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Abstract. The effect of replacing part of the cement with fly ash on the strength of concrete
for transportation structures and road pavements has been determined.

Portland cement CEM 1I/A-S 500, crushed stone (5-20 mm fraction), quartz sand with
fineness modulus of 2.3, the superplasticizer Polyplast SP-1, and fly ash from the Darnytsia
Thermal Power Plant were used in concrete production. The properties of three concrete
compositions were investigated. Composition No. 1 (without fly ash) served as the control, with
300 kg/m? of Portland cement used as the binder. In composition No. 2, 10% of the Portland cement
was replaced with 75 kg/m?® of fly ash. In composition No. 3, 20% of the Portland cement was
replaced with 150 kg/m*® of fly ash. All concrete compositions included 2.4 kg/m® of
superplasticizer.

All concrete mixtures exhibited equal workability (S1), with the water/cement ratio (W/C)
depending on the composition. For the control composition No. 1, the W/C ratio was 0.390. For
composition No. 2, the actual W/C ratio, calculated as the total binder content (cement and fly ash),
was 0.333. For composition No. 3, the W/C ratio was 0.308. Thus, as the proportion of fly ash in the
binder increased, the W/C ratio of the mixtures decreased.

The average density of the control concrete (composition No. 1) and composition No. 2 was
approximately equal (2441 kg/m* and 2446 kg/m?, respectively), while composition No. 3 exhibited
a slightly lower density (2423 kg/m?). This can be explained by the fact that replacing part of the
cement with a larger mass of fly ash reduces the W/C ratio while simultaneously increasing the
spacing of coarse aggregates.

Compressive strength was measured at 7 and 28 days. At 7 days, the compressive strength of
composition No. 2, where 30 kg/m*® of cement was replaced with 75 kg/m? of fly ash, was 6.8%
lower than that of the control (composition No. 1). However, at 28 days, the compressive strength
of composition No. 2 was 3.8% higher than that of the control. For composition No. 3, replacing
60 kg/m?® of cement with 150 kg/m?* of fly ash resulted in a 28.3% decrease in compressive strength
at 7 days and a 14.0% decrease at 28 days compared to the control. Thus, concretes containing fly
ash demonstrated slower strength gain compared to concrete using only Portland cement as the
binder. Replacing 10% of the Portland cement with a rational amount of fly ash produced concrete
with strength comparable to that of the control composition. However, replacing 20% of the
Portland cement was not fully compensated by the fly ash.

Therefore, the use of fly ash in concrete for transportation structures and road pavements is
both feasible and effective. The introduction of a rational amount of fly ash reduces binder
consumption, which has significant ecological benefits and is economically viable.

Keywords: fly ash, concrete, transportation structures, rigid pavement, superplasticizer,
strength.

Introduction. A global trend today is the gradual increase in road construction, particularly
with rigid pavements. Road construction requires significant quantities of cement concrete for the
construction of various types of transportation structures and, in the case of rigid pavements,
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directly for pavement layers. In Ukraine, as a result of the full-scale invasion, a substantial portion
of the transportation infrastructure has been damaged and requires restoration, which will
necessitate extensive use of concrete. During the post-war recovery phase, the volume of concrete
works in transportation construction is expected to increase further.

One of the strategic goals of sustainable development, as outlined in the UN Framework
Convention on Climate Change, is to implement measures to reduce carbon dioxide emissions. The
cement industry is a significant producer of CO, , making the use of industrial by-products in
concrete, capable of replacing part of the cement, along with efficient modifiers, a key aspect of
Ukraine's low-carbon development as a European state [1].

An effective secondary material that reduces binder consumption in concrete is fly ash, a by-
product of thermal power plants. Thus, the use of fly ash is both environmentally beneficial, due to
reduced CO, emissions, and economically advantageous [2, 3]. However, in Ukraine, fly ash is
rarely used in concretes for transportation structures, and even less so for road pavements. This is
due to the specific performance requirements for such concretes on the one hand and the limited
experience in using this by-product in transportation construction on the other. Therefore, research
into the feasibility of partially replacing cement with fly ash in concretes for transportation
structures and road pavements, while ensuring the necessary levels of strength and durability,
remains relevant.

Analysis of Research and Publications. Fly ash is a fine-grained product formed from the
mineral components of fuel during combustion and collected in specialized filters [3, 4]. Ukraine
has a well-developed network of thermal energy plants that produce significant amounts of by-
products, including fly ash [5, 6]. The predominant component of fly ash is a vitreous
aluminosilicate phase, which consists of spherical particles with hydraulic activity [4]. Thus, fly ash
serves as an active mineral admixture that increases the total binder content in concrete.
Simultaneously, fly ash acts as a microfiller, influencing the physicochemical processes at the
interface between the cement paste and aggregate [7]. Its use reduces the amount of calcium
hydroxide formed during the hydration of the binder, thereby improving the corrosion resistance of
concrete [2, 7, 8].

In concrete production, fly ash is used either to partially replace cement [4, 7-10] or as a
pozzolanic additive [2, 7, 10-12]. Researchers have often determined that replacing approximately
15-20% of the cement mass with fly ash is effective [3, 10]. However, under certain conditions,
even greater amounts of binder can be replaced without compromising material properties. For
instance, in [9], 80% of the cement in self-compacting concrete was replaced with a combination of
industrial by-products, including fly ash, silica fume, and ground granulated blast furnace slag,
without reducing compressive strength. This replacement also decreased the concrete's permeability
to chloride ions. A similar effect of reduced permeability was observed in studies [11, 12]. In [2],
the use of fly ash combined with silica fume and zeolite improved the quality of composite cements
and accelerated the concrete production process. Importantly, unlike other pozzolanic additives
(such as zeolite or silica fume), fly ash does not require increased dosages of superplasticizer to
maintain mix workability. In [12], the fly ash content in concrete ranged from 30% to 40% of the
total binder content, with concrete strength ranging from 65 MPa to 85 MPa. Concrete samples with
fly ash also exhibited reduced shrinkage compared to control samples. In [13], the incorporation of
fly ash enhanced the strength and durability of road pavement concretes, with the maximum effect
achieved when fly ash was used in combination with silica fume.

However, when using fly ash to replace part of the cement, it is important to consider that its
impact on concrete properties varies depending on the type of cement, the percentage of binder
replaced, and the curing conditions [14]. The composition and structure of fly ash are also non-
uniform and depend on many factors, including the type of fuel burned, its ash content, and fineness
of grinding, combustion temperature, and the residence time of particles in the combustion zone [6].

In the practice of road construction in Ukraine, fly ash is primarily used to stabilize subgrade
layers [15], particularly to improve the properties of soil-cement [16]. The Ukrainian standard SOU
42.1-37641918-104:2013, "Fly Ash and Ash-Slag Mixtures from Thermal Power Plants for Road
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Works. Technical Specifications,” permits the use of fly ash in preparing cement concrete mixes for rigid
pavement structures, as well as for concrete products for bridges and culverts [17]. Additionally, [18]
highlights the potential for using fly ash in road and airfield construction, particularly in prestressed
slabs and monolithic cement concrete pavements.

Therefore, given the available raw material base and the urgent needs of Ukraine's economy,
research aimed at improving the efficiency of fly ash use in transportation construction is highly
relevant.

The objective of this study is to determine the effect of replacing part of the cement with fly
ash on the early-age and design strength of concrete for transportation structures and road
pavements.

Materials and Methods. The following materials were used in the experiment for concrete
production:

— Portland cement CEM 11/A-S 500, manufactured by PJISC Dyckerhoff Cement Ukraine.

— Crushed stone (fraction 5-20 mm) sourced from the Novyi Buh district, Mykolaiv region.

— Quartz sand with a fineness modulus of 2.3, sourced from the Voznesensk district,
Mykolaiv region.

— Superplasticizer Polyplast SP-1.

— Fly ash from the Darnytsia Thermal Power Plant (Kyiv).

The properties of three concrete compositions for transportation structures and road
pavements were investigated. Composition No. 1 (without fly ash) served as the control, where only
Portland cement was used as the binder in the amount of 300 kg/m?. In composition No. 2, 10% of
the Portland cement was replaced with 75 kg/m* of fly ash. In composition No. 3, 20% of the
Portland cement was replaced with 150 kg/m? of fly ash. All mixes included a superplasticizer in
the amount of 2.4 kg/m*, which constituted 0.8% of the cement mass in the control composition No.
1. The dosage of superplasticizer remained unchanged when a larger mass of fly ash replaced part
of the cement.

All concrete mixes exhibited equal workability, classified as S1, with a slump of 3—4 cm. This
corresponds to the requirements of DBN V.2.3-4:2015 "Automobile Roads" [19] for mix
workability when using slipform pavers (1-5 cm, depending on the paving speed). Additionally,
mixes with this level of workability can be used for producing components of transportation
structures. The workability of all concrete mixes was achieved by adjusting the water content with
corresponding corrections to the mix design. The compositions of the investigated concretes are
presented in Table 1.

Table 1 — Compositions of the Investigated Concretes

No. of Concrete composition, kg/m?
compo-
sitign Cement Fly Ash Cél:gzgd Sand Superplasticizer | Water
1 300 - 1275 775 117
2 270 75 1270 735 2.4 115
3 240 150 1265 690 120

The workability of the concrete mixtures was determined in accordance with DSTU B V.2.7-
114:2002 "Building Materials. Concrete Mixtures. Test Methods"” [20]. The compressive strength of
the concretes was measured according to DSTU B V.2.7-214:2009 "Building Materials. Concretes.
Methods for Determining Strength Using Control Samples” [21].

Results of the Study. Since all concrete mixtures exhibited equal workability, their water-to-
cement ratio (W/C) depended on the composition. For the control composition (No. 1), the W/C
ratio was 0.390. For composition No. 2, the actual W/C ratio—calculated as the sum of cement
(270 kg/m?) and fly ash (75 kg/m?) — was 0.333. For composition No. 3, the W/C ratio, based on the
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total binder content (cement 240 kg/m?* + fly ash 150 kg/m?), was 0.308. This calculation can be
considered methodologically correct since fly ash has a particle size distribution similar to that of
cement.

The gradual decrease in the W/C ratio as the proportion of fly ash in the binder increased
confirms a well-known materials science principle that this mineral admixture improves the
workability of the concrete mixture [10, 11]. In this experiment, the reduction in the W/C ratio was
also partly due to the fact that the total amount of binder (cement + fly ash) in composition No. 2
was 45 kg/m? greater than in composition No. 1, and in composition No. 3, it was 90 kg/m? greater
than in composition No. 1. However, despite the increase in total binder content, the amount of
superplasticizer remained unchanged. Consequently, the actual dosage of the superplasticizer for
composition No. 1 was 0.8% of the binder mass, for composition No. 2 — 0.696%, and for
composition No. 3 — 0.615%.

The experimentally determined values of average density and compressive strength of the
investigated concretes are presented in Table 2.

Table 2 — Average Density and Compressive Strength of the Investigated Concretes

No. of compo- Average Density, Compressive Strength | Compressive Strength
sition kg/m? at 7 Days, MPa at 28 Days, MPa
1 2441 57.0 65.5
2 2446 53.2 68.0
3 2423 40.9 56.3

The analysis of the experimental data presented in Table 2 shows that the average density of
the control concrete (No. 1) and composition No. 2 was approximately equal, while composition
No. 3 had a slightly lower density. This can be explained by the fact that replacing part of the
cement with a larger mass of fly ash reduces the W/C ratio of the mixture, but at the same time,
increases the spacing of the coarse aggregate.

Figure 1 presents a diagram based on the data from Table 1, showing the compressive
strength development of the investigated concretes at 7 and 28 days.

The analysis of the diagram and Table 1 data shows that at 7 days, the compressive strength
of composition No. 2, where 10% of cement (30 kg/m?®) was replaced with 75 kg/m? of fly ash, was
only 6.8% lower than that of the control composition No. 1. At 28 days, however, the compressive
strength of composition No. 2 was 3.8% higher than that of the control composition. For
composition No. 3, replacing 20% of cement (60 kg/m?) with 150 kg/m* of fly ash resulted in a
28.3% reduction in compressive strength at 7 days. By 28 days, composition No. 3 exhibited a
compressive strength that was 14.0% lower than that of the control composition.

Thus, concretes incorporating fly ash demonstrated a slower rate of strength development
compared to the control concrete, where only Portland cement was used as the binder. This finding
is consistent with results reported by many researchers [3, 4, 10, 22]. Within the scope of this
experiment, replacing 10% of the Portland cement with an optimal amount of fly ash, as a by-
product of thermal power plants, produced concrete with strength comparable to the control
composition. However, replacing 20% of the Portland cement (60 kg/m?®) with 150 kg/m? of fly ash
was not fully compensated, which can be attributed to the limited pozzolanic effect of this
admixture and possibly the specific quality of the fly ash used from the Darnytsia Thermal Power
Plant. It is also important to note that this result was obtained for concretes based on CEM II/A-S
500 cement, which contains up to 20% ground granulated blast furnace slag. The effectiveness of
fly ash will naturally vary when using other types of cement.
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Fig. 1. Compressive strength development of the investigated concretes at 7 and 28 days:
No. 1 — 300 kg/m?® of cement, no fly ash; No. 2 — 270 kg/m? of cement, 75 kg/m? of fly ash;
No. 3 — 240 kg/m?® of cement, 150 kg/m? of fly ash

Conclusions and Prospects for Further Research. Fly ash can be effectively used in
concrete for transportation structures, including culverts, and road pavements, enabling a reduction
in binder consumption. When using Portland cement CEM 1I/A-S 500, it is possible to replace 30
kg/m* of binder with 75 kg/m® of fly ash from the Darnytsia Thermal Power Plant without
compromising the material's strength. The concrete compositions developed in this study, based on
their compressive strength, can be used for the construction of rigid road pavements of all
categories. For culverts, enhancing the concrete's corrosion resistance is potentially significant,
which, according to many studies, can be achieved by using an optimal amount of fly ash.

Expanding the range of concretes in which fly ash, as a by-product of thermal power plants,
can be utilized has important environmental benefits in terms of reducing carbon dioxide emissions,
as well as being economically viable.

Further research will investigate the effect of fly ash from the Darnytsia Thermal Power Plant
on the strength and durability of concretes modified with polycarboxylate additives. In particular,
future studies will focus on the impact of partial replacement of Portland cement with fly ash on
such critical quality parameters for concretes used in transportation structures and road pavements
as frost resistance and abrasion resistance.
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AHoTanifa. Bu3HaueHO BIUIMB 3aMiHM YaCTHHH IIEMEHTY 30JI0H0-BUHECCHHSM Ha MIIHICTh
OCTOHIB /I TPAHCIIOPTHUX CHOPY 1 TOPOKHIX MOKPUTTIB.

Jlnst BUTOTOBJIEHHST OeTOHIB BUKOpUCTOBYBaBcs noprianauement L] II/A-I11-500, meGinb
¢dpakmii 5-20 MM, kBapuoBuil micok 3 Mkp=2,3, cynepmiactudikarop Ilomimmact CII-1 i 30ma-
BunecenHs1 [lapaunbkoi TEL. Jocmimkeno BmactuBocTi OeToHIB Tphox ckiamiB. Ckian Nel (6e3
30JI1 BUHECEHHsI) BUKOPHCTOBYBABCS SIK KOHTPOJBHHM 1 y SIKOCTI B’S)KYy4Oro B HBOMY 3aCTOCOBAHO
mopTiaHAueMeHT y kimekocti 300 kr/me. YV ckmami Ne2 10% mOpTIaHANEMEHTY 3aMiHEHO Ha
75 kr/M° 30/M-BUHECEHHS. Y ckiaai Ne3 20% mnoptiaHaneMeHTy 3amiHeHo Ha 150 Kr/M° 3001H-
BHHECEHHS. Y BCi GETOHH BBOIMBCS CyIepruiacTH(iKaTop y KimbKocTi 2,4 Kr/m®.

Bcei Geronni cymimi manu piBHY pyxomicte S1 Ta ix B/Ll 3anexano Bix ckimamy. s
KoHTposbHOTO ckiamy Nel 3mauenns B/L] cyminni mopisaroBano 0,390. s ckimaxy No2 dakTudne
B/Il, ToOT0 3a yMOBU PO3paxyHKY KITBKOCTI B’SDKYYOro SIK CyMH KUTBKOCTI I[EMEHTY 1 30JIH,
nopisaroBaio 0,333. s ckiamy Ne3 — 0,308. ToO6TO y Mipy 301IbIICHHS YaCTKH 30JI Y B’ SKY4OMY
B/I1 cymiieii 3HIKYBanacs.

Cepenns ryctuHa OETOHY KOHTpOJbHOro ckmamy Nel i CKnaﬂg/ Ne2 € npubnu3HO PiBHOIO
(2441 kr/m® i 2446 KF/M3), a ckiany Ne3 nemo menmoro (2423 kr/m”). Lle MOSICHIOETBCS TiM, IO
MIpH 3aMiH1 YaCTHHH [EMEHTY OUTBIIO0 32 MACOI0 KUTBKICTIO 30JIM-BUHECEHHS Y O€TOHI 3HUKYEThCS
B/11 cymimri, ane ogHOYACHO 301UIBIIYETHCS PO3CYHEHHS KPYITHOTO 3alI0OBHIOBAYA.

MinHicTe Ha cTUCK O€TOHIB BHM3Hayanacs y Bimi 7 1 28 ni6. BeranoneHo, mio y Bimi 7 116
MIIHICTh Ha CTUCK OeToHy ckiany Ne2, y sxomy 30 Kkr/m° LIEMEHTY 3aMiHeHO Ha 75 kr/m® 307mH-
BUHECEHHS, € Ha 6,8% MeHIe MIITHOCTI KOHTpoJbHOTO ckiamxy Nel. Ane y Bimi 28 110 MIIHICTh
6erony ckmnany Ne2 e Ha 3,8% Oinbiie MilHOCTI OeTOHY KOHTpoibHOro ckiany Nel. [lns ckmany
Ne3 samina 60 xr/m° neMeHty Ha 150 KI/M® 30J1M BHHECEHHS BUKJIMKAIA 3HMKCHHS MIIHOCTI Ha
CTHUCK Y MOPIBHSIHHSA 3 KOHTPOJIbHUM ckiazoM Nel y Bini 7 116 Ha 28,3%, y Biwi 28 n1i6 — Ha 14,0%.
To6To 6eToHu, y cKilajl SIKUX BUKOPUCTOBYBAAcs 30Ja-BUHECEHHSI, XapaKTEpPU3yBAJIUCS MEHIIIOIO
HIBUJIKICTIO HAOOpy MIIIHOCTI y TOpPIBHAHHI 3 OETOHOM, B SKOMY Yy S$KOCTI B’ SXKy4Oro
BUKOPUCTOBYBAaBCSl JHIE MOpTiaHauneMeHT. 3amiHa 10% mnopTiaHALEMEHTY palioHAIbHOIO
KUTBKICTIO 307U JIO3BOJIMJIA OTPUMATH OETOH 3 MILIHICTIO, SIKa € HE MEHII MIIIHOCTI KOHTPOJIBHOI'O
ckiany. [Ipore 3amina 20% nopTianAneMeHTy He OyJia TOBHICTIO KOMIIEHCOBAaHA BBEICHHSIM 30J1H.

Tobro MOXIMBUM 1 e(eKTMBHUM € 3aCTOCOBYBAHHS 30JIM-BUHECEHHS Y CKJIaJl OETOHIB
TPAHCHOPTHUX CIOPYJ 1 JAOPOXKHIX HNOKPHUTTIB. BBeNeHHs pallloHaJbHOI KUIBKOCTI 30JIM J03BOJISIE
3HU3UTU BUTPATH B’SHKYYOTO, 1110 MA€ BAXKIIMBE €KOJIOTIYHE 3HAUEHHS 1 €eKOHOMIYHO JIOLLIBHO.

KuouoBi ciioBa: 30ma-BUHECEHHS, OETOH, TPAHCIOPTHI CHOPYAH, XOPCTKE JIOPOXKHE
MOKPUTTSI, CyNepIuiacTugikaTop, MillHICTb.
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