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Abstract: The research presented in this article seeks to identify the possible causes of
reinforcement shadows (RS) on the surface of concrete test specimen produced under
laboratory conditions. Different hypotheses about RS were selected based on factory
practices and simulated in the study. The test specimens were cast horizontally in contact
with steel form-facing surfaces coated with a water-soluble release agent. In addition, two
scenarios were analysed during specimen production: reinforcing mesh was fixed using
plastic spacers or tie wire. The analysis of the reinforcement shadows was based on visual
inspection, taking photos, surface moisture content measurements, and colour variation
analysis using the Natural Colour System. It was concluded that RS, which are typically
characterized by darker lines, can be defined by the percentage of black colour present in
the shadowed area compared to the percentage of black colour in the surrounding area.
This percentage can be quickly assessed on a factory scale using digital colour readers
that provide timely information. The reduced concrete cover thickness from 35 mm to
10 mm revealed light horizontal dark lines on the exposed surface. It was hypothesised
that the gap of less than 10 mm between the reinforcing bars and the steel form-facing plate,
along with the sieving effect of the fresh concrete, can retard the cement paste hydration
process, resulting in unhydrated ferrite phases that contribute to the dark colour of the
unhydrated cement. The release agent sprayed on the steel form-facing surface straight
through the reinforcing mesh created a RS effect of the reinforcement on the exposed
concrete surface. The absence of a release agent under steel rebars decreased the wettability
at the interface between the formwork and fresh concrete, resulting in dark lines during the
curing process. It is important to avoid such cases when manufacturing precast reinforced
concrete elements. Quantitatively assessing RS and proposing a standardized method for
calculation and categorization could be a new research direction in the future.

Keywords: flowable concrete; reinforced concrete; surface quality; reinforcement shadow;
colour variation; surface moisture content

1. Introduction
The quality and appearance of the visible surface of precast concrete products and

monolithic concrete structures mainly depend on high-quality materials and appropriate
product manufacturing or construction technology. Every manufacturer or builder attempts
to achieve the highest possible surface quality required by the customer at a reasonable
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cost. Even with the improvements in concrete technology in the last decade, some concrete
products fail to meet the requirements applicable to the visible surface of concrete products.
Repairing or correcting surface defects to reinstate the required concrete quality involves
high costs related to the use of repair mixtures, daubs, and additional labour and does not
contribute to sustainability. It contributes to environmental pollution by accumulating waste
from precast elements that are rejected for quality issues. Surface defects may occur on the
visible surface of a precast product and in situ cast concrete structure that comes into contact
with the horizontal and vertical surfaces of the mould during manufacture or casting on
the construction site. One of the exposed concrete surface defects can be attributed to the
reinforcement shadows. Once these surface defects occur, they cannot be removed. This
means prevention is the only way to ensure such defects don’t occur. Yet, while reinforcement
shadows can present challenges for civil engineers, they can also create a unique and stylish
look from an architect’s perspective. In addition, whether concrete surfaces with reinforcement
shadows are aesthetically pleasing for users depends on their attitude.

Reinforcement shadows (RS) are a property in which the apparent position of the
reinforcing bars and mesh is visible on the formed concrete surface, typically as darker lines.
This visible defect can also be called a reinforcement pattern, reinforcement showing, rebar
shadowing, steel shadowing, reinforcing bar shadowing, shadow marks, ghosting, dark
lines, etc. Such RS can appear on all reinforced surfaces, whether precast or in situ-formed
elements (Figure 1).
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Figure 1. Examples of precast or in situ formed concrete structures showing reinforcement shadows
visibility (photos taken by author).
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Based on the analysis of the literature sources, Table 1 summarises the principal
reasons for RS occurrence or colour variation that strengthen the effect of RS on formed
concrete surfaces.

Table 1. The potential causes of RS occurrence or colour variation that strengthen the effect of RS
based on the literature references.

Ref. Reason for RS Occurrence Findings and Recommendations Research
Methods

[1,2]

When the reinforcing mesh
is inserted into fresh

concrete after filling the
moulds.

This action creates a pumping effect directly beneath
the reinforcing bar and disturbs and modifies the

cement paste. Any changes in the composition of the
cement paste influence its curing process, which
impacts the final product’s visual characteristics.

Changes in the concrete matrix are most often caused
by aggregate segregation, changes in the water–cement

(W/C) ratio, and other changes in the cement paste.

Not specified.

[2]
When the reinforcing mesh
is located too close to the

visible surface.

It is argued that if the reinforcing mesh is located too
close to the visible surface, it cannot cause the RS effect

because it does not affect cement paste changes.
Not specified.

[3]
When the reinforcing rebar
is positioned too near the

surface.

Yet there is also an alternative opinion that when the
reinforcing rebar is positioned too near the surface, and
the newly poured concrete is not adequately vibrated,
the concrete fails to integrate fully over the reinforcing
bars, which results in a concrete colour discolouration

or a visible line on the concrete surface.

Not specified.

[1,2]

When the reinforcing mesh
is suspended in the

moulds, and fresh concrete
is poured through it.

If the reinforcing mesh sieves the fresh concrete stream
without remixing below, the aggregate is pushed aside
and segregated while the cement paste flows separately.
This changes the cement paste/mortar matrix directly

beneath the reinforcing bar, which cures slightly
differently [1,2]. To reduce shadowing effects, it is

crucial to ensure proper rebar alignment and carefully
consider the concrete cover thickness and maximum

size of coarse aggregate.

Not specified.

[1,2,4,5]

When the reinforcing mesh
is already buried in the

freshly poured mixture and
moved or vibrated by an

internal vibrator.

If the reinforcing mesh is already buried in the freshly
poured mixture and moved or vibrated, this movement
leads to localised segregation of the mix. The internal

vibrator must not contact the reinforcing mesh or
formwork during mixture compaction. Avoid the
prolonged contact of the internal vibrator with the

reinforcement. Avoid intensive vibration of the mixture.

Visual
inspection of

RS.

[5]

Increased calcium
deposition on the concrete

surface resulting in a
darker appearance.

After removing the formwork, it can be seen that the
lower half of the wall is darker than the upper half.

Below, increased calcium deposition on the concrete
surface results in a thicker joint and, thus, a darker

appearance.

Not specified.

[4]

A temperature difference
between the reinforcing

mesh and the fresh
concrete.

A temperature difference between the reinforcing mesh
and the fresh concrete of more than 12 ◦C at a cold

ambient temperature of around 5 ◦C can also trigger
this effect. However, this depends on the thickness of

the concrete cover.

Visual
inspection of

RS.



Buildings 2025, 15, 1140 4 of 36

Table 1. Cont.

Ref. Reason for RS Occurrence Findings and Recommendations Research
Methods

[2,5]
When the plywood

sheet/panel joint is not
sealed.

Marks on the surface resembling RS can also be
attributed to leaking moulds. Differences under the

curing conditions cause discolouration.

Not specified.
Visual

inspection of
dark lines.

[2,6] An overabundance of
form-release agents.

Marks on the surface resembling RS can also be
attributed to an overabundance of form-release agents
that have collected or formed puddles in the mould and
items placed on the concrete surface during the curing

process. During the curing process, a differential in
moisture under the items left compared to exposed

concrete causes these marks.

Not specified.
Visual

inspection of
marks.

[2]
Various techniques that

prevent water evaporating
from concrete.

Various techniques that prevent water from
evaporating from concrete in certain regions, while

leaving other areas exposed and able to dry, will result
in uneven curing, leading to colour variation. The

concrete region that remains moist for a longer time
will cure more thoroughly, leading to a more vibrant

colour in those areas.

Not specified.

[1,7,8]

Insufficient rigidity in
moulds or formwork may

affect concrete
discolouration.

Insufficient rigidity in moulds or formwork can result
in various imperfections, including colour variation or
a mottled appearance. These defects may occur due to

mould flexing and shifting during concrete pouring
and consolidation. Form lining material steel can create

dark mottling, especially if the concrete is
over-compacted.

Not specified.

[9]

Variations in production
and storage conditions
(relative humidity (RH)
and daily temperature)

may affect concrete
discolouration,

strengthening the
impression of RS.

Authors [9] revealed that low temperatures and high
relative humidities (e.g., 2 ◦C and 95% RH) are the
reason for the increased occurrence of mottled dark

discolouration in winter. High temperatures and low
relative humidity (e.g., 20 ◦C and 85% RH) favour

producing uniform, non-discoloured fairface concrete
surfaces in summer. It was concluded that the

darkening of the exposed concrete surface is attributed
to calcium hydroxide accumulating in the pores near

the surface. In hot weather, concrete can cure too
quickly, causing it to become lighter in colour, while in

cold weather, the concrete may not cure properly,
causing it to become darker in colour. If the air is very
dry, the water in the concrete can evaporate too quickly,

causing it to become lighter in colour. On the other
hand, if the air is too humid, the concrete may not dry

properly, causing it to become darker in colour.
Additionally, if the concrete is exposed to sunlight for
an extended period, it can cause the surface to become

discoloured or develop a mottled appearance.

Optical
microscopy,

scanning
electron

microscopy
(SEM), and

energy-
dispersive

X-ray analysis
(EDX).

[10]

Production variations can
create surface irregularities

and influence the
concrete’s colour.

Factors such as slump, mixing duration, and weather
conditions can potentially create surface irregularities
and influence the concrete’s colour. The cement itself
may exhibit colour inconsistencies. Even when using

grey cement on smooth surfaces, some degree of colour
variation is to be expected.

Not specified.
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Table 1. Cont.

Ref. Reason for RS Occurrence Findings and Recommendations Research
Methods

[11]
A phenomenon caused by

variations in material
thickness.

This issue can lead to an uneven appearance, where
certain surface areas may seem lighter or darker than

others. Employing high-quality materials and
appropriate mixing methods can help avoid variations in
the material’s thickness, which might result in ghosting

effects. To ensure consistency, the mixture should be
correctly proportioned and thoroughly mixed.

Not specified.

[12]
The vibration intensity
(amplitude, frequency,

timing).

The authors indicate that dark discolouration depends
on the vibration intensity (amplitude, frequency,

timing), the formwork’s stiffness, and the concrete’s
setting behaviour in multi-layered structural elements.

Not specified.

[13–15] The content of iron oxide
and manganese oxide.

The clinker’s main constituents are alite, belite,
aluminate, and ferrite. The ferrite phase is known as

C4AF and is conventionally ascribed a subdued
hydration reactivity within the Portland cement clinker
system. The content of iron oxide and manganese oxide
influences the inherent grey colour of hardened Portland
cement paste. Concrete’s grey colour varies from darker
to lighter shades and occasionally presents a yellow tint.

Visual
inspection and
assessment of

colour
variation are
based on the

grayscale.

[16]
The water–cement ratio,
mineral admixtures, and

hydration age

Cement powder colour had the most significant effect
on cement paste colour. Additional factors that

substantially impacted paste colour included the ratio
of water to cement, the presence of mineral additives,

and the duration of hydration for young pastes (under
14 days). In contrast, chemical additives and air

entrainment had a minimal effect on the paste’s colour.

Colorimetry,
L*a*b* colour
space values.

[17,18]

Cement’s origin, the
water–cement ratio, and

the extent and rate of
hydration of the ferrite

phase in cement.

Different types of cement, such as ground granulated
blast-furnace slag, powdered limestone, fly ash, and

others, may differ in colour when using cement
replacements. More replacement leads to more

significant colour change. A low water–cement ratio
paste is always darker than a high water–cement ratio

paste made with the same Portland cement.
Construction practices show that producing localised
areas of variable water–cement ratio within a concrete

slab potentially causes discolouration. Unhydrated
ferrite phases (iron compounds) in cement are

blackish-brown and are primarily responsible for the
dark colour of unhydrated cement. Hydration lightens
their colour; fully hydrated ferrites, when prepared as
slurries of the pure phases, range in colour from white
to dark red-brown. Thus, the lightening of the ferrite
phase during hydration is the major cause of cements

and concretes becoming lighter in hue as they hydrate.

Visual
inspection,

colorimetry.

[19–23] Evaluation method for
colour

Colour models are systems for measuring colours that
humans can perceive. They combine different values

into a set of primary colours. The paste’s colour is
evaluated using the L*a*b* colour space, which

officially refers to the CIELAB colour space. Three
values in three dimensions are used: L* for perceptual
lightness and a* and b* for the four unique colours of

human vision—red, green, blue, and yellow.

CIELAB colour
space, HIS

colour space



Buildings 2025, 15, 1140 6 of 36

The literature analysis shows that only a few scientific studies provide some informa-
tion about the influence of different factors on the presence of reinforcement shadows. In
addition, no clearly identified research methods can be used to measure the RS effect or
quantitatively determine the dark lines. The assessment of RS is mainly based on visual
inspection or complex research methods, such as optical microscopy, scanning electron mi-
croscopy (SEM), and energy-dispersive X-ray analysis (EDX). In contrast, colour variation
analysis is based on visual inspection, grayscale analysis, colorimetry, and the CIELAB and
HIS colour space systems.

Table 2 summarises the description of RS, colour variation, and inspection methods
based on technical documents or standards analysis.

Table 2. The description of RS, colour variation, and inspection method based on technical documents
or standards analysis.

Ref. Technical
Document/Standard Description of RS or Colour Variation Inspection Method

[24] Technical document CIB
Report No. 24 (1966)

Does not provide any information
regarding RS.

Not specified on RS. Assessment
of colour variation is based on

the grayscale, which is based on
seven reference cards.

[25] Technical document ACI
347.3R-13 (2014)

Does not provide any information
regarding RS. There are distinguished

classes CU1, CU2, and CU3. It is reported
that light and dark colour variations are

acceptable for UC1, gradual light and dark
discolouration is acceptable for CU2, and
discolouration caused by concrete source

material of different types and origins,
different types or treatments of facing
materials, or inconsistent treatment of

concrete surfaces is unacceptable for CU2.

Not specified on RS. The
inspection method of colour
variation is based on visual

assessment. The main
evaluation method is the overall

impression viewed from an
appropriate viewing distance.

[26] Standard CEN/TR
15739:2008

It does not provide any information
regarding RS. Differences in colour are

reported in the same section of the works.

Not specified on RS. The
inspection method of colour

variation is based on a reference
to a colour chart identifying the

main colour of the reference
sample (CIB scale).

[27] Standard ΓOCT
13015-2012

Does not provide any information
regarding RS. Unacceptable oil and rust

stains are on the precast concrete elements’
visible surfaces, which may affect colour

variation.

The inspection method of colour
variation is based on visual

assessment. It does not provide
information on how to measure

different colours.

[28] Standard LST 2015:2020

It defines surface appearance characteristics
and the methods for inspecting precast

concrete products and provides information
about the RS. It is reported that changes in
the concrete matrix can cause reinforcement

shadows on the product’s surface, which
manifest in the appearance of lighter and

darker tones.

RSs are attributed to formed
concrete surface characteristics
that cannot be measured. The
inspection method is based on

visual assessment.
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Table 2. Cont.

Ref. Technical
Document/Standard Description of RS or Colour Variation Inspection Method

[29] Technical document
ÖNORM B 2211 (2011)

The shading effect of reinforcement is
attributed to colour consistency. There are

distinguished classes, F1 and F2, where
linear discolourations (reinforcement

shadows) are not permitted. It is reported
that surface discolouration can be caused by

rust or by cement, concrete additives,
aggregates of different origins, delivery by

different concrete suppliers, improper
pre-treatment of the formwork, and

improper concrete curing.

The inspection method of colour
variation is based on visual

assessment. It does not provide
information on how to measure

different colours.

[30] Technical document
ACI 201.1R-08 (2008)

The discolouration is understandable as a
deviation from the expected or desired

colour.

Not specified on RS. The
inspection method of colour
variation is based on visual

assessment. It does not provide
information on how to measure

different colours.

[31] Technical document
ACI 309.2R-98 (1998)

It states that changes in surface colouration
become noticeable within several hours of
formwork removal. In addition, calcium

chloride can cause darker colours that
depend on the properties of fresh concrete.
Vibrators inserted too close to the form can
cause colour variation by marring the form

surface, and external vibration used
haphazardly may also cause colour

variation.

Not specified on RS. The
inspection method of colour
variation is based on visual

assessment. It does not provide
information on how to measure

different colours.

This table shows that some documents and standards [24–27] that define quality levels
of formed concrete surfaces and provide methods to achieve and evaluate them do not
provide information about the RS effect. This means that, at that time, this phenomenon
was not very important from a visual perspective. Later, it became an important factor in
defining the quality levels of formed concrete surfaces. The standard [28] already provides
information about the RS effect, but it is reported that RSs are attributed to formed concrete
surface characteristics that cannot be measured. This means those characteristics cannot be
measured according to the requirements set for the surface category or deviations given
in the mentioned standard; therefore, the surface is described by visual assessment of
structure, texture, and colour variation. In the document [29–31], the shading effect of
reinforcement is attributed to colour consistency, while the discolouration is understandable
as a deviation from the expected or desired colour. In addition, it states that calcium chloride
can cause darker colours that depend on the properties of fresh concrete. The technical
documents and standards show that more practical and suitable methods are needed to
determine the RS effect, which can be understood as colour variation or colour uniformity
at a factory scale. Based on the literature analysis, not only are quantitative studies required
to understand the potential cause of the reinforcement shadow effect and prevent this
concrete surface defect from forming, but they are also required to offer better solutions
on how to check the dark lines. Visual inspection based on photo taking can capture the
appearance of surfaces, and portable digital colour readers that do not depend on the
evaluator’s opinion can be a solution on a factory scale.
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The objective of the research presented in this article is to analyse the possible causes
of reinforcement shadows on the formed concrete surface of test specimens produced under
laboratory conditions when assessment is based on visual inspection, surface moisture
content measurements, and colour variation analysis. The colour variation analysis was
based on the recognition of colour, where the evaluator can visualise colour through
its attributes such as blackness, hue, and brightness. A camera was used to capture
the appearance of the concrete surface, the surface moisture content was determined
using a portable device, and a portable colour reader was used to analyse the concrete
surface’s colour variation using blackness, hue, and brightness. It was executed with the
aim of maintaining laboratory conditions similar to realistic factory conditions that are
important for industrial applications defined with a precast concrete production company.
A vibrational table, with a length of 2.0 m and a width of 1.2 m, was made for this research,
and the concrete test specimens were produced and cured in the controlled environment
at a temperature of 20 ± 2 ◦C and a relative humidity of 40 ± 5%. During the interview
with the precast concrete element production manager, the main factors that can cause
a reinforcement shadow visibility on the formed concrete surface were identified based
on production experience. The impact of these factors on RS under laboratory conditions
was investigated according to the research flow chart shown in Figure 2. In some cases, a
relationship was found between the factors selected in the interview with the production
manager and factors those found in the literature analysis.
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2. Materials and Methods
All the materials necessary to conduct this research, such as components of the concrete

mix, the release agent, reinforcing meshes, and the plastic reinforcing mesh spacers, were
delivered to the KTU laboratory from the precast concrete products factory. The flowable
concrete (FC) mix composition developed for a specific application, such as ‘exposed
concrete walls’, chosen for this research, was similar to the factory composition. According
to current production technology, mixtures with moderately high slump flow values require
less work in place.

As a binder for FC, Portland slag cement CEM II/A-S 42.5 N, satisfying the require-
ments of EN 197-1:2011 [32], was used. Table 3 presents the cement’s physical and mechan-
ical properties.

Table 3. Physical and mechanical properties of Portland slag cement.

Specific surface area (Blaine method), m2/kg 397
Particle density, kg/m3 3045
Dry bulk density, kg/m3 1210
Residue on a standard 90 µm sieve, % 0.5
Water demand for standard consistency (Vicat method), % 27.5
Soundness (expansion), mm 1.0
Initial setting time, min 125
Final setting time, min 165
Compressive strength after 2 days/after 28 days, MPa 24.8/56.6

Loss on ignition, % -
Insoluble materials, % -
SO3, % 2.46
Cl−, % 0.016
Alkalis, calculated by Na2O equivalent, % 0.80

As a fine aggregate, sand of fraction 0/4 was used, having the following character-
istics: dry bulk density 1635 kg/m3 and specific gravity of approx. 2.65. As a coarse
aggregate crushed granite fractions 2/8, 5/11 and 11/16 were used. The physical prop-
erties of the crushed granite fractions 2/8, 5/11, and 11/16 were as follows: dry bulk
density of 1582 kg/m3, 1582 kg/m3, and 1460 kg/m3, respectively; and specific gravity of
approximately 2.79, 2.79, and 2.82, respectively. To increase the amount of fine particles
in the aggregate mixture, ground limestone was used with the following characteristics:
dry bulk density of 1582 kg/m3 and specific gravity of approximately 2.80. The particle
size distribution of the aggregates used was determined with reference to the standard
EN 12620:2002+A1:2008 [33]. A high-range water-reducing/superplasticising admixture
based on modified polymers was used as a plasticising admixture with the following speci-
fications: brownish liquid, density of about 1.05 kg/L, pH value of 4.3, and low-viscosity
liquid. The superplasticiser dosage for fresh concrete production was constant, i.e., 1.6%,
according to the weight of cement. The chosen concrete mix composition for the research
was similar to the one used in a Lithuanian precast concrete element production factory.
Table 4 presents the amounts of materials (kg) per m3 of the concrete mixture.

Table 4. The amounts of materials (kg) per m3 of the concrete mixture.

Portland Slag
Cement, kg Water, kg Sand of 0/4

Fraction, kg

Crushed Granite
Ground

Limestone,
kg

Plasticising
Admixture,

kg
W/C2/8

Fraction,
kg

5/11
Fraction,

kg

11/16
Fraction,

kg
330 142 827 302 267 413 120 5.4 0.43
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The fresh concrete was prepared in the laboratory according to standard LST EN
206:2013+A2:2021 [34]. The concrete mixtures were mixed using dry materials and a Zyklos
rotating pan mixer ZZ 50 HE from Pemat (Freisbach, Germany). The mixing was performed
according to the following stages (Figure 3):
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vibration part of the table via four convolution air actuators (Continental (Hanover, Ger-
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tion to the vibrating part of the table. The technical performance data were as follows: 
rotational speed 3000 rpm, centrifugal force 6000 N, and voltage 230 V (50 Hz). After the 

Figure 3. The stages of mixture preparation.

After the concrete was prepared, the following fresh concrete properties were de-
termined for each batch: the temperature of the fresh concrete, measured according to
standard EN 12350-1:2019 [35]; the slump flow test, conducted according to EN 12350-
8:2019 [36]; the density, measured according to EN 12350-6:2019 [37]; and the air content of
compacted fresh concrete, determined according to EN 12350-7:2019 [38].

The vibrational table, which had a length of 2.0 m and a width of 1.2 m, was made
by KTU engineers for the purpose of this research (Figure 4). The frame was connected
to a vibration part of the table via four convolution air actuators (Continental (Hanover,
Germany) FS 50-5 Cl). Two external electric vibrators, Mooser vs. 12/2, transmitted the
vibration to the vibrating part of the table. The technical performance data were as follows:
rotational speed 3000 rpm, centrifugal force 6000 N, and voltage 230 V (50 Hz). After
the vibrational table was built, the vibration amplitudes and frequencies in nine places of
the table were determined using the VIBROTEST 60 device (Brüel & Kjær Vibro GmbH,
Darmstadt, Germany). It was determined that the vibration amplitude varied from about
45 mm/s to 70 mm/s, and that the frequency was about 49 Hz when the vibrational table
was not loaded. While the vibrational table was loaded (the weight corresponded to the
weight of the two concrete test specimens), the vibration amplitude varied from about
49 mm/s to 72 mm/s, and the frequency was about 49 Hz.
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Figure 4. The vibrational table to cast test specimens in the horizontal position, in contact with a steel
form-facing surface.

The mould’s steel form-facing plate was fixed to the vibrational table frame, while
the vertical parts were fixed to the vibrational table’s steel form-facing plate. A water-
soluble emulsion was used to reduce the contact between the concrete and steel form-facing
surfaces (Figure 5a). A release agent was applied to the mould’s surface using a sprayer.
The excessive amount of emulsion was cleaned using a dry absorbent cloth to establish a
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continuous and uniform film of release agent on the surface analysed. The moulds were
coated using emulsion about 60 min before the casting in each test.
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Figure 5. (a) The view of the steel form-facing surface covered by the release agent based on water-
soluble emulsion. (b) The view of reinforcing mesh fixed using reinforcing mesh spacers (left) and
free-hanging reinforcing mesh fixed using tie wire. (c) The view of 16 L of fresh concrete poured
into the moulds before compaction procedure. (d) Compaction of fresh concrete in moulds for about
15–20 s using the vibrational table.

This study used reinforcing mesh with longitudinal and cross rebar diameters of
10 mm to 12 mm and a grid of 100 × 100 mm. To prepare more test specimens with
less concreting, it was decided to use reinforcing meshes of different diameters for each
specimen; half of the specimen was concreted with a 10 mm diameter reinforcing mesh,
and the other half with a 12 mm diameter reinforcing mesh (Figure 5b). The concrete cover
of test specimens varied from 35 to 10 mm during the research. To maintain the concrete
cover thickness, the reinforcing mesh was fixed in the mould using plastic reinforcing mesh
spacers (Figure 5b on the left) and tie wire, which was fixed to the wooden frame (Figure 6
on the right).

The fresh concrete prepared was placed into the forms manually (Figure 5c). Each
batch of concrete consisted of 32 L, with 16 L required for a single specimen to cater for a
layer about 7 cm thick. Each test specimen was cast per two layers, consuming an 8 L load
bucket for each layer. The concrete mixture pouring speed was eight litres per 25–30 s for
each layer. After the first layer was poured, the second layer was poured immediately. This
was performed with the help of two laboratory assistants.

Each time, the vibration time for mixture compaction using the vibrational table was
the same; the optimal vibration time was close to 15–20 s (Figure 5d). After the fresh
concrete was poured into the moulds, the compaction was started, and the vibration time
was measured using a digital stopwatch. During the compaction process, the trapped air
was forced to the surface after about 7 s, allowing the fresh concrete to flow into corners,
around rebar, and flush against the form face. When the vibration time reached about 15 s,
the vibration was stopped.

An alternative method to compact fresh concrete was also used during the research.
For that reason, a portable electric concrete vibrator, ENAR Dingo (ENAR Group, Zaragoza,
Spain), was used with the following technical specifications: a frequency of 13.750 vibrations
per minute, a voltage of 230 V (50 Hz), and a flexible shaft. The poker head, with a diameter
of 36 mm, was chosen to increase the effect of the vibration. The optimal vibration time was
close to 20 s. The vibration started when the poker head touched the reinforcing mesh. The
vibration time was measured using a digital stopwatch. It was seen that the trapped air
was forced to the surface after about 10 s; the fresh concrete came into corners and around
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rebar and was flushed against the steel form-facing plate. When the vibration time reached
about 20 s, the vibration was stopped.
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Figure 6. Compaction of fresh concrete in moulds.

The forms were set up one day before concrete casting and stripped two days after the
casting. The concrete specimens produced were left in the laboratory at 20 ± 2 ◦C and a
relative humidity of 40 ± 5%, and after two days, they were removed from the moulds.

The flowchart illustrating the summarised experimental process conducted in the
study is represented in Figure 6.

The surface temperatures of the test specimens, which were formed using a
cooled/heated reinforcing bar mesh or a heated concrete mixture, were assessed with
a thermal imager FLIR E5 PRO (Teledyne FLIR LLC, Thousand Oaks, CA, USA). The techni-
cal specifications were IR resolution 160 × 120 (19.200 pixels), image modes Thermal MSX,
minimum focus distance 0.36 m, and object temperature range from −20 ◦C to +400 ◦C.
The imager provided information on the real reinforcing rebar mesh or fresh concrete
temperature during the casting of test specimens. While taking pictures, the imager was
about 0.6 m from the analysed surface.

The surface moisture of the test specimens was determined using a portable Laser-
liner MoistureMaster (UMAREX GmbH & Co., Arnsberg, Germany) device. The technical
specifications were as follows: the measurement principle and capacitive measuring prin-
ciple using integrated rubber electrodes; 56 types of materials including concrete; and a
measurement range/accuracy for concrete of 0 ÷ 5%/± 0.5%.

For the visual inspections of the concrete surface, photos were taken with a Nikon
(Tokyo, Japan) D3200 camera, with 24 megapixels, a Nikon DX AF-S Nikkor 18–55 mm
lens, and a Quantum flashlight. The camera was about 0.6 m from the analysed surface when
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taking pictures. Photos were taken two days after the concrete specimens were removed from
the moulds, after seven days of curing under laboratory conditions, and after ten days of
storage outside. The research used the free-code image processing technique ImageJ (Version
1.54p) to set the pictures’ scale, rotate them, and increase their contrast where needed.

A portable colour reader NCS Colour Scan 2.0 (NCS Colour AB, Stockholm, Sweden),
which presents analysed colour notation, was used to assess the concrete surface’s colour
variation. The NCS notation describes the colour by its percentage of visual blackness,
chromaticity, and hue [39].

3. Results and Discussion
3.1. The Properties of Fresh Concrete

The concrete mix composition remained constant during the research. Figure 5
presents the determination of fresh properties. Table 5 presents the properties of fresh
concrete determined for each batch, while the given data are presented as averages of each
conducted test.

Table 5. The properties of fresh concrete.

Marking Temperature,
◦C

Slump Flow,
mm

Density,
kg/m3

Air Content,
%

Ambient
Temperature,

◦C

Ambient
Relative

Humidity, %
C-RS-1 23.0 620 2480 2.6 22.1 24.6
C-RS-2 23.6 660 2490 1.8 21.9 32.4
C-RS-3 21.9 630 2500 1.6 20.8 34.5
C-RS-4 22.4 620 2510 1.8 21.8 44.7
C-RS-5 21.8 630 2500 1.7 20.0 34.0
C-RS-6 21.6 640 2500 1.8 21.6 47.0
C-RS-7 31.4 640 2490 1.6 22.6 35.9
C-RS-8 22.3 630 2480 2.1 21.6 35.0

The average values of the fresh concrete mixture properties were as follows: the
mixture temperature was about 22.4 ◦C (except for the heated mixture C-RS-7), the slump
flow value of the flowable concrete mixture was about 630 mm, the air content in fresh
concrete was about 1.9%, and the density of fresh concrete was about 2490 kg/m3. In
addition, the average ambient temperature was about 21.5 ◦C, and humidity was about
37.6% during the research.

Despite using flowable concrete, a vibrational table was used not only to compact fresh
concrete and achieve the required appearance of test specimens for visual concrete, but
also to simulate factory conditions. As mentioned before, the subject of this investigation is
precast reinforced concrete wall elements produced in the factory in the horizontal position,
in contact with a steel form-facing surface. The test specimens were also cast horizontally
in contact with steel from-facing surfaces coated with a water-soluble release agent. The
35 mm concrete cover of test specimens was chosen to achieve the required durability for
precast concrete elements, such as walls, simulated in this research. In addition, during
research, the cover thickness was decreased from 35 mm to 15 mm to determine its impact
on the RS effect. To maintain the specified cover in precast concrete elements (exposed
concrete walls), the factory uses different methods to fix the reinforcing mesh in a mould,
such as plastic reinforcing mesh spacers and tie wire. This means that the mesh could freely
move during the mixture compaction and impact the RS effect in the latter.

After the fresh concrete was poured into the moulds, it was compacted during the
research using the vibrational table and, as an alternative, a portable electric concrete
vibrator when the poker head had prolonged contact with the reinforcing mesh to enhance
the visibility of the RS effect on the formed concrete surface after the mixture was poured.
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Two test specimens were cast at the same time. The concrete test specimens, 0.50 m
long, 0.45 m wide, and 0.07 m high, were cast using the vibrational table under laboratory
conditions. The total area of the formed concrete surface for one test specimen was about
0.23 m2. After pouring and compacting the mixture, the test specimens and mould were
covered with polyethylene film to minimize moisture loss and impact on discolouration.

The surface moisture was measured twice—the first measurements were taken once
the specimen was removed from the formwork, and the second measurements were made
after seven days of curing under laboratory conditions and after the test specimens’ storage
outside. Measurements were made at 12 randomly selected concrete specimen points, and
the total moisture average was derived. After surface moisture measurements, the photos of
concrete specimens for the visual inspection were taken, and colour variation analysis was
performed. Colour variation is a change in colour or shade on the surface of the concrete
test specimens under examination. Colour notation detections were made at randomly
selected specimen points to determine different colour notations. The measurements of
colour variation on test specimens’ surfaces were performed after the specimens were
removed from moulds, after seven days of curing under laboratory conditions, and after
test specimens’ storage outside. Colour variation was analysed by detected colour notation,
i.e., percentage similarity to black and white, intensity, and using hue, which includes
yellow, green, and red. In addition, the concrete surface colour was analysed in both
shadowed and surrounding areas where possible.

3.2. The Impact of Concrete Cover Thickness on the RS Effect

This section analyses the hypothesis about the effect of the concrete cover thickness
on the RS visibility on the formed concrete surface. This case study involves changes in
the concrete cover thickness of test specimens. The literature review reveals conflicting
viewpoints: one suggests that reinforcement shadow does not result from reinforcing bars
being positioned too near the visible surface, while the other argues the opposite. To clarify
the conflicting viewpoints, the gap between the reinforcing mesh and mould horizontal
surface during the research was lowered from 35 mm to 10 mm. The gap was reduced by
changing the height of the plastic spacers and the tie wire length, which were used to fix
the reinforcing meshes in the moulds. Four test specimen series were produced (C-RS-1,
C-RS-2, C-RS-3, and C-RS-4). Figures 7a, 8a, 9a and 10a present photos taken for the visual
inspections intended to assess the RS effect on the formed concrete surface, while colour
variation analysis using colour notation is presented in Figures 7b, 8b, 9b and 10b. The
pictures on the left refer to concrete specimens produced while the reinforcing mesh was
fixed with plastic reinforcing mesh spacers after demoulding and seven days of curing
under laboratory conditions. The pictures on the right refer to concrete specimens produced
while the reinforcing mesh was fixed by tie wire after demoulding and seven days of curing
under laboratory conditions.

The photos in Figures 7a, 8a and 9a taken for the visual inspection reveal no visible
signs of reinforcement shadows on the formed concrete surface after demoulding and after
7 days of storage in the laboratory when the concrete cover thickness was reduced from
35 mm to 15 mm. The measured concrete specimens’ surface moisture was higher after
demoulding than after seven days of curing. The average surface moisture decreased from
about 4.80% and 4.90% to 4.20% and 4.30%, respectively, due to water evaporation. After
the specimens were removed from the moulds, a grey colour with a yellow hue on the
concrete surface was detected. The inherent grey colour of hardened cement paste depends
on iron oxide and manganese oxide content [13–15]. It can vary from darker to lighter
shades and presents a yellow hue.
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Figure 9. The concrete cover thickness is 15 mm (C-RS-3).

In this research, the same type of Portland slag cement was used. When the reinforcing
mesh was fixed with plastic spacers, the percentage similarity to the black colour decreased
from 60% to 55% (Figure 8b) and from 65% to 55% (Figures 9b and 10b). The similarity
percentage to the white colour increased from 38% to 43% (Figure 8b) and from 33% to 43%
(Figures 9b and 10b), respectively. In addition, the grey colour tended to a yellow (100%)
hue in all cases. It shows that the concrete colour became lighter after seven days of curing
under laboratory conditions. The lightening of the ferrite phase due to its hydration is the
major cause of concretes becoming lighter in hue as they hydrate [17,18]. In addition, it
was noticed that the percentage similarity to the black colour decreased slightly, and the
percentage similarity to the white colour increased slightly when the reinforcing mesh in
the mould was fixed with tie wire rather than plastic spacers. The freely moving mesh
during the mixture pouring and compaction moment can likely affect the lighter concrete
colour of the whole surface of test specimens but not in localised areas around the rebars.
Based on the authors’ [17] findings, the free movements of reinforcing mesh can decrease
the water–cement ratio of the top surface of the test specimens to the point where water
and space necessary for the hydration of ferrite phases are not available. This case may
cause indefinite delays in hydrating and lightening this surface of the concrete.

Only the concrete specimens with a cover thickness of 35 mm had the same black and
white colour similarity percentage after being removed from the moulds and after curing
for seven days. The percentage similarity to black was 45%, to white 53%, and hue was
100% yellow (Figure 7b). Table 5 shows that on the casting day of those specimens, the
ambient temperature was 22.1 ◦C, and the humidity was 24.6%. It was noticed that the
ambient temperature was slightly higher and ambient humidity somewhat lower than on
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the days when the concrete specimens with a cover thickness of 25 mm, 15 mm, and 10 mm
were being cast. Concrete cures faster in hot weather, and if the air is very dry, the water in
concrete can evaporate quickly, causing it to become lighter in colour [9].
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However, light RS visibility as horizontal dark lines was noticed on the exposed
surface when the concrete cover thickness was reduced from 35 mm to 10 mm (Figure 10a).
These defects were seen in concrete specimens prepared when the reinforcing mesh was
fixed with plastic spacers and was not allowed to move during fresh mixture pouring
and compaction (Figure 10a on the left side). Conversely, reinforcement shadows were
not detected when the reinforcing mesh was fixed by tie wire and could move during the
concrete casting (Figure 10a on the right side).

This fact suggests that the reinforcing mesh has sieved the fresh concrete, and cement
paste flows around the rebar by separating coarse aggregate. Crushed granite of fractions
2/8, 5/11, and 11/16 was used as a coarse aggregate for the mix production. Likely,
the 10 mm gap between the reinforcing bars and the mould’s horizontal surface was too
narrow for a coarse aggregate of 16 mm to flow under the rebar. Due to coarse aggregate
separation, the changes in the cement paste at each horizontal rebar caused concrete colour
discolouration, which remained visible as dark lines. When the reinforcing mesh was fixed
by tie wire and could move during the concrete casting, the separation effect was lowered
and did not have a noticeable impact on the RS visibility. Based on the authors’ [17] findings,
a too narrow gap between the reinforcing bars and the steel form-facing plate, combined
with the sieving effect of the fresh concrete, led to changes in the cement paste. Localised
areas were formed around steel rebars, where cement’s ferrite phases (iron compounds)
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could not correctly hydrate form. Unhydrated ferrite phases are responsible for the dark
colour of unhydrated cement, which is blackish-brown.

Authors [40] used EDS analysis with SEM in their research and concluded that the
darkest shade observed in the concrete specimen indicates the probable presence of tetra
calcium aluminoferrite (C4FH), when the concrete test specimens were cast within steel
formwork. According to the authors [41], the C4FH phase is a solid solution forming a
continuous series from C2F to C6A2F. A comparison of reinforcing mesh position in the
mould to dark lines on the concrete surface is presented in Figure 11a. The apparent
position of the reinforcing bars is visible on the formed concrete surface as darker lines.
The graphs presented in Figure 10b show that the percentage similarity to black colour in a
shadowed area was 75%, compared to 65% in the surrounding area. A 10% difference is not
clearly visible to the naked eye, but a digital colour reader can identify it. This simulation
supports the statements of other authors [1,2] that the reinforcement shadow effect occurs
when fresh concrete is sieved by the reinforcing bars during concrete casting. The increased
vibration time, the fresh concrete consistency, and the rigidity of the steel form-facing plate
may also impact the RS effect and colour variation differently.
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3.3. The Impact of Reinforcing Mesh Vibration Using an Internal Poker Vibrator on the RS Effect

This section describes the hypothesis regarding the effect that the vibration of rein-
forcing mesh, when an internal poker head is in contact with it, has on RS visibility. The
review of the literature reveals that the RS effect on the formed concrete surface might be
caused by the vibration of reinforcing mesh when using a poker vibrator. To clarify this
viewpoint, the reinforcing meshes (fixed using plastic spacers and tie wire) were vibrated
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using the internal poker vibrator and the 36 mm diameter poker head was in contact with
the reinforcing mesh for about 20 s. After the fresh concrete was poured, it was compacted
using the internal poker vibrator. Figure 12a presents photos taken for the visual inspec-
tions regarding the RS effect on the formed concrete surface. Figure 12a shows that no dark
lines of reinforcement shadows on the concrete surface were detected. Thus, when fresh
concrete is vibrated by a 36 mm poker head in contact with the reinforcing mesh and the
concrete cover thickness is 35 mm, there is no sufficient condition for the RS to appear on
the formed concrete surface.
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Figure 12. The mixture is compacted using only the internal poker vibrator, which is in contact with
the reinforcing mesh for 15–20 s. The concrete cover thickness is 35 mm (C-RS-5).

It can be assumed that the localised areas in the concrete around steel rebars near the
steel from-facing surface were not densified too much using the poker vibrator to retard
the hydration of dark ferrite phases and to appear as dark lines on the exposed concrete
surface. The vibration, using the internal poker vibrator in contact with the reinforcing
mesh for about 20 s, was optimal to avoid mixture segregation. The increased vibration
time, the diameter of the poker head, and the vibration amplitude may also impact the RS
effect and colour variation differently.

Figure 12b shows that just after demoulding and after 7 days of curing under the
laboratory conditions, the same percentages of similarity to the black (65%) and white
colour (33%) were determined on the formed concrete surface, regardless of whether the
reinforcing mesh was fixed with plastic spacers or tied by wire. In addition, the grey colour
tended to a yellow (100%) hue after demoulding. After 7 days, the grey colour became
lighter due to the continuing cement hydration. In addition, the intensity of the grey colour
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increased from 2% to 3% (when the reinforcing mesh was fixed with plastic spacers) and
from 2% to 4% (when the reinforcing mesh was tied by wire) after 7 days of storage in the
laboratory. It was expected that higher colour non-uniformity might be detected when the
poker head was in contact with reinforcing mesh fixed by tie wire and able to move freely.

3.4. The Impact of Heated Reinforcing Mesh on the RS Effect

This section analyses the hypothesis that heated reinforcing mesh impacts the RS
visibility on the formed concrete surface. This reflects the case study of hot weather when
the sun can heat the reinforcing mesh in the formwork. Of course, this situation is more
relevant for casting monolithic slabs than for vertical elements like walls or columns. It can
also reveal the situation when reinforcing mesh, after being stored outside in hot weather,
is placed in the moulds at the factory. Heated rebars should cause the concrete to hydrate
more rapidly around the rebar, impacting colour variation on the formed concrete surface
and resulting in the RS effect. The simulation of this research is presented in Figure 13.
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For this purpose, the reinforcing meshes were heated at 70 ◦C in the laboratory using
a climate chamber. Immediately, the reinforcing meshes were placed into moulds and
fixed using plastic spacers or tie wire to maintain the concrete cover thickness of 35 mm
(C-RS-6). The fresh concrete was prepared before the reinforcing meshes were removed
from the climate chamber. After the fresh concrete was poured, it was compacted using
the vibrational table for 10–15 s. Figure 13a shows that the temperature of the reinforcing
meshes before pouring fresh concrete in moulds was about 57 ◦C and 51 ◦C, while the fresh
concrete temperature was about 23 ◦C and 21 ◦C, respectively. After the fresh concrete
was cast, the reinforcing mesh temperature decreased from about 57 ◦C to 28 ◦C (when the
reinforcing mesh was fixed with plastic spacers) and from about 51 ◦C to 24 ◦C (when the
reinforcing mesh was fixed by tie wire).

Figure 13b reveals no visible reinforcement shadows detected on the formed concrete
surface when the heated reinforcing mesh was used. It can be assumed that the changes in
the Portland slag cement hydration around the heated reinforcement are likely overshad-
owed by the thickness of the concrete cover, which in this case was 35 mm. The change
in the colour of the hardened cement paste around the reinforcement did not affect the
colour change on the concrete surface 35 mm away. It can be hypothesised that when the
temperature difference between steel reinforcing mesh and fresh concrete is about 25 ◦C,
and the concrete cover thickness is 35 mm, there is no sufficient condition for the RS to
appear on the formed concrete surface.

The graphs presented in Figure 13c show that regardless of whether the reinforcing
mesh was fixed with plastic spacers or tied by wire on the formed concrete surface, the
percentage of similarity to the black colour was 65% and to the white colour was 33%. The
average surface moisture after demoulding was about 5.00% and 4.95%, respectively. After
seven days of curing, the concrete colour became lighter in both cases due to the continuing
cement hydration process, and the similarity percentage to the black colour decreased to
55%, while the similarity percentage to white increased to 43%.

In addition, the average surface moisture from water evaporation decreased to 4.19%
and 4.20%, respectively. Portland slag cement gives concrete surfaces an inherent grey
colour, and the blackness decreased from 65% to 55% after 7 days of storage under labora-
tory conditions at 20 ± 2 ◦C and a relative humidity of 40 ± 5%.

3.5. The Impact of Chilled Reinforcing Mesh and Heated Fresh Concrete on the RS Effect

The hypothesis about the influence of chilled reinforcing mesh and heated fresh
concrete on the RS visibility on the formed concrete surface is described in this section. This
case reflects cold weather conditions when the temperature of the steel reinforcing mesh in
the formwork can decrease, for example, to minus 5 ◦C, and heated fresh concrete with a
temperature of, for instance, about 25 ◦C, is used to cast concrete structures. For example,
this case may reflect a scenario where a factory-made precast concrete element is cast using
reinforcing mesh stored outdoors (winter). It can be assumed that a low temperature
around the chilled steel rebars should retard the hydration process of cement, resulting in a
colour variation on the formed concrete surface and the RS effect. The simulation of this
research is presented in Figure 14. For this purpose, the reinforcing meshes were chilled in
a climate chamber in the laboratory at minus 20 ◦C for about three hours. Immediately, the
reinforcing meshes were placed into moulds and fixed using plastic spacers or tie wire to
maintain the concrete cover thickness of 35 mm (C-RS-7). The heated fresh concrete was
prepared using hot water at 40 ◦C before removing the reinforcing meshes from the climate
chamber. After the fresh concrete was poured, it was compacted using the vibrational table
for 10–15 s.



Buildings 2025, 15, 1140 23 of 36

Buildings 2025, 15, x FOR PEER REVIEW 24 of 38 
 

using reinforcing mesh stored outdoors (winter). It can be assumed that a low temperature 
around the chilled steel rebars should retard the hydration process of cement, resulting in 
a colour variation on the formed concrete surface and the RS effect. The simulation of this 
research is presented in Figure 14. For this purpose, the reinforcing meshes were chilled 
in a climate chamber in the laboratory at minus 20 °C for about three hours. Immediately, 
the reinforcing meshes were placed into moulds and fixed using plastic spacers or tie wire 
to maintain the concrete cover thickness of 35 mm (C-RS-7). The heated fresh concrete was 
prepared using hot water at 40 °C before removing the reinforcing meshes from the cli-
mate chamber. After the fresh concrete was poured, it was compacted using the vibra-
tional table for 10–15 s. 

Figure 14a shows that though the reinforcing meshes were chilled in a climate cham-
ber in the laboratory at minus 20 °C for about three hours, the temperature of the reinforc-
ing meshes before pouring fresh concrete in moulds increased to about minus 7 °C (the 
reinforcing mesh was fixed with plastic spacers) and 4 °C (the reinforcing mesh was fixed 
with plastic spacers), respectively. 

The reinforcing mesh was fixed with plastic spacers The reinforcing mesh was fixed by tie wire  

 
View of reinforcing mesh before 

mixture pouring 
View of reinforcing mesh when 

mixture is compacted 
View of reinforcing mesh before 

mixture pouring 
View of reinforcing mesh when 

mixture is compacted 
(a) The temperature of reinforcing mesh and fresh concrete during casting 

    
After demoulding After 7 days After demoulding After 7 days 

(b) Photos for visual inspection 
4.81 4.25 4.80 4.24 

The measured average concrete surface moisture of test specimens, % 

  
(c) The concrete surface colour analysis by detected colour notation 

Figure 14. The chilled reinforcing mesh and heated fresh concrete are used. The concrete cover
thickness is 35 mm (C-RS-7).

Figure 14a shows that though the reinforcing meshes were chilled in a climate chamber
in the laboratory at minus 20 ◦C for about three hours, the temperature of the reinforcing
meshes before pouring fresh concrete in moulds increased to about minus 7 ◦C (the rein-
forcing mesh was fixed with plastic spacers) and 4 ◦C (the reinforcing mesh was fixed with
plastic spacers), respectively.

Meanwhile, the heated fresh concrete temperatures were about 27 ◦C and 26 ◦C,
respectively. The pictures presented in Figure 14b show no reinforcement shadows on the
formed concrete surface when chilled reinforcing mesh and heated fresh concrete were used.
The research used Portland slag cement, which was made from Portland cement clinker,
granulated slag, and a setting regulator. Slag hydrates are known to engage in a pozzolanic
reaction with portlandite, a primary hydration product of cement clinker [42]. This process
generates an additional calcium silicate hydrates gel phase and a hydrotalcite-like phase,
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contributing to long-term enhancement of mechanical properties and improved durability
for such cement paste. Elevating the temperature during the curing process enhances the
speed of initial hydration and pozzolanic activity [43]. Based on authors [17], hydration’s
lightening of the ferrite phase is the primary cause of cements and concretes becoming
lighter in hue as they hydrate. A faster process of cement hydration should result in a
lighter concrete colour. On the other hand, a low temperature around the chilled steel
rebars should retard the hydration process of cement. When temperatures fall below 20 ◦C,
the reaction rate of cement clinker slows down [44]. In the initial stages, belite is most
significantly impacted by this decrease, with alite and tricalcium aluminate experiencing
less severe effects. Sixteen litres of concrete mix heated to 25 ◦C overshadowed the effect
of steel mesh cooling to minus 5 ◦C on cement hydration around the reinforcing bars.
The change in the colour of the hardened cement paste around the chilled reinforcement
did not affect the colour change on the concrete surface 35 mm away. It can be assumed
that the changes in the Portland slag cement hydration around the chilled reinforcement
when heated fresh concrete was used are likely overshadowed by the thickness of the
concrete cover, which in this case was 35 mm. Therefore, it can be concluded that when
the temperature of chilled steel reinforcing mesh is about minus 5 ◦C, the temperature of
heated fresh concrete is about 25 ◦C, and the concrete cover thickness is 35 mm, there is no
sufficient condition for the RS to appear on the formed concrete surface.

When the reinforcing mesh was tied by wire, the similarity percentage to the black
colour decreased to 58%, and similarity percentage to the white colour increased to 40%.
The average surface moisture after demoulding was about 4.8% in both cases. After seven
days of curing due to water evaporation, the average surface moisture decreased to 4.24%,
and the concrete colour became lighter in both cases; the percentage of similarity to the
black colour decreased to 55%, and the percentage of similarity to the white colour increased
to 43%.

3.6. The Impact of the Release Agent Sprayed on the Steel Form-Facing Surface Straight Through
the Reinforcing Mesh on the RS Effect

This section analyses the hypothesis that the release agent sprayed on the steel form-
facing surface straight through the reinforcing mesh creates the RS visibility on the formed
concrete surface. Operators must comply with on-site monolithic concrete structure con-
struction technology requirements or the factory’s precast concrete element production
technology. However, sometimes it happens that release oil is sprayed by the operator
after the reinforcing mesh is placed, in which case the longitudinal and cross reinforcing
bars partially block the spray of the release agent on the steel form-facing surface. The
simulation of this case study is presented in Figure 15. The release agent, a water-soluble
emulsion, was sprayed on the steel form-facing surface throughout the reinforcing mesh,
which had a grid size of 100 × 100 mm and reinforcing bar diameters ranging from 10 mm
to 12 mm (Figure 15a). The concrete cover thickness was 35 mm (C-RS-8). After that, the
fresh mixture was poured into the moulds and compacted using the vibrational table for
10–15 s. Figure 15b presents pictures of concrete specimens removed from the moulds
after two days and cured under laboratory conditions for seven days. It is seen that after
the test specimens were removed from the moulds, the visibility of the shadowed area
and surrounding area on the exposed concrete surface was brighter compared to the same
specimens after seven days of curing. In addition, the reinforcing mesh tied by tie wire
was able to move during mixture pouring and compaction and has a little bit brighter RS
visibility, compared to the concrete specimens where the reinforcing mesh was fixed with
plastic spacers and was not able to move. The shadows formed on the concrete surface
show that the diameter of the reinforcement did not affect the width of the shadow zones.
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Figure 15. The concrete surface colour analysis after demoulding and 7 days storage in the laboratory
conditions. The release agent is sprayed on the steel form-facing surface straight through the
reinforcing mesh. The concrete cover thickness is 35 mm (C-RS-8).

The graphs presented in Figure 15c show that on the formed concrete surface (the
reinforcing mesh was fixed with plastic spacers), the percentage of similarity to the black
colour was 45% and to the white colour was 51%, while the average surface moisture after
demoulding was about 4.93%.

Conversely, when the reinforcing mesh was fixed by tie wire, the percentage of simi-
larity to the black colour was 42% and to the white colour 54%, while the average surface
moisture was about 4.88%. After seven days of curing, the concrete colour became lighter
in both cases due to the continuing cement hydration process, and the percentage of visual
blackness decreased to 40%. The average surface moisture from water evaporation dur-
ing storage under the laboratory conditions decreased to 4.24% and 4.25%, respectively.
Figure 15c shows that the yellow hue of the inherent grey colour decreased to 80%, and new
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hue colours, such as red and green, were detected when the reinforcing meshes were fixed
in the mould using two methods. Thus, it affects the mottling concrete surface appearance.
In addition, the intensity percentage of the colour increased from 4% to 5% after 7 days of
storage in the laboratory. This means that the different amounts of release agent sprayed
on the steel form-facing surface impacted the concrete colour differences: an excessive
amount of release agent was sprayed throughout the reinforcing mesh, with a grid size of
100 × 100 mm. At the same time, there was no release agent below the reinforcing mesh
(whose diameters were 10 mm and 12 mm) on the steel form-facing surface (Figure 15a).
The research used the water-soluble emulsion to reduce the adhesion between concrete and
steel form-facing surfaces. An emulsion consists of one liquid dispersed as tiny droplets
within another liquid that does not mix with it [45]. Emulsions consist of approximately
70% water, allowing a reduced quantity of oil on the formwork surface [46]. After the
water evaporates, the film is created on formwork surfaces. The cement skin is formed
in the exterior layer, which creates contact with fresh concrete and with the formwork
covered by a release agent [47]. Release agents on the formwork surfaces must be applied
in a thin and continuous film, without excess, to reach air-pore-free and colour-uniform
concrete surfaces [48]. According to the authors [49], the subsurface layer of cementitious
composites can be categorised into three parts: a cement skin measuring 0.1 mm, a mortar
skin of 5 mm, and a concrete skin of 30 mm.

The types of release agents and the materials used for form-facing play a crucial role in
affecting the wettability at the interface between formwork and concrete [50]. In addition,
all the formwork surfaces, with or without release agents, belong to the hydrophilic category.
It means that formwork material can interact with water. When the release agent is sprayed
through the reinforcing mesh, the cement paste or mortar matrix cures slightly differently
in areas with the release agent compared to areas without it, impacting concrete colour
differences. The absence of a release agent under steel rebars decreases the wettability at the
interface between the formwork and fresh concrete, resulting in dark lines on the exposed
concrete surface. In contrast, the presence of the release agent increases the wettability at
the interface between the formwork and concrete, resulting in a lighter colour surrounding
area. Decreased wettability lowered the water-to-cement ratio at the mixture-formwork
interface, resulting in a darker concrete colour and vice versa. A low water–cement ratio
paste is always darker than a high water–cement ratio paste made with the same Portland
cement [17]. The same result is also reported in the literature [2]. The graphs presented in
Figure 16 show the similarity percentage of black colour in the shadowed and a surrounding
area. Figure 16a,b show that the percentage similarity to the black colour in the shadowed
area was 55%, compared to 45% in the surrounding area after demoulding and 45% in the
shadowed area compared to 40% in the surrounding area after 7 days of storage, when the
reinforcing mesh was fixed with plastic spacers. Conversely, when the reinforcing mesh
was fixed by tie wire, the percentage similarity to black colour in the shadowed area was
50% compared to 42% in the surrounding area after demoulding and 45% in the shadowed
area compared to 40% in the surrounding area after 7 days of storage, as presented in
Figure 16c,d. Due to the continuing hydration process, the percentage similarity to the
black colour decreased in the shadowed and surrounding areas when the reinforcing mesh
was fixed in the mould using two methods.
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3.7. The Impact of Concrete Surface Discolouration Affected by Weather Conditions on the
RS Visibility

This section analyses the hypothesis that concrete colour discolouration affected by
weather conditions might strengthen the effect of RS visibility. In this case, the research
investigated the impact of weather conditions on concrete surface colour discolouration
during the concrete specimen’s storage in an external environment. After 8 months of stor-
age under laboratory conditions, the concrete specimens were stored outside, where they
were kept in the vertical position for 10 days during November, in Kaunas, Lithuania. The
weather conditions were as follows: daytime temperature 7.7 ◦C, nighttime temperature
2.8 ◦C, and relative humidity approximately 87%.

Figure 17a compares pictures of the produced concrete specimens (the cover thick-
ness decreased from 35 to 10 mm) when stored for 7 days in the laboratory and 10 days
outside. After conducting a visual inspection with the naked eye, it was seen that the
grey colour of exposed concrete surfaces, after storage outside, when daytime temperature
was 7.7 ◦C, nighttime temperature was 2.8 ◦C, and relative humidity was approximately
87%, became more intensive. An analysis of detected colour notation showed that the
similarity percentage of the exposed concrete surface to the black colour increased from
55% to 58% (Figure 17b). The similarity percentage to the white colour decreased from
43% to 38% when plastic spacers or tie wire fixed the reinforcing mesh in the mould. In
addition, the concrete surface moisture increased by a small percentage, from 4.34% (after
storage in the laboratory) to 4.35% (after storage outside), when plastic spacers fixed the
reinforcing mesh in the mould. In comparison, when the reinforcing mesh was fixed by tie
wire, the concrete surface moisture increased from 4.25% (after storage in the laboratory) to
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4.36% (after storage outside). As mentioned in Section 3.6, the cement skin is formed in
the exterior layer, which creates contact with fresh concrete and the formwork covered by
a release agent [47]. The pore structure in cement-based materials primarily arises from
the water-filled spaces between the irregularly shaped grains of anhydrous clinker. A
water content exceeding what can be entirely consumed through hydration is typically
necessary to facilitate concrete formation [51]. This causes the formation of micron to
sub-micron capillary pathways oriented to the cement skin in the hardened cement paste.
Capillary absorption primarily drives moisture ingress in unsaturated hardened cement
pastes and concretes. Water entering the pore structure can change the exposed concrete
to a darker grey colour. By examining the relationship between the grayscale step wedge
intensity and the resolved moisture content, the authors of [51] determined that increased
moisture content in hardened cement paste increases the greyscale intensity based on a
black-to-white gradient. The grey colour intensity percentage of exposed concrete surface
increased from 2% to 4% (Figure 17b).
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thickness was decreased from 35 to 10 mm.

After storage outside for 10 days under the conditions mentioned above, the visibility
of reinforcement shadows in concrete specimens (the reinforcing mesh was fixed with
plastic spacers) became less bright compared to the specimens stored under laboratory
conditions for 7 days (Figure 17a on the left side). Due to the continuing cement hydration
process, the percentage similarity to the black colour in the shadowed area decreased from
65% after 7 days of storage (Figure 11b on the right side) to 60% after 10 days of storage
outside (Figure 17c). In comparison, the percentage similarity to the black colour in the
surrounding area increased from 55% after 7 days of storage (Figure 11b on the right side) to
58% after 10 days of storage outside (Figure 17c). This could indicate that the pore structure
of hardened cement paste in the surrounding areas is more developed and can absorb
higher moisture content. A darker surface in the surrounding area likely affected the dark
lines on the specimen surface, making them less visible. Also, the grey colour intensity
percentage increased from 2% (Figure 11b on the right side) to 4% in the surrounding area
of the test specimens.

Figure 18a compares pictures of the produced concrete test specimens stored for 7 days
in the laboratory and 10 days outdoors when the release agent was sprayed on the steel
form-facing surface directly through the reinforcing mesh. During visual inspection with
the naked eye, the grey colour of exposed concrete surfaces became more intense in the
shadowed and surrounding areas after storage outside. The concrete surface colour analysis
showed (Figure 18b) that on the formed concrete surface (the reinforcing mesh was fixed
with plastic spacers), the percentage of similarity to the black colour increased from 40%
after storage in the laboratory to 47% after storage outside, while average surface moisture
increased from 4.24% to 4.28%, respectively. Conversely, when the reinforcing mesh was
fixed by tie wire, the similarity percentage to the black colour increased from 42% to 47%,
while the average surface moisture increased from 4.88% to 4.88%. It can be assumed that
when the test specimens were stored outdoors, they absorbed more moisture, resulting in a
more intensive grey colour of the exposed concrete surface. This effect was also noticed in
the shadowed and surrounding areas (Figure 18c). The percentage of similarity to the black
colour in the shadowed area increased from 45% after 7 days of storage in the laboratory
to 60% after storage outside using two methods of reinforcing mesh fixing, as presented
in Figure 16b,d and Figure 18c, respectively. In comparison, the percentage of black colour
in the surrounding area increased from 40% after 7 days of storage in the laboratory to 47%
after storage outside using two methods of reinforcing mesh fixing. Thus, after being stored
outside, the visibility of the reinforcement shadows became brighter and with higher contrast
compared to the specimens stored under laboratory conditions. This indicates that weather
conditions during production, storage, or use can enhance the visibility of reinforcement
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shadows on the exposed concrete surface when the RS effect was formed by a release agent
sprayed on the steel form-facing surface straight through the reinforcing mesh.
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sprayed on the steel form-facing surface straight through the reinforcing mesh. The concrete cover
thickness is 35 mm (C-RS-8).

Additional investigation was also carried out to check the impact of weather conditions
on a real object: a precast concrete element. For this study, a precast reinforced concrete
wall element that was produced horizontally in a factory, in contact with a steel form-facing
surface, was selected. The exposed concrete wall was already installed in a multistorey
building. The precast concrete element that has been analysed can be seen in Figure 19a.
The photo shows that the reinforcement shadows are more visible in the middle part of the
wall. This may indicate that the occurrence of the reinforcement shadow on the formed
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concrete surface was likely due to a lack of the rigidity of the mould [1,7,8]. Fresh concrete
receives more vibration in the middle part of the mould than at the edges, which results in
different curing conditions in the concrete matrix below the steel rebar and the surrounding
area. It can be hypothesised that different curing conditions result in colour variation with
the appearance of dark lines with greater contrast.
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The precast reinforced concrete wall element was investigated in November with a
daytime temperature of 6.2 ◦C and a relative humidity of around 88%. The precast concrete
element was installed on the construction site for approximately two months before the tests.
First of all, the concrete cover thickness of the precast concrete product was determined.
The Hilti PS 50 portable wall scanner was used to measure the thickness of the concrete
cover or the distance from the concrete surface to the steel rebar, by keeping the device
on the dark lines on the product surface. The average thickness of the concrete cover was
determined to be 40 mm. The colour variations were also determined using the NCS Colour
Scan 2.0 portable colour reader, while the Laserliner MoistureMaster device was used to
measure moisture content on the concrete surface. The graphs in Figure 19b present the
colour variation analysis of the precast concrete element surface, shadow, and surrounding
areas. It can be seen (Figure 19b on the left side) that the percentage of similarity to the black
colour was 28% and to the white colour 68% when the average detected surface moisture
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was about 3.97%. In addition, the detected colour hue combined yellow, green, and red
colours. The percentage similarity to the black colour in the shadowed area was 30%
compared to 28% in the surrounding area (Figure 19b on the right side). An investigation of
the real-scale precast concrete element showed that the dark line of reinforcement shadow
can be characterised by the percentage similarity to the black and white colours in the
shadowed area compared to the percentage similarity to the black and white colours in the
surrounding area.

The key to preventing defects in monolithic concrete structures or precast concrete ele-
ments lies in strict compliance with construction and production technology specifications.
The factors preventing defects can include the following: design stage—the minimum wall
thicknesses have to be as designed to avoid scoring the form surface during compaction
and to space the reinforcing bars to facilitate fresh concrete placement; concrete supply
stage—special mix requirements, such as colour control, low bleed rates, and more strin-
gent tolerances on slump and colour pigments, must be known and controlled; formwork
stage—formwork must be made from the appropriate materials to maintain the specified
quality of finish; release agents must be selected to allow easy stripping and the required
colour and texture to be achieved; placing stage—fresh concrete must be placed, compacted,
and finished to achieve a uniform finish; curing stage—concrete must be cured uniformly
and adequately; if colour control is critical, different measures are suggested to facilitate
the required curing conditions; assessment stage—the surface quality of exposed concrete
surfaces should be assessed appropriately with acceptable and clearly understood criteria;
the standardized method is advised. It is the responsibility of contractors and operators
to adhere to these specifications, as doing so is integral to the process. By eliminating
problems, we can deliver the high-quality structures that customers demand.

4. Conclusions
The potential causes of reinforcement shadows on the surface of formed concrete

were examined in this study, drawing on hypotheses from the literature and experiences
from the precast concrete production factory. The possible reasons for the appearance
of these reinforcement shadows on the test specimens were analysed under laboratory
conditions. Reinforcement shadows were evaluated through visual inspection, surface
moisture content measurements, and analysis of colour variation. Based on the findings of
this study, the following conclusions can be drawn:

1. The cement skin colour formed at the interface zone of fresh concrete made using
Portland slag cement and steel form-facing material applied by a water-soluble release
agent can be described as an inherent grey colour with a yellow hue. After seven days
of storage under laboratory conditions, this colour exhibits 55–45% similarity to black,
43–37% to white, an intensity of 2%, and 100% of the yellow hue. Colour analysis
used the Natural Colour System for precise colour definition.

2. It was noticed that the percentage similarity to the black colour decreased slightly, and
the percentage similarity to the white colour increased somewhat when the reinforcing
mesh in the mould was fixed with tie wire rather than plastic spacers. This should
be considered because different methods of fixing the reinforcing mesh in the mould
during the production of concrete elements can affect the colour discolouration on the
latter’s surface.

3. Reinforcement shadows, which are typically characterised by darker lines, can be
defined by the percentage of black colour present in the shadowed area compared
to the percentage of black colour in the surrounding area. This percentage can be
quickly assessed on a factory scale using digital colour readers that provide timely
information. If there is a difference of 10% in the black colour between the shadowed
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and surrounding areas that are not visible to the naked eye, a digital colour reader
can still detect it. The quality of exposed concrete surfaces should be assessed at an
agreed-upon time and after the agreed-upon curing time.

4. When the thickness of the concrete cover was reduced from 35 mm to 10 mm, the
exposed surface revealed faint shadows of the reinforcement, appearing as horizon-
tal dark lines. The reinforcing mesh was secured with plastic spacers to prevent
movement during the fresh mixture’s pouring and compaction. In contrast, no rein-
forcement shadows were observed when the mesh was secured with tie wire, allowing
it to move during the concrete pouring and compaction. According to the authors’ [17]
findings, a gap of less than 10 mm between the reinforcing bars and the steel form-
facing plate, along with the sieving effect of the fresh concrete, can retard the cement
paste hydration process. Around the steel rebars, the ferrite phases of the cement
(iron compounds) could not hydrate properly, resulting in unhydrated ferrite phases
that contributed to the dark colour of the unhydrated cement.

5. The release agent sprayed on the steel form-facing surface straight through the rein-
forcing mesh creates a shadow effect of the reinforcement on the exposed concrete
surface. The presence or absence of release agents on formwork-facing material affects
its wettability and impacts the curing of cement paste, resulting in colour variations
of the exposed concrete surface. The absence of a release agent under steel rebars
decreases the wettability at the interface between the formwork and fresh concrete,
resulting in dark lines during the curing process. In contrast, the presence of the
release agent increases the wettability at the interface between the formwork and
concrete, resulting in a lighter colour surrounding area.

6. After storage outside at a daytime temperature of 7.7 ◦C and relative humidity of
approximately 87%, the grey colour of exposed concrete surfaces became more intense
in the shadowed and surrounding areas. The concrete surface moisture increased
after storage outdoors compared to storage in laboratory conditions due to hardened
cement paste capillary absorption. According to the authors’ [51] findings, increased
moisture content in hardened cement paste increases the greyscale intensity based on
a black to white gradient.

The results of this experimental investigation allow for various key observations re-
garding the visibility of reinforcement shadows on the formed concrete surface. Additional
testing with a larger number of test specimens is required to confirm the study’s findings.
Further testing should include investigating hydration products of cement paste in shad-
owed and surrounding areas using EDS, EDX analysis, optical microscopy, and scanning
electron microscopy. Evaluating concrete surface quality uses standardised methods, such
as the surface void ratio (SVR). The SVR (%) is calculated as the total voids area ratio to the
total area of the analysed concrete. The same method could be used to calculate the total
shadowed area (SA) ratio to the total area of the surroundings in percentage. This would
help classify concrete surfaces into categories according to the computed reinforcement
shadow index SA. In this case, corresponding image processing techniques are needed
to quantify the total area of shadowed and surrounding regions on the analysed concrete
surface. Image processing techniques could also be used to perform statistical analyses of
the reinforcement shadow’s intensity or contrast under various experimental conditions,
allowing for a quantitative evaluation of each factor’s impact. Since the shadowed and
surrounding zones do not have clearly defined boundaries on the analysed concrete surface,
accurately identifying and calculating their areas is complex. This could be a new research
direction: assessing shadow reinforcements quantitatively and proposing a standardised
method for calculating and categorising them.
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In the future, additional testing is required to check the rigidity of the mould; the
vibration amplitude, frequency, and timing; the degree of reinforcement in the structure;
the fresh concrete placing speed; and the impact of the temperature and relative humidity
of production and storage in outdoor conditions on the reinforcement shadow phenomena.
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