experience extremely negative
consequences: frost heave, vibration dynamics, moisture mass transfer and soil weakening during the thawing.
Seasonally freezing soils occupy most of the territory of Kazakhstan, and in most regions the depth of soil freezing
exceeds 1.5 m, there are settlements where the index reaches 1.97 m (Semiyarka, East Kazakhstan region) and in the
north of the country - 2.74 m (Arshaly, Akmola region). Arrangement of foundation bases below the frost depth leads to
increased construction costs, requires additional costs for thermal insulation, ventilation, other materials and structures,
and, in addition, does not always lead to a full levelling of the negative impact of heat and mass transfer on the term and
conditions of operation of buildings, structures, railways and roads. Therefore, the efforts of engineers and specialists in
the field of thermal physics are aimed at finding effective ways to solve the problems of deformation and destruction of
foundations in seasonally freezing soils. In the article an attempt is made to reveal the character of heat and mass
transfer influence on pile foundations in seasonally freezing soils on the basis of a thermomechanical model.

Key words: heat and mass transfer, pile foundations, seasonally freezing soils, frost heave deformations, thawing,
freezing of soils.

1. Introduction

The relevance of the chosen topic of the study is due to the fact that seasonal freezing of
soils is observed in the territory occupying more than half of the total area of Kazakhstan.
Foundations in such soils are exposed to the influence of processes: freezing, frost heaving, thawing
and vibrodynamics. These processes are especially intensive during seasonal thawing and freezing.
The large extent of the territory of Kazakhstan from west to east and from north to south, the
complexity of geographical, geological, tectonic, hydrogeological structure, landscape and climatic
conditions have largely predetermined the peculiarity of seasonal freezing of soils in different
regions of our country. Therefore, the main regularities of seasonal freezing at a particular site are
determined by the conditions of heat exchange on the soil surface, its composition and condition.
Figure 1 shows a schematic map of the maximum depth of penetration of the zero isotherm into the
ground for Kazakhstan.

Pile foundations on seasonally freezing soils require a numerical study of the temperature
regime, taking into account the processes of heat and mass transfer with phase transitions in order to
determine their bearing capacity and stability to avoid further problems with the operation of
buildings and structures [1].

The purpose of the article is to study the effect and patterns of heat and mass transfer on pile
foundations in seasonally freezing soils.

The phenomenon of heat and mass transfer is actively investigated in thermophysics,
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poromechanics and thermohydrodynamics. Migration processes occurring in thawing and freezing
soils have been studied by: E.D. Ershov, A.I. Korotkiy, S. Krauch, O. Coussy, S.A. Kudryavtsev.
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Figure 1- Schematic map of the maximum depth of penetration of the zero isotherm
into the ground [2]

Numerical and analytical methods for solving problems of heat and mass transfer in
seasonally freezing soils are presented in the works of V.I. Popov, D.S. Skvortsov, E.M. Kartashov,
A.Yu. Krainov, etc.

It should be noted that mathematical modelling of only the heat conduction process with
phase transformation requires rather time-consuming iterative procedures. In the case of joint heat
and mass transfer, the situation is aggravated and more than 150-300 iterations are required for joint
solution of the mass and heat transfer equations in the known, at each time step, range of their
variation. The reason for this is the incomplete use of those possibilities, which are determined by
the phase equilibrium equation, linking the state parameters (temperature, moisture content, rock
porosity, salt concentration in brine) satisfying the transport equations [3].

There are successfully tested numerical methods for approximate calculations of heat and
mass transfer in soils (V.I. Popov, O.V. Tretyakova, etc.)[19]. In addition, today the solution of the
heat and mass transfer problem by numerical and analytical methods is significantly facilitated by
the use of special computer programmes, among which we can mention Frost Termo, Borey 3D,
FrozenWall, Termoground. These programs allow to perform thermal and hydrodynamic
calculations and provide opportunities for visual modelling of soil temperature fields and
construction of necessary graphs and diagrams.

2. Methods

Laboratory methods of research were carried out, as a result of which we determined the soil
filtration coefficient for Quaternary loams at the level of 0.01-0.13 m/day. Groundwater at this road
section is characterised as sodium chloride, very hard, slightly alkaline, brackish. In relation to
concrete of W4 grade on Portland cement, ground waters are non-aggressive and slightly
aggressive, in relation to reinforced concrete structures they are moderately aggressive. Corrosive
aggressiveness of ground water towards lead and aluminium cable sheathing is high. In relation to
steel structures (according to Stabler) ground waters are corrosive. The main physical
characteristics of the foundation soils are given in Table 1.
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Table 1 — Results of laboratory analyses of foundation soils

Name of indicators Unit Value
Natural humidity % 20.2
Liquid limit % 26.5
Humidity at rolling limit % 15.1
Plastisity index % 11.6
Liquidity index 0.5
Soil density g/cm? 2.00
Particle density of soil g/cm? 2.70
Porosity coefficient JIOJHU e1. 0.700
Moisture content JTOJIH €. 0.800
Deformation modulus MIla 6.50
Specific cohesion klla 235
Angle of internal friction degree 22

Partial values of strength and deformation properties of quaternary loams were subjected to
static processing in accordance with the requirements of GOST 20522-2012 and as a result
normative and calculated values of characteristics given in the table were obtained. The deformation
modulus is 6.50 MPa. It is recommended to take the value equal to 6.0 MPa as the design value of
the modulus of deformation.

The analysis of mechanical properties of foundation soils is given in Table 2.

Table 2 — Mechanical and deformation characteristics of foundation soils

Characteristics name Unit Values on deformations a=0,85 for load capacity a=0,95
Specific cohesion kPa 235 13.0 6.5
Angle of internal friction degree 22 21 20
Deformation modulus MPa 6.50 6.00 -
Soil density g/em? 2.00 1.98 1.97

To study the effect of heat and mass transfer on pile foundations in seasonally freezing soils,
a thermohydromechanical model of soil subjected to freezing and thawing processes was used.

This model assumes that the soil is a three-phase porous medium consisting of soil particles,
liquid water and ice.

The thermohydromechanical model includes a system of nonlinear equations consisting of
mass transfer, heat transfer and equilibrium equations expressing such fundamental laws of
continuum mechanics as the laws of conservation of mass, energy and momentum.

Important relations in the model are Bishop's formula for calculating the pore pressure in the
freezing ground zone and the Clausius-Claiperon equation, which describes the intensity of
cryogenic suction as a function of temperature [4].

The application of numerical modelling methods for the behaviour of pile foundations
makes it possible to control by stages the processes of changes in temperature and moisture fields
and associated deformations, and, consequently, to predict the efficiency of using various materials
and measures to reduce or eliminate the negative phenomena acting on foundations and subgrade
soils in conditions of their seasonal freezing-thawing [5].

We proceed from the assumption that seasonally freezing ground is a three-phase porous
medium consisting of solid particles (index s), liquid water (index I) and ice crystals (index i).

In accordance with the existing ideas about the process of ground freezing, the following
hypotheses are accepted for the construction of the thermohydromechanical model:

- At the initial moment of time the porous medium is completely saturated with water;

- The rheological properties of porous medium under long-term loading are described by
viscoelastic deformation [6].

2.1 Mass transfer equation
In accordance with the law of conservation of water and ice mass, the equation of mass
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transfer taking into account the phase transition of pore water into ice can be written as Eq. (1):

(péijn) + a(pa‘f‘n) + div(p,v) =0 (1)
Where: pSn — mass water content (j = [) and ice (j = i) at a point in time t; p — phase
density; S— phase saturation; n— porosity; v,— water velocity relative to the solid skeleton.
Ice saturation S;is given by a step function of temperature in Eq. (2):
(04
5 = 1-[1=(T-Ty)], T< Ty )
0, T > Ty,
Where: Ty, — the freezing point of water; a — experimental parameter.
Moisture saturation S;is determined from the condition of complete saturation of the porous
medium by the Eqg. (3):

Sl = 1 - Si' (3)
The velocity of moisture movement v, relative to soil particles is determined by Darcy's law
by Eq. (4):

v, = —k - grady, 4)

Where: k— moisture conductivity coefficient; 1y — groundwater potential.
The moisture conductivity coefficient is calculated as a function of temperature in Eq. (5):

B
ko[t = (T =Tp)"|, T< T, -
ko, T > Ty,

Where: k, — moisture conductivity coefficient of unfrozen soil; g — experimental parameter

k

[7].
Soil moisture potential is determined by the Eq. (6):
W= ;’T; +2z (6)

Where: p, — pore moisture pressure; g — free-fall acceleration; z— vertical coordinate.
Bishop's relationship is used to determine pore pressure by Eq. (7):

p=xp,+ (1= X)ps (7
where p, —ice pore pressure; y — coefficient depending on ice saturation.
The coefficient y is determined by the Eq. (8):

x=1-S5). 8
The ice pressure p, is determined from the Clausius-Claiperon equation according to the
expression in Eq. (9):

T
(Pl‘Pi)Po"’PiPlLln(_T )—pim
ph

P = o ©)
where L specific heat of crystallisation of water; p, — initial pore pressure.
From Egs. (7) and (9) it follows that water pressure p,can be calculated as a function of pore

pressure pand temperature T by Eqg. (10).
It follows from relations in Egs. (7) and (9) that water pressure p, can be calculated as a

function of pore pressure and temperature using Eq. (10):

T
(1= (p1—pi)po+(1=x)pipiL ln<T—ph>+pzp

= 10
P xpi+(1-)p1 (10)
2.2 Heat transfer equation

The heat transfer equation is derived from the law of conservation of energy, taking into
account heat transfer due to the mechanisms of heat conduction and convection, as well as heat

release during water crystallisation [8]. Then the heat transfer equation is written in the Eq. (11):
Cg—:— div(AgradT) + Cyv; - gradT = Qy, (12)
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Where: C — volumetric heat capacity; 4 — heat transfer coefficient of three-phase porous
medium; C, - volumetric heat capacity of water; Q,, — heat source associated with the latent heat of

the phase transition of water to ice.

The heat source @, is determined by the Eq. (12):

o(ns;)
Qpin = Lp; % (12)

The volumetric heat capacity is calculated on the basis of the mixture rule according to the
Eq. (13):
C = (1—n)pscs + n(Sipicr + Sipici) (13)
Where: ¢; — is the specific heat capacity of the phase at constant pressure j(j = s, [, i).
The heat transfer coefficient is calculated on the basis of the ratio for the stepped average as
in Eq. (14):
A= AATmATATS (14)
Where: A; — phase heat transfer coefficient j(j = s, [, 1).

2.3 Equilibrium equation
It follows from the laws of poromechanics and momentum conservation that the equilibrium
equation for a saturated porous medium can be written with respect to the total stress tensor o in
the Eq. (15)
dive+y =0 (15)
Where: y — specific gravity of porous medium.
The specific gravity of the porous medium is determined by the Eq. (16):
Yy = [ —n)ps + n(Sip + Sipu)lg (16)
Where: p,— soil particle density.
In turn, the total stress tensor can be through the effective stress o tensor of the solid
skeleton ¢ ‘and the pore pressure p by the Eq. (17)
o=o0 —bpl (17)
Where: I — unit tensor; b — effective Bio coefficient.
The effective stress tensor o' is determined on the basis of Hooke's law for linear-elastic
isotropic material from the relation in Eq. (18):
o' = (K -26)egl,l + 262 (18)
Where: K — effective bulk modulus; G — effective shear modulus; £¢ — elastic strain tensor;
!, — volume elastic deformation value.

According to the principle of additive decomposition of the total strain tensor &, the elastic

strain tensor £¢is defined by the Eq. (19):

e h

el =g — ¢t
Where: £ — temperature deformation tensor.
The total deformation tensor & is defined from the geometrical relation for small
deformations in the Eq. (20):

—gin (19)

€= %(grad(u) + grad(uw)T) (20)
Where: u — displacement vector.
The temperature deformation tensor is defined by the Eq. (21):
e = arp (T — Tl (21)
Where: a; — thermal expansion coefficient; T, — initial temperature of unfrozen ground.
The calculation of effective pore pressure is based on the equation of state by O. Coussy [9]
as shown in Eq. (22):

p=N (n —ng —bell, + 3ar(b —ny)(T — TO)) (22)
Where: n, — initial soil porosity; N — effective tangent modulus Bio.
The effective mechanical parameters are determined by the Eq. (23):
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X = SinT + SlXun (23)
Where: X — effective parameter value; Xr, u X,,,, — parameter values in frozen and unfrozen
soil zones, respectively.
Keeping the divergent form of the equations, we obtain their Eq. (24):

9(cpT) _ 0
o~ “ade T Lol
a a
a_vtv = _afw —Ir (24)
a(wC) d
= ——Jc — kuxClr — Iy
Where: 1, — ion adsorption index on the soil pore surface; I = —dm/dt — Moisture runoff

due to water-ice phase transformations; k.., — salt (ion) capture coefficient.
Flows are defined in accordance with the Eq. (25-27):

d ac T
Jw = ~K==+K8cw =~ Kbrw—Jo +V; = Ji} +Vy (25)
ac
]C=—WDCa+C]W=]gl+CVf (26)
T
Jo = —/15 + cwpwTlw = Jw + cwpw TV (27)

Where: A, K, D¢, ¢, p — heat conductivity, moisture diffusion, salt diffusion, heat capacity
and density coefficients, respectively; V,— moisture filtration rate in porous material; &7y, Scw—
coefficients accounting for cross-effects [10].

The solution of the initial heat and mass transfer problem can be represented as a sequential
solution of subproblems as follows:

- diffusion - system of Eq. (28):

[a(CpT) _ _i]m

ac  ax’@

ow _ _9m

o = oW (28)
owe) _i]m

at '€

— of the phase transition is the system of Eq. (29):
a(cpT)

ot = LpIF
ow _
> = ~Ir (29)
a(wC)
—= = ~keapClr
Solutions of the mass balance equations from Eqg. (29) at each time step of Eq. (30):

1-k
W2 = Wl + Am, Cz = C]_ + (%) “r

2

(30)
The further course of action is shown in Figure 2.

7. W, C
1 “TF
3
Ta, Wa, Ca 2
t+dt

Figure 2 — Diagram of calculation of split heat and mass transfer processes

In Figure 2, transition (1-2), T1 — T2 is determined by the solution of system (28), transition (2-3),
T2 — TF is determined by the solution of system (29) [10].
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3. Results and Discussion

On the example described in V.I. Vasiliev's thesis "Mathematical modelling of temperature
regime of foundation soils in conditions of perennially frozen rocks thermo-hydro-dynamic model"
the calculation of heat and mass transfer (Figure 3) in the system "pile - seasonally freezing ground"
for the city of Astana was performed [17]:

- Soil parameters: for thawing zone pj = 2,722-106, 4; = 1,94; for phase transition pL =
125,532-106, & = 1.0; for freezing zone pi =2,052-106, 4; = 2,14 [12];

- The geometrical area contains 20 piles (Figure 3); the pile dimensions are taken: r = 0.2 m,
length 14 m;

- Parameters were used as design parameters of the pile system: o7 = 1.0, pycp = 1.763-106,
R =0.05;

- Numerical modelling was carried out for the area with dimensions Lx = 15 m, L, = 54 m,
Lz =50 m;

- Numerical modelling was carried out for a region of size =15 m, = 54 m, = 50 m;

- The Dirichlet boundary condition with a constant temperature of 20°C is given;

- Calculations were carried out for tmax = 2 years, with step t =1 day;

- Initial ground temperature is assumed to be -4°C;

- Temperature at the upper boundary of the study area is set taking into account the
amplitude of air fluctuation in Astana, which, according to SP RK 2.04-01-2017 varies from -51.6
°C (absolute minimum) to +41,6 ‘C (absolute maximum) [1].

a 0

Figure 3 — Computational geometry (a) and tetrahedral mesh (b) for the heat transfer problem
in soils taking into account the installation of 20 piles

It should be noted that in applied modeling, even when using significantly non-uniform
computational meshes, the dimensionality of the heat transfer problem is quite large. For example,
for our heat and mass transfer problem, the computational grid contains 260 thousand nodes, about
1.5 million tetrahedral cells. Numerical solution of such problems is impossible without the use of
parallel architecture computing systems [11].

However, the algorithm we use is not associated with source averaging in spatial grid cells
and can be generalised to multizone and multidimensional problems. The deviation of the
calculation results from the exact solution of the test problem does not exceed 2-2.5%.

Figure 3 shows the results of calculations at a variable temperature of the medium.
Inhomogeneous ice accumulation can be explained in different ways. V.I. Popov believes that "...
periods of oscillation of the freezing front can be interpreted as its stopping near some average
value" [12]. However, it follows from the works of E.D. Ershov[13], S. Crouch [14] and others that
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the stopping of the front leads to moisture accumulation, as obtained in the present study.

Figure 4 shows the results of exposure of the ground to alternating temperatures with an
initial temperature of -4 °C. A characteristic feature of the result presented in Figure 4 is the slight
spatial heterogeneity of ice accumulation. This is determined by the limited feeding area (melting
zone) and low diffusion coefficient of moisture in the soil freezing zone.

2.5

15

A s
AV
0.5 : .
\g_"’/\ ’
e

0 0.5 1.0 15 20H, m

Figure 4 — Simulation results of temperature (1) - (T-273)/ Ty, liquid phase (2) — w/w; total
moisture content (3) — (Lod + w)/wpand concentration (4) — C/C,fields

Figure 5 shows the distributions of temperature, moisture content and concentration fields

during ground freezing under the influence of alternating temperature of the heat transfer medium
for the case k.q,=0.1.
T,OCT
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Figure 5 — Distribution of temperature (1), humidity (liquid phase) (2) and total humidity (3) fields
[16]



Technobius, 2024, 1(1), 0000

T,°C
1.0

~

o

%

0.6

\

/

I

0.2

/

/

N

_/

\

-0.2
0

Ry

0.5

1.0

N

15

20 Hom~

Figure 6 — Field distribution of temperature (1), moisture content (2) - liquid phase,
(3) - solid phase - ice, concentration (4) [16]

Figure 6 shows that in the zone of active action of alternating temperatures (the rear front of
ice formation) there is an inhomogeneous distribution of total concentration caused by alternating
freezing and thawing of the ground. In addition, a significant inhomogeneity of the concentration
distribution associated with displacement of the dissolved component is revealed at the front front
of ice formation. This agrees with the data of numerical experiments conducted by Z.G. Ter-
Martinosyan [15], V.I. Vasiliev (co-author) [16], I.1. Sakharov [17], and O.V. Tretyakova [18].

4. Conclusions

According to the results of the study it is reasonable to formulate the further outcomes:

- A thermohydrodynamic model including a system of three nonlinear equations (mass
transfer equation, heat transfer equation and equilibrium equation) has been applied to study the
nature of the effect of heat and mass transfer on pile foundations in seasonally freezing soils;

- The mathematical model of heat, moisture and salt transport in dispersed composition
during freezing-thawing of soil is formulated taking into account the functional relation between the
parameters determining the phase equilibrium, mutual influence of diffusion flows and convective
transport;

- The character of heat and mass transfer indicates an increase in ice accumulation, which
leads to inhomogeneous vat of seasonally freezing soil; taking into account these features have an
important practical significance for predicting the stability and reliability of pile foundations

- As a result of numerical modelling it was determined that the distribution of temperature
fields at a depth of 0.8 m varies from 0 to 0.1 °c, the moisture content in the ground at temperatures
up to 0 °c is in the liquid phase, at lowering it turns into the solid phase.
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Abstract. This article delves into the critical realm of quality control in pile foundation construction, presenting a
comprehensive exploration of both destructive and non-destructive testing methodologies. Focused on enhancing
structural integrity and reliability, the study evaluates techniques such as concrete strength testing, core sampling,
Cross-Hole Sonic Logging (CSL), and Pile Integrity Testing (PIT). Results from field observations conducted during
construction of the Light Rail Transit (LRT) system in Astana showcase the effectiveness of non-destructive methods.
The article concludes by advocating for the adoption of advanced quality assurance protocols to mitigate risks and
ensure the robustness of pile foundations in construction projects.

Keywords: pile foundations, quality control, non-destructive testing, structural integrity, reliability.

1. Introduction

Pile foundations constitute a vital aspect of construction projects, determining the structural
integrity and longevity of buildings or structures [1]. Post-installation, a proportion of piles commonly
exhibit defects stemming from manufacturing or transportation processes [2]. Various factors, such as
inadequate concrete volume during concreting, interruptions in the concreting process, or
compromised casing joints, can compromise the integrity of bored-injection piles [3]. Similarly,
driven piles may incur defects due to safety breaches during transport or installation, subpar joint
quality in composite piles, or concealed flaws in pile shaft fabrication. Consequently, factory defects
in piles can render them unusable, leading to compromised integrity and reduced bearing capacity,
affecting both soil and material. Such issues are prevalent across diverse pile construction
methodologies, including bored, bored-injected, driven, or indentation piles. Despite the significance
of pile quality control, it often receives cursory treatment, limited to maintaining records and concrete
sampling at delivery [4]. However, such measures offer only indirect assessment, focusing on
compliance with design specifications rather than manufacturing quality or shaft integrity.
Consequently, there's a pressing need for a more robust quality control framework tailored to pile
construction. Traditional testing methods, like static and dynamic load tests, while representative,
only assess pile bearing capacity and fail to ensure reinforced concrete structure quality [5]. Direct
quality control during drilling and concreting at construction sites often proves inadequate, lacking
comprehensive operation-by-operation oversight. Hence, modern pile quality control techniques
warrant investigation to address these shortcomings and enhance construction practices. This study
aims to explore the effectiveness of contemporary pile quality control methodologies.

2. Methods

2.1 Destructive method of pile quality control
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Concrete strength control for bored and driven piles follows [6], involving sampling from
randomly selected mixes per [7], with at least two samples per batch and one per day. [8] guides
sample preparation in verified moulds [9]. Testing yields an act indicating concrete strength.
Samples should ideally cure in conditions mimicking structure hardening, but often cure externally,
differing from borehole conditions. Hence, core samples drilled from pile shafts offer more
representative results. Quality control includes strength testing of vertically drilled core samples at
0.5 m intervals. Sampling, overseen by the author, uses a small rotary drilling rig. Cores are labeled
with details such as pile number, absolute mark, diameter, depth, and date. Quality control entails
testing a minimum of two piles out of one hundred, increasing if defects are found. However, this
method is destructive, labor-intensive, and costly, making comprehensive implementation
impractical.

2.2 Non-destructive methods of pile quality control

Meanwhile, piles as responsible structures, the quality of which depends on the reliability of
operation of the building (structure), must be subjected to continuous control. In contrast to
destructive, the non-destructive methods are used for continuous control (Figure 1). Seismoacoustic
(sound) and ultrasonic techniques are employed for assessing pile lengths, pinpointing defects like
cracks and weakened sections, and evaluating the mechanical properties of pile concrete. Utilization
of seismoacoustic and ultrasonic devices involves two main phases: conducting on-site pile tests
and analyzing the acquired data with specialized software tools [10].
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Figure 1 — Pile quality control methods

2.3 Cross-Hole-Analyzer (CHA)
CHA uses a cross-hole acoustic survey method to determine the quality and consistency of
concrete between pairs of PVC or steel pipes pre-installed in bored shafts, cast-in-place walls, bored
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piles, cast-in-place piles or other types of concrete foundations (Figure 2). The transmitter and
receiver are in different conductive tubes, and it is important that they are at the same level when
scanning. For these tests, the conductive holes are formed in advance using two steel or plastic
tubes. Defects that are between the tubes are well defined, but since there is no radial scanning,
there is a "dead zone" outside the tubes where defects cannot be detected. The main body of the pile
can be examined using the required number of tubes (Figure 2).

cable length pile with 4 pipes for
measurement

ultrasonic signals
on screen

power supply
of test probes

water filled !!!

access tubes diagonals

perimeter
transmitter

receiver access tubes

concrete pile Stress Waves, emitted
shoe (cover) in one tube are received

horizontal (cross hole) measurements or n anm_he'_' one _'f concrete
bent (“Fan-shape”) measurements quality is satisfactory

Figure 2 — Cross-Hole Sonic Logging principle

The number of conductive tubes increases significantly with the pile diameter (Figure 3).

AN

Diaphragm wall

a) Pile @ 15002000 mm

b) Pile @ 10001500 mm

c) Pile @ < 1000 mm

Figure 3 — Typical access tube configurtlons: a) scanning along three measurement dlrectlons; b)
scanning along the perimeter and diagonals (six measurement directions).

The test cost correlates with the expense of constructing the conductive tubes. Discrepancies
in concrete continuity or uniformity, typically on a decimeter scale, are identified through
alterations in wave velocity or energy absorption, as illustrated in Figure 4.

2.4 Seismoacoustic method and ultrasonic method

Pile Integrity Tester (PIT). PIT performs integrity testing under small deformations

according to also called acoustic echo testing. The PIT can be used for bored piles, bored shafts,
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driven piles, driven concrete pipes. It detects potentially dangerous defects such as significant
cracks, neck formation, soil inclusions or cavities and, in some cases, can identify unknown
dimensions of existing piles or test piles supporting existing bridges or abutments. Non-destructive
quality control of pile continuity is based on the principle of acoustic flaw detection - the analysis of
the passage and reflection in the structure (piles) under investigation of an acoustic wave, which is
initiated by a calibrated impact on the pile head. The tests are carried out in accordance with ASTM
D5882-16. The impact is produced by a special hammer with predetermined impact pulse
parameters sufficient to dynamically excite the pile. The work also makes use of highly sensitive
accelerometer sensors mounted on the pile head, as well as a separate analogue-digital instrument
that includes a computer with a display and software that processes the information from the
accelerometers. The resulting impact disturbance, modeled as a random uniaxial longitudinal
compression wave, enters the pile body. A reflected wave is generated from the bottom of the pile
and from defects in the pile, such as fractures, voids or cross-sectional inhomogeneity’s,
propagating in the opposite direction to the source of the original wave. To ensure the reception and
registration of the secondary wave in piles, the removal (cutting down) of low-quality concrete is
carried out beforehand, followed by leveling the surfaces of the pile caps for the installation of
accelerometer sensors. The level of the surfaces of the pile caps after leveling should be horizontal.
In order to increase the reliability of information on the results of pile testing, measurements are
carried out at least at 3 different points of the pile caps. The measurement points (impact load
applications) must be distributed evenly over the area of the caps. The accumulated signals are
recorded in the computer memory for further processing and analysis. Figure 4 shows a graph of
wave propagation in a rod with a weakened cross-section. An example of a narrowed cross-section
of a bored pile. Processing, decoding and interpretation of low-frequency wave signals obtained
during continuity testing of piles should be performed by a qualified specialist using special
software.
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Figure 4 — Typical pile profiles with respective reflectograms

The pile continuity testing method relies on the principles of sound wave propagation,
encompassing both high and low frequencies, within solid materials. It stands as one of the most



Technobius, 2024, 4(1), 0055

contemporary techniques employed in global pile testing practices in recent years. This method
facilitates comprehensive analysis of pile continuity across all pile types and enables the detection
of structural defects within the pile body. Depending on the estimated velocity of plane wave
propagation in concrete, this method allows for various determinations, including:

1) The approximate length of the piles;

2) Widening in the cross-section of the piles;

3) Narrowing in the cross-section of the piles;

4) Change in soil layers;

5) Change in pile material;

6) Transverse cracks in the pile shaft;

7) Inclusions of foreign material.

Various devices are used for ultrasonic pile testing: IDS-1 (Russia); Pocket Echo Tester and
Pile Echo Tester (UK); Pile Integrity Tester-PIT (USA); and Sonic Integrity Tester-SIT
(Netherlands).

Currently in Astana city works on construction of LRT (Light Rail Transit) public transport
system are underway. Construction works are carried out by the Chinese company "China Railway
Asia-Europe Construction Investment Co". Testing of bored piles by Pile Integrity Testing (PIT)
and Cross-hole Sonic Logging (CSL) methods at the construction site of the object: "New transport
system of Astana city. LRT", (section from the airport to the new railway station) was carried out
with technical support of KGS-Astana LLP with the participation of the author. The tests were
conducted at the LRT construction site in Astana. Nowadays non-destructive methods have become
an effective technique to check the integrity of concrete deep foundations. The results of non-
destructive tests carried out using rapid methods technology on bored piles located at 18 stations
and interchanges were analysed [11]. During the production of bored piles, there is a risk of cavities
and other defects. For example, soil particles may get into the concrete mix. To detect defects, the
integrity of the bored pile is examined (Figure 5).

Figure 5 — CSL pile testing with two probes

3 Results and Discussion

Reinforced concrete piles are frequently utilized as a substitute for deep foundations,
especially in challenging soil conditions or where vibration from pile driving is unsuitable. Despite
the implementation of quality control measures during initial foundation installation, validating the
integrity of drilled shafts during construction, particularly in damp conditions, remains challenging.
[12] observed that in over 400 drilled shafts tested across multiple projects in South Carolina,
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roughly 75% exhibited anomalies, with more than 30% of all shafts containing at least one
anomaly. Bored shafts typically bear higher design loads than driven piles, resulting in lower
repeatability, as highlighted by the findings of [13]. Given the elevated likelihood of anomalies in
drilled shafts and their diminished repeatability, ensuring the quality of each drilled shaft holds
paramount importance for every pile [14-15].

There is a set of rules according to which the quality control of bored pile production is
determined. The CSL method of pile integrity inspection is considered to be the most effective. The
physics of the process is that the speed of propagation of the sound wave changes depending on the
structure of the material and its physical and mechanical properties.

The signal is recorded and compared to a reference signal. The difference in the signals
characterizes the condition of the material in the piles (see Figure 6).
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Figure 6 — The tests were carried out at the LRT construction site in Astana

Low Strain Testing constraints:

- Detectable: Pile length, inclusions of foreign material with different acoustic properties,
cracking perpendicular to the axis, joints and staged concreting, abrupt changes in cross section,
distinct changes in soil layers.

- Undetectable by Sonic Test: The toe reflection when the Length/Diameter ratio roughly
exceeds 20, gradual changes in cross-section, minor inclusions and changes in cross-section,
impedance changes of small axial dimension, small variations in length, features located below
either a fully-cracked cross section, debris at the toe, deviations from the straight line and from the
vertical, the consistency of concrete cover, the length of reinforcement.

Cross-Hole Sonic Testing constraints:
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- Detectable: Multiple defects, "soft bottoms™ if tubes go to the bottom, voids better than soil
inclusions, larger defects easier than small defects, waterfall, FAT (First Arrival Time), and energy
all help find defects.

- Undetectable by Cross-Hole Sonic Test: Diameter changes or bulges, if too few tubes, can
miss a defect, can find defect on direct path, cannot find defect outside cage, major diagonal defects
more difficult to find, need more than 4 tubes for 1500 mm pile (recommend 6 tubes for shaft this
size).

4 Conclusions

1. Effective interpretation of PIT test results hinges on both the expertise of the test operator
and the meticulous calibration of the instruments.

2. The cost-effectiveness of implementing a quality control program at each construction site
far outweighs the potential losses stemming from undetected foundation defects.

3. While the Low Strain test is a cost-effective and efficient quality-control tool, it is
essential to recognize its limitations. Despite its quick application time and affordability, it is not
infallible. Additionally, the sonic method's efficacy relies on identifying pile attributes that
significantly impact wave propagation, typically those of substantial size.

4. Cross-hole logging testing stands out as the most accurate and high-quality method for
field observation of deep pile foundations.
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Post-Publication Notice
Corrigendum to “A. Omarov and Y. Iwasaki, “Comparative study of pile quality
control techniques”, tbus, vol. 4, no. 1, p. 0055, Mar. 2024. doi:
10.54355/tbus/4.1.2024.0055”

In the originally published version of this article, the following corrections have been made:

In the Abstract, the sentence:

“..with 1,896 bored piles subjected to rapid testing. Significant findings reveal that
approximately 75% of tested shafts exhibited anomalies, emphasizing the necessity for meticulous
quality control...”

was inadvertently included and has now been removed to accurately reflect the scope and
content of the study.

In the paragraph preceding Figure 5, the phrase:

“..and financial support of L.N. Gumilev ENU and KGS LLP...”

has been revised to read:

“..support of KGS-Astana LLP..”

to correct the source of technical support.

In the same paragraph, additionally, the sentence:

“A total of 1,896 bored piles were tested between February and October 2018...”

was excluded to align with the finalized dataset and timeframe discussed in the article.

These corrections do not affect the overall conclusions of the article.

The authors apologize for any confusion this may have caused.
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