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Abstract: Concrete for ambitious engineering projects, including bridges, must meet certain
requirements related to strength, water resistance, frost resistance and plasticity. The objective of the
article is to improve the efficiency of concrete for bridge structures. The compositions of high-strength
building composites have been optimized with a reduction in the proportion of the clinker component.
The densest packing of filler particles has been achieved, providing a self-compacting effect during
hardening. The compositions of building composites have been optimized at the macro-, micro- and
nanolevels to obtain a high-density matrix packing and increase the strength of the composite
(including taking into account the granulometric analysis of fillers and the choice of superplasticizer).
New properties of high-strength building composites (rheology of highly concentrated dispersed
systems, shrinkage deformations, workability, setting time, etc.) have been studied. The results of
fresh properties of the developed mixtures showed their compliance with the P5 grade, which indicates
that they have good transportability to the place of manufacture of bridge structures. The study of the
physical and mechanical characteristics of cement composites (average density, porosity, compressive
and bending strength, elastic modulus, frost resistance, shrinkage, Poisson's ratio) showed that the
obtained materials can be effectively used for the construction of critical structures, including bridges.
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1. INTRODUCTION

The rapid development of civilization leads to the creation of ambitious engineering projects,
including bridges [1]. Concrete for bridges must meet certain requirements regarding strength, water
resistance, frost resistance and plasticity [2]. This is achieved by adjusting the composition of the
mixture with an optimal amount of components, including man-made ones, that are commensurate in
deformation properties and energy indicators [3]. In this case, it becomes possible to use the energy
potential of raw materials of various genetic types, including raw materials involved in the
regeneration process [4]. Paper [5] sets out the requirements for the selection of raw materials that
ensure equilibrium energy interaction at all structural levels of the formation of self-healing high-
strength building composites.

In this way, principles of selection of sulphide-containing raw materials as a component of high-
strength construction composite with a self-healing system were developed [6]. As a result of further
development of engineering thought, a method of selection of raw materials was created, ensuring the
formation of new formations having similar crystallographic characteristics at pico-, nano- and micro-
dimensional levels with the cement system [7].

A model of structure formation in modified hardening compositions has been constructed based on
the principle of optimizing components with a high degree of ordering of its constituent elements and
increasing the adhesion of cement paste, reducing porosity, and eliminating plastic deformations [8].

Taking into account the data on the energy state of the raw material [9], economically
advantageous options [10] for the maximum possible disclosure of the energy potential embedded in
the formation in the processes of genesis and technogenesis, by means of chemo-, mechanical
activation, were produced [11]. In [12], optimal options for achieving high-density packing of the
matrix of building composites were proposed, based on similar indicators of raw materials in terms of
deformation properties and energy parameters.

The regularities of changes in the hydration and hardening processes of composite binders are
studied taking into account the influence of mineral fillers and aggregates that ensure similarity
(comparability) of the properties of the constituent elements of high-strength composites [13].
Quantitative and qualitative results of the phase composition and morphological features of new
formations of synthesized samples of high-strength building composite are presented, including when
using raw materials involved in regeneration (electron microscopy [14], X-ray diffraction and
differential thermal analysis [15], infrared spectroscopy [16]). The use of fiber in concrete mixtures
opens up great prospects for the construction of special and unique structures [17-19]. Moreover, the
current trend in concrete engineering is toward the use of industrial waste, including fiber [20-22]. The
structure formation of these materials has been studied [23-25]. The resulting environmentally friendly
building materials, based on their targeted microstructural formation, represent a new class of
composites for bridge structures [26-28]. The use of 3D technologies allows these concrete mixes to
be used in the most ambitious bridge structures [29-31].

Thus, the literature review summarized scientific knowledge on the production and use of building
materials based on natural analogues. However, to date, the compositions of high-strength building
composites with a reduction in the proportion of clinker component for bridge structures have not been
optimized. The purpose of the article is to improve the efficiency of concrete for bridge structures. The
tasks to achieve this goal are: achieving the densest packing of filler particles; optimization of the
compositions of building composites at the macro-, micro-, and nanolevel to obtain a high-density
packing of the matrix; study of new properties of high-strength building composites; study of physical
and mechanical characteristics of cement composites
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2. MATERIALS AND METHODS

Materials

Portland cement CEM 1 42.5N (Oskolcement, Belgorod, Russia) with the setting time of 178.5 min
and standard consistency of 27.2% was used as a binder (Fig. 1 a). A mixture of sands with fineness
modules of 1.7 and 2.6 (Khokholsky and Tavolzhansky sand quarries, respectively, both in Russia)
was used as a fine aggregate (Fig. 1 b). Granite crushed stone of fraction 5-20 (Pavlovsk Nerud,
Russia) was used as a coarse aggregate (Fig. 1 ). To reduce the water-cement ratio, a superplasticizer
based on polycarboxylic acid ester Reoplast PKE3392 (Russia) with an average density of 1.06 g/cm?®
was used (Fig. 1 d). Water from local pipelines with pH = 6-7 was used for mixing concrete mixtures
(Fig. 1 e).

Fig. 1. Raw materials used.

Mix design

Designing concrete compositions with varying cement content is a scientifically sound,
economically and technically feasible approach that ensures the reliability and durability of a bridge;
avoids material overuse; and takes into account the specific performance of each element under real-
world operating conditions. This is not a whim of designers, but the foundation of modern engineering
thinking in bridge construction. The proposed concrete compositions for bridge structures are given in
Table 1.

Table 1. Concrete compositions for bridge structures.

Component Mix 1D
1 2 3 4 5
CEM 1425N 400 450 500 550 600
Sand (fineness modulus=2.6) 150 100 100 100 50
Sand (fineness modulus=1.7) 680 705 680 655 680
Crushed stone 1170 1145 1120 1095 1070
Superplasticizer 3.00 3.12 3.25 3.37 3.50
Water 160 171 180 187 192
WI/C ratio 0.40 0.38 0.36 0.34 0.32
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All samples were subjected to hardening both by steaming at a temperature of 70-100°C (heat
moisture treatment HMT) and at normal conditions. Designing concrete compositions for bridges and
testing them under normal curing conditions and during HMT is an important stage aimed at ensuring
the reliability, manufacturability, and cost-effectiveness of construction. Normal curing conditions
(temperature +20+£2°C, humidity >95%) simulate the natural curing of concrete on-site (e.g., when
concreting monolithic supports and roadway slabs). HMT is used in the factory production of precast
reinforced concrete structures (beams, slabs, piles, etc.).

Methods

The setting time and standard consistency of Portland cement were determined using a Vicat device
(Fig. 2 a). The needle of the device is immersed in a cement paste of a certain consistency and the
moment when it stops sinking to a given depth is recorded. The slump and slump flow of the raw mix
were determined using an Abrams standard cone (Fig. 2 b). A rigid metal form in the shape of a
truncated cone is filled with concrete mix in three layers, each of which is compacted with 25 blows of
a bayonet rod. The form is then carefully lifted, and the following measurements are taken: a slump -
ae difference between the height of the form (usually 300 mm) and the height of the resulting "loaf"
sample;

a slump flow — an average value of two mutually perpendicular diameters of the spreading spot of
concrete mix (used for highly mobile mixtures, when the slump exceeds 220 mm).The average density
of both raw materials and the developed cement composites was determined by dividing the mass by
the volume (Fig. 2 ¢). Compressive strength was determined on cubic specimens with an edge of 70
mm (Fig. 2 d), and bending strength on beams of 40x40x160 mm (Fig. 2 e). The modulus of elasticity
of concrete was determined statically by testing the specimens for compression under conditions of a
constant loading rate. Deformations and stresses were measured to calculate the modulus of elasticity.
To determine Poisson's ratio, prism specimens were used, which were gradually loaded with an axial
compressive load. Deformations of the specimens were measured during loading. Frost resistance was
determined using the first basic method (the specimens are saturated with water and frozen in air at a
temperature of -18°C, and defrosted in water at a temperature of +20°C) (Fig. 2 f).

Fig. 2. Experimental methods used.

3. RESULTS AND DISCUSSION

The results of fresh properties of the developed mixes showed their compliance with the P5 grade,
which indicates that they have good transportability to the place of manufacturing bridge structures
(Table 2). A regular decrease in both slump and slump flow is noted with a decrease in the water-
cement ratio.
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Table 2. Fresh properties of concrete compositions.

Property Mix ID
1 2 3 4 5
Slump, cm 25 24 23 22 22
Slump flow, cm 30 29 28 27 26

The P5 grade concrete mix (slump 22-25 cm) is effective in bridge construction due to its good
workability. However, like any technical choice, it has both advantages and disadvantages, especially
in the context of bridge structures. High workability allows for easy formwork filling, even with dense
reinforcement (e.g., in beams, slabs, and abutments). This minimizes the risk of voids and cavities,
especially in hard-to-reach areas. Good compaction with minimal or no vibration reduces placement
time and energy costs. This is especially important when concreting monolithic superstructures or
complex structures. Less effort is required to distribute and compact the mix, increasing labor
productivity on the construction site. The P5 grade concrete mix is suitable for concrete pumps and is
easily transported via concrete pipelines over significant distances and heights, which is critical when
constructing high supports or spans over water or ravines.

The compaction of the developed compositions at different curing times is an indirect indicator of
structure formation. The obtained materials are heavy, which is important for high-strength bridge
structures (Table 3). During the curing process under normal conditions, the density of the composite
decreases by an average of 130 kg/m3, which is explained by the evaporation of part of the mixing
water. A significant loss of density is observed when using heat and moisture treatment: if under
normal conditions 15-22 kg/m?® of water evaporates in the first day, then when using HMT this value
increases up to 8 times over the same period. Of course, it is necessary to take into account that this
value depends on the evaporation area.

Table 3. Average density of concrete compositions, kg/m?®,

Age Mix ID
1 2 3 4 5
Raw mix 2563 2574 2583 2590 2595
1 day 2541 2553 2567 2575 2580
1 day at HMT 2433 2445 2453 2461 2466
3 days 2521 2538 2541 2557 2561
7 days 2503 2520 2531 2547 2549
14 days 2487 2514 2522 2532 2533
28 days 2431 2443 2351 2459 2463

Cement paste compaction is achieved by controlling its structure formation, with increased
formation of low-basic calcium silicate hydrates (C—S—H phases) and decreased calcium hydroxide
(Ca(OH)2). The C-S-H phase, being the main hydration product, is an amorphous or weakly
crystalline structure with a high specific surface area and the ability to form a spatial framework. As
hydration reactions proceed, the volume of solid products exceeds the volume of the initial cement and
water, filling the pore space and reducing the overall porosity of the system. This contributes to an
increase in the density and microstructural homogeneity of the cement paste. Free water is
simultaneously bound, reducing the volume of capillary pores and increasing the compaction
coefficient. The resulting structure acquires increased mechanical strength and reduces permeability to
aggressive environments. Thus, cement paste compaction is the result of the physicochemical self-
development of the microstructure due to the volumetric growth of hydration products and their
interaction in a closed pore medium.

Shrinkage deformations at all ages of hardening, regardless of heat and humidity conditions, do not
exceed standard values and reach 1.1 mm/m by 28 days (Table 4). It is noted that the more Portland
cement in the mix, the higher the deformations, which is explained by the evaporation of mixing water
and hydration processes.
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Table 4. Shrinkage deformations of concrete compositions, mm/m.

Age Mix 1D

1 2 3 4 5
Raw mix 0.2 0.3 0.4 0.5 0.6
1 day 0.3 0.4 0.5 0.6 0.7
1 day at HMT 0.4 0.5 0.6 0.7 0.8
3 days 0.5 0.6 0.7 0.8 0.9
7 days 0.6 0.7 0.8 0.9 1.0
14 days 0.7 0.8 0.9 1.0 1.1
28 days 0.2 0.3 0.4 0.5 0.6

The proportion of cement in a concrete mix directly affects the magnitude of shrinkage
deformation: the higher the cement content, the greater the shrinkage potential. Excess cement
increases the amount of cement paste, which loses moisture during hardening and shrinks
significantly. This reduces the water-cement ratio, which can reduce shrinkage, but only to a certain
point. Excessive cement also increases heat generation during hydration, which increases thermal
stress and promotes cracking. Insufficient cement, in turn, reduces the cohesion of the mix and can
lead to uneven shrinkage. The optimal cement proportion ensures a balance between strength and
minimal deformation such ID3.

Despite the fact that Portland cement CEM | 42.5N is used, the maximum strength of the samples
on the 28th day is 75.2 MPa (Table 5). This is explained by both the increased consumption of cement
and the control of the structure formation processes at the level of the recipe and technological
parameters.

Table 5. Compressive strength of concrete compositions, MPa.

Age Mix 1D
1 2 3 4 5
Raw mix 6.1 6.7 7.6 74 8.1
1 day 36.2 40.1 44.0 48.6 54.0
1 day at HMT 12.6 13.9 15.4 16.9 18.6
3 days 24.2 27.3 30.5 33.3 37.0
7 days 35.2 38.2 42.9 475 53.0
14 days 49.2 55.2 61.5 68.0 75.2
28 days 61.1 66.7 76.6 79.4 86.1

Increasing the proportion of cement in a concrete mix increases compressive strength due to the
more complete filling of the intergranular space with cement paste. Cement, when interacting with
water, undergoes a hydration process that forms new mineral phases - primarily calcium silicate
hydroxides (C—-S—H), which are the primary source of strength in hardened concrete. The more cement
in the mix (all other things being equal), the more C—S—H gels are formed, ensuring a dense and strong
matrix structure. Increasing the amount of cement paste reduces the porosity of concrete, as hydration
products fill the capillary pores, increasing density and, consequently, strength. It is important to
consider the water-cement ratio (W/C): at a constant W/C, increasing the cement content increases the
absolute amount of binder and, consequently, the volume of the solid phase. From a physicochemical
perspective, the compressive strength of concrete is determined by the degree of development of the
spatial hydrate network, which depends on the concentration of Ca?* and SiOs* ions from the cement.
Higher concentrations of these ions accelerate the nucleation and growth of hydrate crystals, forming a
more uniform and less defective structure. Furthermore, an increased cement content promotes more
complete envelopment of the aggregate grains, improving the adhesion between the matrix and the
aggregate. This reduces the likelihood of microcracks forming at the interface under load. However,
excessively increasing the cement content without adjusting the water/cement ratio can lead to
increased shrinkage and heat generation, potentially causing cracking and reducing durability.
However, within reasonable limits, increasing the cement paste strengthens interparticle bonds by
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increasing surface energy and adhesive forces in the system. It also increases the amount of hydrated
products, which have high hardness and resistance to compressive stress. As a result, the concrete's
microstructure becomes more monolithic, with fewer weak spots. Thus, increasing the cement content
enhances strength properties through physicochemical hydration processes, structural compaction, and
improved interphase interaction. However, the optimal cement content must be selected based on a
balance between strength, deformability, and cost effectiveness.

The bending strength shows quite high results, which is critically important for bridge structures. If
for traditional cement concretes the ratio of strengths in bending and compression is above 1:10, then
for the developed compositions it is 1:5-1:6 (Table 6).

Table 6. Bending strength of concrete compositions, MPa.

Age Mix 1D
1 2 3 4 5
Raw mix 1.1 1.2 1.3 1.4 1.5
1 day 6.2 6.7 7.3 8.6 9.0
1 day at HMT 2.6 2.9 3.0 3.1 3.6
3 days 4.2 4.3 6.5 6.6 6.7
7 days 6.2 6.3 7.9 8.0 9.0
14 days 8.2 9.2 10.5 11.0 12.2
28 days 4.2 4.3 6.5 6.6 6.7

Increasing the proportion of cement in the concrete mix also has a positive effect on bending
strength, although this effect is less pronounced than for compressive strength, as flexure is a more
sensitive loading mode to structural inhomogeneities. From a physicochemical perspective, an
increased cement content promotes the formation of greater amounts of calcium silicate hydroxides
(C-S—H), which form a dense and elastic cement matrix. This matrix better resists tensile stresses that
arise in the lower zone of a beam or slab during bending. A higher cement concentration reduces the
overall porosity of the concrete, reducing the number of microdefects that can serve as sites for crack
initiation under bending loads. Improved envelopment of the aggregates with cement paste increases
the adhesion between the binder and the aggregate, which is especially important during bending,
where failure often begins at the phase boundary. At a constant water-cement ratio, an increase in the
mass of cement increases the volume of the solid phase, which increases the modulus of elasticity and
resistance to flexural deformation. Furthermore, a more developed spatial structure of hydrates ensures
better stress transfer throughout the material, reducing localized stress concentrations. However,
unlike compression, flexural strength is highly dependent on the integrity of the structure: even small
shrinkage or process cracks can significantly reduce load-bearing capacity. Although increasing the
cement content improves the microstructure, it can also increase shrinkage and heat generation, which,
if the concrete is not properly cured, will lead to cracking and, consequently, a decrease in bending
strength. Therefore, it is important not only to increase the cement content but also to control curing
conditions, use superplasticizers, and, if necessary, add fiber to improve crack resistance. In the
optimal range of proportions, cement enhances matrix cohesion and improves the concrete's ability to
redistribute stress during bending. This is especially important for thin-walled and road structures,
where bending is the primary loading type. Thus, increasing the cement content improves bending
strength by compacting the structure, enhancing interfacial interactions, and increasing the volume of
durable cement paste. However, maximum effectiveness is only achieved with a balanced composition
and proper concrete maintenance. Otherwise, risks associated with shrinkage and cracking can offset
the potential strength gain.

An even more significant fact is the high modulus of elasticity, which is fundamentally important
for particularly critical structures, reaching a value of 68.2 GPa (Table 7).
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Table 7. Modulus of elasticity of concrete compositions, GPa.

Age Mix 1D

1 2 3 4 5
Raw mix 5.5 6.1 6.9 7.0 7.1
1 day 33.2 36.1 40.0 44.6 49.0
1 day at HMT 10.6 12.9 14.4 15.9 17.6
3 days 22.2 25.3 27.5 30.3 34.0
7 days 32.2 35.2 38.9 435 48.0
14 days 45.2 50.2 55.5 62.0 68.2
28 days 5.5 6.1 6.9 7.0 7.1

Increasing the proportion of cement in a concrete mix typically leads to an increase in the modulus
of elasticity of the concrete, which is particularly important for bridge structures, where structural
rigidity directly impacts load distribution, deflections, and durability. From a physicochemical
perspective, increasing the cement content promotes the formation of a larger amount of dense cement
paste -the main elastic phase in concrete, which has a high modulus of deformation. At a constant
water-cement ratio, increasing the mass of cement reduces porosity and compacts the microstructure,
which reduces the material's compliance under load and increases its elastic resistance to deformation.
This is critical in bridge construction: a high modulus of elasticity ensures smaller deflections of
superstructures under temporary loads (for example, from the passage of heavy vehicles), which meets
serviceability standards. Furthermore, increased rigidity reduces the amplitude of structural vibrations,
improving its dynamic stability and ride comfort. Increasing the modulus of elasticity also promotes a
more uniform stress redistribution in prestressed elements - such as beams or roadway slabs, which are
widely used in bridges. However, excessively increasing the cement proportion without taking
shrinkage into account can cause microcracks, which in turn reduce the effective modulus of elasticity
and impair crack resistance — a key parameter for bridges subject to cyclic and dynamic loads.
Therefore, bridge concrete strives to achieve an optimal balance: a sufficient cement content to ensure
a high modulus of elasticity, but with shrinkage control through plasticizers, optimized water/cement
ratio, and the use of mineral additives (such as microsilica). Modern high-strength concretes of class
C50 and higher, used in bridge superstructures and piers, achieve modulus of elasticity of 38-42 GPa
precisely by rationally increasing the cement proportion and using modified compositions. Thus,
appropriately increasing the cement proportion is a key tool in designing bridge concrete with the
required deformation properties. This ensures not only load-bearing capacity but also the necessary
rigidity, fatigue resistance, and durability in harsh climatic conditions. It's important to remember that
the modulus of elasticity directly influences the design parameters in design documentation: its precise
value determines the accuracy of bridge modeling in software packages. Therefore, controlling the
cement proportions is not only a matter of strength but also a matter of the accuracy of engineering
calculations and the operational safety of the bridge structure. Ultimately, in bridge construction,
increasing the cement content is justified when it is aimed at achieving a consistently high modulus of
elasticity while maintaining crack resistance and minimizing creep.

Poisson's ratio increases with the amount of Portland cement, but in all cases does not reach the
standard value of 0.2 (Table 8).

Table 8. Poisson's ratio of concrete compositions at 28 days.

Mix ID 1 2 3 4 5
Poisson's ratio 0.08 0.10 0.13 0.16 0.18

A Poisson's ratio of concrete is a dimensionless value characterizing the transverse deformation of
the material under the application of a longitudinal load. Its value is largely determined by the
structure of the cement paste and the interaction of the phases within the composite. As the proportion
of cement in the concrete mix increases (with the water-cement ratio remaining constant), the volume
fraction of cement paste—a more homogeneous and isotropic phase compared to the aggregates—
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increases. Cement paste has a Poisson's ratio close to 0.20-0.22, while aggregates (especially dense
ones, such as granite or basalt) have lower values — around 0.10-0.15. Consequently, an increase in
cement content shifts the weighted average Poisson's ratio of the entire composite toward higher
values. This is because cement paste, being less rigid and more pliable, exhibits greater transverse
deformation under compression. From a physicochemical perspective, increasing the amount of
hydration products (primarily C-S—H gels) creates a more continuous and less porous matrix, capable
of more uniformly redistributing deformations in all directions. This reduces the influence of rigid,
low-Poisson aggregate grains on the overall behavior of the material. However, an excessive increase
in the cement proportion can lead to increased microcracking due to shrinkage, which introduces
anisotropy into the structure and can distort the true value of Poisson's ratio. Within optimal limits,
increasing the cement proportion makes the concrete structure more homogeneous, which promotes
stabilization and a slight increase in Poisson's ratio — typically in the range from 0.16-0.18 to 0.20-
0.22. This change reflects the transition from a composite with a pronounced two-phase structure to a
more monolithic material with a dominant role of the cement matrix. It is important to note that
Poisson's ratio is weakly dependent on strength, but strongly dependent on microstructural
homogeneity and phase ratio. Thus, increasing the cement content increases Poisson's ratio due to the
increased proportion of the more "plastic” and isotropic cement phase. This effect is particularly
noticeable in fine-grained and lean concretes, where the role of the aggregate is minimal. However,
when designing concrete mixes, it is necessary to consider the balance between deformation properties
and other characteristics, such as shrinkage and crack resistance. Ultimately, Poisson's ratio serves as
an indicator of the structural homogeneity of concrete, which is enhanced by a rational increase in the
cement content.

The frost resistance of the developed concrete compositions for bridge structures varies in the range
from F300 to F400 (Table 9).

Table 9. Frost resistance of concrete compositions at 28 days.

Mix ID 1 2 3 4 5
Frost resistance F300 F300 F350 F350 F400

Increasing the cement content of a concrete mix has a controversial effect on frost resistance, and
in the context of bridge structures, this effect requires particularly careful analysis. On the one hand,
increasing the cement content while maintaining a constant water-cement ratio (W/C) reduces overall
porosity and forms a denser cement matrix, which reduces the penetration of water—the main agent of
frost damage. A higher cement concentration accelerates hydration and promotes the formation of
higher quantities of low-permeability calcium silicate hydroxides (C-S—H), improving structural
integrity. However, with a fixed amount of water, increasing the cement content reduces the W/C
ratio, which has a positive effect on frost resistance, since it is the excess water that forms capillary
pores that fill upon wetting and destroy the structure upon freezing. However, if an increase in cement
content is accompanied by an increase in the total volume of water (for example, to maintain
workability without plasticizers), the W/C ratio increases, porosity increases, and frost resistance
drops sharply. Furthermore, excess cement increases heat generation during hydration and shrinkage
deformation, which can lead to the formation of microcracks—additional pathways for moisture
penetration and sites of localized failure during freeze-thaw cycles. For bridge structures constantly
exposed to atmospheric influences, icing, and de-icing agents, frost resistance is a key durability
parameter. Therefore, in bridge construction practice, increasing the cement ratio is only permissible
in combination with a decrease in the water-cement ratio (for example, by using superplasticizers) and
the mandatory addition of air-entraining admixtures, which create a system of closed micropores that
compensate for the volumetric expansion of ice. The optimal composition of bridge concrete ensures
not simply a high cement content, but a balanced structure with controlled porosity, low permeability,
and a sufficient volume of entrained air (4-6%). Therefore, increasing the cement ratio alone does not
guarantee increased frost resistance—the water-cement ratio, pore structure, and the use of special
admixtures are crucial. Modern F300-F600 grade bridge concrete achieves high frost resistance
through a comprehensive approach: a moderate but sufficient amount of cement, a low water/cement
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ratio, and a targeted pore structure. Therefore, when designing bridge mixes in cold climates, it is
important not to maximize the cement content, but to optimize the entire "cement-water-additives-
aggregates" system. Only this approach ensures resistance to multiple freeze-thaw cycles without loss
of strength and structural integrity. Consequently, proper cement proportioning is an important, but not
the only, factor in achieving the required frost resistance in critical engineering structures such as
bridges.

In the composition of 5 grade of concrete with frost resistance of 400 allows its use for reinforced
concrete elements of intermediate supports of railway and combined bridges on permanent
watercourses in areas with particularly severe climatic conditions. The obtained results are explained
by the control of structure formation, which is confirmed by the results of scanning electron
microscopy (Fig. 3).

Judging by the obtained microphotographs, the compositions of high-strength building composites
have been optimized with a reduction in the proportion of the clinker component. The densest packing
of filler particles has been achieved, providing a self-compacting effect during hardening. Thus, the
optimization of the compositions of building composites at the macro-, micro-, and nanolevels has
been carried out with the achievement of high-density packing of the matrix and an increase in the
strength of the composite (granulometric analysis of fillers and the choice of a superplasticizer).

Fig. 3. SEM images of concretes:a)ID1; b)ID2; ¢)ID3; d)ID4; e)ID5.

The compaction of the cement composite with the growth of the clinker component is noted. SEM
images of the concretes with varying cement contents, prepared without additives, reflect a direct
relationship between the microstructure and the amount of binder. At low cement contents (less than
400 kg/m*), the cement paste is sparse, non-uniform, and weakly envelops the aggregate grains,
leading to the formation of large capillary pores and a weak interface transition zone between the
aggregate and the matrix. In this structure, unhydrated cement grains are clearly visible, as are calcium
hydroxide and ettringite crystals, localized primarily in the pores and at the phase boundaries. As the
cement content increases to 550-600 kg/m?, a denser and more continuous cement matrix is formed,
dominated by amorphous calcium hydrosilicates (C-S—H), uniformly filling the intergranular space.
Porosity is significantly reduced, and the interface zone becomes compact and less pronounced,
indicating good adhesion to the aggregate. At cement contents above 550 kg/m?, without adjusting the
water-cement ratio, excess water may be observed, leading to an increase in shrinkage microcracks
after hardening, despite the high density of the stone. Micrographs of such samples sometimes reveal

10
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accumulations of hydration products, creating internal stresses. The absence of mineral additives
makes the structure more predictable but less optimized compared to modified compositions: pores are
larger, and the phase distribution is less uniform. Crystalline phases, especially portlandite, are clearly
visible in pure cement systems and occupy a significant volume. The microstructure of concrete with
an optimal cement content (550-600 kg/m?) is characterized by minimal permeability, the absence of
through capillaries, and a high degree of binder hydration. In contrast, lean mixtures exhibit zones of
low hydration and increased water saturation. The density of the cement paste directly influences its
mechanical properties: the more uniform and dense the structure, the higher the compressive and
flexural strength. Microcracks, if present, most often occur in areas of concentrated pores or at the
aggregate interfaces in concretes with insufficient cement content. Visual analysis with an optical or
electron microscope allows for the assessment of both the morphology and phase composition without
the use of additional reagents. For bridge structures, it is especially important that the microstructure
ensures durability under cyclic loads and atmospheric exposure, which is achieved with a sufficient
cement content and a low water-cement ratio. The higher the cement content (within reasonable
limits), the fewer structural defects and the greater the resistance to external aggressive factors.
However, excess cement without proper heat and shrinkage control can lead to cracking already in the
early stages of hardening. Thus, the micrographs clearly demonstrate that cement content is a key
factor determining the physical and chemical structure of concrete. This structure, in turn, directly
determines the strength, deformation, and durability properties of bridge concrete. Ultimately, the
optimal cement content ensures a balance between density, homogeneity, and the absence of structural
defects, which is critical for critical engineering structures.

At the same time, the polyfractional fine aggregate allows creating a high-density packing of the
material, which has a positive effect on the entire complex of physical and mechanical properties and
performance characteristics of the material. As a result, the obtained concretes can be effectively used
for especially important structures, including bridges, operating in various conditions. High-density
packing of the created material, using the self-compacting effect during hardening, makes it possible
to use concretes, including for operation in sea water. These results are confirmed by X-ray diffraction
analysis (Fig. 4).
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Fig. 4. XRD patten of samples after 28 days of curing. SiO, — quartz CaCOsz — calcite; CSH — C-S-
H(I); M — mullite AlsSiOg; C3S — alite Caz[SiO4]O; C.S — belite Caz[SiO.].

SEM images of the concretes, confirmed by XRD analysis, demonstrate a clear correlation between
the amount of binder and the phase composition of the cement paste. At low cement contents (400
kg/m?), XRD reveals high-intensity reflections of unhydrated clinker (alite and belite), as well as
pronounced peaks of calcium hydroxide (Ca(OH).) and ettringite, which is consistent with the sparse,
porous structure observed in the micrographs. As the cement content increases to 450-500 kg/m?, the
intensity of reflections of unhydrated phases decreases, and the proportion of the amorphous
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component -calcium silicate hydrates (C—S—H), which do not produce clear peaks in XRD - increases,
as evidenced by the formation of a dense, low-porosity matrix in the images. At cement contents
above 450 kg/m*, XRD detects residual clinker minerals, but also reveals elevated portlandite content,
indicating an excess of lime formed as a result of the complete hydration of a large amount of cement.
This is consistent with the presence of shrinkage microcracks in the micrographs. The absence of
mineral additives precludes the formation of additional phases (e.g., pozzolanic reactions with SiOz),
so all crystalline components detected in the XRD patterns are unambiguously attributed to Portland
cement hydration products. The interface transition zone in concretes with optimal cement contents
(350400 kg/m?) appears homogeneous in the SEM images, and XRD does not reveal localized
accumulations of portlandite or ettringite at the aggregate boundary, indicating uniform hydration. In
contrast, in lean mixtures, X-ray diffraction analysis reveals an elevated Ca(OH). concentration in the
interfacial transition zone, which correlates with its weakened structure and increased porosity.
Quantitative X-ray diffraction analysis confirms that the degree of cement hydration increases with
increasing cement content at a fixed water-cement ratio, which directly affects the structural density.
The pores visible in the SEM images correspond to zones of low diffraction peak intensity, indicating
the absence of solid phases. Thus, a combined analysis of the SEM images and X-ray diffraction data
allows us to reliably establish that increasing the cement content within 300400 kg/m? promotes the
formation of a more homogeneous, dense, and chemically mature cement paste without additives.
However, excess cement does not further improve the structure; on the contrary, it can worsen it due
to an increase in the volume of crystalline phases with high shrinkage. X-ray diffraction analysis also
confirms the absence of secondary phases or impurities, eliminating the influence of extraneous
components on the microstructure. A decrease in the intensity of clinker peaks in the diffraction
patterns directly correlates with a decrease in the number of unhydrated grains in the micrographs. The
high intensity of the portlandite peak at a high cement content explains the increased alkalinity and
potential susceptibility to aggressive environments, despite the apparent density of the structure. For
bridge concrete, the optimal cement content from an X-ray diffraction and microstructure perspective
is 350400 kg/m?, achieving a balance between the degree of hydration, density, and the minimum
content of weakening crystalline phases. X-ray diffraction data objectively confirm that it is the phase
composition, and not just the morphology, that determines the durability of concrete. Micrographs
visualize the structural consequences of the phase transformations recorded by X-ray diffraction. The
combination of these methods allows to conclude that in concrete without additives, the cement
content is a key regulator of both the chemical and physical structure. This is especially important for
bridges, where predictable and stable material behavior over decades is required. Thus, X-ray
diffraction analysis not only confirms the properties observed in micrographs but also provides
quantitative justification for selecting the optimal concrete composition for critical structures. ID5
contains an increased content of hydration products with a reduced content of the original clinker
minerals of Portland cement.

4. CONCLUSIONS

The compositions of high-strength construction composites with a reduction in the proportion of
the clinker component have been optimized. As a result, the following main results have been
obtained:

1. The densest packing of filler particles has been achieved, providing a self-compacting effect
during hardening.

2. The compositions of construction composites have been optimized at the macro-, micro-, and
nanolevels to obtain a high-density matrix packing and increase the strength of the composite
(including taking into account the granulometric analysis of fine aggregates and the choice of
superplasticizer)

3. The new properties of high-strength construction composites have been studied (rheology of
highly concentrated dispersed systems, shrinkage deformations, workability, setting time, etc.). The
results of fresh properties of the developed mixtures showed their compliance with the P5 grade,
which indicates that they have good transportability to the place of manufacture of bridge structures
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4. The study of the physical and mechanical characteristics of cement composites (density,
porosity, compressive and bending strength, elastic modulus, frost resistance, shrinkage, Poisson's
ratio) showed that the obtained materials can be effectively used for the construction of important
structures, including bridges.
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