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Abstract. The disposal of solid waste has become one of the critical issues facing governments due to its
environmental impact due to the difficulty of its decomposition. Electric cable waste (ECW) is one of these
wastes. Its production increased in Iraq over time due to the demolition and reconstruction of residential
and commercial homes. Therefore, reusing it in other industries, such as concrete technology, is a
promising solution. Limited studies have studied the utilization of these local wastes as a replacement for
natural sand in the short and long term. Therefore, the aim of this study is to investigate the properties of
mortar incorporating recycled ECW as a partial replacement for sand. The fine aggregate (natural sand)
was replaced by weight with ECW ranging from 0 to 25 % in the step of 5 %. Flow rate, as well as
mechanical properties (compressive strength, flexural strengths, and density), were executed at 7, 28, and
360 days. It was found that the best performance was obtained at a replacement ratio of 5 % of ECW with
mechanical strengths close to or slightly less than the reference sample and a 17 % reduction in density.
However, regarding sustainability, it is possible to produce a lightweight structural mortar with a density
lower than 1700 kg/m3 and a compressive strength of 36 MPa at 360 days when replacing the natural sand
with 25 % ECW.

Citation: Hasan, Z.A., Nasr, M.S., Kubba, H.Z., Hashim, T.M. Early and long-term performance of green
mortar made from the waste of electrical cables. Magazine of Civil Engineering. 2025. 18(4). Article no.
13601. DOI: 10.34910/MCE.136.1

1. Introduction

Pollution is one of the great challenges that face humans. For that, researchers are looking for an
eco-friendly solution to withstand serious problems, such as accumulating waste and non-biodegradability
in addition to maintaining (natural) resources from consumption [1-5]. Recently, the world's growth and the
development of electrical waste are as well-developed along one side. Electrical waste includes different
materials, such as copper, aluminum, lead, iron, and plastic. The waste will react to produce a chemical
toxic, which leads to spoiling human health and affects adversely the environment. The reuse of electrical
cable waste (ECW) as a full or partial replacement for building substances is one of the promising solutions
[6]. Plastics have wide-ranging applications, such as construction, packaging, healthcare applications,
transportation, and electrical/electronic materials. Polyvinyl Chloride commonly (PVC) wire insulations are
acquired from scrap vendors [7].

It is supposed that the reuse of the solid residue in concrete technology leads to less environmental
damage and less demand for landfills on the one hand, as well as converting it into valuable materials on
the other hand [8, 9]. Many previous works have used this plastic waste in concrete technology. For
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example, Lakshmi and Nagan [10] examined the concrete compressive strength in the existence of
electronic plastics. The compressive strength declined by 2.59 % when using 1 % 5 cm waste plastic. In
contrast, the compressive strength increased from 6 to 11 % when the volume of waste plastic was reduced
to 3 cm. Tensile strength was also improved by 4.5 % when embedding 3 cm of waste plastic compared to
5 cm. Raghatate Atul [11] reported that by incorporating waste e-plastics into concrete, mechanical
properties were improved and the compressive strength was boosted by up to 20 %. However, the splitting
tensile strength showed a marginal increase of 0.8 % after a 20 % substitution. Gull and Balasubramanian
[12] explored the ability to use waste plastics (insulation wire) as fibers after shredding them into defined
shapes with a size range of 3-5 cm. Samples were treated for 7, 14, and 28 days. The results revealed
that at 1% e-plastic, the compressive strength increased by 5.9 and 10.6 % after using 4 and 3 cm sizes of
waste plastic, respectively. In contrast, the reduction was 2.59 % with a size of 5 cm. However, at the same
percentage addition, the tensile strength improved by 2.3 % for 5 cm of e-plastic and increased by 4.6 %
for 4 cm in 28 days. Grinys et al. [13] investigated concrete's mechanical, fracture, and microstructural
properties containing 5 % ECW. Bulk density reduced 6.1-6.3 % in 5-10 % of waste electrical cables
compared to conventional concrete.

Manjunath [14] investigated the ability to use electrical waste in concrete as fine and coarse
aggregate with different replacement ratios: 0, 10, 20, and 30 %. Results showed that the compressive
strength of 10 % e-plastic gave an improved performance. In contrast, by increasing the proportion of the
e-plastic content of coarse aggregate to 20 %, the concrete's mechanical properties (compression, tensile,
and flexural strengths) showed a decrease related to the reference mixture. The mechanical characteristics
of the concrete were reduced when the e-plastic was used as a fine aggregate throughout the curing stages.
Yildirim and Duygun [15] studied the effect of Waste Electric Cable Rubber (WECR), in which sand replaces
concrete at 5, 10, and 15 % of the total volume. It was recorded a rise in the concrete workability due to the
poor adhesion between the WECR and the cement paste. The mechanical properties recorded a decline
in their performance. An increase in WECR reduces the mechanical strengths of the concrete at 3, 7, and
28 days, leading to a decrease in adherence, especially at 15 % WECR.

Based on the existing literature, few research have used locally sourced ECW as a fine aggregate
during the early and long-term periods. Moreover, waste aggregates (e-plastics) have a lighter weight than
conventional natural aggregates, which is important for reducing the unit weight of the mortar. Thus, the
main objectives of the current study include the production of environmentally friendly structural lightweight
mortar by reducing the amount of fine aggregate (natural sand) in the mixture and replacing it with ECW.
Furthermore, it aims to study its mechanical properties in the short and long term. Moreover, this research
aims to recommend the best-performing substitution ratio for future research to better understand the
behavior of this waste as an alternative to the natural resources in the construction sector. Therefore, in
the present research, ECW in proportions of 5, 10, 15, 20, and 25 % substituted the sand in mortar. The
flow and mechanical characteristics of mortars were studied at 7, 28, and 360 days. The reuse of this solid
waste in the construction sector (especially concrete technology) as an alternative to raw materials
contributes to enhancing sustainability by reducing the consumption of natural resources as well as limiting
its environmental damage, in addition to reducing the need for landfill spaces.

2. Methods

Commercially available Ordinary Portland cement (CEM II/A-L 42.5R) was used, conforming to Iraqi
specification No. 5 [16]. The chemical composition and physical and mechanical characteristics of cement
are given in Table 1. Natural sand with a fineness modulus of 3, water absorption of 1.2 %, bulk density of
1650 kg/m? and specific gravity of 2.65 was provided by local quarries and employed as a fine aggregate.
It conforms with the Iraqi specification No. 45 [17]. The particle size of the sand was ranged between 1.18
and 0.15 mm as illustrated in Table 2. The local tap water was used for mixing all ingredients.
Superplasticizer type A and F, Glenium 54 (manufactured by BASF Company), was utilized to adjust the
flowability of the mortar mixtures. Glenium 54 complies with ASTM C494 [18]. ECW was replaced with sand
at different percentages. ECW was collected from waste cables. The outer wire sheaths, which consisted
of plastic only (did not contain copper or aluminum), were shredded into small pieces and then, ground with
a grinder. After that, they were sieved within the range 1.18-0.15 mm, to be ready for substitution with
natural fine aggregate (sand), as presented in Fig. 1. The density of ECW is 1048 kg/m3.
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Table 1. The properties of the utilized cement.

Oxides Content, %
CaO 62.9
Al2O3 4.7
Fe203 3.8
SiO2 20.3
MgO 3.2
SOs3 1.75

Insoluble residue 1.15
Loss on Ignition 3.0
Free lime 0.8

Physical properties

Setting time (min)

Initial 54
Final 222
Compressive strength (MPa)
3 days 28.2

Table 2. The sieve analysis outcome of the fine aggregate.

Sieve opening (mm) Iraqi standard (No. 45) Passing percentage, %
2.36 85-100 100
1.18 75-100 100
0.60 60-79 71.8
0.30 12-40 35.1
0.15 0-10 3.7

Different blends were cast to investigate mortar's fresh and mechanical properties with and without
ECW. The mixture that served as the control was composed entirely of natural sand, while the other
mixtures incorporated ECW by 5, 10, 15, 20, and 25 %, respectively, as a substitute for sand. The
water/cement and superplasticizer dosages were 0.38 and 3.5 %, respectively. Table 3 shows the
proportions mix details for mortar in this work.

Table 3. Mix proportions details of mortars in grams (for three prisms with dimensions of
40%x40%x160 mm?®).

Mix designation = Cement Fine aggregate = ECW aggregate Water/Cement SP*

ECWO0 500 1375 0 190 17.5
ECWS5 500 1306 69 190 17.5
ECW10 500 1237.5 137.5 190 17.5
ECW15 500 1169 206 190 17.5
ECWO020 500 1100 275 190 17.5
ECW025 500 1031.5 343.5 190 17.5

* SP — superplasticizer

A mechanical mixer that complied with ASTM C305 [19] was used for mixing the mortar components.
The mixing period was five minutes. Firstly, the dry materials were mixed for 0.5 minutes at a low-speed
rate (140 rpm). The water and superplasticizer were supplemented with the mixer, and all ingredients were
blended for two minutes at 140 rpm. Then, the mixer was paused for half a minute. After that, the mixer
was operated for final mixing at 285 rpm for two minutes. After mixing directly, the flow test of the fresh
mortar was conducted following ASTM C1437 [20]. The fresh mixtures were cast 40x40x160 mm?3 standard
molds and vibrated using an electrical vibrator. Molds were removed after 24 hours, and the specimens
were stored in a water tank (at room temperature) until the test time. Many tests were conducted for the
hardened mortar, including flexural strength, compressive strength and bulk density at 7, 28, and 360 days.
The density was determined by dividing the mass of the prism by its geometric volume [21], while the
compressive and flexural strengths were determined following BS EN 196-1 [22].
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Figure 1. ECW aggregate.

3. Results and Discussion
3.1. Flow Rate

Fig. 2 shows the results of flow rates for all mixtures. Overall, the results reported that the existence
of ECW aggregates reduced the flow rate of the mortar mixtures. The greater the percentage of substitution
with natural sand, the higher the reduction rate. The decreasing values ranged from 2.5 % for ECW5 to
50 % for ECW25 compared to the control mixture (ECWO). The sharp edges and irregular shape of ECW
grains may be the reason for reducing the flow of mortar, as this reduces the fluidity within the fresh mixture
and increases the friction between its components [23]. When the waste content in the mixture increases,
the friction between the components also increases, which results in a proportional decrease in flow. The
literature has also revealed similar findings [24].

3.2. Compressive Strength

Figs. 3, 4, and 5 display the compressive strength of mortar mixtures after 7, 28, and 360 days,
respectively. In general, the results showed that replacing the fine aggregate with ECW led to a drop in the
compressive strength of the hardened mortar and that the decline grew as its proportion in the mixture
increased. In other words, the lowest strength reduction was recorded for the ECW5 mixture, while the
highest decrease was recorded for the ECW25 mixture. This behavior has been observed for all early and
late ages. The reduction rates ranged from 6.92 to 45.54 %, from 4.55 to 37.06 %, and from 2.3 t0 40.82 %
for ECW5 and ECW25 mixtures at 7, 28, and 360 days, respectively. The softer waste strength compared
to surrounding cement paste and its low compressive strength compared to the natural sand may explain
the reduction in compressive strength [13].

In addition, this phenomenon occurs due to the enlargement of plastic particles and the weakening
of the bonding force between the cement paste and the plastic aggregate surface. Plastic is also a
hydrophobic substance, which limits the amount of water needed for the cement hydration [25, 26]. Similar
results have been documented in the existing literature [13, 15, 27].

Moreover, it was observed that the decrease in compressive strength at 28 and 360 days is less than
that at 7 days age compared to the control mixture. The reason for this may be that, over time, the hydration
increases, which enhances the bond between the matrix and the ECW particles and, as a result, leads to
a reduction in the strength losses.
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Figure 3. The 7-days compressive strength findings of ECW mortars.
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Figure 4. The 28-days compressive strength findings of ECW mortars.
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Figure 5. The 360-days compressive strength findings of ECW mortars.
3.3. Flexural Strength

Figs. 6 to 8 display the results of flexural strength examination. The results of the flexural strength
showed a comparable tendency as in the compressive strength, where the strength decreased when using
ECW. The higher the amount of waste in the mixture, the lower the flexural strength. The minimum
decreasing rates were given by ECWS5, 10, 15, and 5.56 % at 7, 28, and 360 days, respectively. In contrast,
the highest drop percentages were found in ECW25: 50, 43.75, and 22.22 % in the same periods mentioned
above. Comparable trends were obtained in previous works [13, 15, 27]. Among the reasons for the low
flexural strength may be due to the flexible and unbreakable nature of the waste under loading [28]. The
poor workability of the mixture and the weakness of the interfacial transition zone (ITZ) between the cement
paste and the waste may be another reason for the low value of the flexural strength [29].

Moreover, it is noted that the decrease in flexural strength is higher than that in compressive strength
for the same replacement values. The reason for this is that the flexural strength is more affected by the
structure of voids and cracks inside the ITZ compared to the compressive strength [30]. Therefore, the
effect on the flexural strength is greater.

3.4. Bulk Density

The bulk density results of the hardened mortars are illustrated in Figs. 9 to 11. Results disclosed
that the density decreased after using ECW as a substitute for aggregates. Also, the reduction in density is
proportional to the replacement rate. These results are agree with Yildirim and Duygun [15] and Ruiz-
Herrero et al. [27]. The reason for reducing the density is due to the low density of these wastes (1048
kg/m3) related to the natural aggregate (1650 kg/m3). Similar findings for plastic waste were found in the
literature [27]. Moreover, when observing the behavior of the density with age, it is noted that the reduction
percentage of the given replacement percentage is almost constant regardless of the age of the
examination (early or late). For example, the percentage of reduction for the ECW5 mixture (the lowest
replacement percentage) was about 17 % for all ages, as well as for the ECW25 mixture (the highest
replacement percentage), it was about 30 % for ages 7, 28, and 360 days, which indicates the homogeneity
of the distribution of the substance in the mixture.

It is also noted that at the age of 360 days, by replacing 25 % of the waste, the density value was
1664.1 kg/m3 compared to 2386.7 for the reference mixture. Upon observing the corresponding
compressive strength value (36.1 MPa), it can be reported that a lightweight structural mortar has been
produced.
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Figure 9. Density results of ECW mortars at 7 days.
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Figure 10. Density results of ECW mortars at 28 days.
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Figure 11. Density results of ECW mortars at 360 days.
3.5. Correlation

For mortars containing ECW ranging from 0 to 25 %, the compressive strength-flexural strength,
compressive strength-dry density, and compressive strength-flow rate relationships have been developed
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for each testing age (7, 28, and 360 days) as shown in Table 4 and Figs. 12 to 14. A polynomial equation
(X?) relationship was chosen for all the after-mentioned properties. The results revealed that a strong
correlation between the compressive strength — flexural strength and compressive strength — flow rate have
been recorded with a correlation coefficient (R?) of not less than 0.91 for each corresponding age, which
indicates that these properties are directly related to the compressive strength. That is, with an increase in
the compressive strength, the density and flexural strength increase proportionally. Moreover, a good
relationship was observed for the compressive strength with the density for ages 7, 28, and 360 days, with
R2 values in the range of 0.856 to 0.916.

Table 4. The equations and corresponding correlation coefficients of the developed equations
for ECW-based mortars.

Relationship type

Age Compressive strength-flexural Compressive strength-dry density Compressive strength-flow
(days) strength rate
Equation R? Equation R? Equation R?
Y =0.008X2 - 0.292X + Y =6.2181X% - Y =0.3451X2 -
’ 4.4452* 0940 571.97x + 4467.9 0916 4o11x+ 16864 0938
Y =0.0042X? — 0.2447X Y =4.2181X% - Y =0.3127X2 -
28 +5.9026 0.917 300.83X + 6890.5 0.878 18.688X + 377.81 0.950
Y = 0.0016X2 — 0.1038X Y =1.6518X? — Y =0.0932X2 -
360 +5.2147 0.927 138.07X + 4516.4 0.856 4.8087X + 149.61 0.991
Y — compressive strength; X — other property
A 7 days 28 days 360 days
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Figure 12. The compressive strength and flexural strength correlations of ECW-based mortars for
7, 28, and 360 days.
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Figure 13. The compressive strength and density correlations of ECW-based mortars for 7, 28,
and 360 days.
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Figure 14. The compressive strength and flow rate correlations of ECW-based mortars for 7, 28,

and 360 days.

4. Conclusion

In this experimental study, the influence of ECW was investigated as an alternative to the natural
sand in mortar at early and late ages. Through the flowability and mechanical characteristics results, the
following have been concluded:

1.

The presence of ECW as sand replacement material can reduce the flowability of flesh mortar and
the reduction rate increases with the ECW content in the mix.

. Replacing sand with ECW contributed to reducing the mechanical properties of mortar for all ages

(7, 28, and 360 days). The lowest reduction percentage was for ECW5 (2.3 and 15 % for
compressive and flexural strength, respectively, at 360 days). On the other hand, the ECW25 mix
recorded the highest reduction amount, reaching 40.82 % in compressive strength and 22.22 %
in flexural strength at the age of 360 days.

. ECW caused a decrease in solid density of approximately 17 % at a 5 % replacement rate and

about 30 % at a 25 % replacement rate compared to the reference sample for all ages of
examination. This indicates the production of lightweight mortar suitable for structural applications.

. The correlations developed between the compressive strength property and each flow rate,

flexural strength, and density revealed good second-order polynomial equations with a correlation
coefficient (R?) between 0.856 to 0.991.

In summary, considering all the tests carried out, the best performance of using ECW was at a 5 %
substitution ratio with flow values and strengths equivalent to or slightly less than those of the reference
mix with a density value of lower than 2000 kg/m?3. Moreover, it is possible to obtain a lightweight, structural,
and environmentally friendly mortar with a density of less than 1700 kg/m3 when replacing 25 % of the
natural sand with ECW. It can be utilized for different construction purposes, as its compressive strength is
36 MPa at 360 days.
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Abstract. Municipal solid waste poses significant environmental challenges due to its wide range and
potential contaminating impact. Finding sustainable solutions for its disposal is imperative. Moreover,
certain types of municipal solid waste can serve as valuable resources in the construction sector. This study
introduces a novel non-firing binder, devoid of cement, crafted from cullet, caustic alkali, water, and a
plasticizing additive. These constituents undergo collaborative wet grinding in a ball mill, achieving a
specific surface area of 500-550 m?/kg. Concurrently during milling, glass particles are ground, and
amorphous silica is leached with an alkaline solution, yielding a viscous-fluid adhesive mass enriched with
siliceous compounds. This mass fills metal mold cells; upon attaining stripping strength, samples undergo
heat treatment (drying) up to 90°C. During this process, sols transform into polysilicic acid gels, which, after
5-6 hours, partially crystallize, achieving requisite strength. The resulting binder, produced without firing,
boasts a compressive strength of approximately 25 MPa and a water resistance coefficient of 0.89. Suitable
for low-grade concrete production (including glass concrete, fine-grained concrete, and foam concrete), its
microstructure was analyzed via scanning electron microscopy, affirming the effective utilization of cullet in
construction materials.
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1. Introduction

The work is devoted to the development of the composition and technology for producing glass-
alkaline binder, which promotes the development of environmentally friendly building materials at lower
hardening temperatures.

Annually, the Russian Federation generates approximately 35—40 million tons of municipal solid
waste, with 8-10% comprising glass waste, a valuable but underutilized by-product. Challenges in glass
waste utilization include its heterogeneous chemical composition, presence of contaminants, and the high
cost associated with its extraction from mixed waste streams. Concurrently, addressing issues related to
industrial waste disposal while enhancing resource efficiency and improving the technical properties of
construction materials has spurred interest in utilizing cullet from various types of unsorted glass, such as
window, container, and household glass.

Cullet is waste glass that is crushed and ready to be remelted. It is an important component in the
glass recycling process, used to make new glass bottles and other products. The main consumer for the
recycled vitreous material (cullet) is the glass manufactory industry.

© Prisyazhnyuk, A.P., Vorontsov, V.M., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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Currently, over 2.5 million tons of cullet accumulate in Russian landfills, with volumes steadily
increasing. Active research endeavors seek to explore diverse avenues for cullet utilization. Crushed cullet
finds application in plastics and various construction materials, including foam glass production, concrete
and bitumen additives, and the manufacture of porous facing materials, tiles, panels, artificial slate, and
roofing materials, road beds, pavement, trench fill, drainage medium, etc.; and in general use applications
including abrasives, fluxes/additives, manufacturing of fiberglass insulation and foam insulation.

When used as sand replacement, there is some indication that there can be a noticeable reduction
in compressive strength [1]. This is, however, not consistently observed [2, 3].

Concretes made from alkali-activated fly ash with pulverized glass have also been investigated [4].

Alkali-activated Class F fly ash cement with glass aggregates called “ashcrete” has also been studied
[5]. The issue of alkali-silica reaction induced expansion is not a significant problem with alkali-activated fly
ash cement mortar in comparison to the use of glass aggregate in normal mortar and concrete. This
“ashcrete” has high strength and develops high early strength, which makes it very suitable for the precast
concrete industry.

In the work [6], the alkaline solution formed with the glass waste will be use like alkaline activation
agent for the blast furnace slag to produce cementitious materials.

Notably, cullet can serve not only as an aggregate, filler or alkaline activator but also as a component
of binders, enabling the production of multifunctional materials.

Literature underscores the potential of finely crushed cullet, modified with additives, and subjected
to heat and moisture treatment, to serve as a hydraulic binder for diverse construction applications.

Soda-glass cullet powder with specific surface area up to 400 m2/kg has been used to produce
geopolymers [7]. In contrast to fly ash or metakaolin-based geopolymers, water glass is not needed for the
setting of glass cullet geopolymers.

Hence, there is a pressing need to develop a binder composition based on cullet capable of achieving
strength under ambient conditions or through heat treatment at temperatures up to 100 °C. Grinding
methods, including wet grinding, are explored to obtain finely dispersed powders with high specific surface
areas, enhancing material chemical activity through surface effects.

When formulating the binder composition, the authors drew upon previous research findings by
A.D. Bogatov et al. [8] and S.N. Bogatova et al. [9], who successfully developed non-autoclave composite
building materials utilizing glass cullet mixed with alkaline solutions, resulting in enhanced resistance to
aqueous acid solutions and biologically active media. However, their approach involved dry grinding of
cullet followed by treatment with an alkaline solution with mechanical stirring, leading to partial extraction
of amorphous silica solely from the surface of glass cullet particles. In contrast, this study employed grinding
of cullet in a concentrated alkaline solution, enabling simultaneous breakdown of glass particles and
dissolution of amorphous silica throughout the particle volume. This method ensured a higher concentration
of silica gel formation.

The utilization of industrial waste, particularly cullet, in binder and concrete production, represents a
promising frontier in modern materials science, gaining significance in recent years. Despite discussions
dating back to the 1970s regarding the potential recycling of broken glass in the building materials industry,
practical research in this domain has been limited. Presently, several Russian [10] and international
universities and research institutes are actively engaged in developing building alkali activated composites
(AAC) in general [11], and utilizing waste glass [12—14] and glass cullet [15, 16] in AAC.

The primary objective of this study is to develop effective technologies enabling the use of glass
cullet not only as a filler but also as an independent binder, aligning with previous work by Y. Liu et al. [12],
J.X. Lu et al. [13], A.B. Pascual et al. [14], R. Vinai et al. [15], J. Giro-Paloma and M. Soutsos [16], N.I.
Kozhukhova et al. [17], V.G. Klimenko et al. [18]. Noteworthy contributions from foreign researchers include
studies on the effective substitution of cement with finely dispersed glass [19-21].

However, the above-mentioned authors obtained a glass cullet-based binder by dry grinding the
glass cullet to a fine dispersion similar to that of Portland cement, and then mixed the grinding product
together with an aqueous solution of caustic alkali. In this case, the dissolution of amorphous silica occurred
only on the surface of the particles in the glass cullet, which does not ensure its high concentration in the
total mass of the binder.

Considering the high energy intensity and associated cost of such technological processes, the
development of the use of cullet in the construction industry is relevant — the production of binders and
concrete that can harden at temperatures up to 90 °C.
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The purpose of this research is to develop a glass-alkali binder using energy-efficient technology:
wet grinding of glass cullet in alkaline solution, which allows the use of technogenic raw materials and
temperatures below 90 °C while maintaining the performance properties of the final product.

Research objectives: development of glass-alkaline binder compositions based on cullet with
improved strength and water resistance; development of compositions of fine-grained concrete based on
the obtained binder and glass cullet as a fine aggregate while maintaining strength characteristics;
development of technology that allows producing glass-alkaline binder at a temperature up to 90 °C.

2. Materials and Methods

The primary glass component for the binder comprised cullet sourced from window and/or container
glass.

The alkaline activator utilized was technical caustic soda (NaOH) conforming to the Russian
Standard GOST-R 55064-2012, or potassium hydroxide (KOH) as per Russian Standard
GOST 24363-80.

As a plasticizer, Melflux 2651 F manufactured by BASF Construction Additives, Germany, was
employed. Melflux 2651 F, a spray-dried powder product based on modified polyester carboxylate, exerted
a thinning effect on the binder mass, reducing the required mixing water while simultaneously increasing
the alkali concentration in the solution. Tap water served as the solvent [22—24].

Table 1 presents the average chemical composition of the cullet used in the study.

Table 1. Chemical composition of glass cullet (wt. %).

Sourse of glass Oxide content (wt. %)

cullet SiO2 Al203 Fe20s CaO MgO Na20+K20
Window glass 69.0-72.5 1.5-4.2 0.1-0.8 7.5-8.7 25-35 13.2-14.0
Container glass 71.5-73.7 0.2-3.3 0.8-1.7 5.2-9.1 0.1-0.6 14.0-14.8

3. Results and Discussion

The cullet sourced from window and/or container glass underwent crushing using a jaw crusher with
an outlet size of 2.5-5 mm. Approximately 500 g of crushed glass cullet was then introduced into a porcelain
ball mill along with an alkaline solution containing dissolved caustic alkali and a plasticizer. The mixture
underwent wet grinding in the designated spherical mill. The components were wet-milled in the specified
milling unit for 2—8 h. During this process, the specific surface area of the milled product and the average
particle size were measured (Table 2).

Table 2. Change in glass cullet dispersion depending on grinding time.

Ne Grinding time, hours Specific surface area, m?/kg Average particle diameter, um
1 2 386.4 5.9
2 4 516.6 4.6
3 6 541.2 4.3
4 8 550.8 4.2

The results of the experiment (Table 2) showed that an intensive increase in the specific surface
area is observed during 6 hours of grinding. Then, the increase slows down, and after 8 hours it becomes
ineffective. Thus, the optimal grinding duration was 6 hours. As a result, the specific surface area of the
cullet, serving as the primary component of the glass-alkali binder, reached 500-550 m?/kg, with an average
particle size ranging from 4.4—4.6 ym. The resultant milled product exhibited a viscous-fluid adhesive mass,
utilized to fill the cubic cells of metal molds [25-27].

Following an exposure period of 16—18 hours under ambient conditions, during which the mixture
acquired stripping strength, cube-shaped samples were extracted from the molds. Subsequently, these
samples underwent heat treatment in a drying chamber at temperatures ranging from 85-90°C for
5-6 hours. Post-heat treatment, the cooled samples were measured, weighed, and subjected to tests
evaluating density, compressive strength, and water resistance. The outcomes of these tests are detailed
in Table 3.
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Table 3. Composition of glass-alkali binder and its physical and mechanical characteristics.

Mixes of glass-alkali binder, Physical and mechanical characteristics
wt. %
a Compressive strength, MPa Water-
S Glass  Akali e Average in water resistance
cullet  component ratio density, kg/m in dry state saturated state coefficient
NaOH KOH NaOH KOH NaOH KOH NaOH KOH
1 98.5 1.5 1802 1800 17.5 17.5 14.7 15.2 0.84 0.87
2 98.3 1.7 1809 1806 20.3 19.6 16.2 15.8 0.80 0.81
3 98.0 2.0 1816 1813 21.6 20.1 18.6 16.8 0.86 0.84
4 97.7 2.3 0.2 1823 1819 22.4 20.3 20.2 18.5 0.90 0.91
5 97.5 25 ' 1828 1820 23.1 20.4 20.3 17.7 0.88 0.87
6 97.2 2.8 1838 1835 26.4 25.8 23.5 22.9 0.89 0.89
7 97.0 3.0 1823 1818 22.5 21.8 19.8 19.0 0.88 0.87
8 96.7 3.3 1818 1810 21.6 20.3 18.6 18.2 0.86 0.90

The results depicted in Table 3 reveal that samples of the glass-alkali binder, post-drying, exhibit a
compressive strength ranging from 17.5 to 26.4 MPa, with their water-resistance coefficient (the ratio of
strength in a water-saturated state to the strength of dry samples) varying between 0.80 and 0.91,
respectively. Notably, Mix 4 emerges as optimal, displaying the highest compressive strength and water
resistance.

Microstructural analysis of fresh specimen fragments, obtained post-strength testing, was conducted
utilizing a high-resolution scanning electron microscope TESCAN MIRA 3 LMU. Examination of the
microstructure revealed that during cullet grinding in the presence of an alkali solution, finely dispersed
amorphous silica dissolves from the glass melt. The resultant polysilicic acid gel, formed through
polycondensation reactions, exhibits high adhesion, capable of binding incompletely dissolved glass
particles together. Subsequent heat treatment (up to 90°C) induces the crystallization of the polysilicic acid
gel, elucidating the relatively elevated values of density, compressive strength, and water resistance
observed in glass-alkali binder samples. This phenomenon was documented in SEM images obtained for
mixes employing potassium and sodium alkalis [28-30].

As illustrated in micrographs (Fig. 1) captured at various magnifications, the microstructure of the
glass-alkali binder resembles a stone-like substance interspersed with partially crystallized silica gel
(filamentous and lamellar fragments), with undissolved glass phase particles tightly adjoining them. This
configuration facilitates the formation of a compacted and reinforced structure, irrespective of the alkali type
used.

S Y i
View field: 1000 pm Det: SE MIRA3 TESCAN View field: 1.00 mm Det: SE MIRA3 TESCAN
SEM HV: 5.0 kV SM: RESOLUTION 200 ym 7 SEM HV: 5.0 kV SM: RESOLUTION 200 ym 7
BI: 6.00 WD: 5.37 mm BrTY um. B.I UJyxosan BI: 6.00 WD: 4.47 mm BrTY um. B.I UJyxosan
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View field: 100.0 pm View field: 100.0 pm Det: SE m MIRA3 TESCAN
~y

SEM HV: 15.0 kV SM: DEPTH 20 pm SEM HV: 15.0 kV SM: DEPTH 20 pm
BI: 14.00 WD: 15.02 mm BrTY um. B.I. I.nyoaan BI: 14.00 WD: 14.96 mm BrTY um. B.I Ll]yxoaan

V=g

View field: 10.0 ym Det: SE MIRA3 TESCAN View ﬁeld:‘ f0.00 Hm Det: SE MIRA3 TESCAN
SEM HV: 5.0 kV SM: RESOLUTION |2 ym 7 SEM HV: 5.0 kV SM: RESOLUTION |2 pym 1
BI: 6.00 WD: 5.46 mm BITY um. B.T. Lyxosa n BI: 6.00 WD: 4.69 mm BITY um. BT Lyxosa n

Figure 1. Microstructure of the glass-alkali binder Mixes: a) using KOH; b) using NaOH.

The results of X-ray phase analysis revealed crystalline phases of potassium silicates — KeSi2O7, K4SiO4,
K4SigO1s, K2Si205 and Kz2SiOs — in the hardened binder modified with KOH aqueous solution (Fig. 2).
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Figure 2. X-ray profile of glass-alkali binder modified with KOH aqueous solution:
A = KgSi207; ¥ — KsSiO4; 0 — K4SisO1s; 0 — K2Si205; A — K2SiOs.



Magazine of Civil Engineering, 18(4), 2025

In samples modified with NaOH solution, sodium silicates such as the following are observed:
NazSiOs, NaeSis00s3, NasSiO4 1 NazSisO7 (Fig. 3).
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Figure 3. X-ray profile of glass-alkali binder modified with NaOH aqueous solution:
0 — NazSiO3; A — NagSis0s3; © — NasSiO4; ¥ — NazSizOy.

Fine aggregates comprised quartz sand and crushed cullet with possessing a grain size of up to
1.25-86 mm. This fraction was selected considering workability and exhibiting the highest strength indicators
in preliminary investigations.
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The developed Mixes and the associated manufacturing method offer a pathway to create a binder
without reliance on cement, lime, or other calcined binders, thereby circumventing the need for calcination
and hydrothermal (autoclave) technologies, while minimizing energy consumption. The total curing time
(until maximum strength is achieved) is 24 hours. The proposed glass-alkali binder holds promise for
serving as a binder in the production of building materials and products, such as glass concrete, fine-
grained concrete, and foam concrete. Utilizing household waste in the form of cullet as a predominant
binder component, exceeding 80%, suggests the potential for significant-scale recycling of this waste.

In further studies, glass-alkali binder, Mix 6 (according to Table 3), based on NaOH at different W/C
ratios in the range of 0.15-0.25, was used to obtain fine-grained silicate concrete. As a fine aggregate,
quartz sand or glass cullet were used. Each aggregate was used separately. Fine aggregate was blended
with a specific amount of glass-alkali binder. The resultant mixture was then shaped into metal molds with
dimensions of 3x3x3 cm, compacted on a shaking table, and left to set overnight to gain stripping strength.
Upon demolding, the samples underwent heat treatment in a drying chamber at temperatures ranging from
85-90°C for 6 hours. Subsequently, the heat-treated samples underwent physical and mechanical testing,
the outcomes of which are outlined in Table 4.

Table 4. Physical and mechanical characteristics of fine-aggregate concrete based on glass-
alkali binder.

Solid components, wt. %

Mix . Wi/C Average density, Compressive
D Glass-alkali Quartz sand Glass cullet ratio kg/m3 strength, MPa
binder
1 75 25 - 0.15 1929 23.31
2 75 - 25 ’ 1926 22.44
3 75 25 - 0.18 1943 25.02
4 75 - 25 ' 1938 24.52
5 75 25 - 1906 20.67
0.20
6 75 - 25 1884 18.85
7 75 25 - 1844 14.41
0.25
8 75 - 25 1836 14.08

The experimental findings presented in Table 3 demonstrate that the cement-free glass-alkali binder
yields fine-grained concrete with strength properties ranging from 14—-25 MPa when employing either quartz
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sand or crushed cullet as fine aggregates. The subsequent concrete curing process involves drying at
temperatures up to 90°C, eliminating the need for energy-intensive heat, moisture, and autoclave
treatments. This innovative approach minimizes energy and steam consumption while achieving robust
concrete properties.

4. Conclusion

As a result of the studies, samples of glass-alkaline binder with a compressive strength from 17.5 to
26.4 MPa and a water resistance coefficient from 0.80 to 0.91 were obtained.

Based on the developed glass-alkaline binder, fine-grained concrete mixes with compressive
strength values of 14—25 MPa were developed. The results obtained do not depend on the type of fine
aggregate: quartz sand or glass waste — crushed glass cullet.

Thus, the conducted research indicates the feasibility of utilizing a cement-free and non-fired binder
in the production of fine-grained concrete (utilizing quartz sand as aggregate) and glass concrete
(employing cullet as aggregate). The manufacturing process of this binder is characterized by its low energy
consumption, offering a sustainable alternative to traditional cement-based binders.

Moreover, the development of the glass-alkali binder facilitates the utilization of a substantial portion
of household waste, specifically cullet, exceeding 80%. This presents an opportunity for large-scale waste
disposal, thereby significantly mitigating the adverse environmental impact. By incorporating innovative
materials and production techniques, this approach aligns with sustain-able development goals, promoting
both environmental stewardship and resource efficiency.
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Abstract. Every year, huge quantities of asphalt pavement resulting from road rehabilitation are crushed.
To address the threat of waste accumulation and achieve a sustainable environment, the world has turned
to recycling these asphalt wastes by treating them with renewable materials for reuse. In this research, bio-
oil, which is a green liquid composed of oils extracted from biomass (corn oil, hill oil, sunflower oil, soybean
oil, rapeseed oil and vegetable oil), was used. Many studies have employed different types of bio-oil as
rejuvenators, showing good results for aged asphalt treated with bio-oil. Therefore, this type of bio-oil was
used to demonstrate its effect on the physical condition and physical properties of bio-oil. One of the
characteristics of the reclaimed asphalt was tested by adding bio-oil in different weight percentages (1 %,
2 %, 3 % and 4 %) to a blend of 70 % virgin asphalt and 30 % reclaimed asphalt to determine the ideal bio-
oil proportion. Physical tests (penetration, softening point, ductility and viscosity) were conducted on the
mixture. The results showed that adding bio-oil at an optimum rate of 1.31 % to the mixture increased
penetration and ductility by 15.6 % and 34 %, respectively; reduced the softening point by 7 % and
decreased viscosity at 135 °C and 165 °C by 33 % and 58 %, respectively. According to the results, aged
asphalt can be renewed to a condition similar to virgin asphalt, offering both environmental and practical
benefits by reducing waste.
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reclaimed asphalt pavement. Magazine of Civil Engineering. 2025. 18(3). Article no. 13603.
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1. Introduction

Roads are the main arteries that connect cities, and their construction according to international
standards is evidence of a country’s development. Iraq has begun rehabilitating and rebuilding roads due
to its economic openness to other countries. With this urban revolution in road rehabilitation and
construction, the quantities of aged asphalt pavement waste have increased. As environmental
sustainability gains prominence in academics and industry, and with the delayed use and accumulation of
these materials, a way must be found to benefit from these materials and reuse them by mixing them with
rejuvenators [1].

Recently the use of waste materials in construction as partial or complete replacement for virgin
materials has increased for several reasons. Reclaimed asphalt pavement (RAP) materials are created by
scraping off the top layer of aged asphalt pavements, which are then dumped in landfills, causing
environmental issues [2]. During the recycling process, RAP components are mixed with virgin materials to
create fresh asphalt mixture. Therefore, recycling RAP materials is a common approach to reducing
manufacturing costs and energy consumption, as well as natural resources, while protecting the
environment [3, 4].

As more RAP is used in asphalt mixes, concerns about the possible detrimental influence of the aged
RAP binder on field performance are growing. To address these challenges, rejuvenators are increasingly
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used to improve RAP mix performance. In [5], the effectiveness of waste vegetable oil (WVO) as rejuvenator
in restoring the desired properties of recycled asphalt mixes. The effectiveness of rejuvenators was first
evaluated based on aging resistance, rutting, and fatigue performance. Rejuvenated bitumen, when
evaluated based on a linear amplitude sweep test, has shown inferior fatigue resistance compared to virgin
bitumen. Such behavior of rejuvenated bitumen could be attributed to the presence of a high concentration
of more reactive unsaturated fatty acids inherited from WVO. However, from indirect tensile fatigue tests
on the asphalt mixes, it was found that the fatigue performance of rejuvenated recycled asphalt mixes is
satisfactory.

In [6], the performance characteristics and workability of high RAP mixtures in the presence of a bio-
modified binder was investigated. The data indicated that the addition of the bio-modified binder helped
reduce the stiffness of the control mixture with 40 % RAP to a level closer to the stiffness of the same
mixture without RAP. In addition, the presence of the bio-binder led to improving the workability of the
mixtures, especially this was very evident at high-RAP content of 40 %. The data indicated that the bio-
modified binder improved the fatigue properties and cracking characteristics and had no negative effect on
the moisture susceptibility/rutting characteristics of the control mixture with 40 % RAP. Overall, data
indicated that there was a good degree of blending between the virgin/bio-modified and RAP binders.

In [7], the recycling and restoration of RAP using two types of renovators, waste cooking oil (WCO)
and asphalt cement (AC) 85-100, were studied. Five percentages (1 %, 1.5 %, 2 %, 2.5 % and 3 %) by
weight of both types of renovators were added to the RAP, separately, for the purpose of rejuvenation.
Marshall Test was performed on the renovated samples to obtain the optimum percentages, which will be
adopted in subsequent tests, which include: indirect tensile strength, tensile strength ratio and duple punch
shear strength test — to evaluate the performance of rejuvenated RAP mixes and compare them with the
original RAP. The results indicated that 1.5 % of WCO and 2.5 % of AC 85-100 are the optimal
percentages.

Other researches have been conducted to explore the use of materials, such as organic
montmorillonite clay, fractionated bio-oil, cottonseed oil, crude glycerin and microalgae-derived bio-binders
[8-11]. In [12], the effectiveness of an asphalt binder, produced from thermochemical conversion of swine
manure, was examined. According to the test results, the addition of bio-binder can improve low
temperature properties of asphalt binder significantly.

Bio-oil from renewable biomass can partially replace asphalt binder, because it is comparable to
asphalt binder in terms of viscosity, elasticity, chemical composition and color [14, 15]. Adding bio-oil to
asphalt binder may enhance its low-temperature properties and stress-cracking resistance [16—18].

In [19], it was found that adding 3—4 % of jatropha curcas oil (JCO) reduced age-hardening.

In [20], date seed oil (DSO) was used to modify binders containing different amounts of RAP binder
varying from 20% to 40%. The moisture susceptibility, rutting performance, stiffness modulus and fatigue
resistance of the mixtures were evaluated, and the results showed that the addition of DSO improved
fatigue life of the specimens containing 20 % RAP up to 15 %.

This study uses a blend of 70 % virgin asphalt (VA) and 30 % RAP, following prior research [21].

The study’s significance lies in mitigating environmental harm from obsolete asphalt waste, while
repurposing it for road paving. The research will also help in establishing an economical and sustainable
method for manufacturing RAP, which may ultimately lead to reducing waste and promoting greener
infrastructure in the country.

The current study aims to study the effect of using bio-oil, consisting of a group of oils extracted from
biological materials, on the properties of extracted asphalt RAP (30 %) mixed with VA (70 %) [1]. Various
bio-oil ratios were tested to identify the optimal rejuvenation percentage. The methodology is outlined in
Fig. 1.
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Figure 1. Research methodology.

2. Materials and Methods

2.1. Materials
Asphalt binder

Asphalt binder is the most widely used material for different types of paving in road construction [22].
In this study, 40-50 asphalt grade produced from AL-Daura refinery (Baghdad, Iraq) was used. The basic
characteristics of this asphalt binder are shown in Table 1.

Table 1. Physical properties of the VA binder.

Physical SCRB specification

properties Value Unit Test condition (2003) ASTM standard
Penetration 43 1/10 mm 25°C, 100 gm, 5 sec 40-50 D5
Ductility 145 cm 25 °C, 5 cm/min > 100 cm D113
Softening point 54 °C Ring & ball - D36
Specific gravity 1.03 (25 °C/25 °C) - - D70
thatiorlal 573 CP 135°C _ D4402
viscosity 143 CP 165

Bio-oil rejuvenator

The bio-oil rejuvenator used in this study is a green liquid composed of several oils extracted from
biomass (corn oil, tall oil, sunflower oil, soybean oil, rapeseed oil and vegetable oil), produced by SRIPATH
Technology (LLC/ReLIXER). Physical and chemical properties are listed in Table 2.
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Table 2. Physical and chemical properties of the bio-oil.

Property Typical value
Moisture, Vacuum oven 2%
Flash point >204°C > 400 °F
Density 0.9 kg/liter 7.5 Ib/gal
Viscosity at 24 °C (75 °F) 0.05 Pa.s 50 cp
Insoluble 1%
lodine value 115

Reclaimed asphalt

The RAP used in this study was brought from one of the main roads in the city of Mosul, which
connects the Al-Sukkar neighborhood intersection with the third bridge. This paving represents the binder
asphalt layer and was created five years before its removal.

The aged asphalt was extracted from RAP using methylene chloride (CH2Clz2) as a solvent, according
to the extraction test [23] and is shown in Fig. 2. The solvent methylene chloride was then separated from
the aged asphalt using a rotary evaporator according to [24], as shown in Fig. 3. Research revealed that
the centrifuge method was a reasonably safe and effective cold extraction technique [25]. Physical tests
were conducted on the aged extracted asphalt, and the results are listed in Table 3.

el - @ @
—> j
RAP

Adding solvent

Centr l'lll.c

Aged asphalt

(RAP binder) Rotary evaporator Aged asphalt + Solvent

Figure 2. The process of extracting aged asphalt.

Figure 3. Rotary evaporator device.
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Table 3. Physical properties of the aged asphalt binder.

SCRB Specification

Physical Properties Value Unit Test Condition 2003 ASTM

Penetration 19.7  1/10mm 25°C, 100 gm, 5 sec 40-50 D5
Ductility 21 cm 25 °C, 5 cm/min > 100 cm D113

Softening point 67 °C Ring & ball - D36

. . . 1433 CP 135°C
Rotational viscosity - D4402
986.1 CP 165
2.2. Methods

Mixing bio-oil with VA and RAP

VA and RAP were placed in the oven at a mixing temperature of 150 °C for 60 min. Then, the
samples of 30 % RAP with 70 % VA were placed at 150 °C in a shear mixer, and bio-oil was added in
different proportions to VA and RAP and mixed at a rotational speed of 1000 rpm for 20 min [26], as shown
in Fig. 4.

b

U > e

VA70+R30 B.O. 1000 rpm for 20 Rejuvenated asphalt

min. at 150°C

Figure 4. Preparing rejuvenated asphalt using high shear mixer.

Penetration, softening point, ductility and rotational viscosity tests

The penetration test was conducted according to [27] on different samples of VA and RAP (70 % of
VA with 30 % of RAP), and several percentages of bio-oil (1 %, 2 %, 3 % and 4 %). The penetration test
indicates the uniformity and resistance to deformation of the asphalt at 25 °C.

The softening points of different types of asphalt samples were examined according to [28]. The
softening point test measures the temperature sensitivity of the binder when the temperature is increased
at a heating rate of 5 °C/min.

The ductility test was performed on different asphalt samples according to [29]. This test is used to
determine the elongation characteristics of asphalt binders, which must not be less than 100 cm for the
asphalt to be considered successful and in compliance with the specifications.

Viscosity, which is the flow resistance that greatly affects the pumpability, mixability and workability
of the binder, was measured using a rotational viscosity test that was performed on a variety of asphalt
samples according to [30]. In this test, a cylindrical spindle with a specific diameter and effective length
rotates inside a container filled with asphalt binder at a limited speed according to the specifications. The
viscosity of the samples was measured at 135 °C and 165 °C.
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3. Results and Discussion
Penetration

Fig. 5 shows the penetration results at different percentages of bio-oil. The results indicate that higher
the percentage of bio-oil in the mixture leads to greater the penetration values due to the low viscosity of
the bio-oil, which reduces the viscosity of the mixture and thus increases penetration [31, 32]. As shown in
Fig. 5, the penetration value of 2 % is close to the penetration value of VA and falls within the limits of
40-50 grade specification.

70
60 58.7
53.4
40-50 grade
§) momm e = — = L78 e = - - -
3 43
E 39.9
TO - T -
C
B
230
Qv
=
& 19.7
20
10 I
0
VA RAP 100% V+R+0%B.0. V+R+1%B.0. V+R+2%B.0. V+R+3%B.0. V+R+4%B.0.
Mix type

Figure 5. Penetration at different percentages of bio-oil (B.O.).

Softening point

Fig. 6 shows the softening point results at different percentages of bio-oil. The results indicate that
the softening point of RAP was measured at 67 °C, a high value resulting from asphalt hardening with age.
The softening point decreases consistently with increasing bio-oil content due to the increased sensitivity
of the binder to temperature, when adding greater amount of bio-oil chemicals in bitumen, which reduces
its softening point [33, 34]. Fig. 6 shows that the softening point value at 1 % is close to the softening point
value for VA. It may be close to the optimal value of bio-oil that achieves regeneration of aged asphailt.
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Figure 6. Softening point at different percentages of bio-oil (B.O.).

Fig. 7 shows that the ductility value for RAP is 21 cm, which is less than the standard minimum of
100 cm. With the increase in the percentage of bio-oil in the bitumen, the ductility of the binder increases,
thus improving the elongation properties of the aged binders and reducing the possibility of asphalt cracking
at 25 °C. However, the ductility value begins to decrease, when the bio-oil content is more than 3 % due to
reduced viscosity and increased sensitivity to temperature [33—35]. Notably, at 1 % bio-oil content, ductility
exceeds 100 cm, meeting specifications and effectively rejuvenating the mixture.
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Figure 7. Ductility at different percentages of bio-oil (B.O.).
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Rotational viscosity

Fig. 8 shows the results of the rotational viscosity test at different percentages of bio-oil. Compared
to VA, RAP samples showed much higher viscosity. This viscosity increase in aged asphalt primarily results
from changes in the asphaltene-to-maltene ratio during aging, which alters the internal structure of the
asphalt [36]. This supports the results of the softening point and penetration tests. When 70 % VA with
30 % RAP was added, the mixture showed a reduction in the viscosity with further decreases observed at
higher bio-oil percentages. Adding a large amount of bio-oil to the asphalt mixture may lead to a decrease
in service performance, as the binder with low viscosity will be more susceptible to corrosion at the service
temperature of the road, while the binder with high viscosity will be more susceptible to thermal cracking
[37].
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Figure 8. Rotational viscosity at different percentages of bio-oil (B.O.).

Finding the optimal ratio of bio-oil

To find the optimal percentage of bio-oil for rejuvenating aged asphalt to VA property, we compared
penetration and softening point values (Figs. 10 and 11).
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Figure 10. Penetration at different percentages of bio-oil (B.O.).
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Figure 11. Softening point at different percentages of bio-oil (B.O.).

The optimal bio-oil percentages were 1.39 % for penetration and 1.23 % for softening point, yielding
an average of 1.31 %. This value was then applied to all test plots (Figs. 12 and 13) and corresponding
physical properties (Table 4).
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Figure 12. Results of the ductility for the optimal bio-oil percentage.
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Figure 13. Results of the rotational viscosity for the optimal bio-oil percentage.
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Table 4. Physical properties at the optimal bio-oil value.

Physical property Bio-oil value
Penetration, d/mm 42.8
Softening point, °C 53.9
Ductility, cm 105
550

Rotational viscosity, CP
150

Adding 1.31 % bio-oil to the mixture consisting of 70 % VA and 30 % RAP increases the penetration
and ductility of the asphalt binder by 15.6 % and 34 %, respectively. It reduces the softening point by 7 %
and viscosity at 135 °C and 165 °C by 33 % and 58 %, respectively. These results demonstrate that bio-oil
addition effectively softens the asphalt mixture and enhances binder performance characteristics.

4. Conclusions and recommendations

This study investigated the physical properties of asphalt binder (70 % VA and 30 % RAP) modified
with different percentages of bio-oil. Based on the results, the following conclusions can be drawn:

e The penetration and ductility values of RAP asphalt decrease by 54.2 % and 85.6 %,
respectively, compared to VA. Meanwhile, its softening point increases by 24 %, and
viscosity values rise by 150 % and 590 % at 135 °C and 165 °C, respectively. These
changes result from the increased viscosity of aged asphalt, loss of binding properties,
temperature variations and high traffic loads that cause hardening and brittleness, leading
to road cracking and surface deterioration.

e Adding 1.31 % bio-oil to VA and RAP mixture increases penetration and ductility by 15.6 %
and 34 %, respectively. It reduces the softening point by 7 % and viscosity at 135 °C and
165 °C by 33 % and 58 %, respectively. These improvements demonstrate that bio-oil
effectively restores aged asphalt properties, including flexibility, viscosity and temperature
tolerance, making it suitable for reuse in road construction.

These findings align with previous studies showing improved physical properties of asphalt treated
with bio-oil composed of other bio-based materials [38—41].

Future studies should examine the performance of bio-oil rejuvenators in RAP mixtures for asphalt
paving applications.
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Abstract. In the clayey core of the rockfill dam, pore pressure always appears, which may present a serious
threat to the dam safety. Therefore, in the middle of the 20t century, there started the development a theory
of clayey soil consolidation in cores of earth core rockfill dams; analytical methods were developed to
calculate pore pressure. However, these methods are approximate; they do not permit modeling
complicated processes of soil consolidation in the structure. The published data of field measurements at
the ultra-high dam of Nurek HPP give evidence about the fact that the processes of accumulation and
dissipation of pore pressure in the core soil have a complicated character. At the initial stages of
construction, there observed a gradual growth of pore pressure due to the weight of the overlying soil layers.
But at the completion stages, pore pressure rapidly decreased, and its values approached the values, which
are characteristic for the regime of steady seepage. These effects cannot be explained and simulated by a
traditional method of analysis. The rate of seepage is too small to provide occurrence of so rapid processes.
Therefore, for study of the processes of pore pressure formation in the core of Nurek dam, a more
complicated and accurate method was used, i.e. the method of numerical modeling. Numerical modeling
permits joint solving the tasks related to stress-strain state and seepage regime in the structure. Use of
numerical modeling permitted us with sufficient accuracy to simulate the pore pressure formation process
in the core of Nurek dam, as well as to analyze the causes of the observed effects. It was revealed that the
main role in pore pressure formation is played not by the process of water seepage but by the process of
the dam stress-strain state formation. Decrease of increased pore pressure due to dead weight loads takes
place due to the dam lateral expansion. Increase of pore pressure before the seepage pressure is due to
soil deformation under the action of force loads from the upstream side. The considered analytical method
of analysis does not take into account the peculiarities of formation of stress-strain state of the rockfill dam
earth core, it does not consider appearance of pore pressure from the upstream loads. Therefore, the real
processes of the core soil consolidation cannot be simulated with its aid.

Citation: Sainov, M.P., Boldin, B.A. Pore pressure in the core of ultra-high earth core rockfill dam at
consideration of stress-strain state. Magazine of Civil Engineering. 2025. 18(4). Article no. 13604.
DOI: 10.34910/MCE.136.4

1. Introduction

Pore pressure is pressure in the liquid phase of soil. It may exceed the hydrostatic pressure
corresponding to groundwater level at the steady seepage regime. Such pressure we will cause increased
pressure (or surplus pressure).

It is known that increased pore pressure may present a serious danger for safety of embankment
dam structures. Namely, it was pore pressure in the clayey soil layer, which became the cause of failures
of embankment dams Chingford (1937) and Muirhead (1941) in Great Britain. At these dams immediately

© Sainov, M.P., Boldin, B.A., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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after completion of construction, there happened the loss of clayey soil bearing capacity and break of
integrity of the dam structure [1].

Special urgency in study of pore pressure in structures of embankment dams aroused in the middle
of the 20t century with use of earth core rockfill dams (ECRDs), whose core was constructed of clayey soil.
Many of them had considerable height, therefore, the clayey soil in them was subject to great loads. In
1939, the height of an ECRD for the first time exceeded 100 m. This is 131.7 m high Mud Mountain dam in
the USA.

The danger of increased pore pressure in the cores of high ECRD is related to the fact that it may
cause crack formation in them. Numerical modeling of stress-strain state (SSS) shows that pore pressure
creating a wedging action, contributes to formation of separation cracks in the core [2] or shear surfaces
[3]. Pore pressure may be one of the causes of the core hydraulic fracturing, which happened at several
dams.

In the 218t century, a number of high ECRDs was built : Karkheh (H=127 m, Iran, 2001) [4-6], Masjed-
e-Soleyman (H=177 m, Iran, 2002) [3], San Roque (H=210 m, Philippines, 2003), Tehri (H=260.5 m, India,
2006), Qiaoqgi (H=125.5 m, China, 2006) [7], Pubugou (H=186 m, China, 2010) [8], Maoergai (H=147 m,
China, 2011) [7], Nuozhadu (H=261.5 m, China, 2012) [9-11], Upper Gotvand Dam (H=180 m, Iran, 2012),
Changheba (H=240 m, China, 2017) [9]. Dams San Roque, Tehri, Nuozhadu, Changheba refer to ultra-
high dams; their height exceeds 200 m. At construction stage is the dam of Rogun HPP (Tajikistan), which
should be the highest in the world.

To provide safety of high ECRDs, it is necessary to carry out studies of pore pressure in the core
clayey soils. Approximately from the 1950s, pore pressure started to be studied experimentally, in field
conditions at the constructed structures. In [12], there published the data of field measurements of pore
pressure at several dams constructed in the 20™ century. Monitoring of pore pressure is carried out at all
high ECRDs [3, 11, 13].

Analysis of field measurements shows that processes of the core soil consolidation on different dams
take place in different ways. In some dams (Aswan, Pachkamar), pore pressure did not exceed hydrostatic
pressure and the processes of soil consolidation were quick [12]. In the clay core of Talbingo dam, pore
pressure reached considerable values and dissipated slowly [12].

Therefore, it is urgent to develop methods of calculating the process of soil consolidation in ECRD
core, so that they can predict formation of pore pressure.

In this connection, of special interest are studies of pore pressure in the core of the highest
embankment dam in the world, i.e. the dam of Nurek HPP. Sensors were installed in the core of this dam,
which permitted carrying out monitoring of pore pressure during construction and operation. The results of
field measurements were published in [14]. With this regard, it is interesting to compare the results of
calculations with the results of field measurements and estimate accuracy of calculation methods.

The theory of forming pore pressure and soil consolidation has been developed over the last one
hundred years.

The pioneer in study of pore pressure is K. Terzaghi, who provided the basis for the theory of soll
consolidation [15]. K. Terzaghi proposed to consider soil as a multi-phase system consisting of solid, liquid,
and gaseous phases. And in 1925, he proposed to solve a one-dimensional problem of soil water saturated
layer compaction due to the process unsteady seepage.

For development of consolidation theory of great importance was solving the problem of the effect of
presence in soil pores of compressible gaseous phase on the value of pore pressure. In 1939, American
researchers J. R. Bruggeman, C. N. Zanger, J. H. A. Brahtz proposed determining pore pressure based on
the assumption of equality of pore pressure in liquid and gaseous phases using equations of R. Boyle and
E. Mariotte law (on air compressibility) and W. Henry law (on dissolubility of air in water). In 1948, J. W. Hilf
published the equation based on Boyle—Mariotte law, which permitted determining pore pressure without
consideration of consolidation process. This equation became the basis for analytical methods of analysis.
A.W. Skempton introduced the methodology of calculating coefficients of pore pressure, which reflects
connection between the total stresses and pore pressure with consideration of pore liquid compression and
the degree of pore water saturation [16].

The consolidation theory was developed in the works of N.M. Gersevanov, V.A. Florin, M. Biot et al.

In 1937, a Russian scientist V.A. Florin proposed the equation for solving a 2D problem of seepage
consolidation applicable to the case of non-compressible liquid. Then, he developed the methods of solving
consolidation problems also with consideration of solid phase creep.
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In 1941, M. Biot published the proposed by him system of equations of seepage consolidation for a
more common case, i.e. for the case of compressible skeleton of soil and compressible liquid [17].

Analytical methods of analysis propose creation of closed analytical solution of the indicated
equations, permitting calculation of the pore pressure value and its variation with time.

Analytical solving of the problem related to formation and dissipation of soil pore pressure in the dam
core was obtained by A. A. Nichiporovich and T.l. Tsybulnik. They mark two types of pore pressure: pore
pressure from the weight of overlying soil layers and pore pressure from water filtration (penetration of the
upstream water in the core). A. A. Nichiporovich and T.I. Tsybulnik proposed mathematical formulae, which
permits determining distribution pore pressure in the core for each moment of time [18, 19].

In this analytical method, the initial pressure from the weight is determined based on J. W. Hilf
equation (via pore pressure coefficient), and the process of pore pressure dissipation is described by
V.A. Florin equations. However, at that, a number of simplifying assumptions was accomplished, which
makes this method of analysis approximate.

From the middle of the 20™ century, the methods of numerical modeling started to be used for solving
the problems on soil consolidation. They permit solving joint static-seepage problems simultaneously
modeling the process of forming SSS of the structure and its seepage regime. Numerical methods permit
solving complicated tasks of soil consolidation not only for particular, previously assigned conditions.

Already in the 1970s, the numerical analyses of pore pressure by the finite element method were
carried out at designing Mica dam (Canada, 1973, 243 m high) [20]. It was shown that the results of
numerical modeling greatly differ from the results of analyses by the analytical method due to variation of
mass stress state in the process of consolidation.

In the 1980s, Yu.K. Zaretsky and V.N. Lombardo" fulfilled prognostic modeling of pore pressure in
the core of Nurek dam (1980, the USSR, — Tajikistan, 300 m high). The finite difference method was used
for solving a joint static-seepage problem for the dam cross section.

At present at designing high ECRD, numerical modeling of processes forming pore water pressure
(PWP) and SSS is always fulfilled. Publications [3, 11, 21-24] are devoted to this issue. Rater often analysis
has the aim of checking the core crack resistance [11, 21, 23].

For fulfilling analyses, there were used different software packages: FLAC 3D [3, 21], PLAXIS [22,
24], GeoStudio [23]. With the aid of software package FLAC 3D, there was fulfilled numerical modeling of
SSS and PWP for several dams in Iran: Masjed-e-Soleyman [3], Siah Sang [21]. Calculations in [13] and
[3] were carried out in 3D formulation. Not always for determining pore pressure there modeled the process
of soil consolidation, in [22], a simplified approach is used for determining pore pressure.

Publication of [21] is devoted to numerical modeling of SSS and PWP for Siah Sang dam (33 m high)
in Iran. Analyses showed rapid dissipation of pore pressure.

Of the most interest are publications [11, 3], devoted to studies of ultra-high ECRD.

The article [11] is devoted to numerical modeling of SSS and PWP for Nuozhadu dam in China.
Analyses were conducted based on consolidation theory of M. Biot with use of parabolic model of soil. For
obtaining results, adequate data of field measurements, calibration of the structure model was required. At
the soil seepage factor value (2+5)-10-® cm/s, measured in laboratory and field conditions, at numerical
modeling, the pore pressure quickly dissipated, which were not observed in real dam. Correspondence to
the field data was reached at seepage factor value (1.5+5)-10-° cm/s [11].

The article [3] is devoted to studies of PWP and SSS for Masjed-e-Soleyman dam in Iran. By the
results of field measurements, there observed high pore pressure in the dam core, and its dissipation was
sufficiently slow. At the end of the first reservoir impoundment, the crest settlement amounted to 2,2 m.
numerical modeling of SSS and PWP showed that due to pore pressure, there is a danger of the core soil
shear strength.

These examples demonstrate urgency of study of pore pressure formation and dissipation, as well it
shows that they have not been sufficiently studied by present.

The aim of our study is estimation of adequacy of pore pressure analyses results, obtained by
different methods, estimation of adequacy of representation by them of the processes in core soil
consolidation, which are observed in a real structure.

1 Zaretsky Yu.K., Lombardo V.N. Statics and dynamics of embankment dams. M.: Energoatomizdat, 1983.
255 p.
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Analysis will be conducted by two methods: analytical method and the finite element method. They
will be shown on the example of Nurek HPP, where field measurements of pore pressure in the core have
been conducted for already 40 years.

Consequently, the tasks of the study are as follows:
o fulfill analysis of data on field measurements of pore pressure in the core of Nurek dam;
o fulfill analysis of pore pressure in the core of Nurek dam by the analytical method;
e carry out numerical modeling of Nukek dam SSS and seepage regime;

e compare the results of analysis obtained by different methods, formulate conclusions and
recommendations on peculiarities of pore pressure formation and for reliability of the analysis
results.

2. Materials and Methods
2.1. Subject of Study

The subject of study, i.e. Nurek dam, is an ECRD. It has a 269 m high core made of sandy loam
(Fig. 1). The core rests on a thick concrete block. The dam shells are made of gravel-pebble soil.

910 922.5

Figure 1. Design scheme of earth core rockfill Nurek dam structure in vertical section:
1 — sandy loam core; 2 — shells of gravel-pebble soil; 3 — protection against rockfill; 4 — transition
zone; 5 — concrete plug.

2.2. Description and Analysis of Results of Pore Pressure Field Measurements

Several dozens of sensors were installed in the core for measuring pore pressure. Multiple sensors
were installed on the surface of concrete block. Besides, vibrating wire piezometers were installed inside
the dam core in 7 vertical measuring sections at different elevations. For example, in the riverbed section
(measuring section 5), the sensors are installed at elevations 686, 774.5, 799 m.

Measurements were carried out from the start of construction (since 1973). In [14], there given the
data of pore pressure field measurements during the period of construction. In 1973, when the core was
constructed for the height of 104 m, pore pressure reached 1,8 MPa (Fig. 2a), and in 1977, when the core
was constructed for the height of 209 m, it reached 2,99 MPa (Fig. 2b). For these moments of time, the
vertical pressure from the soil weight amounts to 2.4 and 4.8 MPa respectively. This means that on the
liquid phase of soil (pore liquid), there transferred accordingly 75 and 62 % of maximum possible pressure
(for pressure coefficient a=0.75 and 0.62).
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1980
263,5

1977
209

1973

104
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Figure 2. Pore pressure in the dam core by the data of field measurements (values are in MPa):
a — after 2 years from the start of construction; b — after 6 years from the start of construction; ¢ —
after 9 years from the start of construction. Relative elevations are indicated.

For us, of the most interest is the riverbed vertical cross section No. 5, having maximum height. After
completion of the dam construction and the reservoir impoundment (in 1981) in this section, the maximum
value of pore pressure was reached in sensor No. 1314 [14]. In this sensor at V686 m, it amounted to
2.48 MPa (Fig. 2c). As compared to maximum possible value (5.4 MPa), the pore pressure is 46 %.

This simple analysis evidences that during the period of construction, intensive dissipation of pore
pressure and soil consolidation took place. During the operation period, these processes continued. In the
same sensor No. 1314 by 2014, pore pressure decreased to 1.47 MPa [14], i.e. by 40 %.

The data of field measurements show complicated character of pore pressure distribution in the dam
core. In the core, upper part considerably less portion of load is transferred to water than in the lower part.
Already during construction period (1977), piezometric levels in the upper sensors turned to be less than in
the lower one; in future this tendency maintained.

Plotted by the data of field measurements, distribution of pore pressure for the moment of
construction completion (Fig. 2c) proves that by the start of operation period, dissipation of the most part of
surplus pore pressure took place, and it approached the values, which corresponded to the steady seepage
flow.

The described above pattern of distribution and variation of pore pressure obtained in the field is
abnormal from the point of view of theoretical concepts, and the causes of such rapid soil consolidation are
debatable. In publication [14], it is affirmed that rapid dissipation of pore pressure in the core lower part
may be explained by permeability of the concrete block. By the results of numerical modeling of the process
of non-steady seepage in the core of the ultra-high dam, fulfilled by N.A. Aniskin [25], the process of water
penetration inside the dam core should usually occur very slowly, i.e. during several decades the boundary
of seepage area should advance only for several meters from the upstream face. Consequently,
consolidation process should take place for decades or hundreds of years.

Our study is an attempt to explain the causes of effects in distribution of pore pressure in the core of
Nurek dam, revealed by field measurements during construction period.

Specially mentioned should be the results of field measurements of the core soil permeability, which
are also published in [14]. Values of the core soil seepage factor were determined by calibration of the
mathematical model. It was obtained that with time, the values of the core soil seepage factor decreased.
If in 1984, it amounted to (0.4+4)-10- cm/s, afterwards, it decreased approximately by an order [14].
However, the value of seepage factor 1.2:10-6 cm/s =0.001 m/day seems to be very high for the clayey soil.
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2.3. Analytical Method of Analysis

Design formulae of the analytical method, proposed by A. A. Nichiporovich and T.l. Tsybulnik, are
givenin [2, 18, 19, 25]. They permit determining two types of pore pressure: pore pressure appearing under
the action of weight of overlying layers and seepage pore pressure of water from the upstream side
penetrating inside the core.

This analytical method is approximate; it is based on a number of assumptions. The following
assumptions may be distinguished:

e the core operates independently from the dam shells, it is independently subject to the load
from the weight of overlying soil layers;

o total stresses in the core in vertical direction are equal to the pressure from the weight of
overlying soil layers;

e soil deformations occur only in vertical direction; soil is a linearly deformed material;

e initial pore pressure (in the initial moment of time) is determined by total stresses with the
aid of J. W. Hilf equation, corresponding to conditions of fluid efflux (“closed system”);

e dissipation of pore pressure occurs due to water seepage in horizontal direction;

e the rate of the structure construction height-wise, the rate of the upstream level growth at the
reservoir impoundment are constant.

Due to the made assumptions, the analytical method is approximate. Therefore, we used the method
of numerical modeling.

2.4. Method of Numerical Modeling

Numerical modeling of the structure was accomplished based on the finite element method in the
software package MIDAS. The problem of soil consolidation was solved by M. Biot equations.

These calculations are also approximate because only the dam vertical section is considered and
the dam soil is assumed to be linearly deformed.

The used for analyses finite element model of the dam section is shown in Fig. 3. It comprises 6975
nodes and 6906 finite elements.

Figure 2. Finite element discretization of the designed section.
During analyses, the following types of loads were considered:

e loads from the structure dead weight;
e loads on soil from the buoyant action of water;
e volumetrically distributed loads from filtering water.
Only construction period was considered, whose duration was 9 years.
The sequence of dam construction was simulated (with consideration of its construction by horizontal

layers) and the reservoir impoundment. It is shown in Fig. 3 as a diagram, reflecting growth with time of the
dam top elevation and the upstream level.
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Figure 3. Design diagram of sequence of the dam construction and the reservoir impoundment
(for numerical modeling).

At modeling behavior of soil, Coulomb—Mohr model was used envisaging linear deformation.
Physical-mechanical properties of soils adopted in the analysis are in Table 1. The core soil seepage factor

was assumed to be several times less than that by data of [14].

Table 1. Design physical-mechanical characteristics of soils.

Material pd Psat B v kr
t/m3 t/m?3 MPa m/day
Sandy loam 2.10 2.28 40 0.32 8.64-10°
Soils of transition zones 2.10 2.20 55 0.3 20
Gravel-pebble soil of shells 2.16 2.35 150 0.27 100
Weightening rock mass 1.96 2.22 150 0.27 100

Designations: ps — density in dry state, ps«s — density in water saturated state, £ — modulus of linear
deformation, v — Poisson’s ratio, kr— seepage factor.

3. Results and Discussions

3.1. Results of Analysis by Analytical Method

At analysis by the analytical method of A.A. Nichiporovich and T.I. Tsybulnik for a number of
moments of time, there was determined pore pressure from soil dead weight and from the seepage flow,
out of which the greatest was selected. The rate of the dam growth height-wise and the rate of the reservoir
impoundment were assumed to be constant due to peculiarities of this method.

Analysis results on pore pressure in the core by the analytical method are presented in Fig. 4. They
show that pore pressure is mainly caused by the dead weight of the overlying soil layers, while the seepage
pore pressure is small.

The results of analysis are in bad correlation with the data of field measurements at the initial stages
of the dam construction (Figs. 4a, 4b), though design values slightly exceed the field values. For example,
for the moment of time for the year of 1977, the maximum value of pore pressure according to calculation
amounts to 3.5 MPa, and by field data it is 2.99 MPa (Fig. 4b). It should be stressed that by the results of
analyses, made by Yu.K. Zaretsky and V.N. Lombardo, the maximum pore pressure comprised 2.77 MPa.
Thus, the results of analyses are in satisfactory correlation.

However, for the time of construction completion (1980), divergence of design and field data is
considerable. The difference is not only in absolute values of pore pressure but also in the pattern of their
distribution and variation with time. In the data of field measurements, the most part of pore pressure due
to the soil dead weight has already dissipated, and by the results of analysis, it is not decreased but
increases. By field data, the maximum value of PWP is about 2.5 MPa (Fig. 2c), and by the results of
analysis, it reaches 4.5 MPa (Fig. 4c).
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Such difference in the results of field measurements and calculations testifies about disadvantages
of the design model. Therefore, it is interesting to estimate the results of analysis with the aid of numerical
modeling.

1980
263,5

Figure 4. Pore pressure in the dam core by the results of analyses by the analytical method
(values are given in MPa):

a — after 2 years from the start of construction; b — after 6 years from the start of construction; c -
after 9 years from the start of construction. Violet color shows isolines of pore pressure by the
results of field measurements, blue color — by the results of analyses with use of the analytical

method. The indicated elevations are relative.

3.2. Results of Numerical Modeling

The dam stress state for the moment of construction period completion, obtained by numerical
modeling, is shown in Figs. 5-10. Construction settlements and displacements of the dam are shown (with
consideration of construction sequence), as well as distribution of vertical and horizontal stresses.

Obtained in the analysis construction settlements reach maximum in the core central part (Fig. 5).
The maximum settlement amounts to 3.35 m, which is slightly more than by the results of field
measurements (3.0 m).

Scale of settlements [m]
T — — — — — — — —
1 1 1 1 1 1 1
35 315 28 245 21 175 1.4 1.05 0.7 0.35 0 -035 -07

Figure 5. Dam settlements by the results of numerical modeling (for the moment of construction
completion).

Design horizontal displacements are directed towards the downstream side. Their maximum value
2.5 mis in core central part (Fig. 6). It is several times more than field settlements (0.8 m). This difference
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is explained by the fact that analyses were conducted in 2D formulation for the dam vertical section, while
SSS of a real dam was formed in spatial conditions.

Scale of horizontal stresses [m]

|
1 1
-05 -0.25 0 025 050 075 1.0 126 150 1.75 2.0 225 25

Figure 6. Dam horizontal displacements by the results of numerical modeling (for the moment of
constriction completion).

Arch effect is characterized for distribution of vertical total stresses (Fig. 7). Compressive stresses in
the core do not reach 2.5 MPa, while in the shells, they exceed 8 MPa. As compared to maximum possible
pressure from the soil weight (6.3 MPa), compressive forces amount to only 40 %. Thus, the effect of the
core “hanging up” on the shells takes place.

Scale of vertical stresses [MPa]

S — —— — —

1 1
-3 275 25 226 20 175 15 -125 10 -0.75 -05 -0.25 0

Figure. 7. Vertical total stresses in the dam body by the results of numerical modeling (for the
moment of constriction completion).

Horizontal stresses are considerably lower than the vertical ones. They do not exceed 4.3 MPa
(Fig. 8). The level of compression gradually decreases in the direction from the upstream slope to the
downstream one. The most intensive drop of compressive stresses occurs in the core lower part.

Scale of horizontal stresses [MPa]

e i — — =

1 1
-3 275 -25 -225 20 -175 -15 -126 -10 -0.75 -05 -0.25 0

Figure. 8. Horizontal total stresses in the dam body by the results of numerical modeling (for the
moment of constriction completion).

Fig. 9 shows distribution of pore pressure in the core for three characteristic moments of time
obtained by numerical modeling. For convenience of comparison, Fig. 10 shows isolines (isobars) of pore
pressure, obtained by analysis and field measurements.
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The pattern of pore pressure distribution at the initial stages of construction, obtained with aid of
numerical modeling, is similar to that obtained by the analytical method. It is formed mainly by pressure of
the overlying soil weight. PWP maximum is reached closer to the center of the core lower part. PWP
maximum values are also similar. For example, for the moment of time for the year of 1977, it amounts to:
by the method of numerical modeling, it is 2.7 MPa (Fig. 9b), by the analytical method, it is 3.5 MPa
(Fig. 4b). These values are close to the values obtained in the field conditions (2.99 MPa, Fig. 2b). PWP
decrease, obtained by numerical modeling, among others is explained by the effect of the core “hanging
up” on the shells.

a b

Scale of pore pressure [MPa]
m::ﬁ [ | [ I —
1 1 1

0 025 050 075 1.0 1.25 1.5 1.75 2.0 225 25 2.75 3

Figure 9. Pore pressure in the dam core by the results of numerical modeling (with consideration
of the reservoir impoundment):
a — after 2 years from the start of construction; b — after 6 years from the start of construction;
c — after 9 years from the start of construction.

1980

263,5
1977

Figure. 10. Comparison of the results of numerical modeling with the results of pore pressure field
measurements in the dam core:
a — after 2 years from the start of construction; b — after 6 years from the start of construction;
c — after 9 years from the start of construction. Violet color shows isolines of pore pressure by the
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results of field measurements, blue color — by the results of numerical modeling. The indicated
elevations are relative.

For the moment of construction completion (1980), the results of numerical modeling greatly differ
from the results of analysis by the analytical method. The pattern of PWP distribution is much closer to that,
which corresponds to the seepage pressure (Figs. 9¢, 10c). PWP maximum value according to the analysis
amounted to 2.95 MPa (Fig. 10c), which is less that by the analytical method (4.5 MPa, Fig. 4c). Obtained
by numerical modeling pattern, pore pressure is much closer to that, which was obtained by field
measurements. Maximum value of designed PWP is approximately by 15 % higher than by field data.

In order to determine the mechanism of pore pressure formation, reveal its rapid variation at the
completion stage of construction, additional analysis was carried out. This SSS analysis was performed at
loads only from the dead weight, without consideration of the reservoir impoundment. The obtained for this
design scheme PWP distribution is shown in Fig. 11. It principally differs from that, which was obtained with
consideration of the reservoir impoundment.

At the completion period of construction, the pore pressure does not increase with time but
decreases. Namely, the maximum value of PWP after 6 years from the start of construction amounts to
approximately 2.2 MPa (Fig. 11b), and after 9 years, it is about 1.8 MPa (Fig. 11c). PWP decrease is well
illustrated in Fig. 12, where variation of pore pressure is shown for several points (where sensors are
installed).

The pore pressure value under loads is much less then with consideration of the reservoir
impoundment. Under loads from only the dead weight at the completion stage of construction, PWP
maximum value was only 1.8 MPa (Fig. 11c), and with consideration of the reservoir impoundment, it was
2.95 MPa (Fig. 10c).

Scale of pore pressure [MPa]

O 025 050 075 1.0 1.25 1.5 1.75 2.0 225 25 275 3

Figure. 11. Pore pressure of the dam core by the results of numerical modeling (without
consideration of the reservoir impoundment):
a — after 2 years from the start of construction; b — after 6 years from the start of construction;
c — after 9 years from the start of construction.
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Figure. 12. Pore pressure variation with time in several points:
a—sensor 1370; b — sensor 1357; ¢ — sensor 1314; d — sensor 1315; e — sensor 1304;
f — sensor 1305. Red points show the results of field measurements; the blue continuous line
shows the results of numerical modeling with consideration of the reservoir impoundment; the
brown dotted line shows the results of numerical modeling without consideration of the reservoir

This comparison testifies that:

impoundment.

e in pore pressure formation, the role of pressure from the dead weight is much less, and the
role of the reservoirimpoundment is much greater than it is proposed in the analytical method

of analysis;

o growth of seepage pressure in the core is sufficiently rapid.
These effects are explained by specific features of the dam SSS formed by the action of external

forces.
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Decreased values of pore pressure from dead weight, obtained by numerical modeling, are explained
by several reasons. One of the causes is the effect of the core “hanging up”, as a result of which the load
on the core decreases. The main cause is the dam lateral expansion at perception of loads, which leads to
increase of porosity and, consequently, to decrease of PWP. This is the evidence due to the studies, which
we have conducted earlier and described in [26].

Rapid increase of PWP at the reservoir impoundment occurs not just due to the process of water
filtration inside the core but more due to compression deformations, to which the dam is subject at
perceiving horizontal loads. To the two known types of PWP in the dam (PWP from the dead weight,
filtration PWP) the third one may be added, i.e. PWP from horizontal loads.

Comparison of the character of core pressure variation in time, obtained by the results of numerical
modeling (Fig. 12) and by the results of field measurements, shows their satisfactory conformity (with
consideration of the fact that other factors also affect the processes of PWP formation in field conditions).

4. Conclusion

Analysis of field observations of Nurek dam state evidences that formation of pore pressure in the
core soil was not always in the way predicted by the analytical methods of analysis of consolidation process.
In real conditions, the soil consolidation process is more rapid than it is prognosed by analytical methods.

1. At the initial stages of construction, pore pressure increased, mainly due to weight increase of the
overlying soil layers. At these stages, the process of soil consolidation is well described by analytical
methods. At the completion stages of construction, the surplus pore pressure dissipated and filtering
water penetrated inside the core. However, it happened much quicker than analytical methods predict.
Already by the moment of construction completion, pore pressure from the dead weight already
dissipated to a great extent and became close to seepage pressure. These effects cannot be explained
only by long duration of construction and the reservoir impoundment (9 years).

2. Numerical modeling of the dam SSS jointly with modeling the seepage regime permitted to simulate
rather accurately the process of pore pressure formation in Nurek dam core during construction period.
In spite of proximity of the design scheme, we managed to reflect a special character of soil
consolidation process, which was recorded by field measurements.

3. Analysis of numerical modeling results permits disclosing mechanisms of pore pressure formation in
the core of ECRD, revealing the effect of the most important factors. Rapid decrease of pore pressure
from the dead weight occurs not only due to its dissipation but mainly due to deformations of the dam
lateral expansion. Due to these deformations in spite of dam height growth, cubic deformations do not
increase but decrease. Rapid penetration of seepage pressure inside the core occurs not due to water
filtration but due to those horizontal loads, to which the core is subject from the upstream water.

4. Analytical method of the core soil consolidation analysis does not take into account the enumerated
above peculiarities in formation of the rockfill dam earth core SSS, therefore, it is applicable only for
approximate estimations.

5. Results of numerical modeling are approximate because there were not considered non-linearity of soil
deformation and special character of the dam SSS formation.
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Abstract. This study proposes a probabilistic model for assessing the service life of a reinforced concrete
railway bridge based on the criterion of corrosion-fatigue durability, taking into account the dynamics of the
moving load. Currently, there is no similar methodology approved in the standards of the Russian
Federation, as well as in the Eurocodes, while corrosion-fatigue destruction of reinforcement is typical in
conditions of chloride-aggressive environments and repetitive loads. In this model, total service life of
reinforced concrete superstructure is sum of three periods: corrosion initiation period, crack nucleation
period, and crack propagation period. In each period, stochastic variables are specified by probability
density functions. As an example of calculating the service life, one of the bridges developed during the
design of the Moscow — St. Petersburg High-Speed Railway was chosen. Monte Carlo method was used
as the way to modelling the stochastic nature of problem. Failure criteria was the critical crack growth, and
crack growth process was modelled using Paris law. The form of the obtained probability density functions
for each stage is lognormal; the greatest contribution to the total service life was made by the period of
corrosion initiation. In the future, the use of the method will allow the engineer to design structures with a
given durability, increase the service life of reinforced concrete bridge spans and more accurately plan
funds for repairs of reinforced concrete bridges.

Citation: Yefremov, G.A., Shestovitskiy, D.A. Probabilistic model for predicting the corrosion-fatigue
durability of reinforced concrete railway bridges. Magazine of Civil Engineering. 2025. 18(4). Article no.
13605. DOI: 10.34910/MCE.136.5

1. Introduction

This study focuses on the degradation of railroad bridge spans under chloride-containing
environments. The combination of different effects, in this case chloride ions and repeated load, can lead
to the corrosion pit growth and stress concentration in concrete beam reinforcement. Furthermore,
repeatable train load can cause nucleation and growth of fatigue crack and rebar failure if crack length will
reach its maximum allowed value.

Next some approaches to solving the corrosion-fatigue durability of bridges problem will be
presented. For example, condition of working reinforcement under variable load under corrosion conditions
is considered in the paper [1], which concludes that the fatigue characteristics of a reinforced concrete
girder are reduced as a result of pitting corrosion. European document DuraCrete [2] provides various
models of degradation of the span structure under the action of negative climatic factors. S. K. Verma et al.
[3] proposes to estimate the service life as the sum of two periods: corrosion initiation and corrosion
development period. Some publications are also devoted to the study of bonding of reinforcement with
concrete under conditions of corrosion of working reinforcement [4, 5]. One of the first to apply the
provisions of fracture mechanics and metal corrosion to calculate the corrosion-fatigue life of a reinforced
concrete bridge was E. Bastidas-Arteaga [6]. J. Sun et al. indicated that corrosion, along with temporary

© Yefremov, G.A., Shestovitskiy, D.A., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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loading are the prevailing causes of collapse of reinforced concrete structures [7]. C. Cui et al. consider the
negative effects of carbonization together with temporary loading [8]. The authors of a study on prestressed
reinforced concrete beams of U-shaped urban rail transit exposed to chloride ions G. Chen et al. [9] indicate
that the combined effect of temporary loading and chloride-containing environment can reduce the service
life of the span by up to 61.2 %. T. Zhang et al. found that when reinforced concrete beams were jointly
exposed to corrosion and repetitive loading, fatigue failure of longitudinal working reinforcement bars
occurred [10].

From the above, it can be concluded that, firstly, with coupled action of chloride aggressive
environment and repeatable loading, the corrosion-fatigue failure can be typical. Secondly, the problem of
service life assessment is complex and currently it is not possible to collect all the developed models into
a single methodology and provide a reliable prediction of the service life of reinforced concrete bridge
spans. In addition, taking into account the dynamics of span structures is especially important in the
calculation of bridges on high-speed highways. The resulting vibrations of the span structure during the
passage of a train at high speeds can negatively affect the fatigue life of the span structure, which is not
taken into account in the above-mentioned methods. Thus, this task is relevant and requires research.
Therefore, in this study, the task was to develop a method for calculating corrosion-fatigue durability that
could take into account the dynamic effect of temporary load, as well as the probabilistic natural parameters
included in the calculation.

2. Methods

For chloride aggressive environment, pitting corrosion of reinforcement bars is often occurs. It has
the most negative effect on the fatigue of reinforcement under the action of train loading [11]-[13]. The
appearance of corrosion pits leads to stress concentration in the working reinforcement and fatigue crack
initiation. Therefore, when assessing the service life of a span structure by the criterion of corrosion-fatigue
durability, it is proposed to distinguish three main periods: the period of corrosion initiation, the period of
corrosion pit growth and crack nucleation, and the period of fatigue crack growth until the failure:

Further we consider separately each of the periods in the probabilistic formulation of the problem.

3. Corrosion Initiation Period

The model of chloride ions penetration into the protective layer of the concrete of the span structure
is based on Fick's Il law of diffusion [14], [15]. In simplified form for one-dimensional case, it is written as
follows:

oc  _ o'C
—=D-—-, (2)
ot ox
where C — chloride concentration at depth x, at time f; D — diffusion coefficient of chlorides into
concrete.

Equation (2) was solved by the finite difference method using Mathcad Prime mathematical package.
The scheme for solving equation (2) and the expression for the chloride diffusion coefficient are quite
extensive, so we will limit ourselves to references to the corresponding works [6, 16].

The random nature of the parameters included in the equation was taken into account by means of
Monte Carlo modelling [17]. This method involves solving this problem N times, each using randomly
generated quantities according to their distribution laws. If the number of experiments N is large enough,
the modeling results can be considered reliable.

As an example for the calculation, the rigid-framed reinforced concrete span shown in Figs. 1, 2 was
used. The design of this overpass was considered as a variant on the Moscow — St. Petersburg High-Speed
Railway.
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Figure 1. Cross-section of main span.
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The initial parameters of the distributions of random variables are given in Table 1.

Figure 2. Longitudinal scheme of the bridge.

Table 1. Initial random variables for evaluating corrosion initiation time.

Probability density

Parameter Symbol . Expected value Standart deviation
function
Water cement ratio 0F Normal 0.4 0.04
Initial diffusion Deto Normal 3-10-1" 0.6-10™

coefficient, m?/s

Activation energy of
the diffusion U Normal 41.8 4.18
process, kd/mol

Protective layer of

concrete. mm Ct Normal 50 7.5

The initial constant values are given in Table 2.

Table 2. Initial constant variables for evaluating corrosion initiation time.

Parameter Symbol Value
Number of experiments N 1000
Maximum monthly average T 26
temperature, °C max
Minimum average monthly T, . 5
temperature, °C min
Maximum monthly average
humidity Winax 0.79
Minimum average monthly )
humidity Wnin 0.72
Surface concentration of C 15
chlorides, kg/m?3 s )
Binding constant o 0.1185

Binding constant S 0.09
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The variability of air temperature and humidity is taken into account using the following equation:

Srw(t)= Prmax ;—(pmi“ + Pmax ;(pmin sin (272)+ Ay, 3)

where Q.. is the maximum value of the parameter (temperature, humidity); @,;, is the minimum value

of the parameter (temperature, humidity); ¢ is time in years, AT’W is a random parameter having normal
distribution, mathematical expectation equal to 0 and standard deviation of temperature 3 °C and humidity
0.01. The graphs of these functions (3) are shown in Fig. 3. The sinusoids 7j, (t) and W, (t) are the mean

values of these functions without considering monthly deviations, T(t) and W(t) take into account the

random fluctuations of ambient temperature and humidity.

Temperature, T

T(t)

To(t)

Time, t

Humidity, W

W (t)
Wo(t)

Time, t

Figure 3. Plots of humidity and temperature dependence in deterministic and probabilistic form.

As a result of modeling 1000 iterations, in each of them, profiles of chloride concentration distribution
along the depth of reinforced concrete span were obtained and the time, in which chloride concentration at
the depth of concrete protective layer will reach the critical value, was calculated. The final function of the
corrosion initiation time distribution is shown in Fig. 4.

Probability

Corrosion initiation time, years

Figure 4. Distribution histogram and probability density distribution curve
of corrosion initiation time of the working reinforcement of the span structure.

The graph shows the distribution histogram of the Monte Carlo simulation results and the theoretical
probability density curve, which corresponds to a lognormal distribution with a mean value in these
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conditions of 105.4 years, standard deviation of 55.9 years. The value, below which the corrosion initiation
time does not fall with a 95 % probability or 5" percentile, is 41 years.

4. Time of Corrosion Pit Growth and Fatigue Crack Initiation

The second step in the total service life calculation is the calculation of the time, in which the stress
concentration at the corrosion pit will lead to fatigue crack nucleation. The study [18] uses the following
statement to calculate this time: for crack nucleation, it is necessary for the growth rate of the corrosion pit
to coincide with the growth rate of the conditional crack at a point equal to the depth of corrosion
development. In other words:

da _dp
dt dt’

The left side of equation (4) represents the growth rate of the fatigue crack and is calculated using
Paris's law [19, 20]:

(4)

da
- C,AK™" f, (5)

where a is the crack size; Cp, m, are coefficients depending on the material; AK is the stress intensity

p
factor range [21]; f is the frequency of train loading (number of cycles per year).

The right part of equation (4) is the growth rate of the corrosion pit, calculated by the formula [22]:

p(1)=0,00116a(i.,,, (¢)dt. (6)

corr

Thus, the growth time of the corrosion cavity before fatigue crack initiation is determined by equating
(5) and (6) and solving with respect to ¢. The initial constants and random variables used in the solution
are tabulated below.

Table 3. Initial random variables for evaluating crack nucleation time.

Corrosion initiation time, tini Log-Normal 105.4 559
years
Concrete cover layer, mm Ct Normal 50 7.5
Paris law constant C Log-Normal 1.8-10" 1.118-10""
Paris law constant m Log-Normal 3.34 0.2
Water/cement ratio ¢ Normal 0.4 0.04
Pitting coefficient o Log-Normal 5.65 0.215

Table 4. Initial constant variables for evaluating crack nucleation time.

Parameter Symbol Value
Diameter of rebar, mm d 32
Train load frequency, train/day f 10
Average stress range in reinforcement Ac 75
Number of experiments N 10000

The results of the Monte Carlo simulation in the form of a plot of the probability density function of
the crack nucleation time are shown in Fig. 5.
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Probability

Crack nucleation time, years

Figure 5. Distribution histogram and distribution density curve of the probability density function
of crack initiation time in the working reinforcement of the span structure.

As in the case of corrosion initiation time, the fatigue crack initiation time is a lognormal distribution
with mathematical expectation of 7 years, standard deviation of 4.6 years, and 5™ percentile of 2.2 years.

5. Time of Crack Growth to Critical Value
The crack growth time to critical value is determined using Paris's law, see formula (5).

In this case, to calculate the stress intensity factor, it is also necessary to determine the stress
difference arising from the train load. For this purpose, a nonlinear deformation model can be used; its
basic provisions are given in [23]. The random nature of the parameters included in the calculation was
also taken into account, see Table 5. The forces in the cross-section were found by dynamic calculation in
the program complex realizing the finite element method [24]. The dynamic calculation is necessary to
obtain the spectrum of the force factor and to take into account the contribution of each vibration of the
spanning structure to the fatigue crack growth.

Table 5. Initial random variables to calculate stresses in reinforcement bars

Parameter Symbol Probablllty_ density Expected Sta_nd_art
function value deviation
Cross-section width, m b Normal 10.1-11.6 0.202-0.232
Cross-section height, m h Normal 1.64 0.016
Tensile reinforcement area, m? Agl Normal 0.05466 0.00137
Compressed reinforcement area, m? A Normal 0.03537 0.00088
Concrete Young’s modulus, MPa Ep Normal 36000 2880
Steel Young’'s modulus, MPa Es Normal 200000 6000
Cross-section genter of gravity h Normal 0.862 0.00862
location, m g

Table 6. Initial constant variables to calculate stresses in reinforcement bars.

Parameter Symbol Value
Tensile strength of reinforcement, MPa Ry 350
Design value of concrete compressive strength, MPa Ry 20
Ultimate reinforcement strain Es 0.025
Ultimate concrete compressive strain €h 0.0035
Number of cross-section parts n 30
Number of experiments N 1000

Critical crack value, mm Aer 0.74d
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Similar to the previous steps, the probability distribution of the crack growth period was obtained and
the 5 percentile was cut off, which amounted to 5.5 years (Fig. 6).

Probability

A 4

Crack growth time, years

Figure 6. Distribution histogram and probability density distribution curve of crack growth
time-to-failure probability in the working reinforcement of the spanwise structure.

6. Results and Discussions

To calculate the final service life of the structure, Monte Carlo simulation of the sum of three periods
was performed, each of the periods was generated as a random variable based on the calculations
performed. The final nature of the service life distribution can be seen in the figure below:

, Probability

[Total service life, years

Figure 7. Distribution histogram and probability density distribution curve
of the service life probability of the span structure based on the corrosion-fatigue life criterion.

Below is a summary table with the results of calculating the time of each of the periods and the total
service life of the span structure.

Table 7. Results of calculating the time of crack initiation and growth before failure.

Parameter Symbol Probability density Expected Standart 5th
y function value deviation percentile

Corros'onyg‘:r'zt'o” ime. Log-normal 1125 62.8 425

Fatlgu?ir%r:ck nucleation fon Log-normal 7 46 29
, years

Fatigue Cray‘;';?sm‘”th tme, Log-normal 38.2 43 55

Total bridge span service T Log-normal 158.5 75.04 69.5
life, years ’ ’ ’

If we compare results with those available in various sources, we obtain a generally similar expected
value of design service life, for example, in paper [25] for traffic load frequency 50/day and low-aggressive
environment design service life of 157 years was obtain with standart deviation 57 years. The service life
probability distribution density, obtained by the authors, also lognormal. However, with an increase in the
frequency of load and the aggressiveness of the environment, the average service life drops to 20—40
years.
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The authors [8] investigated corrosion-fatigue durability under carbonization and repeatable loading.
Results show that the design service life of a 6-meter reinforced concrete plate superstructure is 162.1
years. However, the authors also conclude that corrosion-fatigue durability decreases by 67 % if traffic
frequency increases from 1000 vehicles/day to 7000 vehicle/day.

A study of train loading coupled with aggressive environmental influences carried out by the authors
[9] also showed a high corrosion-fatigue durability of 164.8 years with a low concentration of chloride ions
and low load intensity, however, an increase in the concentration of chloride ions (from 2.5 kg/m2 to
5.87 kg/m?3) reduced this value by 50 %, and an increase in train load (from 109 trains/day to 721 trains/day)
— by 30 %.

In general, the possible dispersion of final results among different authors is associated with a large
number of initial parameters of the model; the configurations of spans, the type and magnitude of the traffic
load, climatic parameters, materials used, etc.

7. Conclusion

According to the results of the conducted research, we can conclude the following:

1. The corrosion initiation period, fatigue crack initiation time, crack growth time to failure, and the total
service life of the span structure obey a lognormal distribution. The hypothesis that the sample from
the Monte Carlo simulation results belong to the lognormal distribution is tested using Pearson's

¥ 2 criterion of agreement, the critical value of the 2 criterion is accepted for a significance level
of 5 %.

2. The greatest contribution to the corrosion-fatigue durability is made by the corrosion initiation period,
which indicates that if the working reinforcement is sufficiently protected from corrosion, it will be
possible to significantly extend the service life of the structure. On the contrary, if the train moving
load is significant and, for example, the protective layer is insufficient, the failure of the
reinforcement can occur in a relatively short period of time.

3. The modern engineer has powerful tools for direct dynamic analysis of the structure, which,
according to the proposed methodology, allows to estimate the contribution of each vibration of the
span to the growth of fatigue crack, which can be used at the stage of design of artificial structures.

4. The service life of a structure, like everything in our world, has a probabilistic nature. In practice,
probabilistic calculations are complicated and it is not reasonable to repeat them for each structure.
Based on the results of this study, it is possible to calculate the reliability coefficient for the service
life of the span structure for the example selected for the calculation. However, to develop a system
of reliability coefficients for different initial data, further research on the influence of the variation of
initial parameters on the statistical parameters of the service life of the structure is necessary.
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Abstract. In recent years, the use of internal curing has received attention as a solution to reduce problems
caused by shrinkage in self-compacting concrete (SCC). However, the use of internal curing agents
increases the internal porosity of concrete, which can lead to durability issues in some environmental
conditions. This study examines the effects of internal curing on the properties and durability of SCC
incorporating recycled Lightweight aggregate (RLWA) and superabsorbent polymers (SAP) as internal
curing agents. Mixtures containing 15 % and 30 % RLWA or 0.1 % SAP were evaluated under both
saturated and 50 % relative humidity conditions. The tests included compressive strength and rapid chloride
migration. The results indicated that under 50 % relative humidity, internal curing agents enhanced
compressive strength by up to 6.8 % at 28 days and reduced the chloride ion diffusion coefficient by up to
18.4 % at 360 days. Using the chloride diffusion coefficients obtained, along with the Crank—Nielsen
method, the phenomenon of chloride ion penetration in concrete was modeled, and the initiation time for
reinforcement corrosion was estimated. SAP extended the corrosion initiation time by 25.8 % compared to
Ref.-DW and demonstrated 17.2 % superior durability performance compared to 15RLWA-DW. The
findings show that SAP is a more effective internal curing agent for improving the durability and corrosion
resistance of SCC in unsaturated environments, offering a valuable approach to enhancing concrete
durability.

Citation: Rajabi Jorshari, M., Malekzadeh, M., Hajati Modaraei, A. The effect of using internal curing on
chloride penetration of self-compacting concrete. Magazine of Civil Engineering. 2025. 18(4). Article no.
13606. DOI: 10.34910/MCE.136.6

1. Introduction

Internal curing methods have gained significant attention as a solution to mitigate the drawbacks of
self-compacting concrete (SCC). The higher paste volume and lower water-to-cement ratio in SCC increase
the risk of shrinkage compared to conventional concrete [1, 2]. Common internal curing materials include
natural lightweight aggregates (LWA) and superabsorbent polymers (SAP), which store water and release
it gradually, reducing moisture loss in concrete pores and enabling prolonged curing [1-4].

Studies have shown that internal curing reduces concrete shrinkage and, consequently, the
likelihood of cracking within structures. However, contradictory results have been reported regarding the
effect of internal curing on the mechanical properties of concrete under saturated conditions.
Rajamanickam and Vaiyapuri [5] found that incorporating 5 % LWA by volume reduced the compressive
strength of SCC in saturated environmental conditions compared to control concrete. Conversely, Gopi and
Revathi [6] observed that using 15 % saturated LWA improved the compressive strength of SCC in
saturated conditions. Madduru et al. [7] reported that the tensile and flexural strengths of SCC containing

© Rajabi Jorshari, M., Malekzadeh, M., Hajati Modaraei, A., 2025. Published by Peter the Great St. Petersburg
Polytechnic University.
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internal curing agents were reduced compared to control SCC under saturated conditions. These findings
highlight a lack of consensus regarding the impact of internal curing on the strength characteristics of SCC.

Another critical aspect of internal curing materials is their influence on concrete permeability. Studies
indicate that replacing natural aggregate with LWA increases concrete permeability due to higher internal
porosity [8]. In general, research suggests that the application of internal curing in saturated environments
increases concrete permeability [9-14]. However, as concrete in most structures exists in unsaturated
conditions, investigating the mechanical properties and permeability of concrete with internal curing agents
in such environments has become increasingly relevant. Despite this, limited research has been conducted
on the permeability of concrete containing internal curing agents in unsaturated conditions.

Ahmadi et al. [15] investigated the characteristics of SCC containing LWA for internal curing in an
unsaturated environment. Their findings revealed that, after demolding, the depth of chloride ion penetration
in SCC with internal curing agents was lower than in SCC without them. However, this study substituted
internal curing agents based on the weight percentage of natural fine aggregates and did not explore
properties in water-saturated conditions. Similarly, Priya et al. [16] compared the effects of LWA and SAP
as internal curing materials on SCC in laboratory environments, concluding that SAP was more effective
than LWA.

Previous research has demonstrated that diffusion is the main mechanism of chloride transport in
concrete exposed to chloride environments. Fick’'s second law is widely applied to model chloride ion
penetration and estimate the initiation time of reinforcement corrosion. Among numerical approaches, the
Crank—Nicolson method, based on the finite volume technique, has been frequently used in previous
studies for such modeling purposes [17—-20]. Therefore, in the present study, this method was adopted to
evaluate the influence of internal curing materials on SCC.

This study investigates the impact of internal curing on the permeability properties of SCC in
unsaturated environments with 50 % relative humidity. It evaluates and compares the effects of RLWA and
SAP on the compressive strength and chloride ion diffusion coefficient of SCC under both saturated and
unsaturated conditions.

2. Methods
2.1. Experimental Program

The cement used in this study was manufactured by Sepahan Cement Factory. Its composition
included 24 % C2S, 52 % CsS, 9.5 % CsA, and 9 % C4AF, with a specific surface area of 2860 cm?/g. The
cement demonstrated a standard mortar compressive strength of 38.9 MPa and conformed to the ASTM
C150 specifications for Type | cement regarding chemical composition, compressive strength, specific
surface area, and setting time.

Concrete mixtures were prepared using P10N, a polycarboxylate ether-based superplasticizer from
the Construction Chemicals Company, and tap water sourced from Rasht. Fine and coarse aggregates
were procured from the North Pipe Factory. The natural fine aggregates (sand) had a saturated surface dry
density of 2.61 g/cm?, a water absorption rate of 13.3 %, and 1.14 % passing through a 200-mesh sieve.
The coarse aggregates, with a nominal size of 12.5 mm, exhibited a saturated surface dry density of
2.65 g/lcm?3, a water absorption rate of 1.74 %, and 0.16 % passing through a 200-mesh sieve. Both fine
and coarse aggregates adhered to the ASTM C33 specifications.

Recycled lightweight aggregate (RLWA) particles used in this study were obtained from recycled
autoclaved aerated concrete and ranged in size from 0.075 to 2.36 mm, with a saturated surface dry density
of 0.836 g/cm?3. Particles smaller than 0.075 mm were excluded due to their powdery texture and insufficient
water retention capacity.

The SAP employed was a polyacrylic polymer branded under TAISAP, with particle sizes ranging
from 0.3 to 0.075 mm. A critical factor in using internal curing agents in concrete is quantifying the water
released into the cement mixture. For LWA, the water released is calculated based on their water absorption
percentage as outlined in ASTM C1761.

According to this standard, the water released by lightweight fine aggregates is determined by
measuring the difference between their saturated surface-dry mass (achieved by removing them from water
and gently drying the surface with a paper towel) and their stabilized mass at a relative humidity of 94 %.
A controlled environment with 94 % relative humidity was maintained using a device equipped with
temperature and humidity regulation. Results revealed that RLWA had a saturated surface dry water
absorption of 19.3 %, and 66.3 % of the absorbed water was released under 94 % relative humidity
conditions.
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The adsorption and desorption behavior of SAP was evaluated using methods adopted from Huang
et al. [21] and Lothenbach et al. [22]. The SAP was submerged in water for 72 hours, weighed, and then
placed in a 0.7 mol/L sodium chloride solution for an additional 72 hours to assess mass loss, simulating
the ionic conditions of cement pore solutions. Results showed that SAP absorbed water equivalent to 3.65
times its dry weight, with a desorption rate of 2.50 % in the sodium chloride solution. The 0.7 mol/L sodium
chloride solution was selected to represent the typical ionic concentration of cement paste pore solutions
prior to setting [19, 20].

2.2. Mixtures and Curing Methods

SCC mixtures were prepared with a water-to-cement ratio of 0.4 and a cement content of
500 (kg/m3). The selected design was based on commercially available SCC mix designs provided by
ready-mix concrete factories. The compositions of the studied mixtures are presented in Table 1. In addition
to the control mixture, three other designs were prepared: one containing 0.1 % SAP by weight of cement
(code S) and two mixtures with 15 % and 30 % by volume of natural fine aggregate replaced by RLWA
(code RLWA).

Prior to mixing, the RLWA and SAP internal curing materials were soaked in water for 48 hours. To
equalize the moisture content in these materials, they were placed on a drain for 3 hours, during which they
were periodically moved to ensure even drainage. In accordance with ASTM C192, the moisture content of
the aggregate materials was measured before concrete mixing. If necessary, adjustments were made to
maintain a consistent free water-to-cement ratio in the mixtures. A portable moisture meter was used to
measure the moisture content. In all mixtures, the dosage of high-range water-reducing admixture
(superplasticizer) was kept constant to isolate and clearly observe the effect of SAP and RLWA on the fresh
and hardened properties of SCC without the interference of other variables affecting workability.

The amount of internal curing agents in SCC was limited to avoid adverse effects on the fresh
properties of the concrete. Excessive use of these agents can cause segregation in SCC.

The concrete was prepared using a pan-type mixer. After mixing, the specimens were molded
following ASTM C192 specifications and stored in an environment with 95 % relative humidity for the first
24 hours. After demolding, the specimens were subjected to two different curing processes. In the external
curing condition, the specimens were immersed in saturated lime water for up to 360 days. In the non-
external curing condition, the specimens were kept in an environment with 50 % relative humidity and
ambient temperature for up to 360 days.

2.3. Test Methods

In this study, the properties of fresh SCC, including the diameter of flow and flow rate, were assessed
following the ASTM C1611 standard method.

Compressive strength tests were conducted in accordance with BS EN 12390 Part 3, under both
saturated and unsaturated conditions. The tests were performed on three cubic specimens, each
measuring 10x10x10 cm, at the ages of 28, 56, 90, 180, and 360 days.

Table 1. Concrete mixture proportions investigated in this study.

Saturated Surface Dry aggregates

p Internal

Mix wig Cement (kg/m’) SAP SP curing

Destination (kg/m3) Fine Coarse (kg/m3) (%) water

Aggregate Aggregate RLWA (kg/m?)
Ref 04 500.0 988.0 669.0 0.0 0.0 1.19 0.0
0.1SAP 04 500.0 976.0 651.0 0.0 0.5 1.19 16.0
15RLWA 04 500.0 840.0 669.0 47.0 0.0 1.19 7.3
30RLWA 0.4 500.0 691.0 669.0 95.0 0.0 1.19 14.5

The Rapid Chloride Migration Test (RCMT) was performed in accordance with NTBuild 492 [23],
under both saturated and unsaturated conditions. Three cylindrical specimens, each measuring 10 cm in
diameter and 5 cm in thickness, were tested at the ages of 28, 56, 90, 180, and 360 days. During the test,
one side of each specimen was exposed to a 10 % sodium chloride solution, while the opposite side was
subjected to a 0.3 N sodium hydroxide solution. To accelerate chloride ion penetration, an electrical
potential was applied, with the voltage determined based on the initial current passing through the
specimen. The test setup is shown in Fig. 1.

After the test, the specimens were split, and a 0.1 N silver nitrate solution was applied to the exposed
surfaces. The silver nitrate reacted with the chlorides, forming white silver chloride, which marked the
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chloride penetration front. This visible boundary was used to identify the extent of chloride penetration, and
the migration coefficient was then calculated using Equation 1 [23].

Figure 1. Test setup for rapid chloride migration test and splited specimens.

- 0.0239(273+T)L X, —0.0238 (273+T) Lx, ’ "

e (U -2)t U-2

where D

Lssm 1S non-steady-state diffusion coefficient (x10-'2 m?/s); U is absolute value of the applied

voltage (V); T is average of the initial and final temperatures in the sodium chloride solution (°C); L is

thickness of the specimen (mm); x,; is average value of the penetration depths (mm); 7 is test duration
(hours).

3. Results and Discussion
3.1. Workability

Considering the constant amount of superplasticizer and water-cement ratio, the changes in the
diameter of flow (slump flow) and flow rate are solely related to the effect of internal curing agents on the
properties of fresh SCC. Table 2 presents the results for the diameter of flow and flow rate of the
investigated mixtures. Fig. 2 shows the diameter of flow for the SCC of the control mixture.

The use of the internal curing agents studied did not have a significant effect on the diameter of flow
and flow rate of SCC. The maximum reduction in diameter of flow was about 6 %, and the maximum
increase in flow rate was about 4 %. The use of SAP caused a very small increase in the diameter of flow
and a slight decrease in flow rate. Replacing 15 % by volume of natural fine aggregate with RLWA resulted
in a decrease in diameter and an increase in flow rate. Increasing the replacement to 30 % by volume
caused a further reduction in diameter of flow and an additional increase in flow rate. The effects of internal
curing agents (RLWA and SAP) on the diameter of flow and flow rate of SCC are similar to the results
obtained in the studies of Rajamanickam and Vaiyapuri [5], Kamal et al. [24], Madduru et al. [7], Ahmadi et
al. [15], Gopi and Revathi [6], and Priya et al. [16].

It is noteworthy that the use of 30 % by volume of RLWA, due to the change in grain size, reduced
the stability index and caused observed segregation in the SCC mixture. Although the amount of internal
curing water required for this SCC is estimated to be about 30 liters per cubic meter, it is not possible to
provide this amount of internal curing water with the lightweight fine aggregates under study as the
requirements of SCC are not met.
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Figure 2. Diameter of flow of Ref.

Table 2. Diameter of flow and the flow rate for concrete mixture studied.

. o Diameter of flow flow rate Visual Stability Index
Mix Destination
(mm) (Sec) Values
Ref. 630 2.1 0
0.1SAP 633 2.06 0
15RLWA 615 212 0
30RLWA 592 2.21 1
3.2. Compressive Strength

The results of the compressive strength test are presented in Fig. 3 up to the age of 360 days. The
results for the externally cured specimens (cured in lime water) up to the desired ages are labeled with

code “W,” while the specimens without external curing (stored in a relative humidity of 50 %) are labeled

with code “ D.” As expected, the compressive strength of the concrete remained almost constant after the
age of 90 days. The results show that exposure to a relative humidity of 50 % between the ages of 28 and
360 days caused a decrease of about 8 % in the compressive strength of SCC compared to the standard
curing conditions. This decrease in strength is attributed to the formation of microcracks caused by the
confinement of the aggregate due to shrinkage and a decrease in cement hydration reactions [2, 25].

It should be noted that the compressive strength of the reference mixture under conditions without
external curing at the age of 360 days decreased compared to the age of 180 days. A similar trend was
observed in mixtures containing internal curing agents. These results suggest that microcrack development
between the ages of 180 and 360 days under the studied conditions caused a slight decrease in
compressive strength.

The use of SAP slightly increased the compressive strength under both exposure conditions.
Replacing 15 % by volume of fine aggregate with RLWA reduced the compressive strength under externally
cured conditions. The use of 30 % by volume of RLWA as an internal curing agent at the age of 28 days in
externally cured conditions reduced the compressive strength decrease by 12.1 %.

The use of 15 % by volume of RLWA at the age of 28 days under conditions without external curing
increased the compressive strength by about 5.0 % compared to the control mixture. This is because the
presence of RLWA helps prevent the reduction of internal moisture in the concrete, thereby promoting more
hydration reactions compared to the control mixture. However, by the age of 90 days, the increase in
strength for designs containing internal curing agents under non-curing conditions decreased compared to
the control mixture. This is because, at 90 days, more moisture has been lost from the concrete mixture,
and since the amount of internal curing water provided by these agents is less than the required amount,
the rate of hydration reactions and prevention of microcracks caused by aggregate confinement decreases
[2, 25]. The results show that despite the positive effect of the internal curing agent RLWA on compressive
strength under non-curing conditions, its use cannot completely eliminate the reduction in the strength of
SCC caused by inadequate curing.
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Figure 3. Compressive strength of mixture in saturated and unsaturated conditions.

In the study by Gopi and Revathi [6], it was also shown that the use of 15 % LWA improved the
compressive strength compared to the conditions without external curing. However, the compressive
strength of SCC with an internal curing agent was still lower than that of the control mixture cured under
standard conditions. The results of the study by Rajamanickam and Vaiyapuri [5] show that increasing the
amount of LWA replacement between 15 % and 25 % reduced the compressive strength of SCC under
external curing conditions compared to the control mixture. It should be noted that the results of published
studies on the effect of SAP and LWA curing agents in concretes with a low water-to-cement ratio indicate
that, similar to the results obtained in the present study, the compressive strength of concrete under
conditions without external curing was improved by using internal curing agents. However, the use of these
materials could not eliminate the need for external curing [21, 26-32].

3.3. Chloride Diffusion Coefficient

Fig. 4 presents the results of the chloride ion diffusion coefficient. The chloride ion diffusion coefficient
decreases with increasing age due to the progress of hydration reactions and the closure of the internal
pores of the concrete. The use of the SAP curing agent caused a slight decrease in the chloride ion diffusion
coefficient between the ages of 28 and 360 days under saturated conditions compared to the control
mixture. However, the use of the RWLA curing agent led to an increase in the chloride ion diffusion
coefficient between the ages of 28 and 360 days under saturated conditions compared to the control
mixture. The results obtained in the study by Alaskar et al. [10] are consistent with those of the present
study. In the study by Alaskar et al. [10], at the age of 28 days, the accelerated chloride ion permeability of
reinforced concrete containing 20 % lightweight fine-grained aggregate as an internal curing agent under
saturated conditions was 7 % higher than that of the control mixture.
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Figure 4. Chloride diffusion coefficient of mixture in saturated and unsaturated conditions.

The chloride ion diffusion coefficient of the control specimen placed in an environment with a relative
humidity of 50 % at ages 28, 56, 90, 180, and 360 days increased by 5.8 %, 12.8 %, 18.7 %, 40.8 %, and
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49.5 %, respectively, compared to the specimens in saturated conditions. The increase in the diffusion
coefficient grew with increasing age. This is because the longer exposure to an environment with a relative
humidity of 50 % causes the expansion of concrete microcracks and their greater interconnection [30]. As
can be seen, the increase in the diffusion coefficient of Ref. mixture at the age of 180 days is significantly
greater than at the age of 90 days. This is because, with increased exposure time in an unsaturated
environment, the development of microcracks accelerates, and their interconnection increases. These
results show that microcrack development after 90 days of exposure to the studied unsaturated
environment significantly impacts the chloride ion diffusion coefficient. At the age of 360 days, the chloride
ion diffusion coefficient of the Ref., 0.1SAP, 15RLWA, and 30RLWA mixtures in conditions of exposure to
a relative humidity of 50 % increased by 49.5 %, 24.7 %, 35.0 %, and 27.6 %, respectively, compared to
the diffusion coefficient of the specimens in saturated conditions. As seen, the use of internal curing in the
0.1SAP, 15RLWA, and 30RLWA mixtures reduced the increase in the chloride ion diffusion coefficient of
specimens placed in an environment with a relative humidity of 50 %. However, it should be noted that the
use of internal curing materials in saturated condition specimens did not reduce the chloride ion diffusion
coefficient, and even the RWLA increased the chloride ion diffusion coefficient of concrete in the saturated
condition specimens.

For SCC specimens placed in an unsaturated environment, the results obtained by Ahmadi et al.
[15] also indicate that the use of a curing agent increases the resistance of concrete to chloride ion
penetration compared to the control specimen. In the study by Mullem et al. [33], the diffusion coefficient
for both the control mix and the SAP-containing mix with a water-to-cement ratio of approximately 0.36 was
about 4.2. Their results indicate that at similar water-to-cement ratios, the addition of SAP does not
significantly affect the chloride ion diffusion coefficient, which remains very close to that of the control mix.

3.4. Estimation of Corrosion Initiation of Rebar

Numerical modeling was employed to predict the time required for corrosion initiation in
reinforcement embedded within concrete. The chloride ion penetration process was characterized using
Fick's Second Law of Diffusion. Assuming a constant surface chloride concentration and a steady chloride
diffusion coefficient, the differential equation governing Fick's Second Law was solved using the Crank—
Nicolson numerical method, applying the finite difference approach as expressed in Equation 2 [18, 19]:

x
2Dt

a

C(x,t)=C;+(Cy—C;)| 1—erf (2)

Here, C(x,t) represents the chloride concentration (as a percentage of the concrete's mass) at a
depth x and the time ¢, C; is the initial chloride concentration (% mass of concrete) before exposure to
the chloride environment, C, represents the surface chloride concentrations (% mass of concrete) on the

exposed surface, erf is the error function, x is the depth below the exposed surface (m), t is the

exposure time (S), and D, is the apparent diffusion coefficient of chlorides m?/s.

The Crank—Nicolson method was employed to evaluate the resistance of concrete to chloride ion
penetration, using data derived from the Rapid Chloride Migration (RCM) tests. The temporal variation in
the chloride diffusion coefficient was determined according to Equation 3 [18, 19]:

tre "
D(t)=D,y (Tf] . (3)

In this equation, D(t) represents the concrete's diffusion coefficient at time ¢, Dref is the concrete

diffusion coefficient at time tref’ and m is the aging factor. In this study, a constant chloride diffusion

coefficient was assumed across the concrete cross-section to simplify the model and facilitate direct
comparison among mixtures, consistent with the approach taken in many similar comparative investigations
[18-20].

In this study, the critical chloride concentration was assumed to be 0.18 % of the concrete's weight,
while the surface chloride concentration was set at 0.8 % of the concrete's weight [18, 19]. It is important
to note that for submerged conditions in the Life 365 software, the surface chloride concentration is fixed
at 0.8 % for specific scenarios [20].
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In some structures, such as bridge decks or desalination tanks, concrete remains in an unsaturated
state for an extended period before being exposed to chloride ions. In this study, it is assumed that the
concrete was in an unsaturated environment for 360 days and then exposed to chloride ions. In this
modeling, the corrosion initiation time is simulated for concrete in submerged conditions after contact with
chloride ions. To calculate the age coefficient using the RCMT test results, tests were performed at ages
of 450, 540, and 630 days according to the method described in Section 2-2. Only the specimens exposed
to an environment with a relative humidity of 50 % were transferred into saturated lime water after 360 days,
and the desired tests were conducted on them at the specified ages. Fig. 5 shows the diffusion coefficients
obtained for these specimens. The abbreviation “DW” indicates that these specimens were first placed in
an environment with 50 % relative humidity and then transferred into water. In Table 3, the aging factor (m)
was calculated based on Equation 3, and the 360-day chloride diffusion coefficient obtained from the RCMT
method is presented for use in the modeling.

The results in Fig. 5 show that between the ages of 360 to 630 days, the diffusion coefficient
decreased with increasing age. It is noteworthy that the test specimens that were exposed to an
environment with 50 % relative humidity before the age of 360 days and then placed in humid conditions
exhibited a trend in chloride ion diffusion similar to the specimens that were in saturated conditions from
the start. The aging coefficient calculated based on Equation 3 for the mixes is nearly identical.

Table 3. Aging factors and the reference diffusion coefficients.

Mix Destination m Drer (x10-12 m?/s)
Ref-W 0.2692 9.9
Ref-DW 0.2574 14.8
0.1SAP-W 0.2706 9.7
0.1SAP-DW 0.2656 12.1
15RLWA-W 0.2691 10.3
15RLWA-DW 0.2604 13.9
30RLWA-W 0.2694 10.5
30RLWA-DW 0.2612 13.4
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Figure 5. The chloride diffusion coefficient of mixtures used in modeling.

Fig. 6 shows the results of the estimated corrosion initiation time for the studied mixtures, with
reinforcement at a depth of 5 cm. In a 5 cm cover, the estimated corrosion initiation times for the mixtures
Ref-W, Ref-DW, 0.1SAP-W, 0.1SAP-DW, 15RLWA-W, 15RLWA-DW, 30RLWA-W, and 30RLWA-DW were
8.28, 5.25, 8.51, 6.61, 7.93, 5.64, 7.77, and 5.86 years, respectively. The results show that the use of
internal curing for specimens that remain in saturated conditions decreases durability, causing these
mixtures to initiate corrosion faster than the control mixture. Furthermore, exposure to an environment with
a relative humidity of 50 % for one year before chloride ion penetration reduced the corrosion initiation time
by approximately 40 %. This reduction in concrete durability is attributed to microcracks caused by
shrinkage due to the loss of internal moisture. However, the use of internal curing improved the durability
of concrete in these conditions. The corrosion initiation times for the 0.1SAP-DW, 15RLWA-DW, and
30RLWA-DW mixtures were 25.8 %, 7.4 %, and 11.6 % higher than that of the Ref-DW mixture,
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respectively. Internal curing with SAP material was more effective in improving the corrosion initiation time
than RLWA.
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Figure 6. The predicted time of the corrosion initiation at depths of 50 mm.

4. Conclusion

Based on the findings of a laboratory study conducted on mixtures containing SAP internal curing

agent and RWLA lightweight aggregates, the following results can be summarized:

1.

The amount of internal curing agents in SCC is limited due to their potential influence on
segregation.

The compressive strength and chloride ion diffusion coefficient of SCC containing SAP did not
change significantly under saturated conditions compared to the Ref. mixture. However, mixtures
containing RWLA exhibited a reduction in compressive strength by up to 12.1 % under saturated
conditions at the age of 28 days. The chloride ion diffusion coefficient of mixtures containing RWLA
increased by a maximum of 6.1 % under saturated conditions.

The use of internal curing materials in specimens placed in an environment with 50 % relative
humidity improved compressive strength. The maximum enhancement in compressive strength
with SAP internal curing agents was 6.8 % at the age of 28 days.

For specimens exposed to an environment with 50 % relative humidity, the use of internal curing
materials resulted in a decrease in the chloride ion diffusion coefficient of concrete. The maximum
reduction in the chloride diffusion coefficient of concrete containing internal curing agents was
18.4 % at the age of 360 days.

The results show that the predicted corrosion initiation time of Ref.-DW was reduced by 40 %
compared to concrete exposed to saturated conditions. For specimens stored in an unsaturated
environment, the use of an internal curing agent significantly improved the corrosion initiation time.
The highest corrosion initiation time was observed for the 0.1SAP-DW mix, with a 25.8 % increase
compared to the Ref.-DW mix.

In an environment with 50 % relative humidity, the performance of SAP in improving the mechanical
properties and durability of SCC is better than that of RWLA.

The results show that the effect of the concrete placement environment on the concrete diffusion
coefficient is significantly greater than its effect on the concrete compressive strength.

The results suggest that the application of internal curing agents can enhance the durability of SCC
mixtures placed in unsaturated conditions prior to exposure to chloride environments. It also seems
that exposure to an unsaturated environment for more than 90 days can have a significant impact
on the durability of concrete. Therefore, it is recommended that concrete not be left in unsaturated
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conditions for more than 90 days before being exposed to environments containing destructive
ions. However, it is important to highlight that further research is required on this subject.
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Abstract. The use of cast asphalt concrete mixtures makes it possible to produce road surfaces with very
high wear resistance and water resistance. One of the problems of using cast asphalt concrete mixtures is
the need for high temperature of their preparation. This significantly increases energy costs, worsens the
labour conditions of workers and negatively affects the environment. Therefore, it is very important to search
for effective methods to reduce the temperature of production of cast asphalt concrete mixtures without
deterioration of their performance characteristics. One of the promising solutions to this problem is the use
of synthetic waxes as additives that change the rheological properties of bituminous binder. Besides, the
use of additives based on synthetic waxes makes it possible to improve the resistance of asphalt concretes
to plastic deformations, which is very important for cast asphalt concrete pavements. In this paper, changes
in the physical and chemical properties of bitumen binder modified with a new complex additive Viskodor
PV-2 are investigated. In order to evaluate the effectiveness of this additive, these changes were compared
with those observed when the well-known wax modifiers Licomont BS-100 and Sasobit were introduced
into bitumen. The effect of these additives on the properties of cast asphalt concrete was also studied. It
has been established that the introduction of 2.5 % of the investigated additives allows reducing the
temperature of paving of cast asphalt concrete by at least 30 °C without reducing its strength
characteristics. It is revealed that the use of Viscodor PV-2 in the composition of cast asphalt concrete
contributes to the increase in the value of workability with a simultaneous decrease in the index of the die
indentation depth. It is established that the efficiency of Viscodor PV-2, used as an additive to reduce the
temperature of preparation of cast asphalt concrete mixtures, is not inferior to the known waxes Licomont
BS-100 and Sasobit.
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1. Introduction

The requirements for the strength characteristics of road surfaces are constantly increasing due to the
increasing loads and traffic on motorways. In this regard, materials with improved performance are
becoming more and more common. Cast asphalt concrete mixtures are one of them. Cast asphalt concrete
mixtures differ from traditional asphalt concrete mixtures by the increased content of bitumen (7.5-10 %)
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and mineral powder (20-30 %). In this regard, the main factors determining its strength characteristics are
the rheological properties of bitumen binder and asphalt concrete microstructure [1].

Due to the high binder content and increased paving temperature, cast asphalt concrete mixtures have
high mobility and do not require compaction. After cooling, a durable waterproof and crack-resistant
pavement is formed, with residual porosity not exceeding 2 % [2]. The advantages of cast asphalt concrete
are its high density, wear resistance, and corrosion resistance [3]. The use of cast asphalt concrete can
significantly increase the service life of the road surface up to 15-20 years [4]. The main disadvantages of
cast asphalt concrete mixtures are the need for high energy costs and the use of special transport
equipment that provides constant mixing and heating of the mixture to maintain the temperature within
220-230 °C. Due to the high content of mineral powder and bituminous binder, the cost of such mixtures
is higher than traditional asphalt concrete [5]. In addition, pavements made of cast asphalt concrete based
on bitumen without the use of polymer modifiers have low shear stability, which leads to the formation of
plastic deformations [6]. To improve the ability of cast asphalt concrete mixtures to resist plastic
deformations, the binder is modified with polymers. Thus, the results of studies [7—10] confirm that the use
of polymer-modified bitumen binders significantly improves the strength characteristics of cast asphalt
concrete mixtures, increasing their resistance to mechanical loads and seasonal temperature fluctuations.
According to [7] introduction of 4 % SBS increased viscosity of bitumen at 165 °C from 0.14 to 0.95 Pa*s,
i.e. 6.8 times. As a result, in order to maintain the required mobility, there is a need for higher temperatures
of preparation and placement, increasing the binder content. All this combined with the high cost of
polymers leads to a significant increase in the cost of technology.

To solve this problem, additives are used to improve the mobility of the mixture. In Russia, additives
based on surfactants that reduce bitumen viscosity in the range of process temperatures and are used in
the production of warm asphalt concrete mixtures are widely used as temperature-lowering additives [11].
However, the introduction of these additives can reduce the resistance of cast asphalt concrete to plastic
deformations. In European countries, organic additives based on waxes, such as Licomont BS-100,
Sasobit, etc., are widely used to improve the technological properties of asphalt concrete mixtures. [12].

The introduction of wax-based modifiers reduces the viscosity of the bituminous binder at
temperatures above the melting point of the wax, thereby increasing the mobility of the cast asphalt mixture.
At the same time, waxes have the ability to crystallise at lower temperatures, forming structures that
increase the viscosity and strength properties of the bituminous binder. Due to this, the introduction of
Sasobit into asphalt concrete mixes allows to ensure the necessary mobility of the mix at a lower binder
content, lower temperature of preparation and paving without reducing the quality characteristics of the
road surface, which is proved in [12—14]. In the study of cast asphalt concrete mixtures [3], it was found
that Sasobit introduced at a concentration of 0.3 % of the binder mass increased the workability index by
20 %. Researchers [15-17] found that the introduction of 2.0-4.0 % of Licomont BS-100 modifier into
bituminous binder composition reduces viscosity at the temperature of asphalt concrete mixture preparation
and structures the binder at pavement operation temperatures, which is expressed in the increase of
softening and penetration temperature at 25 °C, thus increasing asphalt concrete resistance to plastic
deformations.

Until recently, the Russian market has exclusively used expensive imported additives based on
synthetic waxes, such as Licomont BS-100 and Sasobit, which significantly increased the cost, created
difficulties with delivery and, as a consequence, limited the use of such modifiers in asphalt concrete. Thus,
the task of development of the Russian modifier on the basis of waxes, not inferior in efficiency to imported
additives, was actual. In this connection, Selena LLC together with the Department of Automobile and
Railway Roads A.M. Gridchin of Belgorod State Technological University named after V.G. Shukhov
developed the additive Viskodor PV-2, which is a complex composition including a mixture of waxes, plant-
based plasticisers, and nitrogen-containing cationic surfactants. According to [18, 19], Viscodor PV-2
reduces the temperature of preparation of asphalt concrete mixtures and has structuring properties that
increase the temperature range of plasticity of the binder. In this regard, studies on the use of Viscodor
PV-2 in the composition of cast asphalt concrete mixtures are promising.

The subject of the study is the influence of these additives on the physicochemical properties of the
binder and qualitative indicators of cast asphalt concrete mixtures. The aim of the research was: to study
the influence of modifiers based on synthetic waxes on the properties of bitumen binder; to select the most
effective dosage of the studied additives in binder for cast asphalt concrete mixtures; to evaluate the
effectiveness of the new additive Viskodor PV-2 in cast asphalt concrete mixtures in comparison with
imported wax additives Licomont BS-100 and Sasobit. The object of the study is bituminous binder samples
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with Viskodor PV-2, Licomont BS-100, and Sasobit additives and cast asphalt concrete mixtures prepared
with the use of binder modified in this way.

2. Materials and Methods

In this study, the effect of the complex additive Viscodor PV-2 (produced by Selena, Russia) on the
properties of bituminous binder and cast asphalt mixture was investigated. For comparative purposes, the
additives Sasobit (polyethylene wax produced by Fischer-Tropsch synthesis, manufactured by SasolWax,
South Africa) and Licomont BS-100 (amide wax, manufactured by Clariant, Switzerland) were also tested
and selected as the most widely used additives. For preparation of tested samples of binder and cast
asphalt concrete mixtures, the bitumen of BND 70/100 grade produced by JSC Gazpromneft-MNPZ was
used, which corresponds to Russian State Standard GOST 33133-2014 in its physical and chemical
properties.

For preparation of cast asphalt concrete mixtures on the basis of bitumen BND 70/100 modified by
investigated additives, crushed stone of fractions 8-16 and 4-8 mm and crushed sand of fractions 0—4 mm
produced by Pavlovsk Nerud JSC and mineral powder MP-2 of Tsentr-lzvestnyak LLC were used. In order
to study the effect of additives Viskodor PV-2, Sasobit, and Licomont BS-100 on bitumen properties and
selection of rational concentration for testing in cast asphalt concrete mixtures, based on the experience of
earlier studies [19], a number of bitumen binder samples were prepared with the introduction of each of the
additives in different concentrations in the range from 2.0 to 3.5 % with a step increase — 0.5 %. Preparation
of the modified binder was carried out using a laboratory stirrer, by mixing bitumen with the studied organic
additives for 60 minutes at 150 °C.

The prepared samples of bituminous binder were tested for physical and chemical properties.
Softening temperature of the ring and ball was determined in accordance with GOST 32054-2013, needle
penetration depth at temperatures of 0 and 25 °C — according to GOST 33136-2014, ductility and maximum
tensile force at temperatures of 0 and 25 °C — according to GOST 33138-2014, brittleness temperature —
according to GOST 11507-78, adhesion of the binder to the mineral material was evaluated according to
the method described in GOST 11508 with the use of granite sift of 0—4 mm fraction as a mineral material.
Granulometric compositions of mineral materials used in the study were determined by dividing into
fractions by sieving a sample of material through a set of appropriate sieves and determining the total
residues on each sieve according to GOST 33029-2014. On the basis of grain compositions of mineral
materials, the optimal composition of mineral part for cast asphalt concrete mixture LA 16 Vn was selected
in accordance with GOST 54401-2020. Using initial bitumen and bitumen modified with investigated
additives, as well as optimally selected mineral part, the compositions of cast asphalt concrete mixtures
were prepared.

Further, according to GOST R 54400-2020, test specimens were made. The maximum density of the
tested mixtures was determined in accordance with GOST R 58401.16; the bulk density of the tested
samples was determined in accordance with GOST R 58401.8; the depth of stamp indentation was
determined in accordance with GOST R 54400-2020 p. 11.4. The paving ability of the mixture was identified
in accordance with GOST R 54400-2020 p. 11.9 and assessed by the value of the cone slump index. Each
mixture was tested at temperatures of 185, 200, and 215 °C to determine the temperature-reducing effect
of the investigated additives.

3. Results and Discussion

The results of tests of bitumen BND 70/100 modified by investigated additives are reflected in
Tables 1, 2 and Figs. 1-4. The obtained data show that the introduction of all the studied additives is
characterised by a decrease in penetration at 25 °C, an increase in the softening point, an increase in the
plasticity interval, a decrease in ductility at temperatures of 25 and 0 °C, and an improvement in the
adhesion properties of bitumen binder.
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Table 1. Penetration of bitumen modified with investigated additives.

Binder composition

1 2 3 4 5 6 7 8 9 10 11 12 13
number
Name of additive With.OUt Viscodor PV-2 Licomont BS-100 Sasobit
additive

Additive concentration, % 0 20 25 30 35 20 25 30 35 20 25 30 35

Depth of needle
penetration at 25 °C, 0.1 81 72 70 63 55 68 63 61 54 54 52 50 48
mm

Depth of needle
penetration at 0 °C, 0.1 28 32 31 28 27 30 29 27 25 25 25 24 23
mm

20

14.2

10

Change in penetration compared
to initial bitumen without additive, %

2.0 2.5 3.0 3.5
Additive concentration %

=@=\/iscodor PV-2, at 25 °C e=@==|icomont BS-100, at 25 °C  ==@==Sasobit, at 25 °C

=@==\/iscodor PV-2, at 0 °C =@==_Licomont BS-100, at 0 °C =@==Sasobit, at 0 °C

Figure 1. Change in penetration when bitumen is modified with additives.

Table 1 and Fig. 1 demonstrate the effect of the investigated additives on the change in needle
penetration depth at temperatures of 25 and 0 °C.

According to the obtained data, all investigated additives when introduced reduce the needle
penetration depth at 25 °C. With increasing concentration of additives, penetration index at 25 °C
decreases, which is due to the ability of waxes to structure bituminous binder. The greatest decrease in
needle penetration depth is observed at introduction of Sasobit additive. So, already at introduction of 2 %
Sasobit, penetration of bitumen at temperature 25 °C decreases by 33.3 %, while introduction of the same
amount of Licomont BS-100 gives a decrease in penetration depth by 16.0 %. Similar results of penetration
reduction when comparing the effect of Licomont BS-100 and Sasobit on bitumen binder were obtained
both by Russian and Western European researchers [17, 20-22] The lowest penetration reduction at all
tested concentrations is observed when Viscodor PV-2 is added. Introduction of 3 % of this additive reduces
penetration at 25 °C by 11.1 %. This is due to the presence of plasticising components in the composition
of this additive. It should be noted that the intensity of penetration reduction when adding Viscodor PV-2
significantly increases at concentrations above 2.5 %. Thus, further increase in concentration leads to more
intensive reduction of plastic properties of bitumen. It is revealed that in contrast to the additive Sasobit,
the introduction of which even at 2 % reduces the penetration of bitumen BND 70/100 at 0 °C by 10.7 %,
modifiers Viskodor PV-2 and Licomont BS-100 at a concentration of up to 2.5 % slightly increase this
indicator, which will contribute to increasing the resistance of cast asphalt concrete to low temperatures of
the winter period, and thus increase the service life of the roadway. Introduction of Viscodor PV-2 and
Licomont BS-100 in concentration of 3 % and more causes a decrease in the depth of needle penetration
at 0 °C in comparison with the indicator of the original bitumen, which indicates a deterioration of plastic
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properties of the binder and therefore may be inappropriate for use in pavements operated in conditions of
seasonal temperature change.

Without additive S22 I som
2.0 % Viscodor PV-2  [au s
2.5 % Viscodor PV-2 (2 I s
3.0% Viscodor PV-2 2 e
3.5% Viscodor PV-2 2 s
2.0 % Licomont BS-100 (2 I e
2.5 % Licomont BS-100 [ Mo
3.0 % Licomont BS-100 0N I sE
3.5 % Licomont BS-100 (IS e
2.0%Sasobit 20NN WS
2.5%Sasobit 20NN M on
3.0%Sasobit SIS M e
3.5%Sasobit  EEIEHN e

-25 -5 15 35 55 75 95 115

Brittleness temperature, °C Softening temperature, °C

Figure 2. Change of plasticity interval of BND 70/100 after modification.

Temperature range of plasticity of modified bituminous binder in comparison with initial bitumen BND
70/100 without additives increases for all investigated additives due to a significant increase in softening
temperature (Fig. 2). This is explained by the property of waxes to structure bituminous binder and will
contribute to the decrease in the index of die indentation depth and resistance to plastic deformation of cast
asphalt concrete mixtures. Common for the investigated wax additives is the dependence of the softening
temperature increase and temperature interval of plasticity on the amount of the introduced additive. Thus,
the plasticity interval for the initial bitumen — 77 °C, while the plasticity interval of bitumen modified with 2.0
and 3.5 % Viscodor PV-2 — 91 and 111 °C, with 2.0 and 3.5 % Licomont BS-100 — 89.5 and 110 °C, with
2.0 and 3.5 % Sasobit — 85.5 and 96 °C, respectively. The greatest increase in softening temperature is
observed with the addition of Licomont BS-100 (2.5 % increase in softening temperature by 60 %), and the
lowest for Sasobit (2.5 % increase in softening temperature by 40 %). However, both of these additives
slightly increase the binder's brittleness temperature, which may adversely affect the low-temperature
resistance of cast asphalt concrete. The greatest increase in the brittleness temperature is observed with
the addition of Sasobit: 2 % of the additive increases this index by 2 °C, and further increase correlates with
increasing concentration. The obtained results of temperature interval change at introduction of Licomont
BS-100 and Sasobit additives correlate with literature data [14, 17, 21, 22]. Viscodor PV-2 at a concentration
of up to 3 % reduces the brittleness temperature of bituminous binder due to the presence of plasticising
agents in its composition. Further increase of Viscodor PV-2 input up to 3.5 % leads to increase of
brittleness temperature up to the index of initial bitumen. Thus, the brittleness temperature of bitumen at
the addition of 2-2.5 % Viscodor PV-2 decreases from —22 to —24 °C, while this indicator for the binder with
3.5 % of the additive is equal to —22 °C.
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Table 2. Ductility of bituminous binder modified with investigated additives.

Binder composition

1 2 3 4 5 6 7 8 9 10 11 12 13
number
Name of additive With.OUt Viscodor PV-2 Licomont BS-100 Sasobit
additive

Additive concentration, % 0 20 25 30 35 20 25 30 35 20 25 30 35

Ductility at 0 °C, cm 4.2 37 36 30 24 34 32 26 18 21 20 19 17

Maximum tensile strength 115 159 160 171 172 135 150 160 168 175 177 178 180

at0°C, N
Ductility at 0 °C, cm 130 64 61 52 49 62 58 49 46 61 55 51 45
Maximum tensile strength 4 54 58 60 71 55 60 65 68 51 59 77 82
at 25 °C, N

70 63.1 65.4
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Reduction of ductility after modification, %
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Figure 3. Reduction of bitumen ductility after modification.

Change of ductility of binder samples modified by the investigated additives is presented in Table 2
and Fig. 3. According to the results obtained, the studied organic additives reduce the ductility of bitumen
both at 25 and 0 °C. The intensity of ductility reduction increases with increasing concentration of additives
input, which is confirmed by the results of the study [22]. The decrease in ductility of the binder indicates
an increase in its structuring as a result of increasing the content of synthetic waxes in bitumen. The most
significant decrease in ductility both at 25 and 0 °C is caused by the introduction of Sasobit additive (purple
lines in Fig. 3). The least significant reduction of ductility at 25 and 0 °C is observed at introduction of
additive Viskodor PV-2 (blue lines in Fig. 3), which is due to the presence in the composition of surfactants
and plasticising components. The maximum tensile strength recorded both at 25 and 0 °C indicates an
increase in the cohesive strength of the binder, proportional to the increase in the concentration of the
studied wax modifiers. Thus, the maximum tensile strength at 25 °C through modification of bitumen 2 %
additives Viskodor PV-2, Licomont BS-100, and Sasobit increases by 410, 450, and 410 %, and the
introduction of these additives in a concentration of 3.5 % increases this index by 610, 580, and 720 %,
respectively. The maximum tensile force at 0 °C at the introduction of 2 % additives Viskodor PV-2,
Licomont BS-100, and Sasobit increases by 38.3, 17.4, and 52.2 %, and with 3.5 % additives — by 43.0,
46.1, and 32.0 %, respectively. The increase in cohesive strength of the binder will contribute to the strength
of the cast asphalt pavement.

Itis important to note that when increasing the concentration of Viscodor PV-2 and Licomont BS-100
over 2.5 %, there is a more dramatic decrease in the ductility of bitumen at 0 °C, which in turn will lead to
a decrease in the frost resistance of cast asphalt concrete.
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Taking into account the above-mentioned, the concentration of Viscodor PV-2 and Licomont BS-100
— 2.5 % as the most rational and not leading to a significant decrease in low-temperature characteristics
was chosen for the preparation of the investigated samples of cast asphalt concrete based on modified
bitumen binder. In [21], when justifying the selection of Licomont BS-100 modifier dosage in bituminous
binder BND 60/90 for cast asphalt concrete, it was also noted that the increase of modifier dosage more
than 3 % is not reasonable and can adversely affect the strength of the road surface in winter.

In order to ensure comparability of the study results, a concentration of 2.5 % by weight of bitumen
in the cast asphalt mix samples was also selected for the Sasobit additive.

a) b) c) d)
Figure 4. Appearance of granite sift covered with bituminous binder after boiling:
a) without additives; b) 2.5 % Viscodor PV-2; c) 2.5 % Licomont BS-100; d) 2.5 % Sasobit.

Fig. 4 shows the results of adhesion assessment of the initial bitumen and modified by the
investigated additives at a concentration of 2.5 % to the mineral material according to GOST 11508. As a
mineral material was used granite sifting 0—-4 mm, as it is this material was further used for the preparation
of experimental compositions of cast asphalt concrete mixtures. It is obvious that the introduction of the
investigated additives gives an increase in the index of adhesion with the mineral material. So, the coverage
of mineral material with initial unmodified bitumen after boiling was less than % of the surface, which
according to GOST 11508 corresponds to the sample No. 3, binder modified with Licomont BS-100 and
Sasobit additives after boiling covers more than % of the surface, and corresponds to the sample No. 2.
Bitumen modified Viskodor PV-2 after boiling completely covers the surface of mineral material and
corresponds to the sample No. 1. The greatest efficiency in improving the adhesion properties showed the
additive Viskodor PV-2 as this additive contains in its composition cationic surfactants. The increase in
adhesion of bituminous binder with the introduction of wax additives was noted earlier studies [17, 23, 24].
Increase of adhesion will improve such properties of road pavement as water resistance, frost resistance,
wear resistance and increase the service life of road pavement.

Granulometric compositions of mineral materials used for preparation of the investigated cast asphalt
concrete mixtures (mineral powder MP-2 produced by Tsentr-lzvestnyak LLC, crushed stone of fractions
8-16 and 4-8 mm, and crushed sand of fractions 0—4 mm produced by Pavlovsk Nerud JSC), determined
by sieving on sieves according to GOST 33029-2014, are presented in Table 3.

Table 3. Grain composition of mineral materials.

No. Material name Content of grains finer than this size, (mm) in % by weight
n/a 22.4 16.0 11.2 8.0 4.0 2.0 0.5 0.125  0.063
1 Crushed stone of
fractions 8—16 100.0 94.5 41.0 23.5 1.2 0.0 0.0 0.0 0.0
mm
2 Crushedstoneof ;0,4 4000 1000 975 245 32 0.0 0.0 0.0
fractions 4—8 mm
3 Sandoffractions ;4040 4000 1000 1000 977 714 301 9.2 47

0—4 mm
4  Mineral powder 100.0 100.0 100.0 100.0 100.0 100.0 100.0 92.2 84.9

The optimal composition of the mineral part of the cast asphalt concrete mixture LA 16 Vn, selected
on the basis of grain compositions in accordance with GOST 54401-2020, is shown in Table 4 and the
graph of grain size distribution in Fig. 5.
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Table 4. Selection of grain composition of the mineral part of the mixture.

No. Material name Content, % Content of grains finer than this size, (mm) in % by weight
n/a 224 160 8.0 4.0 2.0 0.5  0.063
1 Crushed stone of 39.0 390 369 92 05 0 0 0
fractions 8—16 mm
2 Crushed stone of 11.0 110 110 107 27 04 0 0
fractions 4—8 mm
3 Sand of fractions 0—4 mm 28.0 28.0 28.0 28.0 274 19.9 8.4 1.3
4 Mineral powder 22.0 22.0 22.0 22.0 22.0 22.0 22.0 18.7
Grain composition of the mineral part 100.0 97.9 69.9 52.5 42.3 30.4 20.0
Requirements of i 100 90 62 43 35 24 19
GOST R 54401-2020 min
for cast asphalt concrete mix
LA 16 Vn max 100 100 78 61 50 41 28
120
100
X 80
9
A 60
©
o
S 40
[N
20
0
22.4 16 8 4 2 0.5 0.063

The diameter of the sieve holes, mm

min max fact

Figure 5. Granulometric composition curve.

On the basis of initial bitumen BND 70/100 without additives and bitumen modified with 2.5 % of
investigated additives, as well as optimally selected composition of the mineral part of the mixture, LA 16
Vn asphalt concrete mixtures were prepared, the compositions of which are presented in Table 5.

Table 5. Compositions of cast asphalt concrete mixtures.

Number of cast asphalt concrete mix

Components of bitumen binder 1 2 3 4 5 6
composition in the mixture

Content, %, (over 100 % mineral content)
Bitumen 9 9.5 10 8.775 8.775 8.775
Viscodor PV-2 0.225
Sasobit 0.225
Licomont BS-100 0.225
Total quantity of bitumen binder 9 9.5 10 9 9 9

The results of the study of physical and mechanical characteristics of the samples of cast asphalt
concrete mixtures based on the original bitumen BND 70/100 and modified binders are presented in

Table 6.



Magazine of Civil Engineering, 18(4), 2025

Table 6. Physical and mechanical properties of cast asphalt concrete mixtures.

Requirements of Number of cast asphalt concrete mix
GOST R 54401-2020
Name of property for cast asphalt
concrete mixLA 16 Vn 1 2 3 4 5 6
Maximum density of the not regulated 24008 23977 23984 23981 23937 2.4031
mixture, g/cm
Bulk density, g/cm3 not regulated 2.3931 2.3834 23844 23852 2.3795 2.3902
Air void content, % no more than 1.5 0.69 0.60 0.58 0.54 0.59 0.54
185 °C not regulated 10 17 19 33 35 31
Paving ability,
mm, not less, at 200 °C not regulated 17 25 28 39 42 36
temperature:
215°C not less than 30 26 35 40 49 55 43
Depth of stamp indentation, 1.0-4.0 273 331 448 245 341  2.38
at 40 °C, mm
Increase of depth of stamp no more than
indentation after 30 min, 06 0.15 0.49 0.51 0.35 0.4 0.32
mm

The analysis of the obtained data (Table 6) allows us to state that the control asphalt-concrete
mixtures without additives (Nos. 1 and 3) with the binder content of 10 and 9 %, respectively, did not meet
the requirements of GOST R 54401-2020. Thus, composition No. 1 containing 9 % bitumen at 215 °C had
a paving ability of 26 mm, which is below the norm — not less than 30 mm, and composition No. 3 containing
10 % unmodified bitumen, with a satisfying the normative requirement paving ability of 40 mm at 215 °C,
had depth of stamp indentation — 4.48 mm, which is above the required normative value — from 1 to 4 mm.
Composition No. 2 containing 9.5 % of binder meets the requirements of GOST R 54401-2020 (paving
ability of this mixture at 215 °C — 35 mm, depth of stamp indentation — 3.31 mm).

The introduction of the studied additives allowed to obtain mixtures with a lower content of bituminous
binder — 9 %, meeting the normative requirements both in terms of paving ability and depth of stamp
indentation.

The obtained results show that the quality of compaction, characterised by the index of air voids
content, in samples Nos. 4, 5, and 6 using bitumen modified with the studied additives, improves in
comparison with both sample No. 1, containing the same amount of binder but without additives, and with
sample No. 2, containing a larger amount of binder (9.5 %). The best compaction was found in the samples
containing Viscodor PV-2 and Licomont BS-100 (0.54 % air voids, compared to 0.69 % in the sample with
the same amount of bituminous binder without additives and 0.60 % in the sample containing 9.5 % binder).
The introduction of Sasobit reduced the amount of air voids to 0.59 %. Thus, the use of the investigated
additives will improve the compactibility of asphalt concrete mixture without the need to increase the paving
temperature and at a lower binder content.

The indicators of paving ability of the tested compositions at temperatures of 185, 200, and 215 °C
allow to assert that the introduction of the investigated wax additives makes it possible to lower the
temperature of mixture placement by 30 °C. Thus, even at 185 °C, the paving ability of the mixture with
Viskodor PV-2 is 33 mm, with Sasobit — 35 mm, with Licomont BS-100 — 31 mm, which corresponds to the
normative requirements for paving ability of cast asphalt concrete mixtures at 215 °C. The value of paving
ability at 185 °C of the composition with Viscodor PV-2 is slightly higher than that of the composition with
Licomont BS-100, which is due to the presence of surfactants and plasticisers in the composition of
Viscodor PV-2. The Sasobit additive is the most effective in improving paving ability as this wax has a lower
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melting point. The paving ability of control mixes with bitumen without additives at temperatures of 185 and
200 °C is less than 30 mm. The possibility of reducing the temperature providing the required mobility of
cast asphalt concrete mixture to 180-185 °C by introducing wax additives was revealed earlier by the
studies of the Moscow Automobile and Road State Technical University (MADI) [12].

It is worth noting that the depth of stamp indentation in the compositions No. 4 with Viscodor PV-2
and No. 6 with Licomont BS-100 are 10.3 and 12.8 % lower, respectively, than in the control composition
No. 1 with the same amount of unmodified binder, which is explained by the high ability of amide wax, which
is part of these additives, to structure the bituminous binder. Thus, the said additives will contribute to
increase the strength properties of the cast asphalt concrete and the resistance to plastic deformation. The
depth of stamp indentation for mix No. 5 with Sasobit additive is 13.9 % higher than that of sample No. 1
with equal amount of binder without additive but 6 % lower than that of sample No. 2 complying with the
requirements of GOST R 54401-2020, with 9.5 % unmodified bitumen. This is due to the power ability of
polyethylene wax Sasobit to structure the binder in comparison with the additives Viskodor PV-2 and
Licomont BS-100, which have amide waxes in their composition. The reduction of the depth of stamp
indentation with the introduction of additives based on synthetic waxes is confirmed by numerous studies
[21, 25, 26].

4. Conclusion

Analysis of changes in the properties of modified bitumen binder and cast asphalt concrete mixtures
with the use of investigated additives allows us to draw the following conclusions.

1. Modifiers Viscodor PV-2, Licomont BS-100, and Sasobit have a structurising effect on bitumen,
which is expressed in the increase of softening temperature, decrease of penetration and ductility
indices at 25 °C. This will increase the strength properties of cast asphalt concrete mixtures and
improve their resistance to plastic deformations. The introduction of the investigated additives
improves the adhesion of bitumen with mineral aggregate, which will increase the durability of
cast asphalt concrete pavement.

2. The rational concentration of Licomont BS-100 and Viscodor PV-2 is 2.5 %, as further increase
in the concentration of additives, leads to a decrease in the indicators of needle penetration depth
at 0 °C, ductility at 0 °C and increase in the brittleness temperature of bituminous binder, which
can lead to a decrease in the binder resistance to low operating temperatures.

3. The use of the investigated additives allows to reduce the binder content necessary to achieve
the required mobility of cast asphalt concrete mixtures by 0.5 % without deterioration of their
qualitative characteristics. Thus, at a temperature of 215 °C, the power ability of the sample of
cast asphalt concrete mixture with 9 % unmodified bitumen is 26 mm, which does not meet the
regulatory requirements, while the power ability for the composition with the same amount of
binder modified Viskodor PV-2 — 49 mm, Sasobit — 55 mm; Licomont BS-100 — 48 mm, which
meets the requirements of GOST R 54401-2020.

4. The investigated wax additives at a concentration of 2.5 % of bitumen weight allow to improve
power ability and reduce the paving temperature of cast asphalt concrete mixture by 30 °C without
loss of strength characteristics. Thus, at a temperature of 185 °C, the power ability of mixtures
with binder modified by Viscodor PV-2, Sasobit, and Licomont BS-100 is 33, 35, and 31 mm,
respectively, which meets the normative requirements for this indicator at a temperature of
215 °C. The power ability of cast asphalt concrete mixtures without additives at temperatures of
185 and 200 °C does not reach the required value at which paving is possible.

5. Licomont BS-100 and Viscodor PV-2 additives not only effectively improve the mobility of cast
asphalt concrete mixtures but also increase their resistance to mechanical loads, which is
characterised by lower indices of die indentation depth (2.45 and 2.38 mm, respectively)
compared to control samples without additives Nos. 1 and 2 (2.73 and 3.31 mm).

6. Viscodor PV-2 as an additive for cast asphalt concrete mixtures is not inferior in effectiveness to
the well-known wax modifiers Licomont BS-100 and Sasobit. In addition, due to the presence of
plasticizing and surface-active substances in the composition of Viscodor PV-2, this additive has
a greater positive effect on the power ability of cast asphalt concrete mixtures than Licomont
BS-100, and the presence of amide wax in the composition of Viscodor PV-2 causes a lower the
depth of stamp indentation and, consequently, a higher resistance to plastic deformations than
the Sasobit additive.
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Abstract. The paper is devoted to the experimental study of dynamic hysteresis under impact loading on
the surface of flexible pavements. The relevance of the study is associated with the lack of informative
indicators of the condition of pavements, which would allow for the assessment of their structural condition
taking into account the mechanisms of viscoelastic deformation. A FWD PRIMAX 1500 falling weight
deflectometer was used as the measuring equipment, which allows for the registration of dynamic
hysteresis loops on the pavement surface under impact loading. Based on the recorded hysteresis loops,
the values of dissipated energy, potential energy of deformation and relative hysteresis were determined.
For the first time, the quantitative values of relative hysteresis characterizing energy absorption in different
pavement layers have been determined. The regularities of change in the relative hysteresis value with
increasing load transmitted by the impact loading unit have been established. It is shown that the curve of
relative hysteresis change as the load increases contains two sections. A flat section, where its value is
close to constant, and a section with a monotonic increase in the value of relative hysteresis, which
suggests that the loads causing this monotonic increase are critical, forming a ‘dangerous’ fracture energy
in the pavement. This result can be used in the preparation of short ultimate axial loads, as well as in the
development of projects for the transport of heavy loads on public roads.
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1. Introduction

Road pavements are an important structural element of a motorway, directly determining its durability
and operational condition. The control of their condition during operation is carried out by various indicators,
among which structural indicators play a special role. In the practice of the Russian Federation, the main
such indicator characterising the structural properties of a motorway is the general modulus of elasticity, or
the moduli of elasticity of materials of individual layers, established during non-destructive tests using FWD
impact loading units [1-3].

However, it is known that pavements are characterised by a complex set of properties determined
by their constituent materials that make them up. Evaluating these properties solely from the point of view
of elastic characteristics, which should include both modulus of elasticity and the elastic deflection, from
which the modulus of elasticity is directly derived, can lead to errors and distortion of information. Work on
the development of new structural indices is being carried out continuously by different groups of scientists
[4-6].

© Tiraturyan A.N., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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In a number of studies, the deflection bowl parameters, linking different deflection bowl zones with
the structural condition of the corresponding structural elements, are used as the main indicators
characterising road properties. Such parameters include surface curvature index (SCI), base curvature
index (BCI), and others [7-9]. This approach is an empirical one, and its undoubted advantage is the
possibility of assessing the structural condition of the pavement without any prior history of the pavement,
i.e. without information on the materials of its structural layers, design characteristics, and previous repairs
carried out.

Another well-known approach to determining the condition of a pavement is the ‘backcalculation’
method, which allows for estimating its individual structural parameters from the deflection bowl measured
in the field, based on the solution of the inverse coefficient problem. These problems are described in detail
with reference to static pavements in the following works [10—13], and in a dynamic formulation in the works
[14-171.

At the same time, modern dynamic loading facilities allow, in addition to discrete characteristics of
deformation of pavements, which are certainly deflection bowls, for the recording of continuous
characteristics such as amplitude-time characteristic of displacements and the hysteresis loop in the
coordinates ‘displacement — load’. The hysteresis loop has a direct physical meaning, which is that its area
is equivalent to the energy dissipated in the studied object. In terms of research of energy characteristics
of deformation of road pavements determined in full-scale conditions, in domestic and foreign practice,
there are separate works concerning changes in the shape and size of dynamic hysteresis loops in different
periods of the year, as well as their application in relation to user parameters characterising the road
condition. However, up to the present moment the issue of connection between energy characteristics of
deformation and the structural condition of the pavement and its individual elements remains poorly studied
[18-21].

In the laboratory practice of testing construction materials, studies concerning the energy parameters
of deformation are much more widespread. A well-established approach is the study of strain energy
dissipation in fatigue testing of asphalt concrete specimens in four-point loading and indirect tension
facilities. The California Non-Rigid Pavement Design Method directly uses strain energy parameters
determined on dynamic creep units to design new structures. Nevertheless, despite all the results
associated with testing materials in laboratory conditions, it should be noted that the most reliable way to
establish the design characteristics of the materials under study is to test them under in-situ conditions
[22—24].

It should also be noted that studies related to the energy picture of deformation of various objects
are widespread in many related fields. These are studies of dynamic instability of soils carried out by the
scientific school of Prof. E.A. Voznesensky. Studies of reinforced concrete fracture based on full diagrams
of its deformation, carried out under the guidance of Prof. V.M. Bondarenko. A significant body of research
of fracture energy was carried out in the study of fatigue life of metals. In their fatigue tests, various
hypotheses have been developed to establish the proportions of ‘dangerous’ and ‘non-dangerous’
deformation energy. Methods have been developed for predicting the fatigue life of various structural
materials on the basis of the total dissipated strain energy [25-28].

All this together suggests that a gradual transition to the study of the energy picture of pavement
deformation is an important and urgent task. The deformation energy expressed in the form of quantitative
indicators allows for a comprehensive assessment of all structural processes that have occurred with the
pavement and its individual layers during the period of operation. A quantitative assessment can be
expressed by different indicators, in particular, the area of hysteresis loop, relative hysteresis (absorption
coefficient) and potential deformation energy. The effective application of these indicators may allow for
significant development both in the methods of non-destructive testing of road pavements and in creating
prerequisites for the improvement of road pavement design methods.

Thus, the aim of this work is to investigate the quantitative parameters of the deformation energy, in
particular the relative hysteresis recorded during in-situ measurements on the pavement surface, and to
establish a qualitative relationship between the relative hysteresis value and the operational condition of
the pavement.

2. Methods

Within the framework of this work, experimental studies were carried out using the FWD PRIMAX
1500 impact loading rig. This unit is a semi-trailer with a shock loading mechanism mounted on it and a
beam with geophone sensors for recording the vertical component of displacements Fig. 1. The impact

loading mechanism allows for reproducing impulse loading F(l) with contact interaction time equal to
0.03 s. The shape of the loading impulse is close to sinusoidal Fig. 2. The range of possible loads is 10—
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130 kN. The load value variation is done by changing the height of the load discharge. The sensors-
geophones (D1-D10) allow for recording of vertical displacements in the time range — u; (t) The form of
the amplitude-time characteristic is shown in Fig. 3.

Superimposition of the amplitude-time characteristic of displacements ul-(t) on the time

characteristic of the loading impulse allows for constructing a dynamic hysteresis loop Fig. 4. The area of
the hysteresis loop characterises the energy irreversibly dissipated in the pavement structure under

dynamic loading.
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Figure 1. Registration of dynamic response on pavement surface by FWD unit.
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where u (t) is the dependence of vertical displacements on time, F(t) is time-dependent force impulse.

Taking into account that during field tests the amplitude-time characteristics of displacement and the
impulse of impact loading are arrays of values, representing, in fact, the coordinates of the dynamic
hysteresis loop this integral can be determined in accordance with the Gauss formula for the area of a

polygon.
The potential energy of deformation is determined by the formula:

1
I1 =5umaXF, (2)

where u™* is maximum value of vertical displacement on the surface of the medium under study, F is
corresponding load value.

Relative hysteresis (absorption coefficient) 1 in this case is defined as:

=4 @)

F(1)

u(t)

umax(t)

Figure 4. Dynamic hysteresis loop.

Experimental studies of deformation of pavements were carried out on different sections of
motorways. In the first section, layer-by-layer tests were carried out as the pavement was constructed,
starting from the crushed stone base layer and ending with the surface of the structure. The other three
sections recorded dynamic hysteresis loops on the surface of the pavement to quantify energy dissipation,
potential strain energy, and relative hysteresis. At the same time, the surveyed sections were in different
transport-operational condition, which should allow for evaluating qualitative changes in the calculated
parameters. The design of the test section where the layer-by-layer control was carried out is given in
Table 1. The design of the operational sections where measurements on the pavement surface were
carried out is given in Table 2, and the general view of their operational condition is given in Fig. 5.



Table 1. Pavement on monitoring station.
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Layer no. Layer name Thickness,
cm
1 SMA-16 5
Asphalt 2 A32Lh (Lower layer of asphalt concrete pavement) 8
surface
3 A32Bh (Asphalt concrete base course) 12
4 Stabilized base layer made of organomineral mixture HO 32 EM 22
Base
5 Crushed stone M800 crushed stone of 31.5-63 mm 36
Subbase Medium coarse sand with a filter coefficient of more than 1 m/day, 20
Soil 6 Heavy dusty loam -

Table 2. Structures of road pavements on maintained road sections.

Section 1 Section 2 Section 3
Layer name Thickness, cm Layer name Thickness, cm Layer name Thickness, cm
SMA-15 4 SMA-15 4 SMA-15 4
A32Lh A32Lh A32Lh
(Lower layer of (Lower layer (Lower layer
asphalt 7 of asphalt 7 of asphalt 7
concrete concrete concrete
pavement) pavement) pavement)
A32Bh A32Bh A32Bh
(Asphalt 7 (Asphalt 8 (Asphalt 14
concrete base concrete base concrete base
course) course) course)
Crushed stone crushed crushed
41 stone-gravel- 18 stone-gravel- 16
M800 . .
sand mixture sand mixture
Gra\{el-sand 66 Gra\{el-sand 41 Gra\{el-sand 32
mixture mixture mixture
Heavy dusty _ Heavy dusty Heavy dusty
loam loam loam
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Figure 5. Visual condition of the monitoring sections.

During the tests, 4 impacts were performed on each measuring point. The first impact was a test
impact and the remaining impacts were measuring impacts. The specificity of the FWD dynamic loading
unit operation implies constant hardware control of the measurement accuracy. In case the vertical
displacement values for each measurement impact differ by more than 5 %, the measurement is rejected
and repeated. After a successful series of measurements, the data for the three measuring strokes shall
be averaged. The observation time, during which the amplitude-time characteristics of displacements and
loading impulse are recorded, is 0.1 s. During this time, there is almost complete decay of deformation
characteristics and the experimental loop of dynamic hysteresis corresponds to the curve shown in Fig. 4.

3. Results and Discussion

The general view of the dynamic hysteresis loops recorded at the test section on the surface of
different structural pavement layers is shown in Fig. 6.
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Figure 6. Hysteresis loop on surface pavement layers: a — on top layer no. 5,
b — on top layer no. 4, ¢ — on top layer no. 3, d — on top layer no. 2, e — on top layer no. 1.

The analysis of the results of experimental registration of dynamic hysteresis loops on the surface of
each of the newly constructed pavements allows for drawing the following conclusions. On the surface of
all layers, even under the condition of short-pulse loading of 0.03 s, the picture of dynamic deformation of
each layer is highly non-linear. Thus, for example, on the surface of the crushed stone layer the loading
curve increases sharply, while the value of vertical displacement practically does not increase. The
maximum level of vertical displacement on the crushed stone base layer is reached at the moment when
the load is about 24 % of the test loading value of 57.5 kN. On the surface of the other layers, the hysteresis
loop tends to the classical ellipse shape, while also being slightly different. Thus, it can be seen that in all
cases, the peak of loading does not coincide with the peak of vertical displacements and the width of the
loop changes, which indicates a different magnitude of strain energy dissipation. Quantitative estimates of
the dissipated energy, potential strain energy, and relative hysteresis are given in Table 3.

Table 3. Results of recording dynamic hysteresis loops on the pavement surface at the test
section.

Dissipated energy on Potential energy on

Layer no. Layer name surfacillay3er -W, surface layer — I, J/m? Relative hysteresis, n
m ’
1 SMA-16 3.54 2.74 1.29
A32HT (Lower
layer of asphalt
Asphalt 2 concrete 4.63 4.51 1.03
surface pavement)
A320T (Upper
3 layerof asphalt 9.26 9.88 0.94
concrete
pavement)

Stabilized base
layer made of
4  organomineral 15.14 15.47 0.98
mixture
Base HO 32 EM
Crushed stone
M800 crushed
stone of
31.5-63 mm

72.2 9.5 7.6

Thus, it can be seen that the value of strain energy dissipation during the construction of the
pavement structure changed approximately 7 times, from 72.2 J/m?3 characteristic of the unbound crushed
stone base layer to 3.54 J/m3 registered on the surface of the crushed stone-mastic asphalt concrete layer.
The picture of the relative hysteresis variation is somewhat different. Taking the maximum value on the
surface of the unbound crushed stone base layer, as more rigid frame layers of asphalt-granulose concrete
and asphalt concrete of the upper base layer are arranged, it decreases to 0.94—-0.98, after which, as more
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viscous asphalt concrete layers of the lower pavement layer and the upper pavement layer are arranged,
it increases again to 1.29.

Given the obvious relationship of relative hysteresis to the structural properties of the structural layer
materials, it is of some interest to study this index as the test loading increases. For this purpose, an
experiment was carried out on three sections of motorways with pavement structures listed in Table 2,
which are in different operational condition, in order to study the change in relative hysteresis as the load
increases from 30 to 110 kN.

On each of the above sections, tests were carried out using FWD impact loading rig and the
dissipated energy, potential strain energy and relative hysteresis were determined. The calculation results
are summarised in Table 4. The variation of the relative hysteresis index as a function of the applied load
is shown in Fig. 7.

Table 4. Results of registration of energy parameters of deformation at the operated sections.

Section 1 Section 2 Section 3
Loa . . .
d, Dissipate Po:ﬁnt' Relative Dissipate Po:ﬁnt' Relative Dissipate Po:ﬁnt' Relative
kN denergy, hysteres d energy, hysteres d energy, hysteres
Jim3 = Eneray. is Jim3~ ©neray. is Jim3 = ©neray. is
Jim?3 Jim?3 Jim?3
30 2.50 2.00 1.25 3.78 2.21 1.71 3.41 2.30 1.48
40 4.57 3.67 1.25 7.07 4.20 1.68 5.67 3.98 1.42
50 7.58 6.15 1.23 11.75 6.66 1.77 8.44 5.99 1.41
60 10.37 8.63 1.20 17.21 9.58 1.80 12.19 8.57 1.42
70 14.20 11.40 1.25 22.93 12.13 1.89 15.56 11.12 1.40
80 17.86 14.35 1.24 29.19 14.51 2.01 19.84 13.99 1.42
90 22.71 17.94 1.27 36.60 17.58 2.08 24.37 16.79 1.45
100 27.04 20.95 1.29 45.14 21.46 210 30.49 20.33 1.50
110 32.71 24.31 1.35 53.78 23.15 2.32 36.46 22.94 1.59
1.40 2.50
a b
1.35
2.00
1.30 //
o 1.25 150
[y
1.20 1.00
1.15
0.50
1.10
30 40 50 60 70 80 90 100 110 0.00
Load, kN 30 40 50 60 70 80 90 100 110

Load, kN
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Figure 7. Variation of relative hysteresis with increasing test load:
a — section 1, b — section 2, ¢ — section 3.

As can be seen in the presented graphs, all of them have a similar tendency of change. At the
beginning, with a gradual increase in load, the relative hysteresis varies non-monotonically, increasing or
decreasing by some value. This can be seen in section 1 in the range from 30 to 80 kN, section 2 from 30
to 40 kN, and section 3 in the zone of 30 to 70 kN. After that, the magnitude of relative hysteresis starts to
increase steadily with increasing load magnitude. This character of change allows for making an
assumption that the load value, after which the relative hysteresis starts to grow steadily, is critical, and its
further increase leads to an increase in the ‘dangerous’ fracture energy in the pavement, which is used for
the development of defects in its structure. Based on this example, it can be noted that the values of the
permissible load on the half of the vehicle axle of 80, 40, 70 kN proposed on the basis of the graphs
generally correlate well with the current condition of the survey sections shown in Fig. 5.

Further development of this approach will allow for approaching a relatively simple express
methodology for assigning ultimate axial loads, or critical loads from large vehicles travelling with excessive
loads.

As a comparison with the presented approach can be considered the work [29], in which the ultimate
load from the traffic flow is calculated based on the operational condition of the motorway according to the
criterion of fatigue damage accumulation, and the depth of rutting. However, it is clear that this approach
requires much more information and is generally much more labour intensive compared to the in situ test
results presented in this study. There is also a domestic document ODM 218.6.002-2010 ‘Methodical
Recommendations for Determining Allowable Axle Loads of Motor Vehicles in the Spring Period Based on
the Results of Diagnostics of Public Roads of Federal Significance’, which establishes the correspondence
between the strength coefficient of the pavement and the maximum axle load. However, this approach also
requires documented design information on the minimum required design total modulus of elasticity. In
addition, the modulus of elasticity, being an elastic material characteristic, does not generally reflect the
processes associated with the dissipation of deformation energy and the intensification of micro-destruction
in the structure of pavement materials.

4. Conclusion

1. Experimental registration of dynamic hysteresis loops on the surface of pavement layers during its
construction was carried out. The total energy dissipation, potential energy of deformation, and
relative hysteresis on the surface of each layer were calculated.

2. It was found that the value of strain energy dissipation during the construction of the pavement
structure changed approximately 7 times, from 72.2 J/m3 characteristic of the unbound crushed
stone base layer to 3.54 J/m3 registered on the surface of the crushed stone-mastic asphalt
concrete layer. It should also be noted that as the stiffer stabilized base layer frame layers and the
asphalt concrete of the upper base course are placed, the relative hysteresis decreases to
0.94-0.98, after which it increases again to 1.29 J/m3 as the more viscous asphalt concrete layers
of the lower pavement and the upper pavement are placed.

3. Experimental studies of the relative hysteresis change, as the test load increases, have been
carried out. It was found that with a gradual increase in the load, the relative hysteresis indicator
changes non-monotonically, increasing or conversely decreasing by some value. Then the value
of relative hysteresis begins to grow steadily with increasing load value. Such a character of change
allows for making an assumption that the load value, after which the relative hysteresis began to
grow steadily, was critical, and its further increase leads to an increase in the ‘dangerous’ fracture
energy in the pavement, which was used for the development of defects in its structure.
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Abstract. The advancement of building information modeling (BIM) technologies is driving the
implementation of construction information classification systems (CICS) to structure and standardize data
across all phases of a project's lifecycle. This study aims to develop a formalized method for the formation
of CICS, incorporate algorithms for selecting expert groups, develop the classification system, and assess
its quality using the Delphi method. The proposed approach systematizes the classifier development
process and ensures the incorporation of expert opinions, thereby enhancing the objectivity of evaluation
and minimizing the risk of subjective distortions. The method consists of multiple iterative development
cycles, each accompanied by testing and expert evaluation of the implemented improvements. To assess
the effectiveness of the proposed approach, a comparative analysis was conducted, evaluating time and
financial expenditures as well as the quality of the classification systems obtained using both the traditional
and the newly proposed methods. The method was tested in a real-world production environment, where
the CICS developed using the new method received 45 % higher expert ratings compared to traditional
methods, while time and financial costs were reduced by 43 %. Thus, the application of the developed
method optimizes the formation of CICS and enhances the quality of the final outcome, which is particularly
relevant given the increasing complexity of construction projects and the accelerating digitalization of the
construction industry.
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classification system. Magazine of Civil Engineering. 2025. 18(4). Article no. 13609.
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1. Introduction

In recent years, building information modeling (BIM) technologies have significantly transformed the
processes of design, construction, and operation of buildings. Unlike traditional methods, where information
is distributed among various participants, BIM creates a unified digital model that integrates data on
geometry, materials, energy consumption, work schedules, costs, and other characteristics of the building.
This model becomes the foundation for decision-making at all stages of the building's lifecycle — from initial
design and detailed planning to its operation and subsequent maintenance. Thus, BIM contributes to the
full digital transformation of construction processes, ensuring the relevance and availability of real-time
information [1, 2]. This significantly enhances the accuracy of design decisions and reduces the number of
errors occurring during data transfer between different project participants. As a result, collaboration among
architects, engineers, builders, estimators, and other professionals becomes more coordinated and
transparent, significantly reducing the time for project development and implementation, lowering costs and
enhancing overall efficiency [3, 4].

© Zagorodnii, S.S., Petrochenko, M.V., Nedviga, P.N., 2025. Published by Peter the Great St. Petersburg Polytechnic
University.
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An important feature of BIM is its ability to model not only the geometric and structural characteristics
of buildings but also their operational attributes, such as energy efficiency and material durability, which
enables the design of sustainable and energy-efficient buildings [5, 6]. Furthermore, the ability to create
digital twins of buildings enables the simulation and testing of various operational scenarios, thereby
significantly enhancing the predictability of building behavior over time, including potential emergency
situations and repair needs [7, 8].

Against the backdrop of the global digitalization of construction processes, BIM technologies are
being increasingly implemented in Russia. In particular, the Russian Federation Government Decree No.
331 dated March 5, 2021, mandates the compulsory use of BIM technologies for developers of multi-
apartment buildings during the design phase, starting from July 1, 2024. Despite significant progress,
according to data from DOM.RF as of January 14, 2025, only 30 % of Russian developers actively use or
pilot BIM technologies, while 70 % of developers have yet to integrate these technologies into their
processes [9].

One of the key stages in the implementation of BIM is the development and use of a construction
information classification system (CICS), which ensures the structuring of data from information models.
CICS is a tool that allows for the organization, systematization, and unification of information across all
stages of the life cycle of a project. Unlike the traditional approach, where data tends to be fragmented and
difficult to access, the classifier creates a structured and logically organized database, ensuring a unified
data representation format. This simplifies access to information and makes it more comprehensible for all
project participants, from designers to builders, reducing the likelihood of errors and misunderstandings
related to the interpretation of information [10, 11].

Classification also allows for the prompt retrieval of necessary data, significantly speeding up the
decision-making process. For example, when creating and managing projects, where each stage requires
accurate and timely information, structured data prevents time-consuming searches and eliminates
information duplication. In this context, the use of CICS not only increases work efficiency but also
significantly improves communication among project participants, reducing the risks of errors and delays in
construction and design processes [12]. This approach also fosters better interaction between various
systems used for automating construction processes, such as project management systems, software
solutions for cost estimation and schedule planning, as well as software for cost assessment and deadline
control [13, 14].

Different construction and design processes require specific CICS, which determines their variety.
For example, in 2020, a domestic CICS was developed by the Federal center of regulation, standardization
and technical assessment of compliance in construction (FTSS FAU) for state expertise compliance. This
classifier is responsible for the standardization of data to comply with regulatory requirements in
construction. However, for other specialized tasks, such as the creation of work volume statements, the
development of work schedules and cost estimation, corporate CICS are required, adapted to specific
business processes and the employer's information requirements (EIR). It is important that such corporate
classifiers may include not only standard data but also specialized categories unique to particular projects
or companies, which allows for accounting for each construction object's distinct characteristics and
operational requirements [15, 16].

For the effective implementation of corporate CICS, developers can select from several creation
methods at the initial stages of BIM implementation, each characterized by distinct features and
requirements. There are four primary strategies for developing corporate CICS: creating a classifier from
scratch, modifying the existing CICS developed by FTSS FAU, adapting international classification
systems, and using modified CICS from other Russian developers.

Each of these options has its advantages and limitations, and the choice depends on the specific
conditions and needs of the developer. For example, creating a CICS from scratch requires significant effort
and resources, as it not only involves the development of the classifier structure but also requires a
comprehensive analysis of the company’s business processes and coordination with other participants in
the construction process. In the case of modifying the CICS developed by FTSS FAU or adapting
international classifiers, developers can save significant time since these classifiers already contain
standardized data categories; however, they require further customization to fit specific conditions.
Modifying CICS from other Russian developers is a less popular option since such classifiers are usually
not published in the public domain, limiting the possibility of their use and further adaptation.

In this regard, an important aspect when choosing an approach for developing a corporate CICS is
the evaluation of available international classification systems that have already proven their effectiveness
on a global scale and can serve as a foundation for adaptation to the needs of the developer [17]. In the
global construction practice, there are many well-known and proven classification systems, such as
Uniformat, MasterFormat, OmniClass, Uniclass, CoClass, and others, each of which has its own specifics
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and area of application. At the international level, these systems have gained wide recognition due to their
functional flexibility and ability to meet diverse requirements in construction management [10, 18].

As a result of a comparative analysis of 12 existing classification systems [19], it was found that the
CoClass, the CICS developed by FTSS FAU, Uniclass, and OmniClass represent the most suitable
solutions for use in the practice of developers. These systems are characterized by a multifaceted structure
that uses a functional grouping approach and are open standards in compliance with international norms.
Among the systems considered, special attention should be given to OmniClass and Uniclass, which are
widely applied in international practice and cover various aspects of construction activities. OmniClass has
additional advantages over Uniclass since it includes recognized classifications, such as MasterFormat and
Uniformat, which significantly increase its functional flexibility and areas of application. Moreover,
OmniClass is supported by one of the leading international organizations in building information modeling
— buildingSMART, which confirms its high relevance and alignment with the latest global trends in the
standardization of construction information [20].

The CICS, developed by FTSS FAU, is a system designed for structuring and classifying data in the
construction sector. The main objective of CICS is the standardization and unification of construction
information, which facilitates its processing, storage, and use at various stages of the building life cycle.
CICS includes the classification of construction materials, structures, equipment, and processes, enabling
the effective organization and integration of information during the design and operational stages [21].

CoClass is a facet-based classification system based on the Swedish system Byggandets
Samordning AB (BSAB). Developed in 1972, it was modified and presented as CoClass at the end of the
BSAB 2.0 project. The system includes seven primary and two additional tables, with elements encoded
using alphanumeric combinations. CoClass supports open standards, object-orientation and complies with
ISO 12006-2, making it suitable for international use in the construction industry [22].

Uniclass is an international classification system developed in the United Kingdom in 1997 to
organize the stages of the building life cycle. Initially, it adhered to ISO TR 14177, and later it was adapted
to ISO 12006-2 [23]. The system consists of 11 tables, allowing the classification of more than 6,500
elements, such as pipelines, that can be used in various systems. Uniclass is applied for asset and facility
management, providing an accurate link between construction elements and their functional roles [24].

OmniClass is a classification system covering the entire building life cycle, from design to demolition.
Developed in 2006, it includes 15 tables, each with a multi-level coding system for precise identification of
elements [25]. OmniClass integrates data from various classifications, such as Uniformat and
MasterFormat, and is used for managing construction information within BIM systems. It complies with ISO
12006-2 and serves as the basis for the National Building Information Standard (NBIMS) and Construction
Operations Building Information Exchange (COBie) standards.

Despite the possibility of creating corporate CICS based on international systems, such as
OmniClass, Uniclass, and others, each of the proposed approaches is inevitably associated with high costs.
This is due to the need to adapt international standards to the specifics of national legislation, the
requirements of specific enterprises and the peculiarities of their business processes. Moreover, the lack
of standardized methodological materials for developing CICS requires significant labor and financial
investments, including the involvement of highly qualified specialists and the conduct of comprehensive
research and design work [26, 27]. In this regard, the development of a method for forming a corporate
CICS represents a relevant scientific task aimed at optimizing and standardizing the process of creating
and implementing classification systems in the construction industry.

The aim of this research is to develop a method for forming a corporate CICS. To achieve this aim,
the following research objectives have been formulated:

1. Analysis of existing traditional approaches to the development of a CICS.
2. Development of a new method for forming a corporate construction information classifier.

3. Comparative evaluation of the proposed method and the traditional approach in terms of the
quality of the resulting classifiers, as well as the time and financial costs associated with each
approach.

2. Methods

Currently, there are no detailed methodological guidelines available in open access for the
development of corporate classifiers of construction information. Traditional approaches to the formation of
such systems are generally based on expert evaluation methods for assessing the quality of CICS, including
interviews, brainstorming sessions, and discussions. However, these methods often lack sufficient
systematization and may be subject to subjective distortions, which reduces their reliability and objectivity.
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In order to address these limitations and improve the quality of CICS development, a more formalized
approach is proposed, incorporating structured consensus-building among experts. Within the framework
of the proposed method, experts are selected based on objective criteria, such as the competence
coefficient, which ensures a highly qualified expert group and enhances the credibility of its conclusions.

In order to minimize the impact of opinion discrepancies and ensure a high degree of objectivity in
the evaluation process, the Delphi method is employed. This method is an effective tool for achieving
consensus within an expert group as it involves multiple rounds of surveys with feedback, facilitating the
refinement and alignment of viewpoints while reducing the influence of personal biases and group pressure.
The application of the Delphi method in this approach not only systematizes the expert evaluation process
but also enhances the reliability and objectivity of decision-making, making a significant contribution to the
improvement of methodological guidelines for developing corporate CICS. However, it should be noted that
this method has potential limitations related to its dependence on the qualification and competence of the
selected experts, as well as the challenges associated with adapting the method for small companies with
limited resources and expert group size. These factors may affect the comprehensiveness and quality of
expert assessments, necessitating additional attention when implementing the method across diverse
organizational contexts.

The method for forming a corporate CICS is a set of methods, principles, materials, and tools aimed
at developing CICS. The method consists of three stages:

1. Selection of the expert group.

2. Development of the corporate CICS.

3. Quality assessment of the developed CICS based on the Delphi method.
The algorithm for selecting an expert group (Fig. 1):

4. Formation of a candidate list for the expert group. Based on methodological guidelines regarding
the composition of the expert group and the list of employees from the developer, a candidate
list is compiled with a reserve of approximately 10 % of the final number of experts.

5. Surveying the candidates. Candidates provide statements regarding the inclusion of individuals
in the expert group. Each candidate may choose to include or exclude themselves from the
expert group.

6. Completion of the survey result matrix. A template matrix is filled out with the results of the
candidate survey:

{l, if the j —th expert named the i—th expert, "
l:/. p—l

0, otherwise

7. Expansion of the candidate list. If individuals not included in the initial list appear in the survey
result matrix, the candidate list is updated, and steps 2-3 are repeated.

8. Calculation of the competence coefficient of candidates. The competence coefficient for each
candidate is determined based on the data from the survey results matrix:

X _
ki =—l (i=1m), )
i=1 ijl Xij

where k; is the competence coefficient of the i-th expert, m is the number of experts. The competence
coefficients are normalized so that their sum equals one:

Yk =1. (3)

9. Interviewing the candidates. Candidates undergo interviews to assess their attitude toward
expertise, constructive thinking, level of teamwork and creativity.

10. Selection and formation of the final expert group list. Based on the obtained individual
characteristics of experts and the requirements for them, the final expert group list is compiled.
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Figure 1. Algorithm for selecting the expert group.

The algorithm for developing a corporate CICS (Fig. 2):

1.

10.

Interviewing/brainstorming within the expert group. Interviews and brainstorming sessions are
conducted with experts to determine the evaluation characteristics of the developed CICS.

Formation of the list of CICS characteristics. Based on methodological guidelines and the results
of interviews and brainstorming sessions, a final list of characteristics for evaluating the
developed CICS is compiled.

Analysis of CICS requirements. Requirements for the CICS are analyzed based on the terms of
reference and the compiled list of CICS characteristics.

Development of the CICS. The CICS is created based on CICS templates and the CICS
requirements.

Testing of the CICS. The system undergoes testing using tools for automatic classification of the
information model according to the developed CICS.

Analysis and correction of CICS errors. If errors are detected during testing, an analysis is
conducted, followed by error correction.

Expert evaluation of CICS characteristics using the Delphi method (described in detail later).

Definition of criteria for the final evaluation of CICS characteristics. After the first expert
evaluation of the developed CICS (first iteration), criteria for the final assessment of CICS
characteristics are determined.

Analysis of expert evaluations of CICS characteristics. If the evaluation of characteristics meets
or exceeds the set criteria, the developed CICS is considered to satisfy all requirements, allowing
the transition to the implementation phase. Otherwise, step 10 follows.

Refinement and modification of the CICS. Based on expert evaluations of CICS characteristics,
modifications are made to the system, and the process returns to step 5.
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Figure 2. Algorithm for developing the corporate CICS.
Algorithm for evaluating the quality of the developed CICS based on the Delphi method (Fig. 3):

1. Development of a questionnaire for CICS evaluation. Based on questionnaire templates and the
list of evaluation characteristics, a questionnaire is created to assess CICS using the Delphi
method.

2. Expert survey. Experts are surveyed to obtain expert evaluations of CICS characteristics. The
evaluation is conducted using a 10-point scale, where scores (ranks) may repeat. The survey

results are compiled into a summary ranking matrix ””y” (i =lLnj=1, m) , Where lij is the rank

assigned by the j -th expert to the i-th characteristic.

3. Rank restructuring. Since the summary ranking matrix contains tied ranks (identical ranking
numbers), the ranks are recomputed to create a new matrix of recomputed ranks based on the
following principles:

e The expert evaluations of one expert are considered individually.
e The smallest value is assigned rank 1, the next smallest is assigned rank 2 and so on.
e The highest rank is assigned to the largest value.

e If values are identical, they are assigned the same averaged rank (e.g., if two values share
4th and 5th places, both receive rank 4.5).

4. Statistical processing of survey results. The concordance coefficient of expert opinions and
Pearson’s chi-square statistic are calculated:

e Concordance coefficient for tied (identical) ranks:
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12-§
W= s
mz.(n3—n)—m.27:1]’j. )

where S is the sum of squared deviations (calculated based on the recomputed ranks), TJ is the indicator

of tied ranks in the j -th ranking (calculated based on initial ranks):

—\2
§= Z?:1(27:1 Ty —’”) ) ®)
where ; is the mean sum of ranks:

;o Zinialy (6)

n
Ty = thlzjl(hlg — Iy ),

where Hj is the number of tied rank groups in the j -th ranking, 7, is the number of tied ranks in the &

7)

-th group of tied ranks in the j -th ranking.

e Evaluation of the concordance coefficient. The concordance coefficient W ranges from 0 to
1. A value of W =1 indicates complete agreement among expert opinions, while W =0
signifies the absence of agreement. If W >0.5, the level of agreement among expert
assessments can be considered satisfactory, whereas for W > 0.7, the agreement is

deemed strong. If W < 0.5, expert assessments require refinement, and the process
proceeds to step 5 [28].

e Computed value of Pearson’s chi-square statistic ;(falc with 7 —1 degrees of freedom:
2
Kowie =m-(n=1)-W. (8)

e Expert agreement is considered sufficient if ;(cza,c = ;(&05 , Where ;(5.05 is the critical value

of Pearson’s chi-square test at the 5 % significance level. If ;(Czalc < )(3.05 , itindicates a lack

of agreement among experts, making the final ranking results unreliable. In this case, an
additional expert review is necessary, involving a larger number of experts and broadening
their specialization, proceeding to step 5. Otherwise, proceeding to step 7 [28].

5. Compilation of a report indicating the dispersion of opinions. Based on the results of statistical
processing, a report is generated that includes the dispersion of expert assessments.

6. Surveying the experts. Experts are provided with a report on the results of the previous survey
and are subjected to a repeated survey. Experts whose assessments significantly deviate from
the majority are required to justify their opinion or revise their decision with an explanation. Then,
the process returns to step 3.

7. Comparison of expert evaluations for each CICS characteristic over the last two iterations of
CICS development using the Mann-Whitney criterion. To determine the impact of the
implemented improvements on the quality of CICS, a null hypothesis is formulated for each
characteristic: there are no statistically significant differences between the expert evaluations of
a CICS characteristic after the last two iterations of CICS development. To test this hypothesis,
two independent samples of expert evaluations for each CICS characteristic are compared using
the Mann—Whitney criterion:

e Two samples of expert assessments for a single characteristic after the final and penultimate
iteration of CICS development are taken. These samples are conceptually combined into
one group, and the ranks within this group are reassigned according to the principle outlined
in step 3.

e The sum of the reassigned ranks is calculated separately for each sample.
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The sample with the highest sum of ranks is identified.

The empirical value of the Mann—-Whitney Uemp -statistic is calculated using the formula:

mp:nl.nﬁM_T (9)

U T
2

e

where n;, n, are the numbers of expert assessments in the first and second sample, respectively; n, is

the number of expert assessments in the sample with the highest sum of ranks; 7 is the highest sum of

ranks.

©

The empirical value of the Mann—Whitney Uemp -statistic is compared with the critical value

), the

existence of statistically significant differences between expert assessments of CICS
characteristic in the compared samples is recognized (i.e., the alternative hypothesis H1 is
accepted). If the empirical value is greater than the critical value, the null hypothesis of no
statistically significant differences is accepted. The significance of the differences increases

as the empirical value Uemp decreases.

U, - If the empirical value Uemp is less than or equal to the critical value (U,

Thus, the null hypothesis is tested for each CICS characteristic. If the null hypothesis of no
statistically significant differences is supported for a characteristic, the latest improvements
in CICS have not affected its quality, and this factor should be taken into account in future
improvements. If the alternative hypothesis indicating the presence of statistically significant
differences is supported, the latest improvements in CICS have influenced its quality.

Determination of generalized assessments of characteristics. Based on the results of statistical
processing, generalized assessments of the characteristics are determined.

Report generation. A report is compiled on the assessment of the developed CICS.

Expert evaluation of CICS characteristics using the Delphi

method

Organizer of the expertise Experts
Start of
evaluation
[ Questionnaire preparation ]

Questionnaire
surve

Statistical processing, determination of the w‘
concordance coefficient W b

Report compilation
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v
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Figure 3. Algorithm for evaluating the quality of the developed CICS based on the Delphi method.
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The validation of the developed method was conducted in a real-world production environment,
specifically in the project department of the developer. As part of the comparative analysis, two versions of
CICS were developed using different approaches: the traditional method and the proposed method, applied
in two iterations.

To evaluate the effectiveness of the proposed approach and facilitate its further optimization, the
following steps were implemented:

Empirical determination of the time costs associated with classifier development using both
the traditional and proposed methods.

Calculation of financial costs for CICS development based on data on labor time
expenditures, as well as information from Rosstat on the average monthly nominal accrued
wages of employees working in information technology for the construction sector in Moscow
for the period from January to October 2024.

Evaluation of the quality of CICS developed using the traditional and proposed methods
based on the Delphi method.

Comparison of expert assessments of CICS characteristics formed using the traditional and
proposed methods by applying the Mann—Whitney criterion. This made it possible to identify
the impact of the developed method on the quality of the created CICS. During the analysis,
a null hypothesis was initially formulated for each CICS characteristic, stating that there are
no statistically significant differences between expert assessments of CICS characteristics
obtained using the traditional and developed methods. The comparison was conducted
following the principles outlined in step 7 of the “Algorithm for evaluating the quality of the
developed CICS based on the Delphi method”, ensuring the objectivity and reproducibility of
the obtained results.

3. Results and Discussion

As a result of the validation of the developed method, 15 candidates for the expert group were
identified, and the competence coefficients of the candidates were determined (Table 1). Based on these
coefficients, an expert group consisting of 12 members was formed, including design engineers, technical
customer representatives, and BIM specialists (Table 2).

Table 1. Competence coefficients of candidates.

ky ky

k3 k4 kS k6 k7 kS k9 klO kll klZ k13 k14 k15

0.07 0.08

0.04 007 007 0.08 007 007 0.05 006 0.08 0.07 0.07 0.07 0.05

Table 2. Composition of the expert group.

Expert position Expert department Quantity
BIM coordinator/manager BIM department 4
Engineer of production and technical department Development department 2

(technical customer)

Design engineer for construction organization

. Design department 2
project
Architect Design department 1
Design engineer for electrical systems and Design department 1
equipment
Estimating engineer Design department 2
Total 12

Based on the results of interviews and brainstorming sessions with the expert group, a final list of
characteristics for evaluating the developed CICS was compiled (Table 3).



Magazine of Civil Engineering, 18(4), 2025

Table 3. List of characteristics for evaluating the developed CICS.

Ne Name Description
. The structure of the classifier should be organized in a hierarchy, where
C1 Hierarchy ; . .
categories and elements are logically distributed across levels
. The classifier should be intuitive and user-friendly, with a clear and logical
Cc2 Logic and ease of use . . )
structure that is easily perceived by users
c3 Scalability and flexibility The CI§SS|f|er should support the possmlllty of expansion by add[ng new
categories or elements and be flexible for adaptation to new requirements
ca Compatibility of facets The ability to use different facets or aspects of classification within the same
(aspects) context without creating data conflicts
c5 Independence of facets Separation of classification aspects so that they are independent of each
(aspects) other and can function autonomously
Compllgnce of |nformat|on Classification aspects should be oriented towards the needs and
C6  presentation aspects with user . L . .
needs requirements of end-users, providing maximum value and convenience
c7 Ability to divide according to The classifier should support the ability to divide elements into various
required sections required categories and sections for detailed work
cs Consistency with regulations The classifier must comply with current regulatory requirements and
and standards standards, ensuring conformity with industry and legal norms
Rationality of using categories When categories other than the primary ones are used for modeling
C9  for elements modeled through . s e X . .
. elements, this should be justified in terms of logic and functionality
other categories
Approp_r!atepess of linking the Classification parameters should be linked to the type or instance depending
Cc10 classification parameter to NN : .
. on their significance and the features of the objects they are intended for
typelinstance
Consistency Of. pgrameter Classification parameters should be coordinated between departments to
C11 usage by specialists from : . ) . .
. avoid conflicts and misunderstandings in data usage
different departments
C12 Sufficient detail for linking with The classifier should provide sufficient detail for accurate linking with cost
cost estimate items estimate items, without unnecessary complexity or loss of accuracy
M|n|m|zat|9n .Of requndant Redundant detail should be minimized to keep the classifier efficient and
C13 detail for linking with cost ; L
. ; avoid overloading it with unnecessary data
estimate items
C14 Sufficient detail for linking with The classifier should provide sufficient detail for accurate linking with work
work schedule positions schedule positions, without unnecessary complexity or loss of accuracy
Mlnlmlzatlpn .Of reQUndant Redundant detail should be minimized to keep the classifier efficient and
C15 detail for linking with work - L
s avoid overloading it with unnecessary data
schedule positions
- . s . The classifier should provide sufficient detail for accurate linking with
Sufficient detail for linking with . . X
Cc16 ; technical customer requests, without unnecessary complexity or loss of
technical customer requests
accuracy
Mlplmlzgthn of fe"””da'.“ Redundant detail should be minimized to keep the classifier efficient and
C17  detail for linking with technical . L
avoid overloading it with unnecessary data
customer requests
c18 Sufficient detail for linking with ~ The classifier should provide sufficient detail for accurate linking with expert
expert requirements requirements, without unnecessary complexity or loss of accuracy
Minimization of redundant . N . -
c19 detail for linking with expert Redundant detail should be minimized to keep the classifier efficient and

requirements

avoid overloading it with unnecessary data

To evaluate the effectiveness of the developed method, two versions of CICS were created: one

using the traditional approach and the other developed through two iterations of the proposed method. The
results of the quality assessment of the created CICS, conducted using the Delphi method — comparing the
traditional method, the proposed method after the first iteration, and the proposed method after the second
iteration — are presented in Table 4 and illustrated by histograms in Fig. 4.

Table 4 shows that in all three cases, the concordance coefficients were greater than 0.5, and the

calculated Pearson criteria ( Zczalc 2> )(5.05 ) indicated that the degree of consistency in expert evaluations
in all three cases can be considered satisfactory and sufficient.



Magazine of Civil Engineering, 18(4), 2025

Table 4. Quality evaluations of the developed CICS based on the Delphi method.

o Proposed method Proposed method
Ne of Traditional method (1p st iteration) (ZF:'nd iteration)
(iha!ralc- Weight of Average Weight of Average Weight of Average
eristic o L L
characteristic rank characteristic rank characteristic rank
C1 0.083 6.92 0.086 7.42 0.089 9.50
C2 0.034 4.75 0.045 5.75 0.035 7.67
C3 0.049 5.25 0.056 6.17 0.075 8.92
C4 0.091 717 0.074 6.92 0.068 8.67
C5 0.065 6.00 0.070 6.67 0.077 9.00
C6 0.061 5.75 0.056 6.17 0.060 8.42
Cc7 0.043 5.08 0.026 4.92 0.030 7.50
C8 0.082 6.92 0.076 7.00 0.073 8.83
C9 0.040 4.92 0.029 5.08 0.061 8.42
C10 0.045 5.08 0.045 5.75 0.057 8.33
C11 0.045 5.17 0.061 6.33 0.034 7.67
C12 0.082 6.83 0.080 717 0.070 8.83
C13 0.011 3.25 0.011 3.92 0.025 7.33
C14 0.049 5.33 0.051 6.00 0.042 7.92
C15 0.022 4.08 0.015 4.33 0.011 6.67
C16 0.059 5.75 0.072 6.75 0.078 9.08
C17 0.026 4.33 0.029 4.92 0.046 8.00
C18 0.067 5.92 0.067 6.67 0.035 7.67
C19 0.046 5.17 0.050 5.92 0.036 7.67
w 0.617 w 0.618 w 0.608
o 133.191 o 133.381 o 131.237
Ze05 28.869 205 28.869 2805 28.869
Number of iterations Number of iterations Number of iterations
of expert 3 of expert 3 of expert 2
evaluations evaluations evaluations
Weighted average 5.86 Weighted average 6.38 Weighted average 8.50
rank rank rank

Average rank of CICS characteristics

C2 C3 C4 C5 Cs8 C7 C8 C9 C10C11 C12 C13 C14 C15 C16 C17 C18 C19 WA*
rank

—

Average rank, score
O = N W kB 003~ 0w o

CICS evaluation characteristics

o Traditional method u Proposed method (1st iteration) u Proposed method (2nd iteration)

Figure 4. Average rank of CICS characteristics (*WA rank — weighted average rank).

Based on the histograms of the average ranks of CICS evaluation characteristics (Fig. 4), the
following hypotheses were formulated:

1. When forming the CICS using the proposed method after the second iteration, the quality of the
CICS improved across all characteristics.
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2. When forming the CICS using the proposed method, a higher quality of the CICS was achieved
across all characteristics compared to the traditional method.

To prove these hypotheses, the corresponding null hypotheses were formulated:

1. There are no statistically significant differences between the expert evaluations of CICS
characteristics after the last two iterations of CICS development using the proposed method.

2. There are no statistically significant differences between the expert evaluations of CICS
characteristics obtained using the traditional and proposed methods.

To test the hypotheses, we performed a comparison of two independent samples of expert
evaluations for each CICS characteristic using the Mann—Whitney test (Table 5). From the table, it is evident

that the obtained empirical value of the Mann—Whitney Uemp -statistic for each characteristic are lower than

the critical value U, =42, indicating the existence of statistically significant differences between the

expert evaluations of CICS characteristics in the compared samples (i.e., the alternative hypotheses are
accepted).

Table 5. Hypothesis testing using the Mann-Whitney test.

Hypothesis 1 Hypothesis 2
Ne of
charac- ProposedS L;wztﬁgzamglr?)pr:)r:;z method U, Proposedsr':gﬂ?(f)gample ranke U
teristic (1st iteration) (2nd iteration) P (2nd iteration) Traditional method P

C1 78.0 222.0 0 222 78 0
Cc2 80.0 220.0 2.0 222 78 0
C3 78.0 222.0 0 222 78 0
C4 84.0 216.0 6.0 216 84 6
C5 79.5 220.5 1.5 222 78 0
Ccé 81.5 218.5 3.5 222 78 0
Cc7 78.0 222.0 0 222 78 0
C8 86.0 214.0 8.0 214 86 8
C9 78.0 222.0 0 222 78 0
C10 78.0 222.0 0 222 78 0
C11 96.0 204.0 18.0 222 78 0
C12 90.5 209.5 12.5 212 88 10
C13 78.0 222.0 0 222 78 0
C14 90.5 209.5 12.5 222 78 0
C15 78.0 222.0 0 222 78 0
C16 81.0 219.0 3.0 222 78 0
Cc17 79.5 220.5 1.5 222 78 0
C18 98.0 202.0 20.0 218 82 4
C19 85.5 2145 7.5 222 78 0
U 42 U 42

crt crt

Thus, the hypotheses we proposed are confirmed:

1. When creating the CICS using the proposed method, the improvements adopted after the first
iteration contributed to the enhancement of the CICS quality across all characteristics.

2. When creating the CICS using the proposed method, a higher quality of the CICS was achieved
across all characteristics compared to the traditional method.

As a result of testing the proposed method, the empirical time and financial costs for the development
of the classifier using both the traditional and proposed methods were determined (Table 6). The cost
reduction ratio of the proposed method amounted to:

_ T =Teur g0 = 230739 1000, = 430, (10

dCRR
- 536 )

where Tr,,, Tp), are the time or financial costs for the development of the CICS using the traditional
method (TM) and the proposed method (PM), respectively.
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Table 6. Time and financial costs for the development of CICS.

Time costs, hours Average daily salary, RUB Financial costs, RUB
Traditional method 536 1,049 70,283
Proposed method 304 1,049 39,862

A theoretical study was also conducted to examine the relationship between the cost reduction ratio
of the proposed method and the number of iterations in the development of the CICS (simulation of the
processes of expansion and refinement of the CICS). From the graph (Fig. 5), it is evident that up to six
iterations, the highest increase in the cost reduction ratio is observed, after which the growth slows down.
The most cost-effective application of the proposed method occurs in processes with two iterations, with a
reduction in costs of 50 %. This method is suitable for the development of a corporate CICS, typically
involving between two and five iterations before commissioning.

Cost reduction ratio
65%

60%

55%

50%

45%

40%
0 2 4 6 8 10 12 14 16

Number of iterations in CICS development

Figure 5. Dependence of the cost reduction ratio of the proposed method on the number of
iterations in CICS development.

It is important to emphasize the originality of the present study. Despite a comprehensive literature
review, no studies directly comparable to the presented results were identified at the time of this research.
Consequently, a comparative analysis with findings from other authors could not be conducted.

4. Conclusions

The result of the conducted research is the developed method for forming a corporate CICS, which
ensures improved quality, reduced time, and financial costs in the development and adaptation of the CICS
compared to traditional approaches.

The main results obtained during the testing of the method are as follows:

e The weighted average expert evaluation of the CICS quality, formed using the developed
method, was 8.50 points, which is 45 % higher than when using the traditional method (5.86
points), confirming the higher quality of the developed CICS.

e The time costs for creating the CICS using the proposed method amounted to 304 hours,
while the traditional method required 536 hours. The reduction in costs using the new method
was 43 %.

e The financial costs for the development of the CICS using the proposed method were 39,862
rubles, which is 43 % lower than the costs of the traditional method (70,283 rubles).

Additionally, a theoretical study was conducted to examine the relationship between the cost
reduction ratio of the proposed method and the number of iterations in the development of the CICS. The
analysis showed that the greatest increase in the cost reduction ratio occurs within the range of up to six
iterations, after which the growth rate slows down. The optimal application of the proposed method is in
processes involving between two and five iterations, where the cost reduction ratio of at least 50 % is
achieved.
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The application of the proposed method significantly reduces the costs associated with the
development and maintenance of the CICS, while providing system flexibility in the context of the need for
subsequent adjustments and expansions. The method is most effective when developing CICS with a larger
number of iterations, which is particularly relevant for corporate systems that are in the stage of active
development and adaptation to organizational needs.

In addition, the proposed method has the potential for implementation in various organizations and
adaptation to diverse contexts, which expands its practical applicability across different sectors of the
construction industry and allows for the consideration of specific requirements and features of corporate
processes. It is particularly suitable for development companies and design bureaus that need to create
and expand their own construction information classifiers for project and resource management. The
method can also be effectively applied in companies that are at the initial stages of implementing BIM
technologies, helping them to approach the formation and development of classification systems in a
systematic manner with minimal time and financial expenditures.
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Abstract. The disconnected piled raft foundation (DCPRF) is one of the newly introduced type of
foundations in geotechnical engineering, which greatly reduces the moment and stress on the pile head. In
addition, this type of foundation is an ideal choice in areas with seismic activity due to the presence of
cushion material between the raft and the piles. This paper aims to present a numerical model in PLAXIS-
3D software to simulate the behavior of the connected piled raft foundations (CPRFs) and DCPRFs with
the same number and pattern of the piles, under the influence of seismic loading in clayey soil. The study
will depend on the earthquake that struck Iraq in November 2017 in the Halabja region of strength 7.3 on
Richter scale with PGA (0.1 g). To verify the results of the proposed numerical model, the settlement
calculated from numerical is compared with field measurement for the Messe-Torhaus building in Frankfurt
and the difference was 2 %. The horizontal displacement of the raft in the CPREF is less than the horizontal
displacement of the raft in the DCPRF during seismic loading by 15 %. The vertical displacement in the
DCPRF decreased by 7 % in comparison with the CPRF. For the DCPRF, the bending moment value is
approximately equal to zero at the head of the piles, and the maximum bending moment value was in the
middle of the pile.

Citation: Karkush, M.O., Nafel, S.N. Numerical modeling of connected and disconnected piled raft
foundation under seismic loading in clayey soil. Magazine of Civil Engineering. 2025. 18(4). Article no.
13610. DOI: 10.34910/MCE.136.10

1. Introduction

When the raft foundation bearing capacity is sufficient to sustain the superstructure, but the raft's
total and differential settlements exceed the allowable limit, a small number of piles can be used to control
the settlements [1-3]. The pile heads are usually structurally connected to the raft to make a rigid
connection. These piles should have sufficient bearing capacity and sufficient safety factor to avoid
structural failure. Because high axial stress can develop in the piles and lateral forces from wind and
earthquakes can destroy connections, even though structural failure can be prevented by using high-
strength materials with a high factor of safety, this technique may be uneconomical. A new solution for
solving such concerns has recently been presented, which involves isolating the raft from the pile with soil
material that is strong enough to sustain the stresses imposed on it while also preventing or reducing the
load seismic waves or shear forces on the pile's head. This void may be filled with suitable materials, which
can be selected depending on the circumstances, such as types of loading and availability of materials [4].
Since the piles are not structurally attached to the raft, a smaller factor of safety may be utilized to protect
the pile materials and prevent structural damage (as low as 1.3) [4—6]. As a result of the previous works,
the disconnected piled raft foundation (DCPRF) that contains a cushion between the pile and the raft will
increase the carrying load capacity of the foundation more than the connected piles group foundation. At
the same time, it may be greater in carrying the loads compared with the connected piled raft foundation
(CPRF), and this method leads to more economical results than others. Also, disconnected piles can be

© Karkush, M.O., Nafel, S.N., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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used in buildings subjected to high horizontal loads, such as earthquakes or winds, especially in buildings
containing basements and in buildings with weak soil that need to be strengthened, such as river sidewalks
and ports.

Many researchers have studied the behavior of disconnected piles using the finite element method.
Several characteristics (parametric study) of the parameters of this method were studied, such as pile
stiffness, raft stiffness, cushion thickness, raft thickness, the behavior of the disconnected piled raft, and
the distribution of axial loads on it. Wong et al. [4] are the first who proposed the DCPRF method. Cao et
al. [7] studied the special properties of this method and the advantages and disadvantages of such a
technique. According to Liang et al. [8] and Lee et al. [9], the cushion placed between the pile and the raft
is either a sandy or a gravel soil material of high density to reduce the settlement that occurs in it. This
cushion is considered a layer that transfers the loads to the soil and the piles below the mat and contributes
to a certain amount of bearing the loads and the way of distributing the loads on the piles.

This research presents verification of the related connected piled raft with data measured in the field
concerning the behavior of the connected piled raft under a building in Frankfurt subjected to static loading.
After that, a numerical model is proposed to simulate the behavior of such a building under seismic loading
and supported by DCPRFs. Then, a parametric study was presented for a DCPRF on the possibility of
adding a cushion between the raft and the piles and studying the effect of the seismic loading on the
proposed foundation.

2. Methods

In various geotechnical applications, numerical modeling is commonly utilized to simulate foundation
behavior. The preponderance of finite element programs only captures the structure's linear behavior (i.e.,
up to the yielding of the design). These programs fail to capture post-peak behavior (e.g., ultimate load-
displacement responses, failure modes, and fracture patterns). The interaction between the pile shaft and
the surrounding soil, on the other hand, is nonlinear. In addition to nonlinearity, the program should be able
to capture the structure's post-peak reaction. As a result, choosing a program that can accommodate this
behavior is essential. PLAXIS is a 3D nonlinear finite element software package that includes commonly
used constitutive models to represent soil behavior, pile behavior, and the interface between pile and saill,
unlike other programs. PLAXIS can capture various pile structural loading conditions (e.g., static and
seismic loads on the pile). Calculating the relationships between stress and strain in different soil models
is one of the advantages of the PLAXIS 3D software, which allows loading and unloading behavior [10-12].
The most often used model for determining material plasticity is the Mohr—Coulomb model. It is a model
that is linearly elastic, and perfectly plastic. Hooke's law describes the linear elastic element. At the same
time, the Mohr—Coulomb failure criterion represents the completely plastic part whenever plastic
deformations occur, irreversible strains, or permanent deformations, appear in the material yield function,
which is introduced as a function that describes whether or not deformations occur. The material will stiffen
or soften under plastic straining if the yield surface varies with plastic strain. As a result, a perfectly plastic
model with a set yield surface is a constitutive model [13].

Interface elements are used to simulate the soil-structure interaction. The adjacent structural and soil
elements may have to slide together if interface components are not present. Between them, there is no
relative movement (slipping or gapping). An interface can be created next to a plate, between two soil
volumes, or between two geogrids. Interfaces in PLAXIS 3D are made up of 12-node interface elements
after meshing. Node pairs make up interface elements. One node in a node pair is related to the structure,
while the other is associated with the soil. The interaction between these two nodes defines the soil-
structure interaction. It is made up of two perfectly elastic-plastic springs. The strength reduction factor
(Rinter) is used to define the strength of the interface. An elastic-plastic model describes the behavior of the
interface. The following relationship can be used to compute the interface strength parameters [14]: Mohr—
Coulomb is the most common and easy to use and does not require many parameters and is available
compared with hardening soft soil model (HSS).

Cinter = Rinter.C! ; (1)
an @iyt er = Rinter. tan (0, ; )
[//inter =0.0 fOI’ Rinter < 1,'otherwise l//inter = l//soil : (3)

Rinter is a program parameter that is either automatically determined by the software or manually
selected by the user. When the first option is chosen, there will be no drop in interface strength compared
to surrounding soil; strength and all other characteristics will remain unchanged, except the Poisson's ratio.
Rinter has a value = 1, this option is activated by default. The amount of Rinter is manually entered in the
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second option. In a real soil-structure interaction, the interface will be weaker and more flexible than soil,
where Rinter has a value less than unity. The appropriate Rinter value for interaction could be chosen based
on the type of soil. The strength reduction is greater in cohesive soil than for cohesionless soil, implying
that the Rinter value for cohesionless soil is larger. Whenever the interface strength reaches its limit value
as described by Rinter, it reduces to a residual strength described by Rinter residual strength. When the third
option is chosen, the Rinter residual is enabled as shown in Figure 1.

When the geometry model is complete, it must be divided into a mesh of finite elements. To obtain
accurate results in the calculations that are carried out within the PLAXIS 3D software, accurate meshes of
soil and structure are used. However, they are not used with high accuracy, which leads to spending a long
time in the calculation. The dimension of model is 250x250%x100 m, X, Y, Z respectively. The same
dimensions, properties, number of piles, and thickness. The program divided the model into 11867
elements and 19858 nodes and the types of mesh is medium as shown in Figure 2.

Interface <

Figure 1. Modeling of interfaces.

Figure 2. The mesh of finite element model used in this study.

2.1. Verification of Numerical Model

To verify the proposed numerical model, the foundation of the Messe-Torhaus building, Frankfurt,
1983-1985, under static loading was analyzed as an example of piled raft foundation [15]. The project is
considered one of the first actual applications of piled raft foundation supporting a high-rise structure in
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Germany. The proposed numerical model was formulated using PLAXIS 3D software. As a result, during
the building phase, a monitoring program was rigorously implemented to watch the behavior of the piled
raft foundation. This structure consists of 30 stories, splitinto two rafts 10 m apart. The rafts are constructed
3 m underneath the ground surface and have dimensions of 17.5x24.5 m. The structural load is 200,000 kN
distributed evenly over the rafts to produce a stress of 466 kPa. The raft 2.5 m thick was attached to 42
drilled piles with a diameter of 0.9 m and a length of 20 m the groundwater level is 3 m below ground level
as shown in Figure 3 [15]. The piles beneath each raft are evenly spaced with 3D to 3.5D spacing, where
D is the pile diameter. Figure 4 shows the subsurface profile, consisting of 5 m of quaternary gravel and
sand covering Frankfurt clay to a significant depth.

The properties of soil, cushion layer (sub-base), and geogrid used in the reinforcement of the cushion
layer required in the proposed numerical model are listed in Tables 1 to 3 respectively. Figure 5 shows the
piled raft foundation used in PLAXIS 3D. Reul and Randolph [16] presented an empirical equation to obtain
the modulus of elasticity for the clay soils of the city of Frankfurt:

E =45+ (tanh(z—-3015)+1)x 0.7z, (4)
where E is modulus of elasticity (MPa) and z is depth below the surface (m).
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Figure 3. The piled raft system of the Messe-Torhaus building in Frankfurt [15].
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Figure 4. Soil layers support the foundation of the Messe-Torhaus building [15].
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Table 1. Important parameters of the soil and piled raft for the Messe-Torhaus building [15].

Quaternary gravel

Parameter and sand Frankfurt clay Raft Piles

Young's modulus, £ (MPa) 75 50 34000 23500
Poisson ratio, v 0.25 0.35 0.2 0.2
Total unit weight (kN/m3) 18 19 25 25
Submerged unit weight (kN/m3) - 9 - -
Coefficient of lateral earth pressure at rest, ko 0.72 0.46 - -
The angle of internal friction, @', degree 325 20 - -
Cohesion, ¢ (kPa) 0.1 20 - -

Table 2. Properties of cushion layer used in the current study [17].

Property Cushion layer
Modulus of elasticity, £ (MPa) 60
The angle of friction, @ (degree) 19.4
Cohesion, ¢ (kPa) 40
Dry unit weight (kN/m?3) 18.65

Table 3. Properties of geogrid used in the current study [18].

Parameters Unit Description or value
Material type — Elastic
Material behavior - Isotropic
Axial elastic stiffness (EA) kN/m 110

Figure 5. Modeling of Messe-Torhaus building in PLAXIS-3D software.

The maximum settlement recorded in the field due to the building’s self-weight was 154 mm. For the
same structural configuration and foundation characteristics (i.e., number of piles and raft dimensions), the
numerical model predicted a settlement of 157 mm, demonstrating excellent agreement with the
experimental observation (Figure 6). The deviation between the measured and simulated settlements is
approximately 2%, indicating the reliability of the numerical model. In the foundation system of the Messe-
Torhaus building, a 1 m-thick sand cushion layer (depicted in blue in Figure 7) was introduced to separate
the piles from the raft. The influence of geogrid reinforcement within this cushion layer was also evaluated
using the finite element software PLAXIS 3D. The geotechnical properties of the cushion layer are
summarized in Table 2, where the elastic modulus of the sand layer was taken as 60 MPa [15].
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Figure 6. Verification of the settlement between the Messe-Torhaus building and the current
study.
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Figure 7. Disconnected piled raft model in PLAXIS 3D.
2.2. Seismic Loading

One of the most important and hazardous problems faced the geotechnical engineering is the
presence of earthquakes that lead to damage or destruction of infrastructure as they affect the stability of
facilities and foundations directly. Therefore, it is necessary to design the foundations in a strong manner
that resists or limits the effect of earthquakes to preserve the safety of people from death. Recently, there
has been an increasing interest in studying and understanding earthquake phenomena and trying to predict
the time of their occurrence. Despite many studies having been conducted in this field, there was no
accurate information on determining the time of earthquakes. Because Iraq is located within the
earthquake-prone areas, where many earthquakes had hit Iraq over the past few years, where the eastern
and northeastern regions withessed many earthquakes, while the regions are stable in the south and
southwest. This study will depend on the recorded data of an earthquake that struck Irag in November
2017, in Halabja region, which killed many people and destroyed many structures. Halabja earthquake has
a strength of 7.3 on the Richter scale (Peak ground acceleration, PGA = 1 m/sec?) and its effect reached
Baghdad city as shown in Figure 8 [19-25]. The behavior of the CPRFs and DCPRFs will be investigated
under static and seismic loading.
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Figure 8. Acceleration-time history recorded in Baghdad for Halabjah earthquake.

3. Results and Discussion

The primary objective of this study is to evaluate the performance of the Disconnected Piled Raft
Foundation (DCPRF) beneath the Messe-Torhaus building when subjected to seismic loading. This
objective was achieved by analyzing the horizontal and vertical displacements of the foundation system
and comparing the results with those obtained for a Connected Piled Raft Foundation (CPRF) under
identical seismic conditions. The comparison aims to assess the effectiveness and seismic resistance
behavior of the DCPRF.

3.1. Effect of Seismic Loading on Horizontal Displacement

To clarify the effect of the seismic load on the horizontal displacement during the static loads applied
on the CPRFs and DCPRFs has been studied. Figure 9 shows the horizontal displacement of the raft
caused by seismic loading in the CPRFs and DCPRFs.

0.1
00 A~ N Time (s)

50 100 150

-0.1 A
-0.2 A
-0.3 A
-0.4 A
-0.5 A
-0.6 A

0.7 -
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Horizontal displacement of raft
(mm)
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Figure 9. Horizontal displacement of the raft of the CPRF and DCPRF under seismic loading.

The horizontal displacement of the DCPRF is larger than the horizontal displacement of the CPRF
by 15 %. This increase resulted from the lack of connection between the raft and piles or the piles behave
as free head piles. When applying the Kobe earthquake with PGA (0.3 g), the horizontal displacement of
the raft in the DCPREF increased by 45 % greater than the horizontal displacement in the CPRF as shown
in Figure 10 due to increasing PGA from 0.1 g t0 0.3 g.
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Figure 10. Horizontal displacement of the CPRF and DCPRF under seismic loading of Kobe.
3.2. Effect of Seismic Loading on Vertical Displacement

Figure 11 shows the effect of the seismic loading (Halabja earthquake) on the vertical displacement
of the raft in the CPRF and DCPRF. The vertical displacement of the raft in the case of the CPRF is less
than the vertical displacement of CPRF. The vertical displacement in the DCPRF decreased by 7 % from
the CPRF because of the presence of the cushion layer, which plays an important role in the distribution of
load between the soil and piles. Figure 12 shows the distribution of vertical settlement of the DCPRF under
seismic loading obtained from PLAXIS 3D software. Applying the Kobe earthquake with PGA (0.3 g), the
vertical displacement of the center of the raft in the CPRF increased by 38 % more than the displacement
in the DCPRF as shown in Figure 13. Generally, increasing the intensity of the earthquake will increase the
vertical displacement of the CPRF in comparison with the DCPRF.
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Figure 11. Vertical displacement at the center of the raft of the CPRF and DCPRF under seismic
loading of Halabja earthquake.
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Figure 12. Distribution of vertical settlement of the DCPRF under seismic loading.
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Figure 13. Vertical displacement at the center of the raft for the CPRF and DCPRF under seismic
loading of Kobe earthquake.

Figure 14 shows the variation of the maximum vertical displacement under the raft foundation in both
centerlines in long and short directions. The vertical displacement in the short direction at the edges is
higher than that measured at the edges of the long direction of the raft. This decrease in vertical
displacement is due to the difference in the dimensions of the raft foundation. While the vertical
displacement at the center lines of long and short directions are almost the same.
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Figure 14. Vertical displacement of the raft foundation in the long and short directions under
seismic loading.
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The variation of axial load along the piles resulting from the seismic loading on the CPRF and the
DCPREF is shown in Figure 15. In the case of the DCPREF, the axial force is less on the pile head compared
to the CPRF by 44 %. In the case of the CPRF, the maximum axial load appears at the pile heal, and for
DCPRF appears at the upper 1/5 of the pile length. The cushion layer will help to reduce the magnitude of
axial load at the pile head, but the development of negative skin friction will increase the magnitude of axial
load at the first quarter of the pile length.

The variation of shear force along the piles resulting from the effect of the seismic load on the DCPRF
and CPREF is shown in Figure 16. At the pile head, the shear force is approximately equal to zero for the
DCPREF, unlike the CPRF. The vanish in shear strength value results from the separation of piles from the
raft by cushion layer, which change the situation of the pile head from fix pile head for the DCPRF to a free
pile head. The DCPRF showed high variation in the shear force value along the pile length compared to
the CPRF. From Figure 11, the shear force along the pile in the case of contact with the raft is less than it
is in the pile disconnected from the raft. This decrease in shear force can be explained by the contact of
the pile with the raft. At the pile tip, the shear force in the CPRF is higher than that in the pile head and
higher than that in the DCPRF. The CPRF sustains low oscillation in the shear strength values which reflect
the stability of such type of foundation.
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Figure 15. Variation of axial load along pile length of Figure 16. Variation of shear force of the DCPRF and
the DCPRF and CPRF system under seismic loading. CPRF system under seismic load at 180 sec.

Figure 17 shows the variation of the maximum bending moment along the pile under the influence of
the seismic load in the connected and disconnected piled raft systems. In the connected piled raft system,
the maximum bending moment value occurred at the head of the pile and then decreases with the depth.
For the DCPREF, the bending moment value is approximately equal to zero at the head of the pile and the
maximum value of the bending moment occurred in the upper quarter and middle of the pile. It is noticed
from Figure 16 that the effect of the seismic load on the foundation compared to the vertical static load is
small. While when use the DCPRF can solve the problems that damage the structural connections between
the raft and the piles when an earthquake occurs.
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Figure 17. Bending moment of the DCPRF and CPRF system under seismic load at 180 sec.

4. Conclusions

The behavior of the proposed DCPRF is compared with the CPRF under the Messe-Torhaus
building. Based on the results of the proposed numerical model simulating the behavior of the DCPRFs
under seismic loading, the following points can be drawn out:

The verification of the proposed numerical model showed that the difference between the settlement
calculated from numerical and field measurements for the Messe-Torhaus building in Frankfurt was 2 %.

The horizontal displacement of the raft in the CPRF is less than the horizontal displacement of the
raft in the DCPRF during seismic loading by 15 %.

The vertical displacement in the DCPRF decreased by 7 % in comparison with the CPRF.

For the DCPREF, the bending moment value is approximately equal to zero at the pile head, and the
maximum bending moment value occurred at the upper quarter and the middle of the pile.

The axial force at the pile head in the DCPREF is less on the pile head of the CPRF by 44 %.
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