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Abstract. This study explores novel concretes where cement is partially replaced by oil shale ash
(OSA), reducing CO2 emissions, and incorporates patented composite fibers for enhanced
mechanical performance. The mechanics of fiber pull-out and interfacial bond strength in concrete
reinforced with short fibers, where cement is partially replaced by either fly ash or OSA, using the
Double Cantilever Beam (DCB) test. The research aims to assess how these eco-friendly additives
impact the fiber-matrix bond and crack propagation resistance in fiber-reinforced concrete. In the
experimental setup, two partially sawn concrete beams were joined along their length by a thin,
fiber-reinforced concrete layer and subjected to a tensile force, simulating crack opening. Concrete
specimens (400x210x100 mm) with varying ash contents were tested, focusing on key parameters
such as peak load, energy absorption, and interfacial toughness. Findings indicate that both fly ash
and basalt enhance the mechanical properties of the concrete, with significant improvements in
load transfer and fiber pull-out resistance observed, particularly at higher ash contents. Analysis
of force-displacement curves and fracture surfaces demonstrated a shift from brittle to more
ductile behavior as ash content increased, enhancing the fracture resistance of the composite. This
research supports the use of alternative cementitious materials like fly ash and basalt in developing
sustainable, high-performance fiber-reinforced concrete, with potential applications in structural
engineering and eco-friendly construction practices.

Keywords: Pull-out, OSA, Fly ash, fiber concrete, DCB.
1. Introduction

Concrete reinforced with composite fibers has gained significant interest for its enhanced
mechanical properties, including improved tensile strength, durability, and fracture resistance,
making it suitable for structural applications under dynamic loading. When mechanical load is
applied to the fiber concrete structure, one or few macrocracks appear and begin to open. The
fibers are bridging them, preventing the structure from splitting into parts. Important is to know
load - fiber pulled out length dependence law on fiber orientation to opening crack’s plane surface.
Traditional way of investigation is to perform single fiber pull-out experimental tests.
Development of that approach to few simultaneously pulled out fibers is Double Cantilever Beam
(DCB) test. This study examines the pull-out behavior of composite fibers in concrete partially
substituted with sustainable cementitious materials — specifically, fly ash and oil shale ash-using
the Double Cantilever Beam (DCB) test to assess interfacial bond strength and fiber-matrix
interaction. By integrating fibers with SCMs, the composite material exhibits increased toughness,
energy absorption, and crack resistance, benefiting from both the bridging effect of fibers and the
pozzolanic properties of the SCMs [1-3].

Results from pull-out testing reveal that fly ash and oil shale ash significantly enhance the
interfacial bond strength, fracture toughness, and durability of fiber-reinforced concrete (FRC),
providing insights into load transfer efficiency and debonding mechanics. Findings support the
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use of eco-friendly additives in producing high-performance FRC with potential for cost-effective,
durable, and sustainable construction applications [4-7].

2. Materials and methods

The novelty of this work lies in developing sustainable concretes by partially replacing cement
with oil shale ash (OSA), a widely available waste material, significantly reducing CO, emissions.
Additionally, it introduces fiber-reinforced concretes utilizing patented novel composite fibers,
enhancing mechanical performance and advancing eco-friendly construction technology.

2.1. Preparation of fiber

Basalt yarns were prepared by slightly twisting them together and securing them in a wooden
frame equipped with dampers to maintain light tension. This setup helped to ensure that the fibers
remained aligned during the treatment process. The yarns were then coated with a binding mixture
of epoxy resin (WELA-EP 100) and hardener in a 3:1 ratio, promoting the formation of a uniform,
resilient thread structure. Following application, the epoxy-coated fibers were left to dry for two
days to achieve optimal strength and stability. Once fully cured, the fibers were cut into short
segments, each measuring 4.8 cm in length, ready for incorporation into composite materials [8-9].
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Fig. 1. Preparation of Basalt fiber

2.2. Preparation of sample

In this study, concrete reinforced with basalt fibers was investigated to assess the effects of Oil
Shale Ash (OSA) as a partial cement replacement on the material's mechanical properties, with a
focus on compression and pull-out strength. OSA, a byproduct of oil shale combustion for energy
production, possesses properties suitable for use as a mineral binder, making it a viable alternative
to traditional cement. Concrete cubes were prepared for compression testing with OSA
incorporated at replacement levels of 0 %, 15 %, and 35 %. Additionally, concrete beams
measuring 400 mmx210 mmx100 mm were prepared, notched, and joined to simulate crack
behavior under loading. Basalt fibers, coated with Wela EHO8 hardener and cut into 48 mm
segments, were added to the concrete mix to enhance toughness and fracture resistance. The
varying OSA percentages allowed for a comparative analysis of mechanical properties,
particularly focusing on interfacial bond strength and energy absorption, providing insights into
the potential of OSA as a sustainable cementitious material in fiber-reinforced concrete [10, 11].

To prepare the concrete mixture, the components were measured according to the recipe
outlined in Table 1. This included varying proportions of cement and oil shale ash as a partial
cement replacement, alongside standard aggregates like gravel and sand. The specific mixtures
were designated as DCA-0 (0 % oil shale ash), DCA-1 (15 % oil shale ash), and DCA-2 (35 % oil
shale ash). All dry ingredients were weighed separately and added to a concrete mixer, while water
and plasticizers were mixed in a separate container. The dry components were blended into a
homogeneous mixture, with the remaining ingredients gradually introduced over a period [12].
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Table 1. Concrete mix composition

Material DCA-0 (0 %) | DCA-1 (15 %) | DCA-2 (35 %)
Cement 7.625 kg 6.48 kg 4.955 kg
Oil Shale Ash 0 1.145 kg 2.67 kg

Water SL SL SL

Gravel (4-8 mm) 26.15 kg 26.15 kg 26.15 kg
Sand (0.3-2.5 mm) 15.1 kg 15.1 kg 15.1 kg
Sand (0.1 mm) 2.85kg 2.85kg 2.85kg
Dolomite 2.05 kg 2.05 kg 2.05kg
Plasticizer (Sika D-190) 0.25 kg 0.25 kg 0.25 kg

Before pouring the concrete, the mold was oiled to facilitate the removal of samples post-
curing. The prepared cement paste was filled into the mold to a height of 25 mm, and four steel
rebar pieces were positioned 20 mm from both edges and 20 mm from the center of the mold. At
a height of 50 mm from the bottom, 15 fibers were inserted in three groups of five at a 45° angle.
Another set of four steel bars was placed 75 mm from the bottom, maintaining the same
configuration. The mold was then filled with concrete, covered with plastic wrap, and left to cure
for two days. After this period, the samples were demolded and immersed in water for a curing
duration of 28 days.

Once the curing process was complete, the samples were extracted from the water. Prior to
testing, holes were drilled between the reinforcements in areas without fibers, and a small notch
was cut in the center of the sample to ensure that failure would initiate at this point. The samples
were then positioned in a universal testing machine, with clamps secured at the drilled holes. The
setup allowed for a gradual increase in force until a crack developed along the designated path in
the concrete. Upon reaching the critical load, the basalt fibers either fractured or pulled out from
the concrete, demonstrating their behavior under tensile loading conditions [13, 14].

2.3. Testing procedure

Once the concrete specimens had cured for 28 days, specific notches were created at
predetermined locations to direct the fracture path during testing. Each specimen was then
equipped with clamps and tested using a Zwick Z150 electro-hydraulic universal testing machine.
This machine applied a gradually increasing force at a rate of 5 mm per minute until a fracture
developed within the concrete matrix. Throughout the process, both fiber pull-out and fracturing
behaviors were closely monitored and recorded. The primary objective of this testing was to
investigate the fiber pull-out behavior in concrete mixed with basaltic ash, a natural mineral
additive that has the potential to enhance mechanical properties and durability while reducing
environmental impact.

Fig. 2. Testing setup of samples

The Double Cantilever Beam (DCB) test was employed in this experimental setup, which is a
mode I fracture test designed to measure the resistance of composite materials to crack propagation
at the fiber-matrix interface. By splitting the specimen into two parts, with the embedded fibers
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forming a “double cantilever beam”, the interaction between the fibers and the concrete matrix
could be thoroughly examined. As the test progressed, a non-contact video extensometer from
Messphysik was used to measure pull-out displacement accurately. This methodology allowed for
the precise recording of force and displacement data during the fiber pull-out process, facilitating
the generation of force versus pull-out displacement diagrams. These results provide valuable
insights into the pull-out forces and energy requirements, critical for predicting failure modes in
fiber-reinforced concrete applications, such as in pavements and load-bearing structures. At the
same time test is possible to designate as DCB only approximately, because when crack is opened
(and bridged by fibers) each separated beam is not working as a cantilever, rotating around both
beams mutual touching line [15, 16].

3. Results and discussion

The experiment focused on measuring the maximum force acting on basalt fibers embedded
in concrete samples, identified as DCA-0, DCA-1, and DCA-2. The results from these samples
are summarized in graphs where data on each specimen's performance under applied load is
recorded.

The analysis of force-displacement behavior among different material configurations reveals
distinct performance characteristics. The DCA-0 group exhibits superior load-bearing capacity,
reaching a maximum force of nearly 9000 N. This indicates its robustness, as it can withstand
significant forces before substantial displacement occurs. In contrast, the DCA-1 group displays
a rapid increase in force but achieves peak displacement more quickly, with a maximum force of
approximately 7500 N. This suggests a lower stiffness compared to DCA-0, while the DCA-2
group consistently demonstrates the lowest force values across all displacements, peaking at just
below 6000 N, indicating a lesser resistance to applied forces and possibly inferior material
properties [17].

The non-linear relationship observed in the force-displacement curves indicates that as
displacement increases, the rate of force increase also accelerates, a behavior commonly
associated with strain hardening in composite materials. This trend implies that the materials
exhibit increasing resistance to deformation with greater displacement, which is a critical factor
in evaluating their mechanical properties. The variations in maximum forces among the
configurations, along with the differences in their stiffness and displacement behavior, highlight
the importance of material testing for engineering applications. Understanding these
characteristics enables engineers to set safe loading limits and optimize material selection based
on performance requirements, ultimately guiding the design of more resilient structures and
components [18].
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Fig. 3. Results of samples with 0 % OSA Fig. 4. Results of samples with 15 % OSA

To analyze the load distribution on the fibers, a triangular loading configuration was observed
(it is true on initial stage of pulling out process). This means that the force was not evenly
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distributed among the fibers; instead, a significant portion of the load was concentrated on the first
fiber, while the last fibers experienced minimal loading. This uneven distribution can significantly
impact the overall structural behavior and failure mechanisms of the composite material [19, 20].
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Fig. 5. Results of samples with 35 % OSA
The maximum force, denoted as P*, can be derived from the equation:
P*L*:Pn'Ln+Pn—1'Ln—1+Pn—2'Ln—2+“'+0: (1)

where: P, is the force acting on the nth fiber, L, is the distance from the nth fiber to a reference
point (zero), L* represents the shoulder length over which the load is applied. The summation
calculates the total contribution of forces acting on all fibers in the system.

From the triangular load distribution, the relationship between the forces acting on successive
fibers is given by:

Pn—l — Ln—l Ln—l

>P,_, =P . 2
Pn Ln n-1 nLn ()

This indicates that the force acting on any fiber can be expressed as a function of the force on
the previous fiber, scaled by the ratio of their respective distances.
To find the force P,, we can rearrange the equation as follows:

CnE1) g

Here, the denominator accounts for the contributions of all fibers, normalizing the forces based
on their distances from the reference point.

When crack opening is reaching statement when first fibers are pulled out of the concrete,
hypotheses about triangle load distribution must be corrected.

The data presented further elaborates on the results obtained from the DCA-0 and DCA-2
samples, indicating the performance of each underload condition. By analyzing these results, we
can better understand how the force distribution affects the pull-out strength and overall
performance of the fiber-reinforced concrete under tensile loading, ultimately aiding in optimizing
the design and application of such composite materials in structural engineering [21-23].

This detailed examination of the load distribution and its effects is crucial for developing
reliable fiber-reinforced concrete systems that can effectively withstand applied forces in real-
world applications.

P

4. Conclusions
This study examines the mechanics of composite fiber pull-out from concrete incorporating

'VIBROENGINEERING PROCEDIA. MAY 2025, VOLUME 58 1 89



MECHANICS OF COMPOSITE FIBER PULL-OUT FROM CONCRETE WITH FLY ASH USING THE DCB TEST.
KARUNAMOORTHY RENGASAMY KANNATHASAN, NIKITA GRIGORJEVS, ANDREJS KRASNIKOVS

oil shale ash, highlighting the complex interplay between sustainability and mechanical
performance. The findings indicate that the inclusion of oil shale ash significantly diminishes fiber
pull-out resistance, primarily attributed to its effects on the integrity of the concrete matrix and
the bonding mechanisms between fibers and the concrete substrate.

Notably, the analysis of varying ash content reveals a threshold effect; specifically, the
transition from 15 % to 35 % ash content yields diminishing returns concerning further reductions
in pull-out resistance up to 1000 N for each consideration. This suggests that while higher ash
content promotes ecological benefits, it may lead to compromised mechanical properties beyond
a certain point.

Considering these results, future research should focus on optimizing the oil shale ash content
to achieve an effective balance between the desired sustainability outcomes and the mechanical
performance of the concrete composites. Additionally, the exploration of alternative additives that
could enhance fiber bonding and mitigate the adverse effects of oil shale ash on pull-out resistance
is recommended, such investigations will be crucial for developing concrete materials that are
both environmentally sustainable and structurally resilient.
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