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ABSTRACT: This study presents the results of dynamic load testing conducted on C8-30 and C10-30 piles at the construction site in 
Astana. The testing was performed under winter conditions, requiring special consideration for pile driving in frozen ground. The 
piles were driven to depths ranging from 6.0 to 7.5 meters, and dynamic testing was conducted to evaluate their bearing capacity. The 
bearing capacity was calculated using standard methods for dynamic load testing and statistical processing of the test results. The 
final bearing capacity of the piles was determined to be 954 kN, with a safety factor applied according to local building codes. The 
study also discusses the challenges and techniques used in winter pile driving, including the need for specialized equipment and 
methods to mitigate the effects of frozen soil. The results confirm the suitability of the piles for the mosque's foundation, 
demonstrating the effectiveness of winter pile driving when proper techniques are applied.  
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1 INTRODUCTION 

The harsh continental climate of northern Kazakhstan, 
including the capital Astana, poses significant geotechnical 
challenges, particularly during long winter periods when 
prolonged sub-zero temperatures significantly alter the 
physical and mechanical properties of soils. The presence of 
permafrost or seasonally frozen layers complicates the design 
of foundations and their long-term operation, making driven 
piles one of the most reliable solutions, as they are able to 
penetrate the frozen layers and provide the necessary bearing 
capacity. Research in cold regions, both in Kazakhstan and 
abroad, is increasingly focusing on the behavior of driven 
piles in frozen soils under static and dynamic loads. 
Contributions from organizations such as the University of 
Russian and several Canadian universities are expanding the 
understanding of frozen soil mechanics. These studies pay 
particular attention to key factors affecting pile performance, 
including soil temperature, ice content, strength 
characteristics, and freeze-thaw cycling. Improving the 
reliability of pile foundations in such conditions requires an 
integrated approach that combines detailed geotechnical 
investigations, seasonal monitoring of soil temperature and 
moisture, and adaptation of pile sizes and installation methods 
to local conditions. Adjustments such as changing pile length 
and diameter, adjusting impact energy, using lighter hammers, 
or using pre-boring techniques can improve controllability and 
reduce installation damage. Long-term monitoring with 
embedded sensors measuring settlement, load, and 
temperature variations is essential for early detection of 
potential problems (Buranbayeva et all, 2022).  

Low temperatures inevitably lead to frost heave of soils, a 
process influenced by several interrelated factors. One major 
cause is the presence of unfrozen water, typically originating 
from shallow water tables, while another is the permeability of 
the soil, which allows for the upward migration of significant 
volumes of water during a single winter season. When the 

freezing front remains stationary, the water continues to move 
upward and solidify, forming layers of relatively clear ice that 
encapsulate earlier ice deposits and prevent further vertical 
growth. Slow freezing rates tend to enhance frost heave.  

Frost heaving is most likely to occur under conditions 
where the soil exhibits sufficient capillary tension to draw 
water into the freezing zone (thus, sands typically do not 
heave strongly), adequate water permeability to allow 
significant water transport during the winter season (dense 
clays generally resist strong heaving), and the presence of 
unfrozen water, often supplied from a shallow groundwater 
table. The evaluation of frost susceptibility can be carried out 
at three levels: Level I involves an approximate assessment of 
the granulometric composition to identify soils that are clearly 
non-frost-susceptible, while potentially frost-susceptible soils 
require further study; Level II provides a moderate-accuracy 
assessment based on multiple indicators such as grain size 
distribution, plasticity, and capillary rise, enabling 
classification by degree of frost susceptibility; and Level III 
offers high-accuracy results obtained from freezing tests in 
specialized equipment or long-term field observations 
(Zhussupbekov, et all, 2025 and Zhussupbekov, et all, 2016). 

2 FIELD TESTING OF SOILS 

2.1 Cone Penetration Test (CPT) soil testing 
The bearing capacity of piles was assessed during site 

investigations using the Cone Penetration Test (CPT), a 
widely adopted in-situ soil characterization method. The 
device featured a 35.7 mm base diameter cone with a 60° apex 
angle, a 310 mm friction sleeve of the same diameter, and 
36 mm pressure rods. Sleeve friction ranged from 5 to 500 
kPa, while cone tip resistance varied between 1 and 30 MPa. 
Results were compared with design load parameters to 
validate foundation suitability and optimize pile type, 
dimensions, and installation methods. Tests on 300 × 300 mm 
precast driven reinforced concrete piles confirmed CPT’s 
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advantage over conventional techniques, offering higher 
accuracy, site-specific reliability, and cost savings through 
precise pile length and type selection. The results of the CPT 
test can be seen in Figure 1. Clause 5.5 of GOST 20522-2012 
requires a minimum of six measurement results when 
determining the design and ultimate pile bearing capacities, 
ensuring statistical reliability and reflecting soil variability. 
For piles at 8.0 m depth, the ultimate capacity should be taken 
from the lowest values in Figure 1 of the standard, without 
applying the soil safety factor of 1.25 unless specified 
otherwise. Optimal pile length and soil capacity at the design 
depth are best determined from full-scale in-situ tests, which 
provide essential data on actual pile behavior and support safe, 
stable foundation design. Recommended capacity values for 
different depths should be based on statistical processing of 
test results, ensuring accurate and representative parameters 
for reliable foundation performance under varying loads. The 
wide variation in measured soil resistance values can be 
explained by the presence of lenses and interlayers of 
medium-grained sand within Quaternary alluvial loams, and 
by lenses and interlayers of loam within sandy and gravelly 
soils. According to Table 1 of this report and Table Zh.1 of SP 
RK 1.02-102-2014, based on relative density, medium-grained 
sands are classified as loose where cone resistance values are 
below 5 MPa, medium-dense where values range from 5 to 15 
MPa, and dense where values exceed 15 MPa. The bearing 
capacities of 300×300 mm section piles at various depths are 
presented in Table 1, derived from static penetration test data, 
with individual results for each sounding point. Values marked 
with an asterisk were excluded from calculations. The 
calculation of normative and design pile capacities requires at 
least six experimental values; therefore, at 8.0 m depth, the 
recommended design capacity should be taken as the 
minimum value from Table When adopting a pile foundation 
system in the design, it is recommended to refine both the soil 
bearing capacity and the pile lengths through field pile load 
testing. If piles are driven from the bottom of an excavation, 
the bearing capacities derived from static penetration results 
must be recalculated without considering the removed soil 
thickness (Zhussupbekov, et all, 2014, 2018, 2025 and 
Omarov, et all, 2025, 2016 and Issakulov, et all, 2023 and 
Zhussupbekov & Omarov, 2016 and ). 

 
Figure 1. CPT Bearing capacity of piles Fd (KN) at depths H (m). 

The CPT-derived bearing capacity data for 300 × 300 mm 
piles at depths ranging from 3 m to 8 m show a clear trend of 
increasing capacity with depth, reflecting the influence of 
denser and stronger soil layers at greater depths. At 3 m, 
capacities range from a minimum of 192 kN to a maximum of 
360 kN, indicating relatively loose or variable surface strata. 

At 4 m, capacities improve slightly, varying from 240 to 367 
kN. A marked increase occurs at 5 m, where capacities span 
from 302 to 730 kN, highlighting localized zones of stronger 
material. At 6 m, results are more variable (314*–929 kN), 
with some anomalously low values marked by an asterisk and 
excluded from calculations. Depths of 7 m and 8 m 
consistently exhibit the highest capacities, with values 
commonly exceeding 900 kN and peaking at 997 kN at 7 m, 
indicating very dense sand or gravel layers with high load-
bearing capability. The presence of asterisks denotes data 
points omitted from statistical analysis due to anomalies or test 
errors. Overall, the dataset confirms that pile capacity is 
strongly depth-dependent, with significant variability at 
intermediate depths likely caused by interbedded layers of 
different materials, such as sand lenses in loams or loam layers 
in sandy-gravel soils. This variability underscores the 
importance of site-specific CPT testing for accurate pile length 
and capacity selection. The bearing capacity of piles is 
indicated without taking into account the soil safety factor, 
which is equal to 1.25 (Zhussupbekov, et all, 2021, 2023, 
2025 and Omarov, et all, 2025, 2016 and Issakulov, et all, 
2023 and Zhussupbekov & Omarov, 2016). 

2.2 Dynamic Load Testing Procedure for Piles (per GOST) 
To protect the pile head during installation with a metal 

driving cap, timber cushioning blocks were placed between 
the pile and the cap. During testing, the drop height of the 
hammer’s striking mass was recorded for every 0.10 m of 
penetration within the final meter of driving, along with the 
total number of blows per meter of penetration. In the last 
meter, refusal was reached under an impact energy of 40–45 
kJ, producing final sets between 0.36 cm and 0.50 cm. After a 
rest period of 20 days, piles were re-driven using the same 
method as during initial installation, in two consecutive 
sequences of three blows and then five blows. A precision 
measuring scale (1 mm divisions) was affixed to the pile, and 
penetration was observed with a theodolite. At this stage, the 
drop energy ranged from 25 to 30 kJ, producing sets of 0.22–
0.43 cm. For capacity assessment, the mean maximum set 
obtained from the three- and five-blow series after the rest 
period was used. These results are summarised in Table 1 as 
the ultimate settlement values (Zhussupbekov, et all, 2021, 
2025a, 2025b and Omarov, et all, 2025, 2016 and Issakulov, et 
all, 2023 and Zhussupbekov & Omarov, 2016). 

Determination of Bearing Capacity from Test Data 
In accordance with [3], the design pile bearing capacity 

Fd from dynamic field tests is determined as: 
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where: 
γс – working condition factor, γс = 1 for compressive 

loading; 
Fu,n – nominal ultimate pile resistance (kN); 
γg – soil safety factor, γg = 1 unless otherwise stated. 
If fewer than six piles are tested in similar ground 

conditions, Fu,n is taken as the lowest ultimate resistance value 
from the dataset (Fu,min) with γg = 1. If six or more tests are 
performed, Fu,n and γg are calculated statistically from the 
individual ultimate resistance values Fu, following the 
provisions of GOST 20522-12 [6]. 
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η = 150 tf/m² (1500 kN/m²) – coefficient from Table 10 
[6] for reinforced concrete piles; 

A = 0.09 m² – pile shaft cross-sectional area; 
M = 1 – coefficient for impact-hammer-driven piles; 
Ed – hammer energy per blow (kJ), found from: 

tfmHGEd ,      (3) 

with: 
G = 7.0 t – mass of hammer’s striking part; 
H = 0.40–0.50 m – actual drop height; 
Sa – set per blow (m); 
m1 = 11.5 t – total hammer mass; 
ε2 = 0.2 – restitution coefficient with wooden cushion; 
m2 = 2.82 t – combined mass of pile and helmet; 
m3 = 0 – dolly mass. 
These calculations yield the ultimate resistance for each 

pile based on hammer characteristics, drop height, pile weight, 
and observed set. 

Statistical Analysis of Test Results 
Fu,n is obtained as the arithmetic mean of all valid Fu 

values: 
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where n is the number of piles tested and Fi is the 

ultimate resistance for each pile. Outliers are removed if they 
fail the statistical consistency check; Fu,n and standard 
deviation S are then recalculated. The coefficient of variation 
V and the precision index ρα are determined for γg evaluation. 
In the example analysed, all Fi values passed the check and 
were retained for final processing. 
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The reliability factor for the soil was determined as 

γg = 1.034. Based on the statistical processing of the individual 
pile resistance values, the bearing capacity should be 
calculated with the reliability factor applied, yielding: 
Fd = 992,38/1,034 = 960 kN. 

The results of the dynamic pile driving tests demonstrate 
a stable development of refusal during installation, indicating 
that the piles reached their ultimate resistance in the bearing 
strata. Within the final meter of driving, refusal was achieved 
at an impact energy of 40–45 kJ, with final sets ranging from 
0.36 cm to 0.50 cm per blow. These values are characteristic 
of driven reinforced concrete piles installed in medium-dense 
to dense soils and suggest that both shaft resistance and toe 
resistance were effectively mobilized. Re-driving of the piles 
after a 20-day rest period allowed the time-dependent recovery 
of soil strength and stiffness to be accounted for (pile set-up 
effect). Despite the lower impact energy applied during re-
driving (25–30 kJ), smaller sets of 0.22–0.43 cm were 
recorded. This behavior confirms an increase in pile–soil 
resistance with time, which is commonly attributed to 
dissipation of excess pore water pressure, soil reconsolidation, 
and improvement of soil structure following initial driving, 
particularly in cohesive and water-saturated soils. The 
adoption of the mean maximum set obtained from the three- 
and five-blow sequences after the rest period is consistent with 
regulatory guidance and reduces the influence of random 
measurement errors associated with individual blows. The use 

of a precision measuring scale with 1 mm graduations, 
combined with theodolite observations, ensured adequate 
accuracy in settlement measurements and improved the 
reliability of the derived dynamic resistance values. The 
calculated ultimate pile resistance values obtained from 
dynamic testing exhibited good consistency across the tested 
piles. Statistical evaluation of the dataset revealed no outliers, 
indicating uniform ground conditions at the site and stable 
driving conditions. The relatively low coefficient of variation 
of the ultimate resistance values resulted in a soil reliability 
factor only slightly greater than unity (γg = 1.034), reflecting a 
high level of confidence in the test results. Application of the 
reliability factor to the mean ultimate resistance yielded a 
design bearing capacity of Fd = 960 kN. This value provides 
an adequate margin of safety and can be confidently used for 
foundation design at the investigated site. It should be noted 
that dynamic test results obtained after a rest period are 
generally more representative of long-term pile performance 
than those measured during initial driving, further supporting 
the validity of the adopted testing and evaluation 
methodology. Overall, the dynamic pile testing program, 
combined with appropriate statistical processing in accordance 
with the relevant standards, confirmed that the piles satisfy the 
required bearing capacity criteria and that the applied 
approach provides a reliable assessment of pile–soil 
interaction under the given geotechnical conditions 
(Zhussupbekov, et all, 2021, 2023, 2025 and Omarov, et all, 
2025, 2016 and Issakulov, et all, 2023 and Zhussupbekov & 
Omarov, 2016). 

 
Figure 2. Results of pile load tests (DLT and SLT) (Zhussupbekov, 
et all, 2025). 

Figure 2 presents the load–settlement relationships 
obtained from static load tests (SLT) and dynamic load tests 
(DLT) performed on driven reinforced concrete piles. The 
curves provide insight into the deformation characteristics of 
the pile–soil system and allow comparison between the two 
testing methods. All load–settlement curves exhibit a smooth, 
nonlinear response, indicating gradual mobilization of shaft 
resistance and toe resistance as the applied load increases. At 
low load levels, settlements increase slowly, reflecting a 
relatively high initial stiffness of the pile–soil system and 
predominantly elastic behaviour. With increasing load, the 
slope of the curves becomes steeper, which is associated with 
the transition to elastoplastic deformation of the surrounding 
soil. For comparable load levels, the piles tested under static 
loading conditions generally show larger settlements than 
those derived from dynamic testing. This difference is 
expected, as static tests allow sufficient time for full stress 
redistribution and soil deformation, whereas dynamic tests 
represent short-duration loading and therefore tend to 
underestimate settlements under equivalent load levels. 
Despite this, the overall shapes of the SLT and DLT curves 
are consistent, demonstrating qualitative agreement between 
the two methods. The close grouping of the individual SLT 
curves (SLT-4, SLT-9, SLT-13, SLT-14) indicates relatively 
uniform soil conditions across the test area and consistent pile 
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installation quality. Minor differences in settlement response 
can be attributed to local variations in soil stratigraphy, pile 
toe conditions, or driving energy during installation. The DLT 
curves show a similar trend and remain within a comparable 
settlement range, further confirming the homogeneity of the 
foundation conditions. No abrupt increase in settlement is 
observed at the maximum applied loads, suggesting that 
ultimate failure was not reached during testing and that the 
piles retain a sufficient margin of bearing capacity. This 
behaviour is characteristic of piles designed with an adequate 
safety reserve and operating within serviceable deformation 
limits. Overall, the comparison of static and dynamic load–
settlement responses confirms the reliability of the dynamic 
testing results when supported by appropriate calibration and 
statistical processing. The observed agreement between SLT 
and DLT data supports the use of dynamic test results for 
bearing capacity assessment and design verification at the 
investigated site. 

3 CONCLUSIONS 
The comprehensive evaluation of pile foundation 

performance based on static and dynamic load testing 
confirms that the assessed bearing capacity is strongly 
influenced by the adopted testing method, loading conditions, 
and the safety factors prescribed by the applicable standards. 
The analysis of load–settlement behaviour, dynamic driving 
records, and statistical processing provides a consistent 
framework for interpreting pile performance under site-
specific ground conditions. Static load testing (SLT), 
conducted in accordance with GOST requirements, yielded a 
pile bearing capacity of 1400 kN. The corresponding load–
settlement curves exhibit a smooth nonlinear response without 
abrupt settlement increases at the maximum applied load, 
indicating stable pile–soil interaction and the absence of 
bearing failure. Applying a safety factor of 1.2 results in a 
design bearing capacity of 1167 kN, which is adopted as the 
reference value (100%) for comparative assessment. Dynamic 
load testing (DLT), also performed in compliance with GOST 
provisions, resulted in a design bearing capacity of 960 kN 
after statistical processing and application of the soil reliability 
factor. The comparison of SLT and DLT load–settlement 
trends demonstrates qualitative agreement between the two 
methods, although dynamic tests generally produce lower 
equivalent capacities due to the short-duration nature of 
loading and the higher safety factor adopted for design. With a 
safety factor of 1.4 applied, the resulting design capacity is 
686 kN, corresponding to 58.8% of the SLT reference value. 
Re-driving tests conducted after a 20-day rest period revealed 
a reduction in pile set under lower impact energy, confirming 
the presence of a time-dependent increase in pile resistance 
(set-up effect). This behaviour, together with the low 
coefficient of variation obtained from statistical analysis, 
indicates relatively uniform ground conditions and reliable 
mobilization of pile resistance. The soil reliability factor 
derived from the test results (γg = 1.034) further supports the 
consistency and robustness of the dynamic testing data. The 
observed discrepancy between static and dynamic design 
capacities highlights the conservative nature of dynamic load 
testing when evaluated using standard safety factors. While 
dynamic tests offer significant advantages in terms of 
efficiency and construction control, their results should be 
interpreted in conjunction with static load tests, particularly 
for final design validation and for projects with high reliability 
requirements. In summary, the combined application of static 
and dynamic load testing provides a reliable and 
complementary approach for evaluating pile bearing capacity. 
Static tests offer a direct and detailed assessment of load–

settlement behaviour, whereas dynamic tests enable rapid 
verification and statistical evaluation of pile performance 
during construction. The integrated use of both methods 
enhances the reliability of foundation design and supports 
informed engineering decision-making. 
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