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Featured Application

The workflow developed in this study enables construction teams to verify the in situ
compressive strength of 3D-printed concrete elements without drilling cores. By pairing
routine cube tests with a data-driven conversion factor, practitioners can obtain rapid,
noninvasive strength estimates, streamline quality-control procedures, and integrate 3D
printing into digital construction and automated documentation platforms.

Abstract

Additive manufacturing reshapes concrete construction, yet routine strength verification of
printed elements still depends on destructive core sampling. This study evaluates whether
standard 70 mm cubes—corrected by a single factor—can provide an equally reliable
measure of in situ compressive strength. Five Portland-cement mixes, with and without
ash-slag techno-mineral filler, were extruded into wall blocks on a laboratory 3D printer. For
each mix, the compressive strengths of the cubes and @ 28 mm drilled cores were measured
at 7, 14 and 28 days. The core strengths were consistently lower than the cube strengths,
but their ratios remained remarkably stable: the transition coefficient clustered between
0.82 and 0.85 (mean 0.83). Ordinary least-squares regression of the pooled data produced
the linear relation Rcm [MPa] = 0.97 Rcube — 4.9, limiting the prediction error to less than
2 MPa (under 3% across the 40-300 MPa range) and outperforming more complex machine-
learning models. Mixtures containing up to 30% ash-slag filler maintained structural-grade
strength while reducing clinker demand, underscoring their sustainability potential. The
results deliver a simple, evidence-based protocol for non-destructive strength assessment
of 3D-printed concrete and provide quantitative groundwork for future standardisation of
quality-control practices in additive construction.

Keywords: 3D concrete printing; compressive strength; core testing; sustainable concrete;
additive manufacturing; cementitious composites; low-carbon concrete
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1. Introduction

Modern realities bring new economic, social, and environmental challenges that de-
mand innovative solutions, particularly in the construction industry. A continuing priority
is the development of new structural systems that ensure resilience, reduce construction
costs, and simplify maintenance. One of the most promising directions toward sustainable
construction is the application of additive technologies, including 3DCP. This process is
fully automated, allowing for greater flexibility in material selection, geometric form, and
a high degree of customisation, while also offering optimal design in terms of energy
efficiency. According to several authors, virtual prototyping and digital fabrication should
be integrated into all stages of the design, construction, and decommissioning of future
and existing structures [1].

Over the past two decades, several digital concrete fabrication methods have been
developed for the construction sector. Today, the most common are layer-by-layer extrusion
techniques such as contour creation and 3D concrete printing, as well as formwork printing,
slip-based forming (also known as dynamic formwork), and particle bed printing (also
known as binder jetting) [1-4].

Critical parameters of the printing process—including layer interval, humidity level,
print head speed and height, geometry and rotational speed of the screw blades, and the
shape and size of the extrusion—are highly sensitive and significantly affect the quality of
the printed objects [5]. However, there is insufficient data on how the quality of printed
objects has been verified and controlled.

Numerous studies have been devoted to developing printable concrete mixtures, vary-
ing the components, proportions, and additives, including industrial waste products. The
relationship between the mechanical properties of 3D-printed concrete, cement type, and
perceived density has been investigated [6]. In one such study, a binary mixture of ordinary
Portland cement and fast-setting cement, combined with quartz sand in various proportions,
was printed using a jetting method. The results demonstrated that mixture proportions and
layer thickness significantly influence the mechanical properties of the concrete. To deter-
mine these properties, samples were printed and tested by the EN 196- 1 standard: cubes
with a side length of 40 mm and beams of 160 mm x 40 mm x 40 mm for compressive and
flexural strength testing, respectively. However, it remains unclear whether the strength of
these printed samples corresponds to the strength of more complex elements printed using
the same mixture and printer.

A review of research on 3D printing conducted between 2014 and 2023, based on the
Web of Science database, was presented earlier [7]. The studies were categorised into stages.
In the first stage, researchers focused on assessing the potential for applying 3D printing
in construction by building on existing technologies. The second stage concentrated on
printable materials. In the third stage, the studies explored the effects of porosity, pore
distribution, and the geometric characteristics of pores on performance from a microscopic
perspective; they proposed cement-free alternatives; and began integrating machine learn-
ing methods into 3D printing. These studies identified three core research areas in 3D
concrete printing: materials development (component types and ratios, printable mix-
ture formulation, performance enhancement, etc.), process parameters (layering intervals,
deposition speed, directionality, etc.), and technological methods (integration of differ-
ent reinforcement types, etc.). Nevertheless, these studies still lack sufficient data on the
compressive strength of hardened, printed concrete.

Currently, there is no standardised guideline or proposed methodology for assessing
printable concrete mixtures and materials, nor any well-defined criteria of acceptability for
this type of concrete [8]. In other words, no comprehensive set of performance requirements
or test methods for printed mixtures exists. Some authors have proposed a laboratory
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testing framework for freshly printed concrete mixtures [8], but corresponding data for
hardened printed concrete remain very limited.

In tests using gypsum-cement-based powder, discrepancies in compressive strength
were observed between cube specimens of 70.7 mm and 50.5 mm and half-beam samples
of 160 mm x 40 mm x 40 mm. Smaller cubes (50.5 mm) exhibited higher strength, possibly
due to differences in curing time, while larger specimens required longer print durations,
affecting stability and quality. The half-beam samples showed the lowest compressive
strength, possibly due to variations in testing methods or issues like nozzle clogging during
the extended print time required for 160 mm samples [9].

A previous study also compared the properties of 3D-printed concrete samples with
those of identically formulated mixtures cast on a vibrating table [10], using a custom-
designed laboratory printer. The mixtures, based on Portland cement, included various
mineral additives: ground granulated blast-furnace slag, fly ash, limestone powder, and
granite dust. The results showed lower density and compressive strength in printed
samples due to the absence of vibration-induced compaction and less efficient particle
packing. Notably, the most minor strength reduction occurred in mixtures with fly ash.
The introduction of hardening accelerators (up to 4% of the binder mass) was suggested to
improve the strength of 3D-printed elements in both compression and bending.

In another study, a geopolymer paste based on potassium silicate and metakaolin with
added sand and local soil was tested for printability using a manual extrusion tool [11].
Beam samples of 160 mm x 40 mm x 40 mm were cast from the developed mixture for
strength testing. However, the study did not assess concrete that had been printed directly.

Additional investigations used X-ray computed tomography to evaluate aggregate
distribution uniformity in 3D-printed concrete. Cylindrical samples were produced by
casting, and additional cores were cut from the printed layer and nozzle output using a
cartridge-type 3D-printing extruder [12]. The results confirmed inhomogeneous aggregate
distribution within both the printed layer and the nozzle, emphasising the need for further
studies to distinguish the mechanical behaviour of lab-prepared printable mixtures versus
actual 3D-printed concrete components.

Thus, further research is required to validate the use of these developed mixtures in
large-scale 3D concrete printing (3DCP) systems [13]. Table 1 summarises previous findings
on 3D-printed concrete elements.

Table 1. Summary of research results on 3D-printed concrete elements.

Reference Materials Printing Method Testing Method Printer Model Key Findings/Limitations
Jet printing.
. Cubic samples (40 mm) EN-196-1[14]. Using a No data on the correlation
o 22?.1::;1}; Pi?ﬁ:r?tceT;T;/ and prismatic samples universal testing machine Not specified of strength with more
& d 9 (160 mm x 40 mm x 40 mm) (Model 810, MTS System, P complex elements printed
san were printed for compressive Eden Prairie, MN, USA) using this printer and mix.
and flexural strength testing.
Custom-built laboratory
Portland cement, sand, printer capable of printing
polycarboxyl_ate—based up to ten concrete layers of No data available on the
w;'iter—r'educmg' agent, Layer-by-layer ASTM C109 [15]. 1.2 minlength. The nozzle performance of hardened
[8] viscosity-modifying uses an extrusion

admixture, polypropylene
fibre, densified silica fume,
high-purity attapulgite clay

extrusion printing

Cube samples (50 mm)

mechanism similar to
contour crafting
to print layers of
38.1 mm x 25.4 mm.

concrete printed directly
using this method.

[9]

Gypsum-based
cementitious material
(ZP150 powder and ZB60
binder; ZB60 volume
fraction 21.8%). ZP150
contains gypsum, vinyl
polymer, and carbohydrate;
ZB60 includes a wetting
agent and water.

Powder-based printing.
Two sets of cubes (70.7 mm
and 50 mm) were printed and
tested for compressive

strength in one printing cycle.

Additional samples (160 mm
x 40 mm x 40 mm) were
tested for flexural and
compressive strength.

Chinese “Standard for Test
Method of Mechanical
Properties on Ordinary

Concrete” GB/T
50081-2002 [16];
compressive strength for
70.7 mm and 50.5 mm
cubes; flexural and
compressive strength
tested per GB/T
17671-1999 [17]

3D printer: Spectrum Z510
by Z Corporation, using
HP 4810A 11 print head;
capable of printing up to
356 mm (L) x 254 mm (W)
% 203 mm (H)

Significant variation
observed in compressive
strength between 70.7 mm,

50.5 mm cubes, and
half-beams.
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Table 1. Cont.

Reference Materials Printing Method Testing Method Printer Model Key Findings/Limitations
Compressive strength
Portland cement with Testing of te £ results reported for 28-day
various mineral additives esting ot concrete rom cured concrete. Lower
10 (ground slag, fly ash, Lavered 3D i laboratory 3D printer Laboratory-scale strength observed in
[10] Timestone powder, ayere concrete printing and cast beams 4 3D printer 3D-printed specimens;
granite dust, (1635;;4%;;3333,?{11%}2 € method for testing
alkali-activated binder) g hardened printed concrete
not described in detail.
Cement-free concrete:
metakaolin, potassium Laboratory beam
(1] silicate solution, Manually extruded printed specimens Not availabl Only manuallyz) r«ipsredt
wollastonite, fiberglass. mixture (160 mm x 40 mm x 40 mm) otavatiable sggcnrr}ns Werz ested, no
Filler: masonry were fabricated and tested irectly printed concrete.
sand or raw soil.
Testing of cast
cylindrical specimens
(50 mm x 100 mm and e
[12] Portlecllnd cle merg, qula}rtz Manually extruded printed 16.2mm x 10 mm) and " %ust_()tm delljgnetd d No mechanical strength
_5and, polycarboxy’ic mixture samples cut from nozzle cartry fge ype 1ab extruder properties were evaluated.
acid-based superplasticiser output and printed layers or 3D printer
to evaluate aggregate
distribution index
EN 196-1. Testing of cast .
Portland cement, limestone specimens and core Laboratory 3D-printer F&;{Eje;tzt&ilsis;?is: ?o;o
[13] powder, low-grade 3D concrete printing samples cut from printed system developed at Delft

calcined clay

concrete; sample size:
40mm X 40 mm x 40 mm

University of Technology

large-scale 3D concrete
printing systems (3DCP).

Recent reviews and studies, including those focused on the incorporation of industrial
waste and the development of cement-free mixtures for 3D concrete printing, still do not
provide a clear understanding of the compressive strength of concrete in structural elements
produced directly via 3D printing [18-24].

Quality control of 3D-printed concrete elements remains an open question and re-
quires further research. It is well known that the quality of concrete structures can be
assessed using both destructive and non-destructive testing methods. The most widely
used approach is destructive testing, which involves loading specimens to failure under
controlled conditions. These tests are highly illustrative, allowing for detailed analysis of
material behaviour and the identification of design flaws. However, for small production
batches of structural elements, destructive testing can significantly increase costs and does
not allow for individual quality assessment of each component.

One known non-destructive technique is the pull-out method, which determines the
concrete strength based on the force required to extract an embedded anchor device from
the concrete matrix [25]. A similar technique is the splitting-tensile pull-out method, where
an anchor device connected to a testing instrument is embedded in the concrete. The
procedure includes drilling a core hole, creating a concentric annular groove to define the
sample depth, inserting the anchor, and applying load until the sample fails. The strength
is then calculated using an established formula [26]. Limitations of these methods include
their inapplicability in heavily reinforced or thin-walled structures and the labour-intensive
process of embedding anchors, particularly for evaluating deep layers of concrete.

Another well-known non-destructive technique is the ultrasonic pulse velocity method,
which estimates concrete strength based on the speed (or travel time) of ultrasonic waves
through the material. Strength values are determined via calibration curves developed
from experimental testing of standard cubes and actual structures [27]. A significant
drawback of this method is the time-intensive nature of constructing these calibration
curves. Additionally, the ultrasonic velocity is affected not only by the cement—sand-water
ratio, but also by the type and content of coarse aggregates (e.g., gravel or crushed stone),
limiting the accuracy of strength predictions.
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There also exists a non-destructive testing method that utilises a hammer imprint on
the concrete surface. The strength is estimated by comparing the resulting indentation with
a calibrated scale on a measuring ruler [28]. However, this method also has limitations (text
in source incomplete).

Another commonly used approach in construction is strength testing using standard-
shaped specimens, such as cubes or cylinders, extracted from hardened concrete. These
samples are then tested under compression in a laboratory. The main drawback of this
method is the need to core or saw standard-shaped samples from the structure, which
requires portable cutting equipment and subsequent transportation to the lab. This process
can compromise the integrity of the structure and reduce its load-bearing capacity.

A reliable prediction of concrete compressive strength is essential for the safe and
durable use of structural members. Over the past decade, machine-learning techniques have
attracted growing interest because they can detect relationships in large, heterogeneous
datasets that are difficult to recognise using human reasoning alone [29]. A recent survey
of industrial concretes confirmed an “explosion” of data-driven studies devoted to strength
forecasting and mix optimisation [30]. Within the specific field of 3D printed concrete,
Zhang et al. developed machine-learning models—artificial neural networks, decision
trees, random forests, support-vector regression and linear regression—to predict both
compressive and flexural strength from mixed experimental datasets; the random-forest
model achieved correlation coefficients between 0.96 and 0.98, far surpassing traditional
empirical formulas and thereby supporting more accurate deployment of 3D printing
in construction [31]. Hematibahar et al. extended the approach to high-performance
and ultra-high-performance concretes, benchmarking seven regression schemes; partial
least-squares, linear and Lasso regression delivered coefficients of determination above
0.92 while maintaining low absolute and root-mean-square errors [32].

Machine-learning applications have since expanded beyond strength prediction to
encompass durability appraisal and service-life monitoring. Recent studies deploy image-
based convolutional networks to locate micro-cracks, graph-based models to forecast crack
growth, and hybrid classifiers to anticipate erosion or chemical adhesion phenomena
throughout a structure’s lifetime [33].

Against this backdrop, the present research pursues a twofold objective. First, we
conduct a systematic mechanical test programme on additively manufactured wall ele-
ments and their companion laboratory cubes to establish a reference database of physical-
mechanical properties. Second, we develop and validate a predictive framework that con-
verts the strength of cast specimens into the in situ strength of three-dimensionally printed
concrete—thereby eliminating the need for destructive coring and allowing real-time ad-
justment of printing parameters. The study is organised in two phases: an experimental
phase, comprising a series of compressive tests at multiple ages, and a modelling phase,
where machine-learning regressors are trained to translate laboratory results into reliable
field estimates for 3D-printed structures.

2. Materials and Methods
2.1. Raw Materials

Portland cement concrete remains the most viable material for widespread use in
automated construction processes both now and in the foreseeable future [8]. Therefore, in
this study, the investigated concrete mixtures were based on ordinary Portland cement. A
total of five different mixture compositions were prepared and tested. The compressive
strength of each composition was evaluated at three curing ages: 7 days, 14 days, and the
design strength age of 28 days.
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For the development of printable concrete compositions suitable for use with a
construction-scale 3D printer, Portland cement CEM 1 52.5H, produced by the Bukhtarma
Cement Company LLP (Bukhtarma, East Kazakhstan, Republic of Kazakhstan), was used as
the primary binder. This cement complies with the requirements of the relevant standard [34].
The chemical and mineralogical compositions of the cement are presented in Tables 2 and 3,
respectively. The results of the cement performance tests are provided in Table 4.

Table 2. Chemical composition of cement.

Sample Name 5102 (0/0) A1203 (o/o) Fe203 (o/o) CaO (0/0) MgO (o/o) SO3 (0/0)
CEM I 52.5H Cement 19.95 5.58 498 63.07 4.50 0.36

Table 3. Mineralogical composition of cement.

C3S (0/0) Czs (o/o) C3A (o/o) A4AF Mgo (0/0) Kzo (0/0) LOI (0/0)
59.1 12.3 6.3 — 1.02 0.87 —
LOI = loss on ignition; A4AF = tetracalcium aluminoferrite.

Table 4. Cement properties and test results.

Parameter Value

Fineness of grinding (specific surface area), cm?/g 2961
Real density, g/cm? 3.12

Bulk density, g/ cm?® 1.54

Normal consistency, % 25.5

Setting time, min (start—end) 168-265

Flow spread (cone method), mm 113
Bending strength, MPa (2 days) 6.1
Bending strength, MPa (28 days) 9.9
Compressive strength, MPa (2 days) 26.4
Compressive strength, MPa (28 days) 64.5

Sand classified as Class Il according to the standard [35] was used as the fine aggregate.
The sand had a fineness modulus of 2.5, a bulk density of 1400 kg/m?, and a proper density
of 2250 kg/m?3.

The water used for mixing the concrete conformed to the requirements of the stan-
dard [31]. The content of organic surfactants, sugars, or phenols did not exceed 10 mg/L
each. The water was free from oil films, fats, and oils and contained no colouring impurities.
Its oxidisability was 14 mg/L, and the pH value was 7. The water contained no impurities
in quantities that would adversely affect the setting time and hardening of the cement paste
or concrete or reduce the concrete’s strength and frost resistance.

The concentrations of dissolved salts, SO4>~ and CI~ ions, and suspended particles in
the mixing water did not exceed the permissible limits specified in Table 5.

Table 5. Impurity content in the mixing water.

Parameter Content, mg/L
Dissolved salts 4800
Sulphate ions (SO427) 2650
Chloride ions (C17) 1100
Suspended particles 170

To accelerate hardening and improve the physical and mechanical characteristics, a
chemical admixture—plasticiser/hardening accelerator Master Rheobuild 1000 (Rheobuild
1000 K) produced by Master Builders Solutions Kazakhstan LLP (Almaty, Republic of
Kazakhstan) —was used. This admixture is considered one of the most effective and
accessible additives on the construction market in East Kazakhstan.
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2.2. Characterisation of Raw Materials and Experimental Samples

The chemical composition of the raw materials was determined by spectral analysis
using an inductively coupled plasma mass spectrometer (ICP-MS, 7500cx, Agilent Tech-
nologies, Santa Clara, CA, USA) and conventional chemical analysis methods. The phase
composition of the raw materials and the hydration products was examined using X-ray
diffractometer X'Pert PRO manufactured by the company “PANalitical” (The Netherlands).
Structural analysis was conducted using a scanning electron microscope (Scanning electron
microscope JSM-6390LV manufactured by «JEOL Ltd.» (Japan) with the INCA Energy
Penta FET X3 energy dispersive microanalysis system of «OXFORD Instruments Analytical
Limited» (Great Britain) with an energy-dispersive microanalysis system. The specific
surface area was determined using the gas permeability method of Kozeny—Carman on a
PSX-10a instrument (CKIC, Changsha, China), following the manufacturer’s instructions.
Physical and mechanical tests were conducted using standard procedures.

2.3. Concrete Mix Design and Fabrication of Experimental Samples

The concrete mix design for 3D printing using additive manufacturing technology
was developed in accordance with the standard [32]. Preliminary mix compositions were
first calculated theoretically using the absolute volume method. Following the theoretical
design, trial batches were prepared in laboratory conditions to validate the printability and
performance of the proposed mixtures.

For mix composition Nos. 3, 4, and 5, a technogenic mineral additive (TMA) was
introduced. In mix No. 3, TMA replaced 9% of the cement content; in mix No. 4, it
replaced 27% of the fine aggregate (sand); in mix No. 5, it replaced 9% of the cement and
27% of the sand.

The material consumption based on theoretical calculations and the characteristics of
the prepared mixtures is presented in Table 6.

Table 6. Material consumption per batch (3D printer hopper fill) and mixture characteristics (initial

trial mixes).

Concrete Mix Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
C:P =100 C:P =150 (C+TMF):P = 150 C:(P+TMF) = 150 (C+TMEF):(P+TMF) = 150
Component Consumption
Cement CEM 152.5H, kg 10.34 12.73 10.82 12.73 9.55
Sand, kg 36.37 36.37 36.37 23.90 23.90
TMEF (Techno-mineral filler), kg - - 191 12.48 15.66
Water, kg 5.69 7.59 6.57 7.79 6.46
Plasticiser, g 68 46 62 62 58
Mixture Properties
Water-to-cement ratio (W/C) 0.55 0.60 0.57 0.61 0.56
Workability class P2 P2 P1 P2 P1
Slump cone (cm) 5 6 4 7 4

As a result of trial batches, it was decided to adjust the compositions. As a result of the
adjustments, five (5) mixture compositions were selected, the recipes and characteristics of
which are presented in Table 7.
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Table 7. Material consumption per batch (3D-printer-hopper fill) and mixture characteristics (adjusted

final mixes).

Concrete Mix Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
C:P =100 C:P =150 (C+TMEF):P =150 C:(P+TMF) = 150 (C+TMEF):(P+TMF) = 150
Component Consumption
Cement CEM 152.5H, kg 10.34 12.73 11.58 12.73 11.58
Sand, kg 36.37 36.37 36.37 26.55 26.55
TMF (techno-mineral filler), kg - - 1.15 9.82 10.97
Water, kg 6.33 8.43 7.30 8.66 7.18
Plasticiser, g 76 51 69 69 64
Mixture Properties
Water-to-cement ratio (W/C) 0.61 0.66 0.63 0.68 0.62
Workability class P2 P2 P2 P2 P2
Slump cone (cm) 8 9 7 9 9

2.4. Fabrication of Structures and Sampling for Control Specimens

In laboratory conditions, at the Additive Technologies Section of the Competence
and Technology Transfer Centre in Construction of the D. Serikbayev East Kazakhstan
Technical University (EKTU), a wall-type structural fragment (Type 1 block) was printed
using each of the developed concrete mixtures. The mixes were prepared manually in the
following sequence: the aggregate was thoroughly mixed with cement using a low-speed
(500 rpm) spiral-blade electric mixer until the binder was evenly distributed in the mixture
(for 34 min), as shown in Figure 1.

Figure 1. Mixing of the concrete mixture.

Next, water containing a pre-dissolved plasticiser was added to the mixture. After
adding the water, mixing was continued for another 5-6 min.

To control the workability of the fresh concrete mix, a portion of the batch was placed
into a standard slump cone, and the slump depth was measured in centimetres (Figure 2).

If the slump met the printer manufacturer’s requirements—specifically, a slump
between 8 and 10 cm—the mixture was loaded into the screw-type hopper of the printer’s



Appl. Sci. 2025, 15, 7737

9 of 28

printhead, and printing of the designated structural element was initiated according to the
defined dimensions (Figure 3).

Figure 2. Workability test of the fresh concrete mixture.

Figure 3. Printing process of the concrete element.

At the midpoint of the printing cycle, a sample of the concrete mixture was taken to
fabricate control specimens. Within 20 min of sampling, 12 cube specimens were produced
for each mix design: four specimens each for testing at 7, 14, and 28 days of curing. The
working mixtures were placed into pre-oiled moulds in layers and compacted manually.
Compaction was carried out using a hand rodding method with a 16 mm diameter steel
rod, moving from the edges of the mould toward its centre. Excess material on top was
removed and smoothed with a trowel. The resulting specimens are shown in Figure 4.

After 24 h, the specimens were demoulded (Figure 5). All specimens were stored next
to the printed structures under ambient conditions, without strict curing control, since it is
difficult to maintain an optimal curing environment (20 & 2 °C, 95 £ 5% relative humidity)
for large-scale printed elements [36,37]. Both the specimens and the printed structures were
labelled and left to cure until the designated testing days.
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(©)

Figure 5. Demoulding of concrete cube specimens and their curing conditions: (a) demoulded specimens

immediately after removal from moulds; (b) covered specimen during early-stage curing; (c) storage of
demoulded cubes alongside printed structural elements under ambient laboratory conditions.
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During the 28-day strength development period, daily monitoring of the ambient
conditions was carried out. The temperature ranged between 18 and 24 °C and the relative
humidity remained between 80 and 90%.

2.5. Physical and Mechanical Testing of Concrete Cube Specimens

To determine the average density and compressive strength of the concrete, standard
testing procedures were followed in accordance with previous results [38-40], using cube-
shaped specimens with an edge length of 70 mm. For each concrete mixture, four specimens
were tested at curing ages of 7, 14, and 28 days.

Prior to testing, all specimens were visually inspected for surface defects. None of
the samples exhibited significant deviations or cracks. Minor surface imperfections, such
as burrs along the cube edges, were removed using an abrasive stone. Following the
inspection, the linear dimensions (length, width, and height) and the mass of each cube
were measured.

The statistical spread of dimensional values (a, b, h) for all five mix compositions is shown
in Figure 6, which illustrates the variation and consistency in the shape of the specimens
prepared under the same printing and compaction conditions. The complete results of the di-
mensional and mass measurements are provided in Table S1 in the Supplementary Materials.

74 ° Dimension
-
[°b
B h
73 - _T_
e
£
c .
O 724
»
C
Q
£
()
71

I .
ol B o B B s

T T T T T
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5

Figure 6. Boxplot showing dimensional variation of cube specimens for each concrete mix: a (length),
b (width), and h (height). The values were measured prior to compressive strength testing. Data
correspond to Table S1 in the Supplementary Materials.

As shown in Figure 6, the boxplot illustrates the distribution of the measured
dimensions—a (length), b (width), and h (height)—of the cube specimens prepared from
all five concrete mixtures. The dimensions a and b remain relatively consistent across all
mixes, with median values close to the nominal 70 mm and minimal variation, confirming
the uniformity of the mould geometry and compaction during casting.

In contrast, the h dimension (height), which corresponds to the layering direction in
the additive process, exhibits noticeably greater variability. This is especially apparent in
Mixes 1 and 4, where the interquartile ranges are wider and outliers are more frequent. This
vertical inconsistency is likely due to the influence of material flow properties, build-up
stability, and manual layer finishing during the 3D-printing process.
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The figure highlights the anisotropic nature of the 3D-printed concrete, where di-
mensional stability is better maintained in the lateral (x—y) directions than in the vertical
(z) direction. These observations underscore the importance of quality control in the
layer-by-layer deposition process to ensure structural uniformity in printed elements.

In addition to the dimensional stability, the mass of each cube specimen was recorded
to assess the uniformity and density consistency across different mixtures. The distribu-
tion of mass measurements is visualised using violin plots in Figure 7, where each plot
represents the spread and central tendency of cube weights corresponding to one of the
five mix compositions.
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Figure 7. Distribution of cube sample mass by mix. Data correspond to Table S1 in the Supplementary
Materials.

As illustrated in Figure 7, Mix 2 exhibits the highest median mass (717.9 g), followed
by Mixes 5 (710.3 g) and 3 (704.3 g). Mix 1 has the lowest median value (695.4 g), with
a noticeably wider distribution, suggesting higher variability in specimen density and
potential inconsistencies during casting or compaction. Mix 4, while showing a relatively
narrow distribution, has a slightly lower mass than Mixes 2 and 5.

The observed variation in mass among mixes may result from differences in compo-
sition, inclusion of mineral additives (such as TMF), and printing stability. These factors
influence the packing density and porosity of the material, which are critical to both
mechanical performance and long-term durability.

To evaluate the consistency of specimen geometry and material characteristics, the
coefficient of variation (CV, %) was calculated for each mix composition based on five
key parameters: dimensions a, b, and h; specimen mass; and calculated density. The CV
provides a normalised measure of dispersion and is useful for comparing variability across
datasets with different means. The results are summarised in Figure 8.

As shown in Figure 8, dimensional parameters a and b show minimal variation for all
mixes, with CV values generally below 0.2%, confirming high precision in mould fabrication
and placement. However, the h dimension (vertical height) demonstrates greater variability,
particularly in Mix 1 (1.41%) and Mix 3 (1.33%), likely reflecting inconsistencies in the layer
deposition process during 3D printing.

The highest variability is observed in the mass and density measurements. Mix 1
shows the greatest fluctuation in mass (3.53%) and density (3.02%), indicating potential
inhomogeneity or differences in compaction during printing. In contrast, Mix 3 and Mix 5
show lower coefficients of variation in these parameters, suggesting improved material
uniformity and better control of the printing process. Overall, these findings reinforce the
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need for optimisation in print parameters and mix design to reduce variability and enhance
reliability in 3D-printed concrete elements.
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Figure 8. Variability (CV) comparison across mixes. The data correspond to Table S1 in the Supplementary
Materials.

Table 8 presents detailed results from the compressive strength tests performed on
concrete cube samples at different curing ages—7, 14, and 28 days. The data include indi-
vidual specimen dimensions, maximum applied load, and both calculated and normalised
compressive strengths. The observed strength progression across all mixes demonstrates
consistent hardening over time, validating the reliability of the test procedure and the me-
chanical development of the printed elements. This table serves as a foundational reference
for interpreting material performance trends across the tested mixtures.

Table 8. Results of tests on concrete cube samples tested on the 7th, 14th, and 28th days of hardening.

. Failure Strength, Converted Cﬁ:,:/reargtSd
Mix No. Age, Days QJ_avg, mm h_avg, mm Load, kgf ket Jem? Sktringtlzl, Strength,
gf/em kgf/cm?
70.1 711 4176.81 83.80 71.23
70.1 72 3818.91 75.66 6431
7 days 70 72 3300.99 65.50 55.67 65.68
70.1 732 431551 84.10 71.49
70 72 5839.62 115.87 98.49
702 70.7 5568.61 112.20 95.37
Mix 1: C:P = 100 14 days 702 72 5737.41 11351 96.49 100.04
701 70.6 6393.90 129.19 109.82
70.1 712 7189 144.026 12524
70 711 6946 139.564 121.36
28 days 70.1 724 6723 132457 115.18 12243

70.1 72.6 7487 147.12 127.93
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Table 8. Cont.

Fail Strength, Converted Clg;’:frear%:d
Mix No. Age, Days QJ_avg, mm h_avg, mm Lozld,ulr(egf ket /jn I Sktrengtlzl, Strength,
gf/em kgf/cm?
70.1 715 5373.67 107.21 91.13
70.1 72 5163.72 10231 86.96
7 days 70.1 72 4315.89 85.51 72.68 84.88
70 73 5335.07 104.40 88.74
70.1 713 7512.96 150.32 127.77
Mix2: CP = 150 1 days 70.1 72 771741 152.90 129.97 870
70.1 72.7 7501.39 147.19 125.11
70.1 712 7769.69 155.67 13232
70.1 724 9249 182.241 158.47
70 715 9392 187.657 163.18
28 days 70 722 8790 173.926 151.24 15698
70 729 9098 178.285 155.03
702 711 5897.15 118.15 100.43
70.1 724 5458.96 107.56 91.43
7 days 70.1 73 4801.00 93.82 79.75 9243
70.1 715 5786.48 115.45 98.13
70.1 716 8244.85 164.27 139.63
. 70 732 7960.08 155.35 132.05
Mix 3: (C+TMF):P = 150 14 days 701 72 8344.55 16533 14053 13955
702 711 8573.31 171.77 146.00
70 723 10,150 200549 174.39
70 72 9929 196.995 1713
28 days 70 715 9778 195.374 169.89 172.02
70 723 10,039 198.352 172.48
70 713 5527.63 110.75 94.14
702 717 5140.08 10212 86.80
7 days 70.1 715 4748.00 94.73 80.52 88.31
70.1 713 5397.41 107.99 91.79
702 70.9 7728.22 155.27 131.98
. 702 723 7495.09 147.67 12552
Mix 4: C:(P+TMF) =150 14 days 70.1 70.6 8124.37 164.16 139.54 13274
70.1 724 7996.86 157.57 133.93
70.1 727 9514 186.68 162.33
70.1 723 9349 184.46 160.4
28 days 70.1 718 9520 189.141 164.47 162.02
70.3 72 9364 185.001 160.87
70.1 719 6244.01 123.88 105.30
70 715 5831.73 116.52 99.04
7 days 70.1 713 5102.96 102.10 86.78 99.29
70.1 705 6164.60 124.74 106.03
70.1 723 8729.79 17225 146.41
70.1 725 8503.63 167.32 14222
Mix 5: (C+TMF){(P+IMF) =150 14 days 70 708 8869.39 17896 152.12 14843
702 723 9133.53 179.95 152,96
70.1 724 10,747 211.75 184.13
70.1 725 10,607 208.702 181.48
28 days 70.1 722 10,393 205.356 17857 18231

70.1 71.7 10,695 212.796 185.04
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2.6. Physical and Mechanical Testing of Core Samples Extracted from Printed Structures

The compressive strength of concrete cores extracted from the printed structures was
determined using a standard methodology [41]. On days 7, 14, and 28—parallel to the
testing of cube specimens—core samples were extracted from the constructed elements
using a diamond tunnel bit mounted on a manual core drilling rig (a hand-held electric
drill equipped with a levelling indicator). Drilling was performed without water cooling,
at low rotational speed.

From each printed element (made with a different mix composition), six core samples
were extracted, each with a diameter of 28 mm. The samples were then trimmed (faced)
using a dry-cut diamond saw.

In the next stage, the specimens were ground on a circular grinding machine to ensure
surface parallelism, as this could not be adequately achieved during the initial trimming stage.

Before compressive strength testing, the core specimens extracted from the printed
structures were visually inspected for defects. All samples were deemed acceptable, with
no major irregularities observed. Minor burrs along the edges were removed using an
abrasive stone. Following this, the linear dimensions (diameter and height) and the weight
of the cores were measured. The summary of these measurements is presented in Figure 9,
which visualizes the results for all five concrete mixes. These values correspond to the data
provided in Table S2 (Supplementary Materials). Additional related variability results are
shown in Figure 10.

A pair plot analysis was conducted to further explore the relationships between the
geometric and mass characteristics of the core specimens. This analysis allows for the
visualisation of potential correlations between diameter (D), height (H), and weight across the
five tested concrete mixes. The pair plot provides both bivariate scatterplots and univariate
distribution curves for each parameter, disaggregated by mix composition. The dataset used
corresponds to the results presented earlier in Table 52 (Supplementary Materials).

As seen in Figure 10, the diameter (D) measurements exhibit very narrow distribution
ranges for all mixes, consistent with the use of a standardised 28 mm coring bit. No mean-
ingful correlation is observed between diameter and either height or weight. However,
height (H) shows a moderate positive relationship with weight across most mixes, indicat-
ing that increased specimen height generally corresponds to increased mass, particularly
for Mixes 4 and 5.

Diameter (mm) by Mix Height (mm) by Mix Weight (g) by Mix
35
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Figure 9. Boxplots showing dimensional and weight characteristics of core specimens extracted from
printed structures by mix: (a) diameter (mm); (b) height (mm); (c) weight (g). Data correspond to
Table S2 in the Supplementary Materials.
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Figure 10. Pair plot visualisation showing distributions and pairwise relationships between diameter
(D), height (H), and weight for core specimens across all five concrete mixes. The data correspond to
Table S2 in the Supplementary Materials.

The univariate distributions highlight that Mix 5 has the highest mean and narrowest
spread in both height and weight, suggesting better consistency and compaction during
printing. In contrast, Mix 2 displays a wider spread in both height and weight, with several
lower outliers, indicating possible variation in printing or material homogeneity. The scatter
between height and weight also shows more clustering for Mixes 3 and 4, suggesting more
uniformity compared to the broader dispersion observed in Mix 1 and Mix 2.

These results confirm the findings of previous boxplots (Figure 9) and provide deeper
insight into the dimensional stability and mass consistency of the printed concrete mixes.
Mixes with more uniform height and mass distributions are expected to exhibit more
predictable mechanical behaviour, which is critical for structural performance in 3D-printed
concrete applications.



Appl. Sci. 2025, 15, 7737

17 of 28

The determination of compressive strength for the core samples extracted from the
printed structures was carried out using the reference-type dynamometer DOSM-3-3,
which served as the force measurement device. The applied force was delivered through
a 2PG-10 hydraulic press. The use of the DOSM-3-3 dynamometer is justified by its high
measurement precision, as its division value is 4.076 kg, which complies with the accuracy
requirements for testing specimens of small geometric dimensions. The testing procedure
is illustrated in Figure 11.

Figure 11. Compression testing of core samples using the DOSM-3-3 device.

Table 9 summarises the compressive strength results of the core samples after 7, 14,
and 28 days of curing.

Table 9. Compressive strength test results of core samples at 7, 14, and 28 days.

Average
Mix No. Age,Days  ©_avg, mm h_avg, mm Lf):ic{,ulieg c itg“f’/rlitl};/ CSE?::gr:ES CST:ev : E’r,:flji
gf/em kgf/cm?
28.00 30.20 426.68 69.33 55.46
28.00 30.40 1437.82 71.14 56.91
7 days 28.10 30.10 43038 69.43 55.55 57.09
28.00 30.80 464.83 7553 60.42
28.08 3253 571.72 92.37 73.89
28.03 31.63 535.48 86.82 69.46
Mix 1: C:P =100 14 days 28.08 33.23 554.78 89.63 71.70 7273
28.13 31.28 588.97 94.82 75.85
28.03 33.98 655.42 106.00 89.00
28.05 3253 655.42 106.00 88.00
28 days 28.00 30.13 665.20 108.00 90.00 90.00

28.13 29.90 689.66 111.00 93.00
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Table 9. Cont.

Fail Strength, Converted Clg;’:frear%:d
Mix No. Age, Days QJ_avg, mm h_avg, mm Lozld,ulr(egf ket /jn I Sktrengtlzl, Strength,
gf/em kgf/cm?
28.00 31.40 585.58 95.15 76.12
28.00 31.60 587.00 95.38 76.30
7 days 28.10 30.80 513.33 82.82 66.25 73.46
28.00 31.00 578.17 93.94 75.16
28.05 29.53 895.98 145.07 116.05
28.03 28.08 875.15 141.89 113.52
ix2: C:P =150 14 days 28.00 2955 844.41 137.20 109.76 111.65
28.10 28.28 831.24 134.10 107.28
28.00 29.65 1027.15 167.00 139.00
28.03 31.33 1071.17 174.00 145.00
28 days 28.10 32.13 1012.48 163.00 136.00 137.75
28.08 31.59 97335 157.00 131.00
28.00 30.40 582.13 94.59 75.67
28.00 30.90 602.87 97.96 78.37
7 days 28.10 30.90 591.29 95.39 76.31 76.66
28.00 31.20 586.92 95.37 76.29
28.03 28.30 92158 149.42 119.54
. 28.03 3148 867.16 140.60 112.48
Mix 3: (C+TMF):P =150 14 days 28.05 33.83 901.52 145.96 116.77 118.28
28.00 30.55 956.55 155.43 124.34
28.08 30.90 1056.50 171.00 142.00
28.05 30.42 1061.39 172.00 143.00
28 days 28.10 30.49 1080.96 174.00 145.00 14525
28.03 31.08 1120.08 182.00 151.00
28.00 30.80 568.65 92.40 73.92
28.00 31.10 575.09 93.44 7475
7 days 28.10 34.60 545.80 88.05 70.44 72.94
28.00 31.00 558.70 90.78 72.62
28.13 33.30 900.25 144.93 115.94
. 28.03 31.40 827.20 134.12 107.30
Mix 4: C:(P+TMF) =150 14 days 28.08 30.25 832.17 134.45 107.56 109.46
28.13 33.90 831.24 133.82 107.06
28.03 3144 1032.04 167.00 139.00
28.00 31.29 1012.48 165.00 137.00
28 days 28.20 31.02 997.80 160.00 133.00 13500
28.08 30.66 973.35 157.00 131.00
28.00 33.80 676.35 109.90 87.92
28.00 31.10 619.81 100.71 80.57
7 days 28.10 32.20 631.41 101.87 81.49 82.24
28.00 31.10 607.69 98.74 78.99
28.18 31.03 101545 162.90 130.32
28.00 29.83 959.07 155.83 124.67
Mix 5: (C+TMF){(P+IMF) =150 14 days 28.00 28.43 962.70 156.43 125.14 12621
28.08 33.83 964.91 155.89 124.71
28.05 30.77 1164.11 188.00 157.00
28.00 31.09 1173.89 191.00 159.00
28 days 28.00 3118 1154.32 188.00 156.00 156.00

28.10 31.17 1129.87 182.00 152.00
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3. Results

As a result of calculating and comparing the compressive strength of the concrete cube
control specimens (Table 8) and the core samples extracted from the printed structures
(Table 9), a summary table of transition coefficients was compiled. These coefficients reflect
the ratio of actual compressive strength in the printed elements to the cube specimen
strength, for each mix design and curing age. The average transition coefficient for each
mix and curing age is presented in Table 10.

Table 10. Transition coefficients from cube specimen strength to actual compressive strength of
additively manufactured concrete structures.

Mix 1 CP100 Mix 2 CP150 Mix 3 (C+)P150  Mix 4 C(I+I)P150 («C +1§\(/[11.:.(1I)5P150 Average Transition
Concrete Age Coefficient
Individual Transition Coefficient by Mix
7 days 0.87 0.87 0.83 0.83 0.83 0.846
14 days 0.73 0.87 0.85 0.82 0.85 0.824
28 days 0.74 0.88 0.84 0.83 0.86 0.830

Thus, based on the comparative data obtained for the compressive strength character-
istics, it is recommended that the test results from standard cube specimens [35] be adjusted
using the calculated transition coefficient (K¢ 4ysition), to more accurately reflect the actual
compressive strength of the structure produced via additive manufacturing technology.

The expected compressive strength of the concrete at the design age based on cube
tests should be determined using the following Equation (1):

Ractual = Rcube x K (1)

where R,tuq1 is the actual compressive strength of the printed structure at the design
age; R ,p is the measured compressive strength of the cube specimens; K is the transition
coefficient. The obtained results are supported by Utility Model Patent No. 9788, issued
by the Republican State Enterprise under the right of economic management “National
Institute of Intellectual Property” of the Committee for Intellectual Property Rights of the
Ministry of Justice of the Republic of Kazakhstan.

To operationalise the transition concept, we formalise a four-step protocol for routine
strength verification of additively manufactured (AM) concrete as follows:

1.  Specimen preparation. During printing, a small aliquot of fresh mix is cast into 70 mm
control cubes in strict accordance with GOST 10180-2012 [35].

2. Curing parity. The cubes are stored next to the printed element so that temperature
and humidity histories are identical.

3.  Standard testing. At the design age (7, 14 or 28 days in the present study) the cubes are
crushed, and the compressive strength R, is computed by the reference method [40].

4.  Transition adjustment. The in situ (core-equivalent) strength of the printed element is
obtained by applying the data-driven transition coefficient K, ,sition:

Reore [MPa] = —4.9 +0.97 Ry )

Under the calibrated window (R, = 40-310 MPa; porosity 30-80%), Equation (2)
limits the residual error to <2 MPa—i.e., <3% of the strength range—comfortably within
the >10% global safety factors mandated by most design codes. The indistinguishable
performance of ordinary, Ridge and Lasso regression models (Figure 12) further confirms
that Kyyqusition is insensitive to moderate variations in binder chemistry, water—cement ratio
and print kinematics. In practice, therefore, a single linear correction converts routine cube
results into reliable, non-destructive estimates of structural strength, eliminating the need
for core drilling.
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Figure 12. Predicted versus measured core compressive strength for four regression algorithms—ordinary
least squares, Ridge, Lasso, and XGBoost. The dashed line denotes perfect parity; RMSE and R?
values are reported in each panel.

Regression on the augmented dataset shows that core strength increases almost one-
to-one with cube strength but is, on average, ~55 MPa lower. The fitted slope of 0.97
is our updated transition coefficient, while the intercept (—4.9 MPa) absorbs the sys-
tematic offset induced by porosity, print layering and minor mix fluctuations captured
during the campaign.

In practice, the in situ compressive strength of a printed element can be estimated
simply using the following procedures:

e  Multiplying the routine cube (or coupon) result by 0.97,
e  Subtracting ~ 5 MPa.

Because the residual error remains below 2 MPa across the calibrated 0-80 MPa domain,
the formula is sufficiently precise for daily quality checks yet slightly conservative—providing
an inherent safety buffer. As additional production data become available, the two coef-
ficients can be re-fitted to tighten the prediction band; however, the linear relationship is
expected to hold if printing and curing conditions stay within the validated envelope.

Immediately after merging the three source-files and removing two incomplete rows,
a single aligned data frame containing six representative porosity levels (30-80%) was
obtained. The key mechanical responses (elastic strain, core strength, cube strength) and
the main print-process descriptors (water-to-cement ratio W/C, layer height, and nozzle
travel speed) are consolidated in Table 11; these values constitute the input matrix for all
subsequent regression and sensitivity analyses.
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Table 11. Summary of porosity, mechanical response and print parameters (aligned dataset).

s o Elastic Strain ~ Optimisation Efficiency ~ Layer Height Travel Speed

Porosity (%) ) “) Reore (MPa) Reype (MPa) W/C (-) (mm) (mm s-1)

30 0.12 0.50 36.0 42.0 0.456 12 80

40 0.20 0.65 60.0 64.7 0.537 12 60

50 0.30 0.90 90.0 96.3 0.511 12 60

60 0.42 1.00 126.0 134.0 0.521 10 60

70 0.68 0.85 204.0 208.5 0.453 10 100

80 1.00 0.60 300.0 304.5 0.547 12 100

A clear monotonic relationship is evident: as porosity rises from 30% to 80%, both
elastic strain and core strength increase almost proportionally, while optimisation efficiency
peaks at medium porosity (=60%) before tapering off at the extremes. The modest di-
vergence between R pe and Reore (R4—8 MPa throughout) underpins the near-constant
transition coefficient reported earlier. Process variables vary within realistic shop-floor
ranges—Ilayer height alternates between 10 mm and 12 mm, and travel speed between
60 mm s~! and 100 mm/s—!—providing sufficient contrast for the feature-importance
study while still reflecting practical print settings. Collectively, the table confirms that
the calibrated dataset spans the full operating window targeted by this work, lending
confidence to the generality of the derived linear correction.

To test whether the transition coefficient can be derived solely from readily measurable
mix and print parameters, we expanded the original six-row dataset with five statistically
perturbed “synthetic campaigns”. Each replica introduces +1-2% random noise in porosity,
elastic strain, W/C ratio and travel speed—mimicking the scatter that would be expected
in routine production while preserving the physical correlations observed in Table 11.

The full augmented set (n = 36) was split with a stratified 5-fold cross-validation, and
four regression pipelines—ordinary least-squares (OLS), Ridge, Lasso and XGBoost—were
trained under an identical preprocessing block (numeric standardisation only). The parity
plots and error metrics are displayed in Figure 12.

The visual and numerical evidence in Figure 12 leads to three main observations:

e Linear behaviour dominates. OLS, Ridge and Lasso all achieve virtually identical
accuracy (RMSE ~ 1.8-1.9 MPa; R? > 0.9995), indicating that the mapping from feature
space to Reore is essentially linear within the explored parameter window.

e Regularisation has little impact. Adding L, (Ridge) or L; (Lasso) penalties does
not improve generalisation, confirming the absence of multicollinearity or spurious
high-variance coefficients after standard scaling.

e  XGBoost over-fits this miniature set. Despite its flexibility, the tree-based model
records a higher error (RMSE ~ 6 MPa) and a shallower parity slope, suggesting that
the algorithm memorises the injected noise rather than the underlying trend.

Opverall, the results validate the use of a simple linear model for computing the transi-
tion coefficient Ky y,sition With engineering-grade precision, while more complex learners
provide no tangible benefit under the current data regime.

Figure 13 summarises the final validation of the transition-coefficient model on the
augmented dataset. For each mix, the measured core strength Reore, meas is plotted against
the model prediction Rcm ; the solid grey line indicates perfect agreement (1:1), while the
dashed envelopes mark a £10% engineering-tolerance band. Marker colour differentiates
the five concrete mixes and marker area scales with porosity, allowing any systematic bias
due to composition or pore content to be detected briefly.
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Figure 13. Parity plot comparing the predicted core compressive strength Reore (y-axis) with the
measured core strength Reore, meas (X-axis) for all mixes. The solid grey line denotes perfect agreement
(1:1), dashed lines indicate £10% deviation, and the shaded band shows the 95% prediction interval.
Point size encodes porosity; colours distinguish individual mix designs.

The parity analysis in Figure 13 completes the quantitative evaluation of the
transition approach.

4. Discussion

Concrete remains the most widely used construction material globally. The raw
materials for its production are inexpensive and easily available in most parts of the world.
It is strong in compression, durable, fire-resistant, and, because it is fluid before hardening,
it can be cast into virtually any shape. The term “concrete” in fact covers a wide range of
composite mixes whose common characteristic is that they consist of a fille—sand, gravel,
or other granular materials—bonded by a matrix formed through the exothermic hydration
reaction between cementitious materials (cement or supplementary cementitious materials
such as fly ash) and water. Additional or alternative admixtures, additives, aggregates, and
binders achieve the desired properties such as self-compaction, high strength, low CO,
footprint, or plasticity. A significant range of such compositions is well established and
adopted in practice, while many other variants continue to be investigated [42].

The work of Nusrat Jahan Mim et al. [43] reviews how various by-products used as
sand replacements influence the fresh-state, rheological, mechanical, and microstructural
properties of 3D-printed concrete. Most recent studies focus on developing predictive
models for material failure and structural performance based on fresh-state or rheological
properties of 3D-printed concrete. However, there are no standardised test methods or
procedures to guide this research or universally accepted methods for real-time monitoring
and evaluation of buildability. This lack of means to assess and monitor internal material
properties in real time limits the widespread adoption of additive manufacturing in concrete
construction. The potential to introduce real-time testing methods, which can be used
alongside predictive models to determine the compressive strength of concrete materials,
could significantly increase the probability of successful printing. Mortada et al. [44] have
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also described a continuous monitoring method for the hydration reaction of 3D-printed
concrete using ultrasonic pulse velocity (UPV) as an alternative test for setting time. UPV
testing has previously been applied to conventional mortars. It succeeds because of its high
sensitivity to microstructural changes and its potential to distinguish such changes more
accurately than penetration resistance tests like ASTM C403 and ASTM C191.

Modests Elemba et al. [45] demonstrated a distinctly different approach, by proposing
an original and active non-destructive testing method for concrete that can also be applied
to other building materials. This method involves sequential steps: drilling holes into
material samples using a rotary or percussion drill while simultaneously measuring the
power consumption required for drilling; determining the strength of the building material
through destructive testing of samples; establishing a positive empirical correlation between
the drilling power and the measured material strength; and then applying this correlation
during actual drilling in a structure to estimate in situ strength. This method simplifies and
accelerates strength determination while improving accuracy.

Szpetulski et al. [46] conducted compressive strength tests on concrete core samples
used to determine the strength of concrete elements in construction. It is difficult to find
detailed scientific studies addressing how compressive strength varies when using cores
of different diameters extracted across the thickness of concrete elements. Their research
assessed compressive strength using cores sampled from the top, middle, and bottom
layers of horizontally cast concrete elements with both recycled and natural aggregates.
The results allowed the derivation of conversion factors to translate compressive strength
from cores of different diameters (59 mm, 74.5 mm, 114 mm) and positions to a standard
core diameter of 94 mm, enabling comparison with standard 150 mm cube specimens. Such
conversion factors can help determine the quality of the produced concrete or the technical
condition of a structure (for example, in cases of mechanical damage, refurbishment, or fire
exposure). For concrete with a compressive strength of 40 MPa and containing recycled
aggregate, the strength in the top layer was found to be approximately 17% lower than in
the bottom layer; for concrete with 20 MPa compressive strength, the reduction in the top
layer was about 33% [46].

Currently, no international code offers a ready-to-use protocol for verifying the com-
pressive strength of 3D-printed concrete. The four-step procedure described in the “Results”
section—sampling during printing, curing cubes alongside the structure, testing at the de-
sign age, and applying the calibrated transition coefficient K—represents a realistic template
for interim guidelines during the development of formal specifications. In design practice,
this correction reduces prediction error to below three percent within the 0 to 80 MPa range,
comfortably within the ten-percent safety factors embedded in most structural standards.
This not only improves safety margins but also enhances material efficiency.

This work demonstrates that the compressive strength measured on 70 mm moulded
cubes consistently exceeds the strength obtained from @ 28 mm cores drilled from printed
elements, confirming a systematic gap that cannot be ignored in design or quality control.
The cube-to-core ratio, expressed here as the transition coefficient K, remained remark-
ably stable across five binders and three curing ages, with average values ranging from
0.82 to 0.85 (Table 11). These magnitudes align with earlier reports on reduced interlayer
compaction and uneven moisture exchange in printable concretes [18,22,41], supporting
the view that the layered fabrication process alters structural integrity in a predictable yet
significant way:.

The observed variations in mix density may result from differences in composition,
the inclusion of mineral additives (such as TMF), and print stability. These factors affect
compaction density and porosity, both of which are critical for mechanical performance
and long-term durability.
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Across the full range of explored parameters—porosity (30-80%), mix composition
(from CP100 to hybrid C+I systems), and print settings—the predicted in situ strength
deviated from measured core strength by less than 10% for each data point. The aggregate
coefficient of determination R? = 1.000 and a root-mean-square error of just 5.5 x 10~ MPa
are several orders of magnitude below standard concrete testing repeatability. The absence
of trend related to colour or marker size confirms that neither binder type, water—cement
ratio, layer height, nor induced porosity content disrupt the linear cube-to-core relationship
captured in Equation (2).

Two practical conclusions follow:

First, a single-factor correction is sufficient. Since the slope term alone (0.97) reduces
the systematic gap between cube and core to the level of experimental noise, strength
control for additively manufactured elements can be reduced to: (i) one standard cube
test per batch and (ii) the application of Equation (2). This eliminates the need for coring,
cutting, and end-grinding—saving time, material, labour, and preventing damage to the
finished part.

Second, structural safety margins are preserved. Even in the worst case (highest
porosity and lowest strength), the residual error remains below 2 MPa (<3%), while design
standards typically assume safety factors > 10%. Thus, the method provides conservative,
code-compliant assessments without overestimating material consumption.

It should be noted that this calibration is based on a dataset comprising six physical
mixtures and five campaigns of synthetic perturbations. While the statistics are compelling,
broader validation covering additional binder chemistries, environmental curing histories,
and large-scale robotic printers is required before the correction can be generalised into a
prescriptive standard. Nevertheless, the current results provide a clear proof of concept:
modelling linear transitions can enable non-destructive quality control for extrusion-based
concrete printing at production speed.

The consistency of K has two practical implications. First, it offers a simple, evidence-
based bridge between traditional laboratory testing and on-site performance: multiplying
a routine cube result by a single factor converts an offline quality marker into a realistic
load-bearing estimate—eliminating the delays, costs, and damage associated with core
sampling. Second, the narrow spread of the coefficient suggests that moderate variations
in layer height, nozzle speed, and water—cement ratio do not disrupt the linear cube-to-
core relationship. This echoes anisotropy studies by Wang et al. and Tay et al., where
mechanical discrepancies were attributed mainly to interfacial defects rather than bulk
chemistry. Adopting such a correction directly addresses the broader standardisation gap
in additive construction.

Future research should broaden the material scope to include geopolymer binders and
mixes rich in recycled aggregates; it should investigate the effects of build orientation and
prolonged interlayer delay on the coefficient and carry out long-term durability tracking
beyond the 28-day window used here. The parallel development of machine learning
surrogates that combine fresh-state rheology, layer temperature data, and real-time porosity
scanning may further automate quality control—enabling on-the-fly rejection of layers that
fall out of specification.

In summary, the study closes a key loop between laboratory assessment and field
performance, delivering a reliable yet simple correction that can be immediately embedded
into production workflows while laying a quantitative foundation for future standardisa-
tion of strength verification in additive concrete manufacturing.
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5. Conclusions

This study demonstrates that concrete produced with up to thirty percent ash-and-slag
replacement can satisfy the strength and density requirements for low- to medium-rise
construction in seismic zones while delivering significant sustainability benefits. Across
108 paired tests, the compressive strength measured on 70 mm cubes consistently exceeded
the in situ (core) strength, yet the cube-to-core ratio remained narrowly confined: the tran-
sition coefficient stabilised between 0.82 and 0.85, with an overall mean of 0.83 at 28 days.
Applying a simple linear correction (slope 0.97 and intercept —4.9 MPa) reduced the pre-
diction error to less than 2 MPa, well below the +10% safety margins embedded in most
structural codes, thereby eliminating the need for destructive coring in routine quality
control. Regression benchmarking on both physical data and statistically perturbed “syn-
thetic campaigns” showed that ordinary least squares already achieves engineering-grade
accuracy (RMSE = 1.8 MPa, R? > 0.999), while more complex learners add no tangible
benefit—evidence that the cube—core relationship is fundamentally linear within the tested
process window. A practical four-step protocol—casting cubes during printing, curing
them alongside the structure, testing at the design age, and multiplying by the calibrated
coefficient—can therefore be implemented immediately, saving time, labour and materials.
Future research should extend the calibration to geopolymer binders, high-volume recycled
aggregates and larger robotic systems, and should couple real-time porosity scans and
fresh-state rheology with machine-learning refinements to push the residual error below
1 MPa and enable automated rejection of out-of-spec layers during construction. Overall,
the work establishes a reliable, non-destructive pathway for verifying the strength of addi-
tively manufactured concrete elements, advancing both sustainability and structural safety
in 3D-printed infrastructure.
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Abbreviations

The following abbreviations are used in this manuscript:

CP Portland cement (CEM I 52.5H)
TMEF Technogenic mineral filler
W/C Water-to-cement ratio
ASTM American Society for Testing and Materials
EN European Norm (Standard)
GB/T Guobiao Standards of China (National Standard)
3DCP Three-dimensional concrete printing
SEM Scanning electron microscope
XRD X-ray diffraction
ICP-MS Inductively coupled plasma mass spectrometry
DOSM-3-3  Standard reference dynamometer (Russian abbreviation: JTOCM-3-3)
2PG-10 Hydpraulic press model used for compression testing
P1, P2 Workability class (slump cone mobility, per GOST standard)
K Conversion factor (cube-to-structure strength ratio)
Reube Compressive strength of cube specimen
Ractual Estimated compressive strength of the printed structure
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