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Abstracts: The field of construction materials is pivotal in developing sustainable and resilient infrastructure.
This demands continuous research to understand the properties and behaviors of these materials under diverse
conditions. Although advancements in material science and numerical modeling have been significant,
experimental testing remains indispensable for a thorough comprehension of material characteristics,
particularly under extreme stresses and environmental factors. This need has forced the development of a wide
array of testing techniques, each designed to evaluate specific engineering properties, thus creating a complex
and varied landscape of experimental methodologies. This study provides a comprehensive overview of both
conventional and innovative experimental testing techniques used to characterize construction materials. It
explores the related methodologies and identifies potential gaps in their application within the industry. The
spectrum of testing covered includes mechanical, chemical, thermal, microstructural, durability, physical,
rheological properties, and non-destructive testing methods. Mechanical tests assess strength, hardness, and
fatigue, whereas chemical analyses utilize techniques such as spectroscopy and chromatography. Thermal
properties are examined using thermogravimetric analysis, and microstructural characteristics are explored
through advanced imaging techniques. Durability testing focuses on materials’ resistance to environmental
challenges, while physical properties tests evaluate aspects like porosity and water absorption. Rheological and
non-destructive tests further examine materials” behavior and integrity without causing damage. By discussing
these methodologies, the study sheds light on various approaches to material evaluation and aims to enhance
the selection, application, and development of testing standards. This overview seeks to inform and inspire
future research and innovation in the science of construction materials, contributing to the development of
more resilient and sustainable construction practices.

Keywords: construction materials characterization; microstructure testing; structural behavior
analysis; sustainability in construction

1. Introduction

The evaluation of material behavior and characteristics is a cornerstone in the construction
industry, pivotal for advancing sustainable and durable infrastructure [1]. With the progressive
developments in material science coupled with the advent of sophisticated numerical models, the
understanding of material properties has seen substantial enhancement [2]. Despite these
technological advances, experimental testing remains indispensable, serving as a vital tool for a
comprehensive understanding of material responses, particularly under extreme environmental
conditions and stressors [3,4]. This necessity has led to the development and refinement of various
experimental methodologies, detailed in Table 1, which explore a range of engineering properties of
construction materials [5]. The importance of experimental testing in the construction sector is
underscored by the expanding limits of architectural design and structural engineering, which in turn
increase the demand for materials capable of withstanding more complex and challenging
environments [117]
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Table 1. A brief summary of various experimental methods used in the construction industry.

d0i:10.20944/preprints202405.1987.v1

Examples of the Testing

Category Test Type Purpose Technical Aspects General Outcomes
Standards
To determine a material's
Compression Application of compressive force Maximum compression force  ASTM C39 [6]; BS EN 12390-3
resistance to compression
Strength until failure the material can withstand [7]; EN 12390-3 [8]
forces
To assess a material's ability Bending a specimen wuntil it Maximum stress at failure and =~ ASTM C78 [9]; BS EN 12390-5
Flexural Strength
to resist bending forces fractures or yields the material's flexural modulus [10]; EN 12390-5 [11]
To evaluate the material's Applying force parallel to the Shear strength at yield or ASTM D732 [12]; BS 7991 [13];
Shear Strength
resistance to shear forces specimen's cross-section fracture EN ISO 1922 [14]
To determine a material's
Modulus of Subjecting the material to a known Elastic modulus, indicating ASTM E111 [15]; BS EN ISO
ability to deform elastically
Elasticity Test load and measuring deformation stiffness or rigidity 527-1 [16]; EN ISO 527-1 [17]
Mechanical under stress
Properties To measure a material's
Indenting the material with a Hardness value, indicating ASTM D785 [18]; BS EN ISO
Testing Hardness Test resistance to deformation

and scratching

specific force

wear resistance and ductility

2039-1 [19]; EN ISO 2039-1 [20]

Impact Resistance

To determine the material's

ability to withstand sudden

Dropping a weight from a known

Energy absorbed before

ASTM D256 [21]; BS EN ISO

Test ) height or swinging a pendulum failure, indicating toughness 179-1 [22]; EN ISO 179-1 [23]
impacts
To measure time-dependent Creep rate and time to failure,
Subjecting the material to a ASTM C512 [24]; BS 1881-122
Creep Test deformation under constant providing insights on long-
constant load at a temperature [25]; EN 13791 [26]
stress term stability
Fa T To assess endurance under Repeatedly applying a stress or Number of cycles to failure, =~ ASTM E466 [27]; BS 7270 [28];
atigue Test

cyclic loading

strain cycle

indicating fatigue life

EN 6072 [29]
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S Analyze material Interaction of light with matter Elemental and molecular  ASTM E1252 [30]; BS EN ISO
ectrosco
P Py composition (absorption, emission, etc.) composition 3696 [31]; EN ISO 3696 [32]
Identification and
Separate and analyze Mobile and stationary phases to ASTM D6581 [33]; BS EN 12341
Chromatography quantification =~ of  mixture
Chemical components of a mixture separate substances [34]; EN 12341 [35]
components
Properties
Excitation of atoms in a sample by
Testing ASTM D4327 [36]; BS EN ISO
X-ray Fluorescence = Elemental analysis X-ray beam and measuring emitted Elemental composition
11885 [37]; EN ISO 11885 [38]
radiation
Determine acidity or ASTM E70 [39]; BS 3978 [40];
pH Measurement Use of pH meters or indicators pH value
alkalinity EN ISO 10523 [41]
Thermogravimetric ~Measure changes in mass as Controlled temperature program Decomposition temperatures,  ASTM E1131 [42]; BS EN 8201
Analysis a function of temperature leading to material decomposition = mass loss [43]; EN 8201 [44]
Differential Heat is applied and the difference
Measure heat flow associated Glass transition, ~ ASTM D3418 [45]; BS EN ISO
Scanning in heat flow between the sample
with material transitions crystallization, melting points 11357 [46]; EN ISO 11357 [47]
Calorimetry and reference is measured
Thermal Thermal Evaluate the  material's Steady-state or transient methods ASTM C518 [48]; BS EN 12667
Thermal conductivity value
Properties Conductivity Test  ability to conduct heat to measure heat flow [49]; EN 12667 [50]
Testing Measure the  material's
Thermal Expansion Material is heated and dimensional Coefficient of thermal ASTM E831 [51]; BS EN ISO
dimensional change with the
Test changes are recorded expansion 11359 [52]; EN ISO 11359 [53]
temperature
Determine thermal
Hot Disk Thermal
conductivity, diffusivity, and = Transient plane source technique Thermal properties ASTM D7896 [54]
Constants Analyzer
specific heat
Microstructural Examine surface
Scanning Electron Electron beam scans the surface, High-resolution images, ASTM ESEM [55]; BS 340-1 [56];
Properties morphology and
Microscopy generating various signals elemental analysis EN ISO 22309 [57]
Testing composition
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Identify crystalline phases Phase identification, crystal ASTM D8 [58]; BS EN 13925
X-ray Diffraction X-rays diffracted by crystal lattice
and orientation structure [59]; EN 13925 [60]
Transmission
- Visualize internal structure Electron beam transmitted through High-resolution internal ASTM E2015 [61]; ISO 21432
ectron
at atomic level thin specimen structure [62]; ASTM E1621 [63]
Microscopy
Atomic Force Image surfaces at atomic Probe scans the surface with ASTM E2382 [64]; BS EN ISO
Surface topography

Microscopy

scale

atomic-scale resolution

20903 [65]; EN ISO 20903 [66]

Freeze-Thaw

Evaluate durability against

Cyclic freezing and thawing of

Resistance to freeze-thaw

ASTM C666 [67]; BS EN 1367-1

Testing freeze-thaw cycles material samples damage [68]; EN 1367-1 [69]
Immersion in sulfate solution or
Sulfate Attack Assess resistance to sulfate Durability — against sulfate =~ ASTM C1012 [70]; BS EN 13295
exposure to sulfate-rich
Testing exposure attack [71]; EN 13295 [72]
environment
Chemical Resistance Determine the material's Degree of resistance to ASTM G31 [73]; ASTM C267

Exposure to aggressive chemicals

Test resistance to chemicals chemical exposure [74]; ISO 175 [75]
Exposure to a corrosive
Durability Assess  susceptibility  to ASTM G48 [76]; ASTM G1 [77];
Corrosion Testing environment or application of Corrosion rate, type, and form
Properties corrosion EN ISO 9227 [78]
electrical methods
Testing
Chloride Evaluate  resistance  to Application of an electrical field or ASTM C1202 [79]; BS EN 12390-

Depth of chloride penetration

Penetration Testing  chloride ingress ponding test 8 [80]; EN 12390-8 [81]
Assess resistance to Exposure to a COg-rich ASTM C1583 [82]; BS EN 13295
Carbonation Testing Depth of carbonation front
carbonation environment [83]; EN 13295 [84]
Moisture Measure the  material's Weighing before and after moisture Percentage of moisture  ASTM C1585 [85]; BS 1881-124
Absorption Test ability to absorb moisture exposure absorbed [86]; EN 13791 [87]
Evaluate resistance to salt Corrosion resistance in saline ASTM B117 [88]; BS EN ISO
Salt Spray Test Exposure to salt mist or fog

corrosion

environments

9227 [89]; EN ISO 9227 [90]
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Porosity and

Archimedes' principle,

Determine  porosity and ASTM D792 [91]; BS EN 1936
Density pycnometry, or mercury intrusion Porosity percentage, density
density [92]; EN 1936 [93]
Physical Measurements porosimetry
Properties Water Absorption  Assess the material's ability Immersion in water and measuring ASTM (1585 [85]; BS EN 13755
Water absorption capacity
Testing Test to absorb water weight gain [94]; EN 13755 [95]
Measure  the material's Length measurements before and ASTM C157 [96]; BS EN 12617-4
Shrinkage Test Degree of shrinkage
dimensional stability after drying or curing [97]; EN 12617-4 [98]
Viscosity Determine fluid's resistance Rotational viscometers or capillary ASTM D445 [99]; BS EN ISO
Rheological Viscosity value
Measurement to flow viscometers 3104 [100]; EN ISO 3104 [101]
Properties
Evaluate concrete or mortar's  Slump test, flow table test, or Vebe ASTM C143 [102]; BS EN 12350~
Testing Workability Tests Workability index or value
ease of placement test 2 [103]; EN 12350-2 [104]
Detect internal flaws or High-frequency sound waves are Flaw  detection,  material ~ASTM E494 [105]; BS EN 583-2
Ultrasonic Testing
characterize materials transmitted through material thickness [106]; EN 583-2 [107]
Penetrating radiation passes
Visualize internal features ASTM E1742 [108]; BS EN 444
Radiography through material and is captured Internal defects, weld quality
using X-rays or gamma rays [109]; EN 444 [110]
Non- on film or sensor
Destructive Detect buried objects or Radar pulses are sent into the
Ground Penetrating Subsurface features, layer ASTM D6432 [111]; BS 5930
Testing changes in material ground and reflections from sub-
Radar thickness [112]; EN 1997-2 [113]
properties surface structures are analyzed
Natural frequencies, mode shapes, ASTM E289 [114]; BS EN ISO
Free Vibration Assess dynamic properties of Dynamic characteristics  of

Testing

structures

and damping ratios are determined

through vibration analysis

structures

7626-5 [115]; EN ISO 7626-5
[116]
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Traditional materials such as concrete, steel, and timber are increasingly being augmented or
replaced by innovative composites, smart materials, and sustainable alternatives. These new
materials promise not only enhanced performance but also reduced environmental impacts [118]. As
a result, it become more practical to construct structures with improved performance at reduced costs
or impacts [119]. Experimental testing effectively bridges the gap between theoretical models and
real-world applications, providing empirical data that is crucial for validating the performance and
safety of materials [120]. The diverse array of testing methods reflects the complex nature of material
behaviors and the specific requirements imposed by different construction scenarios [121]. For
instance, while attributes such as tensile strength and compressibility are critical for structural
components, factors like permeability and thermal resistance are vital for building envelopes [122].
The introduction of non-destructive testing methods has transformed material evaluation, enabling
in-situ analysis without compromising the structural integrity [123-125]. This study aims to
comprehensively review an extensive range of experimental tests used in evaluating the properties
and behaviors of construction materials. It covers both conventional and non-conventional methods,
spanning mechanical, chemical, thermal, microstructural, and durability assessments, in addition to
physical and rheological properties. The discussions include techniques ranging from evaluating
compression, flexural, and shear strengths to advanced methods like spectroscopy, chromatography,
and various thermal analyses. Ultimately, this article intends to serve as a valuable reference for those
engaged in the development or quality assurance of construction materials within the civil
engineering sector. It aims to provide a summary of the types of tests available and their applications,
thereby enhancing the understanding and implementation of these methodologies in practice. Figure
1 depicts the methodology followed for preparing this review paper.
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Figure 1. Details of the general methodology adopted for developing this review paper.
2. Mechanical Properties Testing

2.1. Compression Strength Testing: Determines the Material’s Ability to Withstand Compression Loads

Compression testing of construction materials is a critical aspect of assessing their suitability and
performance in the built environment. Figure 2 shows the compression test apparatus. This process
involves evaluating materials under loads that simulate conditions they will face in actual structures;
hence, it helps ensure their reliability and safety. The importance of compression testing lies in its
ability to provide essential data on the compressive strength, stress-strain behavior, and overall
mechanical performance of various construction materials, ranging from traditional earth bricks to
advanced composite materials. The applications of compression testing are vast and diverse. As a
result, many studies have attempted to model it using numerical approaches [126]. A previous study
investigated the compression behavior of rammed earth, a non-industrial material, thereby
contributing to the understanding of its potential in civil engineering [127]. On the other hand, a
paper was published focusing on the mechanical performance of oriented strand boards in
compression tests, underlining the importance of such evaluations in optimizing the use of
engineered wood products [128]. Techniques for compression testing vary depending on the material
being tested and the specific properties of interest. Traditional methods, as discussed by [129], aim to
simplify the compressive strength test to make it more accessible and practical for widespread use.
Nevertheless, advanced materials, such as glass fiber-reinforced polymer bars, necessitated the
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development of new test methods to accurately characterize their behavior in compression, as
explored by [130]. The accuracy of compression testing can be influenced by factors such as specimen
preparation, testing conditions, and the method of load application. A study was performed
highlighting the effect of the loading method on the outcomes of compression testing for composite
materials, suggesting that test procedures need to be carefully designed and standardized [131].

Upper pressure plate
"

Rigid column

~ i

Figure 2. Testing apparatus for compression test [132].

2.2. Tensile Strength Testing: Measures the Material’s Resistance to Being Pulled Apart and Determines
Tensile Strength

Tensile testing is a mechanical procedure that evaluates a material's strength and ductility by
measuring its resistance to being pulled apart. Figure 3 presents the tensile test apparatus. Previously,
some papers have discussed various aspects of tensile testing, from historical development and
methodologies to the introduction of new techniques for specific materials like soils and concrete
[133-135]. A study introduced a novel technique for high-strain-rate tensile testing of engineering
materials [136]. This advancement is particularly relevant for materials subjected to impact or
explosive loads, where the material's performance under high strain rates is critical. Similarly,
[137,138] have expanded the scope of tensile testing to include local materials and fabric-cement
composites, respectively, demonstrating the broad applicability of tensile testing.
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Figure 3. Testing apparatus for tensile test [139].

2.3. Flexural Strength Testing: Assesses the material’s ability to bear bending forces.

Flexural testing evaluates a material's capacity to resist deformation under bending forces.
Studies such as [140] have utilized a third-point flexural beam test in assessing the flexural strength
of cementitiously stabilized materials. A paper was conducted to study the flexural behavior of
geopolymer concrete to understand how non-conventional construction materials behave under
bending loads [141]. Similarly, [142] explored the use of recycled concrete aggregates in reinforced
concrete beams through flexural testing. A study performed in order to investigate sustainable
materials for surfboard construction using flexural tests [143]. Collectively, these studies underscore
the role of flexural testing in material behavior assessment. Figure 4 shows the flexural test apparatus.

y
Loading head of test machine . L
| 2 e
P
=
-
-— T l
= Displacement gauge
» 40
150 o
L 160 o

Figure 4. Testing apparatus for flexural testing [144].

2.4. Shear Strength Testing: Evaluates the Material’s Ability to Withstand Sliding Forces

Shear testing plays a pivotal role in assessing the ability of construction materials to withstand
sliding forces. Figure 5 illustrates the shear test apparatus. Previous studies have used various
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methodologies, such as direct shear tests, to evaluate the shear strength and resistance of a wide range
of materials, from recycled construction and demolition materials to stabilized earth and polymeric
substances. Two papers have specifically focused on the shear strength properties of recycled
materials and geogrid-reinforced demolition waste [145,146]. Another paper explored shear testing
for polymeric materials [147]. Similarly, [148] evaluated shear test methods for stabilized rammed
earth. A study was conducted to investigate the shear strength components of concrete under direct
shearing [149].

() (b) (©)

i i Shear Specunen
Shear Specimen
¥ | { /|

(a) Z-type push-off specimen (b) JSCE-G 553 shear test (¢) FIP shear test

Figure 5. Testing apparatus for shear test [150].

2.5. Modulus of Elasticity: Assesses the Material’s Ability to Deform Elastically under Stress

Modulus of elasticity testing is fundamental in evaluating the elastic properties of construction
materials, providing insight into their flexibility and resilience under applied forces. This test
measures a material's stiffness or rigidity, indicating how much it will deform under a specific load
before returning to its original shape. This test is crucial for understanding how materials will behave
when subjected to stress in real-world applications. The modulus of elasticity is a key parameter in
the design and analysis of buildings, bridges, and other infrastructure, as it directly impacts the
deformation and load-bearing capacity of these structures. The significance of modulus of elasticity
testing spans across various construction materials, from concrete to mortars and composite
materials. For instance, a study conducted to evaluate the modulus of elasticity for normal and high-
strength concrete using granite and calc-granulite aggregates, highlighting the impact of aggregate
type on concrete's elastic properties [151]. Similarly, [152] performed both static and dynamic
analyses to determine the modulus of elasticity of mortars, providing valuable insights for material
selection and structural design. Furthermore, a study was performed to explore the innovative use
of surface-bonded piezoelectric transducers to assess the wave modulus of elasticity of concrete,
offering a non-destructive approach to evaluate the material's elastic characteristics [153]. Techniques
for testing the modulus of elasticity vary based on the material in question and the desired accuracy
of the results. Traditional static testing methods involve applying a known load to a material and
measuring the resulting deformation, while dynamic testing techniques, such as those using
piezoelectric transducers, allow for the assessment of elastic properties without causing permanent
deformation. The choice of testing method depends on factors such as the material's nature, the scale
of the project, and specific engineering requirements. The accuracy of the modulus of elasticity testing
can be influenced by several variables, including specimen preparation, testing environment, and
equipment precision.

2.6. Hardness Test: Measures the Resistance of a Material to Deformation, Particularly Permanent
Deformation, Indentation, or Scratching

The hardness test evaluates a material's resistance to deformation, particularly permanent
deformation, indentation, or scratching. This test helps in understanding the durability and wear
resistance of various materials, ranging from polymers to metals and rocks. As a result, it aids in
predicting the lifecycle and application suitability of materials in various industries, including
construction, manufacturing, and engineering. Figure 6 represents the hardness test apparatus.
Historically, the concept of hardness and its measurement has evolved, leading to the development
of various testing techniques. Early works by researchers such as [154,155] laid the ground for
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understanding the physical meaning of indentation and scratch hardness, highlighting its practical
applications and theoretical implications. These foundational studies have been expanded upon by
subsequent research, including the comprehensive reviews and critical analyses by [156,157] and
others, which examined localized damage characteristics and provided a critical overview of
indentation hardness measurements across macro-, micro-, and nanoscales. The significance of
hardness testing extends beyond mere measurement. As outlined by [158], the application of testing
materials' hardness encompasses a broad spectrum of disciplines, illustrating its fundamental role in
material characterization. Techniques such as the scratch test, as discussed by [154], and the multi-
pass dual-indenter scratch test, explored by [159,160] offer insights into the abrasive wear resistance
of materials. These methods not only measure the surface resistance but also reveal subsurface
deformation layers, providing a comprehensive understanding of a material's durability under stress.
Moreover, studies such as [161,162] have highlighted the application of hardness tests in rock
characterization and the evaluation of ferrous microstructures' abrasive wear resistance, respectively.

Framt cover
Microscope o
eviphece D‘
ﬁ: Ladeater
Indenter F  dismeéter
Amvil Frame
e —
Lifting screw i Test |
i - Spaiimeen |
_ Switch \
Rotary wheel - - T— =
-~ -qr Indentation diameter
|

|- fwrr cable

Figure 6. Testing apparatus for hardness test [163].

2.7. Impact Resistance Test: Evaluates a Material's Ability to Resist Sudden Impacts or Shocks

Impact resistance testing, Figure 7, is an essential aspect that evaluates a material's ability to
withstand sudden impacts or shocks. Previously, a study conducted to report the importance of this
test in characterizing materials to understand their mechanical properties comprehensively [164]. A
paper performed to review the deformation and fracture behavior of materials subjected to
underwater explosions [165]. A work on concrete materials in high dynamic response simulations
was conducted by [166] to demonstrate the application of impact testing in assessing the resilience of
structures to dynamic loads. A study was performed to highlight the role of impact resistance tests
in advancing material science, especially for those designed to withstand severe environmental
conditions [167].
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(a) Testing frame (c) Specimen testing
Figure 7. Testing apparatus for impact resistance test [168].

2.8. Creep Test: Measures the Time-Dependent Deformation of Materials under Constant Stress

The creep test measures the time-dependent deformation of materials when subjected to
constant stress over time. This test aids in understanding how materials behave under sustained
loads, revealing their long-term durability and mechanical properties. A study was conducted to
explore the time-dependent behavior of diabase to develop a nonlinear creep model [169]. Similarly,
[170] investigated the creep characteristics of concrete used in tunnel lining structures. Another paper
was conducted to expand the scope of creep tests to nanostructured copper, incorporating variables
such as time, stress, and temperature to assess deformation [171]. Other studies such as [172,173]
further contributed to the field by examining the time-dependent properties of rocks and saturated
soils, respectively, emphasizing the test's role in understanding soil and rock mechanics under long-
term loading conditions. The work of [174] on argillaceous rocks and the study by [175] extend the
test's application to both geological and mechanical engineering fields. Finally, another study was
performed to explore the time-dependent response of engineered cementitious composites by
performing creep testing [176]. These studies underscore the significance of creep tests in material
science and engineering. They provide insights into the long-term behavior of materials under
constant stress, which is crucial for the design, analysis, and development of materials and structures
across a wide range of applications. Figure 8 illustrates the creep test apparatus.

(a) Composition of creep test system (b) Test loading systcm.

Figure 8. Testing apparatus for creep test [177].
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2.9. Fatigue Test: Assesses the Material’s Ability to Withstand Cyclic Loading and Determines its Fatigue Life

Fatigue testing is a crucial method that assesses a material's ability to withstand cyclic loading,
ultimately determining its fatigue life. Figure 9 demonstrates the fatigue test apparatus. This type of
testing is fundamental for evaluating how materials behave under repeated stress conditions, which
can lead to fatigue failure. A study by [178] laid the ground for understanding the mechanics of
materials in low-cycle fatigue testing. A paper was performed by [179] to explore the fatigue and
durability of structural materials. Another paper was conducted ti explore high cycle fatigue from a
mechanics of materials viewpoint, addressing the behavior of materials subjected to a high number
of cycles at relatively low-stress levels [180]. A study done by [181] extended this application to the
dynamic fatigue and strength characterization of ceramic materials.

Hydraulic actuator

Spreader

[-beam
= n I | | = B =
=Concrete strain gauge "
Vibration sensor - . L Tested beam
Rebar strain gauge

% v 2~ Displacement meter ~* F
Y 2810 w00 T 2810 170

Figure 9. Testing apparatus for fatigue test [182].
3. Chemical Properties Testing

3.1. Spectroscopy: Identifies the Chemical Composition of Materials

Spectroscopy is a technique for identifying the chemical composition of materials. This method's
importance lies in its ability to provide detailed insights into the molecular structure and composition
of materials without destructive testing. Figure 10 represents the spectroscopy test. A paper
conducted by [183] utilized infrared spectroscopy to explore building materials, demonstrating how
vibrational spectroscopic techniques can explain the chemical makeup and modifications within
cementitious materials. Another study performed by [184] explored the utility of field spectroscopy
devices in characterizing commonly used construction materials. This adaptability is essential in the
on-site analysis, ensuring material specifications are met and identifying potential issues without the
need for extensive sample preparation or transport. A paper was done to expand the scope of
spectroscopic analysis into the terahertz domain, illustrating the potential of terahertz spectroscopy
in providing new insights into the behavior of construction materials [185]. Their research points to
the expanding horizon of spectroscopic techniques in construction material science, offering new
tools for material characterization.

E _ pplane

Figure 10. Spectroscopy test [186].
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3.2. Chromatography: Used to Separate and Analyze Compounds That Can Be Vaporized without Decomposition

Chromatography, Figure 11, a versatile analytical technique, is instrumental in the separation
and analysis of compounds that can be vaporized without decomposition. Its significance in the field
of construction materials is increasingly recognized for its ability to identify, quantify, and purify the
chemical constituents of complex mixtures. This method's application extends from analyzing
asphalt materials to detecting toxic substances in construction components, showcasing its broad
utility in ensuring material safety and performance. A study conducted by [187] discussed the
application of gel permeation chromatography technology in reviewing asphalt materials. Their
study highlights chromatography's critical role in understanding the molecular weight distribution
of polymers in asphalt, which directly impacts the material's performance in construction. This
insight is pivotal for improving asphalt formulations and enhancing road durability. Another paper
performed by [188] employed high-performance liquid chromatography coupled with tandem mass
spectrometry to detect toxic organophosphorus compounds in construction materials. Their work
underscores chromatography's sensitivity and precision in identifying hazardous substances,
contributing to safer construction practices by ensuring materials are free from harmful
contaminants. Despite its wide-ranging applications, the technique's limitations include the need for
specialized equipment and expertise, potential sample preparation complexities, and the challenge
of interpreting chromatographic data. However, the depth of analysis it provides, from purity
assessment to compositional analysis, makes chromatography an invaluable tool in the continuous
effort to improve and certify the quality of construction materials.

EC Meter pH Meter

Black Shale Cylinder E'[ H

Concrete Cub,

Top

Concrete Cube

Black Shale

Figure 11. Chromatography test [189].

3.3. X-ray Fluorescence: Determines the Elemental Composition of Materials

X-ray fluorescence (XRF) has emerged as a critical tool for determining the elemental
composition of materials. By measuring the characteristic secondary (or fluorescent) X-rays emitted
from a material when it is excited by a primary X-ray source, XRF can identify and quantify the
elements present within a sample without destructive testing. Figure 12 illustrates the XRF test
apparatus. Utilization of XRF was conducted to analyze various construction materials [190].
Similarly, [191] developed XRF-based quantitative methodologies for the elemental characterization
of building materials and their degradation products. A study done by [192] demonstrated the
technique's effectiveness in analyzing steel products, proving XRF's applicability beyond
conventional construction materials. Innovative applications, such as the work by [193,194] have
utilized micro X-ray fluorescence to image silane coatings in concrete and to map chloride profiles,
respectively, offering new dimensions to understanding material properties and behaviors. The high-
resolution characterizations by [195,196] further illustrate XRF's capability in fine-tuning the
composition of advanced materials like alkali-activated binders and geopolymers, contributing to the
development of more sustainable construction materials.
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Figure 12. Testing apparatus for X-ray Fluorescence test [197].

3.4. pH Measurement: Determines the Acidity or Alkalinity of Aqueous Solutions in Materials

pH measurement is a process utilized to determine the acidity or alkalinity of aqueous solutions
in various materials. This measurement is not commonly done when it comes to construction
materials, representing an important gap in the literature. Figure 13 demonstrates the pH
measurement apparatus. A paper conducted by [198] explored the theoretical and practical
considerations of net alkalinity and net acidity. A study performed by [199] discussed the approach
for testing the pH of concrete. Another paper done by [200] offered an overview of pH principles and
measurement techniques, underscoring the fundamental nature of pH measurement in scientific
research and its broad application spectrum. A study by [201] reviewed methods for measuring pH
in concrete.

Figure 13. Testing apparatus for pH measurement [202].
4. Thermal Properties Testing

4.1. Thermogravimetric Analysis: Measures Changes in Weight in Relation to Changes in Temperature

Thermogravimetric analysis (TGA) is a technique used to measure the change in weight of a
material as a function of temperature or time under a controlled atmosphere. TGA provides insights
into the thermal stability and composition of materials, such as cement, aggregates, and composites,
by monitoring weight loss resulting from dehydration, decomposition, or oxidation processes. Figure
14 represents the TGA test apparatus. A paper conducted by [203] have underscored the significance
of TGA in the microstructural analysis of cementitious materials, offering a detailed understanding
of hydration products and their thermal behaviors. Similarly, [204] utilized thermogravimetric
methods alongside chemical analysis and gammadensimetry to measure carbonation profiles in
concrete, illustrating TGA's applicability in evaluating the durability of construction materials.
Another paper done by [205] demonstrated TGA's role in assessing the self-cementation properties
of recycled concrete aggregates, thereby contributing to sustainable construction practices. Moreover,


https://doi.org/10.20944/preprints202405.1987.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2024 doi:10.20944/preprints202405.1987.v1

15

studies such as [206,207] have shown how TGA can aid in the characterization of gypsum and
optimization of cementitious materials, respectively, highlighting its versatility in construction
material science.

Figure 14. Testing apparatus for TGA [208].

4.2. Differential Scanning Calorimetry: Determines the Energy Absorbed or Released by a Material as It Is
Heated or Cooled

Differential scanning calorimetry (DSC) is a thermal analysis technique that measures the energy
absorbed or released by a material as it is heated or cooled. This technique provides insights into the
thermal transitions of materials, such as melting, crystallization, and glass transitions, which are essential
for understanding the material's behavior under different temperature regimes. The significance of DSC
in the field of construction materials has been demonstrated through various studies. For instance, a paper
conducted by [209] utilized DSC to evaluate the thermal properties of autoclaved cement-based materials
containing construction and demolition waste, illustrating the method's applicability in recycling
processes. Similarly, a study performed by [210] characterized epoxy-asphalt binders, highlighting DSC's
role in assessing the thermal stability and compatibility of composite materials. Studies such as [211,212]
explored the hydration products of Portland cement with metakaolin replacement, showing DSC's utility
in understanding cement chemistry and the effects of additives on the hydration process. These studies
underscore the technique's relevance in optimizing material compositions for enhanced performance.
Another study conducted by [213] analyzed the thermal properties of thermochromic asphalt binders,
and [214] developed a method to construct continuous cooling transformation diagrams for blast furnace
slag. Figure 15 illustrates the DSC test schematic diagram.
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Figure 15. Schematic diagram for DSC test [215].
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4.3. Thermal Conductivity Test: Measures the rate at which heat passes through a material.

The thermal conductivity test is an analytical technique utilized to quantify the rate at which
heat passes through a material. Figure 16 shows the schematic diagram of the thermal conductivity
test. A study performed by [216] reviewed common methods and techniques for measuring the
thermal conductivity of insulation materials. Similarly, [217] discussed measurement techniques for
thermal conductivity and interfacial thermal conductance, focusing on both bulk and thin film
materials. A paper conducted by [218] reviewed thermal conductivity measurement techniques
specifically for characterizing thermal energy storage materials. The detailed development of a
thermal conductivity apparatus contributed to the ongoing refinement of measurement technology
and methodology [219]. Another study produced by [220] provided a brief review of instruments
designed to measure the thermal conductivity of engineering materials, shedding light on the
technological developments in this field. A review of the thermal conductivity of concrete was
performed by [221]. Papers such as [222,223] studied the thermal conductivity of porous concrete

materials.
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Figure 16. Schematic diagram of thermal conductivity test [224].

4.4. Thermal Expansion Test: Determines the Expansion Rate of Materials When Subjected to Temperature
Changes

The thermal expansion test is a critical evaluation method utilized to determine the rate at which
materials expand or contract in response to temperature changes. Previously, a study done by [225]
presented an analytical approach to evaluate the coefficients of thermal expansion of textile
composite materials. Another paper conducted by [226] developed a system for monitoring the
thermal expansion coefficient and autogenous deformation of hardening materials. The exploration
of non-destructive testing (NDT) methods contributed in the evaluation of thermal expansion
coefficients, showcasing the advancements in measurement techniques that allow for the
preservation of test specimens [227]. Another study focused on the conduction of an interlaboratory
study to measure the coefficient of thermal expansion of concrete [228]. A paper performed by [229]
investigated the thermal expansion of epoxy and polyester polymer plain and fiber-reinforced
mortars. The application of thermal expansion kinetics to measure the permeability of cementitious
materials which offers a method to assess material properties that are influenced by thermal
expansion [230]. A paper done by [231] introduced a novel experimental setup for determining the
thermal expansion coefficient of concrete at cryogenic temperatures. Another study performed by
[232] assessed the coefficient of thermal expansion of concrete. A paper conducted by [233] modeled
the internal water pressure development in saturated concrete subjected to thermal expansion tests.
The exploration of the effect of silicon content on the thermal expansion of titanium-molybdenum
biomaterial alloys was investigated by [234]. Figure 17 represents the thermal expansion test
apparatus.
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Figure 17. Testing apparatus of thermal expansion test [235].

4.5. Hot Disk Thermal Constants Analyzer: Measures Thermal Conductivity, Thermal Diffusivity, and
Specific Heat of Materials

The hot disk thermal constants analyzer represents a significant advancement in the
measurement of thermal properties of materials, including thermal conductivity, thermal diffusivity,
and specific heat. Figure 18 illustrates the hot disk thermal constants analyzer. This method allows
for the comprehensive characterization of materials. A study performed by [236] introduced the use
of hot disk sensors for transient measurements of thin samples while [237] highlighted the test's
applications in measuring the thermal transport properties of solids under various conditions.
Another paper conducted by [238] evaluated the technique's effectiveness in measuring the thermal
conductivity of both isotropic and anisotropic thermally insulating materials. The comparison of the
thermal properties of wood measured by the hot-disk method with those obtained through the
steady-state method, confirmed the hot disk's accuracy and reliability [239].

Figure 18. Testing apparatus for hot disk thermal analyzer [240].
5. Microstructural Properties Testing

5.1. Scanning Electron Microscopy: Provides Detailed Images of the Material’s Surface and Microstructure

Scanning electron microscopy (SEM) provides high-resolution images of material surfaces,
offering a detailed view of microstructural elements, such as pores, cracks, and the composition of
composite materials. The importance of SEM in construction material science is profound, as it allows
for the in-depth analysis of material properties that influence strength, durability, and overall
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performance. Studies like those by [241,242] have demonstrated SEM's utility in evaluating the
microstructure of various materials, including concrete and clay bricks, revealing the internal
characteristics that are not visible to the naked eye. A study performed by [243] provided a
comprehensive review of SEM, emphasizing its significance in material characterization across
multiple fields. Similarly, studies such as [244,245] utilized SEM to analyze the physical and chemical
characteristics of fly ash and the hydration of Portland cement, respectively, showcasing the
technique's versatility. SEM's application extends beyond traditional construction materials; for
instance, [246] explored its use in automating the segmentation of SEM images for concrete
microstructure analysis using machine learning. This illustrates the technique's adaptability to
modern analytical methods, enhancing the accuracy and efficiency of material characterization.
Figure 19 demonstrates the SEM test apparatus.

(a) Hitachi 3000N SEM Microscope (b) Sample inside SEM Microscope

Figure 19. Testing apparatus for SEM [247].

5.2. X-ray Diffraction: Identifies the Crystalline Phases and Orientation of Crystals within the Material

X-ray Diffraction (XRD) is an approach for identifying the crystalline phases and determining
the orientation of crystals within materials. The importance of XRD in construction material science,
as highlighted by [248], lies in its application to providing insights into the crystalline structure that
directly impacts the mechanical properties and durability of construction materials. Studies such as
[249,250] have elaborated on the applications of XRD in materials characterization across various
fields, including construction. Another paper conducted by [251] illustrated the use of XRD in
quantifying amorphous materials in cement, offering a deeper understanding of how these materials
contribute to the strength and longevity of concrete structures. Studies such as [252,253] extend the
utility of XRD to structural health monitoring and analysis of composite materials, respectively.

Figure 20 shows the schematic diagram of the XRD test.
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Figure 20. Testing apparatus for XRD [254].
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5.3. Transmission Electron Microscopy: Offers High-Resolution Images of the Material, Allowing for the
Study of Its Nanostructure

Transmission electron microscopy (TEM) is a tool that provides high-resolution images,
allowing for the study of the nanostructure of materials. Figure 21 represents the TEM test apparatus.
TEM offers an unparalleled glimpse into the atomic and molecular arrangements within materials,
enabling researchers to understand the fundamental properties that govern their behavior and
performance. A study done by [255] demonstrated TEM's capability to analyze soil materials at the
nano level, providing critical insights into soil chemistry and mineralogy that influence its physical
properties. Another paper performed by [256] studied cementitious materials using TEM. Studies
such as [242,257] utilized SEM to evaluate composite materials' microstructures comprehensively.

Figure 21. Testing apparatus for TEM [258].

5.4. Atomic Force Microscopy: Provides Nanoscale Surface Profiling and Analysis to Understand Material
Behavior at a Microscopic level

Atomic force microscopy (AFM) allows for the examination of material surfaces with atomic
precision. A paper conducted by [259] showed the use of AFM in characterizing polymer surfaces.
Another study proposed by [260] explored the nano- to microscale wear and mechanical
characterization of materials, underscoring AFM's versatility in assessing material durability and
performance under various conditions. A study done by [261] demonstrated AFM's capability in
nanoscale materials patterning and engineering. A comprehensive understanding of the basic modes
and advanced applications of AFM was presented by [262]. A paper performed by [263] further
emphasized the application of AFM in characterizing nano-engineered implants. Another study
provided by [264] used AFM in the measurements of nanoscale mechanical properties of cement
pastes. The adoption of AFM to quantify the local elastic modulus of hardened cement paste was
accomplished by [265]. AFM was utilized by [266] to examine cement and cement hydration
products. Another paper presented by [267] employed AFM to examine nanostructures of glass
concrete. Figure 22 illustrates the schematic diagram of the AFM test.
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Figure 22. Schematic diagram of AFM [268].
6. Durability Properties Testing
6.1. Freeze-Thaw Testing: Assesses the Material’s Resistance to Freezing and Thawing Cycles

Freeze-thaw testing is a method in the construction industry utilized to assess the durability and
longevity of materials exposed to cyclic freezing and thawing conditions. This type of testing is
essential for materials like concrete, which may be subjected to such environmental stresses in cold
climates. Figure 23 demonstrates the freeze-thaw test apparatus. A study conducted by [269] explored
the internal deterioration of concrete due to freeze/thaw resistance. Studies such as [270,271] have
conducted studies comparing the freeze/thaw durability of concrete made from recycled demolition
aggregates to that of concrete made with virgin aggregates and investigating the performance of
synthetic fiber-reinforced concrete under freeze-thaw conditions, respectively. Studies such as [272-
274] explored the effects of freeze-thaw cycles on concrete materials, including prestressed concrete
specimens and concrete under compressive load with joints.

Specimens cured by Freeze-thaw cycles Permeability tests Cracking tests
(NVer: 01,2 and 4) (36 disc specimens) (9 disc specimens)

Disc specimens under freeze-thaw
cycles
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Figure 23. Testing apparatus and procedure of freeze-thaw test [275].

6.2. Sulfate Attack Testing: Evaluates the material’s durability against sulfate ions.

Sulfate attack testing is a critical evaluation process for assessing the durability of construction
materials, particularly concrete, against the corrosive effects of sulfate ions. This type of testing is
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vital for determining the long-term performance and integrity of structures exposed to environments
rich in sulfates, such as soils, groundwater, and certain industrial effluents. A paper done by [276]
emphasized the role of supplementary cementitious materials in enhancing the resistance of concrete
to sulfate attack. Similarly, another study performed by [277] discussed accelerated testing methods
designed to quickly evaluate the resistance of cementitious materials to physical sulfate attack.
Potential accelerated test methods were explored by [278] to assess physical sulfate attacks on
concrete, aiming to establish more efficient and predictive evaluation techniques. Figure 24
represents the sulfate attack test apparatus.
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Figure 24. Schematic diagram of sulfate attack test apparatus [279].

6.3. Chemical Resistance Test: Evaluates the Material’s Resistance to Chemicals

The chemical resistance test is a critical assessment that evaluates a material's ability to
withstand exposure to chemicals without degrading or losing functionality. Figure 25 represents the
schematic diagram of the chemical test. Studies such as [280,281] further contributed to the
understanding of corrosion resistance in stainless steel and magnesium alloys, respectively. A study
done by [282] demonstrated the high corrosion resistance of magnesium coated with hydroxyapatite.
The corrosion resistance of aluminum and magnesium alloys were explored by [283]. Similarly, the
Malaysian rice husk ash was explored by [284] to investigate the effectiveness of it improving the
durability and corrosion resistance of concrete. Another paper performed by [285] studied the

chemical resistance of sulfur concrete.
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Figure 25. Schematic diagram of the chemical test [286].
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6.4. Corrosion Testing: Assesses the Susceptibility of Materials to Corrosion under Various Environmental
Conditions

Corrosion testing is a process that assesses the susceptibility of materials to corrosion under
various environmental conditions. A paper done by [287] offered valuable data on the corrosion
behavior of a wide range of materials. Another study conducted by [288] critically reviewed tests for
general and localized corrosion of magnesium alloys. The atmospheric corrosion of carbon steel
under different environmental parameters was investigated by [289]. A paper performed by [290]
reviewed the corrosion assessment of reinforced concrete. Another study presented by [291]
performed corrosion testing on steel-reinforced XD3 concrete samples prepared with a green
inhibitor and two different superplasticizers. The corrosion behavior of steel-reinforced green
concrete containing recycled coarse aggregate additions in sulfate media was studied by [292]. Figure
26 illustrates the schematic diagram of the corrosion test.
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Figure 26. Schematic diagram of corrosion testing apparatus [293].

6.5. Chloride Penetration Testing: Measures the Material’s Resistance to Chloride ion Penetration, Relevant
for Corrosion Resistance in Steel Reinforcement

Chloride penetration testing is a critical assessment method for evaluating the resistance of
materials, particularly concrete, to chloride ion penetration. Figure 27 demonstrates the chloride
penetration testing apparatus. This testing is essential in the context of reinforcing steel within
concrete structures, as chloride ions are a primary cause of corrosion. Understanding a material's
resistance to chloride ingress is vital for ensuring the longevity and integrity of infrastructure,
especially in environments exposed to deicing salts or seawater. A paper performed by [294]
compared two methods for assessing chloride ion penetration in concrete through a field study.
Another study done by [295] emphasized the significance of studying chloride-induced corrosion of
reinforcement steel in cracked concrete. The electrochemical response and chloride threshold of steel
in highly resistive concrete systems were examined by [296]. A study conducted by [297] investigated
the impact of initial curing on the chloride ingress and corrosion resistance characteristics of concretes
made with plain and blended cement. Studies such as [298,299] explored the penetration of chloride
in concrete subject to wetting and drying cycles and the corrosion behavior of corrosion-resistant steel
reinforcements in high-performance concrete environments, respectively. Additionally, papers such
as [300,301] studied the chloride-induced corrosion in steel bars embedded in fiber-reinforced
concrete under chloride attack.
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Figure 27. Testing apparatus of chloride penetration testing [302,303].

6.6. Carbonation Testing: Assesses the Depth of Carbonation in Concrete, Which Can Affect its Durability
and Steel Reinforcement Corrosion

Carbonation testing plays a crucial role in assessing the durability of concrete structures,
particularly in evaluating the depth of carbonation, which can significantly affect both the concrete's
durability and the corrosion of steel reinforcement embedded within. Figure 28 shows the
carboniation test apparatus. Studies such as [304,305] contributed foundational knowledge on
carbonation in concrete and its effect on steel corrosion. A study conducted by [306] evaluated the
performance of a penetrating corrosion inhibitor in concrete affected by carbonation-induced
corrosion. Another paper performed by [307] examined the effects of concrete quality and cover
depth on carbonation-induced reinforcement corrosion. The impacts of climate change on structures
were explored by [308], focusing on carbonation-induced corrosion in Malta's reinforced concrete
structures. The durability of concrete incorporating recycled coarse aggregates was investigated by
[309]. On the other hand, a paper presented by [310] discussed the effects of global climate change on
carbonation-induced corrosion. Another study done by [311] conducted a probabilistic analysis of
reinforcement corrosion due to combined carbonation and chloride ingress. The evaluating degree of
carbonation in concretes exposed to three different environments was focused on by [312]. The
correlation between permeability/carbonation and its influence on the service life of reinforced
concrete structures was explored by [313].
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Figure 28. Testing apparatus of carbonation test [314].

6.7. Moisture Absorption Test: Evaluates the Amount of Moisture Absorbed by Materials under Specific
Conditions

The moisture absorption test is a method that evaluates the ability of materials to absorb
moisture under specific conditions. A study performed by [315] emphasized the importance of
understanding moisture transport and storage coefficients in porous mineral building materials. The
moisture absorption of bacterial cellulose fiber-reinforced starch biocomposites was explored by
[316]. Another paper conducted by [317] investigated conditions for moisture damage in asphalt
concrete, underlining the necessity of appropriate laboratory test methods to prevent moisture-
induced deterioration in road construction. On the other hand, a paper done by [318] conducted
accelerated weathering studies on kenaf/sisal fiber fabric-reinforced hybrid bioepoxy composites.
The effect of water absorption on the mechanical properties of hybrid interwoven cellulosic-cellulosic
fiber-reinforced epoxy composites was examined by [319]. Another study presented by [320] assessed
the performance of mortars with pozzolanic additions, including moisture-related properties, to
ensure the durability of construction materials. The dynamic properties of fiber-reinforced polymers
exposed to hot, wet conditions was investigated by [321]. The water absorption, permeability, and
resistance to chloride-ion penetration of lightweight aggregate concrete were studied by [322]. The
thermal and sound insulation materials made from waste wool and recycled polyester fibers were
investigated by [323], including their biodegradation behavior, which is closely related to moisture
absorption. Figure 29 represents the moisture absorption test apparatus and procedure.
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Figure 29: Testing apparatus and procedure of moisture absorption test [324].
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6.8. Salt Spray Test: Tests the material’s Resistance to Corrosion Caused by Salt or Saline Environments,
Often Used for Metals

The salt spray test is a widely adopted method to assess the corrosion resistance of materials in
salt or saline environments. This test simulates the harsh conditions materials may encounter. A
paper performed by [283] discusses the corrosion resistance of aluminum and magnesium alloys. The
research on thermally sprayed aluminum with cathodic protection shows the method's utility in
characterizing coatings designed to protect steel in natural seawater [325]. Another study conducted
by [326] address materials selection in multi-stage flash desalination plants, where corrosion
resistance is paramount for operational efficiency and safety. The durability of organic-inorganic sol-
gel interlayers in AI-GFRP-CFRP laminates within a saline environment was investigated by [327].
Studies such as [328,329] further demonstrate the salt spray test's application in assessing the
mechanical degradation and creep rupture life of stainless steel and Nimonic-263, respectively, in
saline environments critical for nuclear and marine turbine applications. The impact of acidity and
salinity on the erosion-corrosion performance of metals was explored by [330], further validating the
salt spray test's role in understanding material behavior under specific corrosive conditions. Figure
30 illustrates the salt spray test apparatus.
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Figure 30. Testing apparatus of salt spray test [331].
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7. Physical Properties Testing

7.1. Porosity and Density Measurements: Determine the Void Spaces within a Material and Its Mass per
Volume

Porosity and density measurements are fundamental in evaluating the structural and functional
characteristics of construction materials, particularly concrete. These measurements provide insights
into the material's void spaces and its mass per unit volume, respectively, which are critical for
assessing durability, strength, and permeability. Studies such as [332,333] explored porous concrete
and high-porosity cement-based foam materials. A paper presented by [334] explored the
relationship between porosity and strength in porous concrete. A higher porosity generally leads to
lower strength, highlighting the need for optimizing the porosity levels to meet specific engineering
requirements without compromising structural integrity. Another study conducted by [335]
investigated the classification of mixed construction and demolition waste aggregate by porosity,
revealing how porosity can affect the mechanical performance of recycled aggregate concrete. Figure
31 demonstrates the schematic diagram of the porosity and density measurements test.
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Figure 31. Schematic diagram of porosity and density measurements test [336].

7.2. Water Absorption Test: Assesses the Porosity of Materials by Measuring the Amount of Water Absorbed
under Specified Conditions

The water absorption test is a crucial assessment method used to determine the porosity of
construction materials, such as concrete, by measuring the amount of water they can absorb under
specified conditions. This test provides valuable insights into the material's density, porosity, and
overall durability. A study performed by [337] highlighted the significance of water absorption in
evaluating the durability of concrete materials. Similarly, the water absorption characteristics of
concrete composites containing fly ash was explored by [338]. Another paper done by [339] focused
on the strength and water absorption properties of lightweight concrete brick. The effects of
pozzolanic materials on the water absorption and mechanical properties of autoclaved aerated
concrete were investigated by [340]. The work of [341,342] expanded the understanding of how
additives, such as shredded rubber wastes and bacteria, respectively, affect the water absorption rates
of cement composites and their mechanical properties. A study presented by [343] introduced a novel
method for determining the density and water absorption of fine recycled aggregates. Figure 32
represents the water absorption test apparatus.
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Figure 32. Testing apparatus of water absorption test [324].

7.3. Shrinkage Test: Measures the Change in Dimensions of Materials, Particularly Concrete, Mortar, and
Grout, as They Dry or React to Temperature Changes

The shrinkage test is a tool in the construction industry used to measure the change in
dimensions of materials such as concrete, mortar, and grout as they dry or react to temperature
changes [344]. A paper conducted by [345] investigated the influence of shrinkage and water
transport mechanisms on the microstructure and crack formation in tile adhesive mortars. Another
study performed by [346] reviewed the application of shrinkage-reducing admixtures in concrete,
showcasing advancements in chemical treatments designed to mitigate shrinkage effects and enhance
concrete's resistance to cracking. The influence of compressive strength and maturity conditions on
the shrinkage of ordinary concrete were examined [347]. Another study presented by [348] studied
the susceptibility of Portland cement and blended cement concretes to plastic shrinkage cracking. The
stability and performance of a new geopolymer grout were evaluated by [349], focusing on
rheological and mechanical characteristics that influence shrinkage and overall material
performance. Studies such as [350,351] discussed strategies for controlling cracking in concrete
structures, including methods to limit shrinkage-induced stresses and cracks. Another paper done
by [352] provided a comprehensive overview of steel corrosion in concrete, linking shrinkage-
induced cracking to increased risk of corrosion in steel reinforcements, thus affecting the longevity
of concrete structures. The potential use of waste powder paint in cement grout and mortar was
explored by [353]. Figure 33 shows the shrinkage test apparatus.
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Figure 33. Testing apparatus of shrinkage test [354].
8. Rheological Properties Testing

8.1. Viscosity Measurement: Determines the Material's Resistance to Flow

Viscosity measurement is a fundamental test that quantifies the resistance of a material to flow,
providing critical insights into its rheological properties. This test is especially significant in the field
of construction material science, where understanding the flow characteristics of materials like
concrete is crucial for both processing and application. A study performed by [355] demonstrated the
importance of correlating viscosity measurements obtained from different rheometers for fresh
concrete. The role of viscosity-enhancing admixtures in cement-based materials was explored by
[356], shedding light on how these admixtures modify the flow behavior and stability of the mixtures.
This work highlights the practical applications of viscosity measurement in optimizing the
formulations of construction materials for improved performance and workability. Similarly, a paper
conducted by [357] introduced an innovative approach to assessing the viscosity of cement paste
using a mini-slump-flow test. Figure 34 illustrates the viscosity measurement test apparatus.
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Figure 34. Testing apparatus of viscosity measurement test [358].
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8.2. Workability Tests: Assess the Ease with Which a Concrete Mix Can Be Mixed, Placed, Compacted, and
Finished

Workability tests for concrete, including the slump test, flow table test, compacting factor test,
Vee-Bee consistometer test, Kelly Ball test (ball penetration test), J-Ring test, L-Box test, and T500
Slump Flow test, are critical for evaluating the concrete's behavior during handling and processing.
These tests not only provide insights into the mix's ease of use but also influence the quality and
structural integrity of the completed project. Figure 35 demonstrates the slump test apparatus. These
tests provide valuable insights into the concrete's behavior during handling and processing,
impacting the quality and integrity of the final structure. The Slump Test measures the height
difference between a concrete sample's original and slumped states, offering a straightforward
evaluation of the mix's consistency and workability. The Flow Table Test evaluates the flowability of
concrete by measuring how far it spreads on a flat surface after lifting a cone. This test is particularly
useful for assessing the consistency of concrete mixes that are too fluid for the slump test. The
Compacting Factor Test is designed to measure the concrete's compactability by comparing the
weight of the concrete before and after compaction. It offers a more precise evaluation of the mix's
workability, especially for low and very low workability concretes. The Vee-Bee Consistometer Test
assesses the time required for a concrete sample to change from a conical shape to a cylindrical shape
under vibration, providing a measure of the concrete's viscosity and plasticity. The Kelly Ball Test (or
Ball Penetration Test) measures the workability by the depth a ball penetrates into the concrete. This
simple test gives a direct indication of the concrete's consistency and is particularly useful on-site.
The J-Ring Test evaluates the passing ability of self-consolidating concrete around rebar and other
obstacles without segregation. This test is crucial for high-performance concretes where flow without
blockage is essential. The L-Box Test measures the flow and passing ability of self-consolidating
concrete through tight spaces and around corners, simulating real-life conditions and obstacles in
concrete placement. Finally, the T500 Slump Flow Test times how long it takes for concrete to spread
to a diameter of 500 mm, providing a quick indication of the flow rate and viscosity of the mix,
especially in self-consolidating concrete applications. A paper presented by [359] emphasized the
significance of workability testing in evaluating the performance of self-consolidating concrete. The
workability parameters in the context of 3D printing with concrete was explored by [360]. The
development of specialized tests, such as the two-point workability test described by [361], further
illustrates the industry's effort to tailor workability testing to high-performance concretes, which
have unique requirements for flow and stability. The various factors influencing concrete
workability, including water content, aggregate size and shape, and admixtures were discussed by
[362].

100 mun 75 mm

Figure 35. Slump cone and mortar mold of the workability test [363].


https://doi.org/10.20944/preprints202405.1987.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2024 doi:10.20944/preprints202405.1987.v1

30
9. Non-destructive Testing

9.1. Ultrasonic Testing: Utilizes High-Frequency Sound Waves to Detect Internal Flaws or Characterize
Properties of Materials

Ultrasonic Testing (UT) is an NDT technique that employs high-frequency sound waves to
detect internal flaws or to characterize the properties of materials. This method is widely recognized
for its ability to provide precise and reliable information on the integrity and characteristics of
materials without causing any damage. Figure 36 shows the schematic diagram of NDT. A study
performed by [364] have extensively covered the principles and applications of ultrasonic testing of
materials. Another paper conducted by [365] further elaborate on the fundamentals, technologies,
and applications of ultrasonics, demonstrating the broad applicability of UT across various
industries. The International Atomic Energy Agency (IAEA) has published manuals, such as the one
in 1988, providing guidelines for ultrasonic testing of materials at Level 2. The ultrasonic NDT
evaluation systems was discussed by [366]. A study presented by [367] focuses on industrial
ultrasonic inspection. The ultrasonic methods of NDT testing were explored by [368]. The work of
[369] contributed to the body of knowledge with their discussions on the NDT of metallic structures
and the advancements in non-contact ultrasound techniques, respectively.
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Figure 36. Schematic diagram of NDT test [370].

9.2. Radiography: Employs X-rays or Gamma Rays to Capture Images of a Material’s Internal Structure and
Reveal Defects or Irregularities

Radiography, utilizing X-rays or gamma rays, is a pivotal NDT method that captures images of
a material's internal structure to reveal defects and irregularities and assess integrity. Figure 37
illustrates the radiography test apparatus. A study conducted by [371] provides a comprehensive
overview of industrial radiology, highlighting the theoretical foundations and practical applications
of radiographic testing in identifying and analyzing subsurface defects. A radiographic study of
simulated void-like defects in aluminum casting and welded joints in steel was conducted by [372].
The work of [373] explored the use of neutron radiography, an alternative to traditional X-ray
methods. The application of polymer composites and nanocomposites for X-ray shielding was
discussed by [374]. Another paper presented by [375] highlighted the application of X-ray computed
tomography in the aerospace industry. A study conducted by [376] focused on digital radiography,
detailing the physical principles and quality control measures essential for producing high-quality
radiographic images. The computer vision for X-ray testing was explored by [377], illustrating how
image processing and analysis techniques can extract detailed information from radiographic images.
The work of [378] discussed the atomic origins and applications of X-rays. A study by [379] visualized
frost damage in concrete by means of neutron radiography. Currently, studies on using radiography
as NDT in construction materials are still limited and future efforts in this field are required.
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Figure 37. Testing apparatus of Radiography test [380].

9.3. Ground Penetrating Radar: Uses Radar Pulses to Image the Subsurface and Identify Changes in Material
Properties, Voids, and Cracks

Ground penetrating radar (GPR) is an advanced geophysical technique that employs radar
pulses to image the subsurface, allowing for the identification of changes in material properties,
voids, cracks, and other anomalies. Figure 38 represents the GPR device and survey technique. This
non-invasive method has become an indispensable tool in archaeological, civil engineering, and
environmental studies for its ability to provide detailed insights without disturbing the ground. The
work of [381] emphasized GPR's role in transport infrastructure evaluation, particularly in the NDT
of roadways and bridges. A paper performed by [382] explored the improvement and application of
GPR in the NDT inspection of concrete bridges. The use of radar imaging techniques in the NDT of
reinforced concrete bridges was discussed by [383]. Another study contributed to the development
of new GPR methodologies for assessing soil and cement concrete pavements was provided by [384].
The work of [385] focused on applying 3D Ground-Penetrating Radar in various contexts, from
locating buried culverts and historical graves to studying sandstone reservoir analogs and impact
craters, showing GPR's versatility across different fields. The work of [386] demonstrated GPR's
ability to image fractures in massive limestone formations. A study presented by [387] investigated
GPR for the detection of leaking pipelines under roadway pavements. The prediction of asphalt
concrete pavement density using GPR was explored by [388].

Figure 38. GPR device and survey technique [389].

9.4. Free Vibration Testing: Measures the Natural Frequencies and Damping Ratios of the Material to
Determine the Dynamic Characteristics and Potential Structural Weaknesses

Free vibration testing is a sophisticated technique utilized to measure the natural frequencies,
damping ratios, and mode shapes of materials and structures. This method is important in
determining the dynamic characteristics of a system, identifying potential structural weaknesses, and
informing design and maintenance decisions to enhance structural integrity and performance [390].
The work of [391] laid the foundation for understanding mechanical and structural vibrations,
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elucidating how natural frequencies and damping mechanisms influence the dynamic response of
structures. A study performed by [392] provided a practical guide to modal testing, emphasizing its
application in real-world scenarios to diagnose and rectify vibrational issues. The vibration
measurement techniques were explored by [393], showing the precision and analytical depth that
vibration testing brings to the evaluation of material and structural properties. The work of [394,395]
discussed the dynamic assessment of structural building components and high-quality modal testing
methods. The structural dynamics within earthquake engineering was explored by [396]. Studies
such as [397,398] discussed vibration control strategies, including active and passive damping
methods, to mitigate undesirable vibrations and extend the lifespan of structures. A paper presented
by [399] provided a comprehensive look at vibration dynamics and control, offering insights into the
theoretical and practical aspects of managing vibrations in engineering designs. These references
collectively underscore the importance of free vibration testing in identifying the dynamic properties
of materials and structures, enabling engineers to predict their behavior under various loading
conditions and improve their design for better performance and safety. Figure 39 demonstrates the
free vibration test apparatus.

Figure 39. Testing apparatus of free vibration test [400].

10. Conclusions

This study offers an exhaustive review of the multitude of experimental tests used for evaluating
the properties and behaviors of construction materials. It explores both traditional methods and
innovative non-conventional techniques that encompass mechanical, chemical, thermal,
microstructural, and durability assessments, along with physical, rheological properties and non-
destructive testing techniques. This comprehensive scope ensures that a broad spectrum of
methodologies, from standard tests assessing compression, flexural, and shear strengths to more
sophisticated techniques such as spectroscopy, chromatography, and various thermal analyses, are
covered. Despite the extensive range of testing methods explored, the study identifies a significant
gap in the literature concerning the widespread adoption and practical application of many non-
conventional testing techniques. These advanced methods, although promising in terms of providing
more nuanced insights into material behaviors under varied environmental and operational
conditions, are not as commonly utilized within the industry as might be expected. This observation
underscores the need for a greater use of the benefits and applicabilities of these non-conventional
techniques, particularly in terms of their potential to enhance the understanding of new and complex
materials. Furthermore, the development and standardization of testing protocols are highlighted as
crucial for the broader acceptance and implementation of these methods within the construction
industry. Standardized protocols would not only facilitate a more uniform approach to material
testing across different projects and laboratories but also increase the reliability and comparability of
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results, fostering greater confidence in the materials used in critical infrastructure. The conclusion of
this study advocates for the ongoing development of experimental testing methodologies that keep
pace with the evolving demands of the construction industry. By continuing to expand and refine
these methodologies and by promoting their broader adoption through standardized practices, the
field can better ensure the quality and durability of construction materials. This, in turn, supports the
advancement of civil engineering projects that are not only structurally sound but also innovative
and sustainable. Ultimately, this study aims to serve as a reference for both practitioners and
researchers engaged in the development or quality assurance of construction materials within the
civil engineering sector. It seeks to bridge the gap between current practice and cutting-edge research,
facilitating a deeper understanding and implementation of effective material testing methodologies.
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