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In this study, the effect of industrial hemp waste incorporation on cement-based mortar
performance was investigated. Three forms of hemp fibers were examined: raw fibers (6 mm in length),
ground fibers, and powder passing through a 2 mm sieve. These were incorporated as a partial aggre-
gate replacement at 0.5% volumetric ratio. All mixtures were produced with a constant water-to-cement
ratio of 0.52, while a polycarboxylate ether-based high-range water-reducing admixture was used to
achieve the target flow value of 180 + 10 mm. The addition of hemp fibers adversely affected the flow
performance of the mixtures, primarily due to the high water absorption capacity of the fibers, which
reduced the amount of free water available in the system. It has been observed that fiber reinforcement
improves the thermal conductivity performance of the mixture. Compressive and flexural strengths
showed substantial reductions with fiber incorporation, particularly compressive strength. This strength
reduction was associated with increased void volume from fiber agglomeration in the matrix. The ground
hemp fiber (HG) mixture demonstrated the highest water absorption, while the Control mixture showed
the lowest. These observations indicate that fiber incorporation may reduce mechanical performance,
mainly due to the formation of voids that increase the overall porosity of the matrix. The developed void
structure also hindered ultrasonic wave transmission, reducing UPV values. This study demonstrates the
potential of hemp waste as a sustainable material for enhancing the thermal performance of building
materials. However, fiber surface modification and mixture optimization are necessary to address strength
reductions. The findings support the development of sustainable, environmentally friendly building

materials.
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1 Introduction

The widespread use of non-renewable raw mate-
rials in the construction industry, together with
high energy consumption and associated environ-
mental impacts, is increasingly driving interest
in sustainable building materials [1, 2]. Growing
awareness of global climate change and sustain-
ability goals has further emphasized the impor-
tance of energy-efficient construction materials
[3, 4]. In this context, cement-based composites
with low thermal conductivity make a significant
contribution to reducing energy consumption and
the carbon footprint of buildings [5, 6]. Current
studies indicate that the thermal properties of
concrete are directly related to its material com-
position and microstructural characteristics [7, 8].

The incorporation of natural and indus-
trial waste materials with low thermal conduc-
tivity into cementitious systems has attracted
increasing attention as an effective approach to
improving thermal insulation performance [9].

In this regard, fiber reinforcement has emerged
as a promising strategy in cement-based sys-
tems. Synthetic fibers have been widely used in
the past due to their high electrical and thermal
conductivity [8-10], and their performance has
been reported in various modified mortar sys-
tems, such as polypropylene fiber-reinforced
mortars containing colemanite waste [11, 12].
Jhatial et al. [13] demonstrated that polypropyl-
ene fiber reinforcement significantly reduces the
thermal conductivity of concrete. However, con-
sidering the significant environmental drawbacks
of these fibers, such as high energy consumption
and carbon emissions during their production,
the importance of natural alternatives is steadily
increasing [12-14]. Therefore, the use of natural
fibers in cement matrix composites contributes to
the growing interest in research on sustainable
construction materials.

Natural fibers are increasingly replacing synthetic
fibers due to their environmentally friendly and sus-
tainable characteristics [15]. Daza-Badilla et al. [16]



demonstrated that natural fibers such as hemp
effectively reduce thermal conductivity and improve
energy efficiency. Hemp fiber is known as one of
the strongest and stiffest natural fibers used in the
cement industry. The plant’s structure, which con-
tains approximately 60-70% cellulose, together
with its biodegradability, rapid growth cycle, and
economic feasibility, makes it particularly attractive
for sustainable material research [17, 18].

Moreover, hemp fibers offer significant advan-
tages in terms of energy savings and environmen-
tal sustainability in cement-based systems [15-21].
Comparative studies conducted by Badagliacco
et al. [14] reported that hemp fibers exhibit 20-30%
better thermal insulation performance than conven-
tional synthetic fibers, highlighting their potential
for construction applications [22, 23].

The thermal performance of cement-based
materials is primarily governed by moisture con-
tent, porosity, and the properties of the constituent
materials [24]. Due to their naturally low thermal
conductivity resulting from their microstructural
voids, hemp fibers enhance energy efficiency
[25, 26]. This porous structure also contributes to
acoustic comfort [22, 23, 27, 28]. Another dis-
tinctive feature of hemp fibers is their capacity to
sequester atmospheric CO,. These properties give
them an important position among sustainable
construction materials [29, 30].

The mechanical effects of hemp fiber rein-
forcement have been extensively investigated in
the literature [31-40]. Similarly, the influence of
binder composition on the mechanical behavior
of fiber-reinforced systems has also been demon-
strated in various studies [41]. Comak et al. [27]
reported a 15-25% increase in tensile strength at
an optimum fiber content of 2-3%. Filazi et al.
[40] stated that the addition of hemp fibers both
improves mechanical performance and provides a
cost advantage.

However, Merta and Tschegg [28] emphasized
that hemp fibers exhibit hydrophilic behavior due
to their high cellulose content (60-70%), which

may adversely affect the fiber-matrix interfa-
cial bond. Surface modification methods aimed at
overcoming this limitation have been discussed in
detail by Réquilé et al. [42]. In addition, alter-
native biological approaches, such as bacterial
treatment, have been shown to have the poten-
tial to improve the fiber-matrix interface and the
mechanical performance of the composites [43].
From a sustainability perspective, the utiliza-
tion of hemp waste is fully consistent with the
principles of the circular economy [37, 38]. Life
cycle assessment studies conducted by Al-Kheetan
[18] have demonstrated that the use of hemp in
the construction sector can reduce the carbon
footprint by up to 40%. Schumacher et al. [36]
also emphasized that the incorporation of indus-
trial waste into construction materials is of crit-
ical importance for environmental sustainability.
A review of the existing literature indicates
that studies focusing on the thermal properties
of hemp fiber-reinforced cementitious systems
are still limited. To address this research gap, the
present study investigates the use of (waste) hemp
fiber as an aggregate replacement in mortar mix-
tures. Within the scope of the study, a constant
fiber content of 0.5% by volume was adopted,
and the effects of different fiber sizes (6 mm fiber,
ground, and powder forms) on the flow diameter,
water absorption capacity, ultrasonic pulse veloc-
ity, compressive strength, and thermal conductiv-
ity of the mortars were examined. The findings
provide valuable insights into the applicability of
(waste) hemp fibers as a sustainable construction
material, and the experimental results are com-
paratively evaluated with the existing literature.

2 Materials and methods

2.1 Materials

CEM I 42.5R Portland cement was used in this
study. The chemical composition and physical and
mechanical properties of the cement provided by
the manufacturer are presented in

Chemical composition, physical, and mechanical properties

of Portland cement

Oxides (%) Cement
Sio, 18.00
AlLO, 4.75
Fe,Os5 3.58
CaO 63.00
MgO 1.40
Na,O + 0,658 K,O 0.70
SO, 3.11
Specific gravity 3.06
Specific surface area (cm?/g) 3441
Compressive strength (MPa) 7-Day 42.8
28-Day 51.8
Setting time (min) Initial 170
Final 240
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Hemp fibers were investigated in three differ-
ent forms: raw fibers cut to 6 mm length (desig-
nated H6), ground fibers (HG) and powder passing
through a 2 mm sieve (HP). All fiber variations were
incorporated into mortar mixtures as a 0.5% volu-
metric replacement of aggregate. The morphological

The river sand aggregate with a particle size

2.55 and water absorption capacity of 2.34% mea-
sured according to TS EN 1097-6 [44] Standard
was used. The gradation curve of the aggregate
used is shown in . In mortar mixtures, a
single type of high-performance water-reducing variations of the fibers are depicted in ,
agent based on polycarboxylate ether was used while outlines their fundamental physical
to achieve a target flow value of 180 + 10 mm. and mechanical properties. presents some
Some properties of the additive provided by the characteristics of the blade-type, high-speed labo-
manufacturer are summarized in ratory grinder.

Some properties of high-range water-reducing admixtures

Type Density (g/cm3)  Solid Content (%) pH Chlorine Content (%) Alkaline Ratio, (%)

Polycarboxylate-ether | 1.1 50+ 2 6+1 | <0.1 <10

based

a)

Hemp with different size ranges used in mixtures (a) 6 mm long hemp fiber, (b) Ground hemp fiber, (c) Powder
form (65% passing 1 mm, 45% passing 0.5 mm, 30% passing 0.25 mm sieve)

Some physical and mechanical properties of hemp fiber

Type Density (g/cm?) Length (mm) Tensile Strength (MPa)  Modulus of Elasticity (MPa)
Hemp Fiber | 1.5 | 60 500 | 127
Some characteristics of the blade-type, high-speed laboratory grinder
Grinder Type Model Operating Motor Continuous Grinding
Voltage Power Operating Time  Environment
Blade-type, high-speed Arzum Maxiblend Glass 220-240V, 600 W 3 min Dry
laboratory grinder AR 1056 50-60 Hz




MATERIALS

Material quantities (kg/m?3) and flow values (mm) used in the production of mortar mixes

Mixtures Cement Water Aggegate Water Reducing Admixture* Fiber Flow
Control 450.0 249.4 1534.0 0.6 - 188
H6 450.0 249.2 1518.0 2.1 7.4 177
HG 450.0 249.2 1514.3 3.7 7.4 172
HP 450.0 249.2 1516.8 2.6 7.4 170

Note: *By weight of cement.

2.2 Preparation of mixtures

The mixture design maintained a constant
water/cement ratio of 0.52, targeting a flow
value of 180 + 10 mm. The dosage of the water-
reducing admixture was individually adjusted for
each mixture to achieve the desired workabil-
ity. All mixture proportions were calculated for
a volume of 1 m3. The quantities of constituent
materials used in mortar production are detailed
in .

The experimental program comprised four dis-
tinct mortar series, including a control mixture
without hemp fibers. The H6 series incorporated
6 mm length hemp fibers, while the HG series
utilized fibers processed through a laboratory
grinder. The HP series employed hemp fibers in
powder form, sieved through 1 mm, 0.50 mm,
and 0.25 mm screens (approximately 850 pm).

illustrates the sequential preparation

Preparation process for hemp fiber forms

methodology for the fiber forms, encompassing
cutting, grinding, and sifting operations.

2.3 Method

The flow performance of fresh mortar mixtures
was determined according to ASTM C1437 [45].
Compressive and flexural strength tests were con-
ducted in accordance with EN 196-1 [46]. Ther-
mal conductivity measurements were performed
according to both ASTM C518 [47] and ISO 8301
[48] standards. Water absorption capacity was
evaluated using the procedure outlined in ASTM
C642 [49]. Ultrasonic pulse velocity (UPV) mea-
surements were carried out in compliance with
ASTM C597 [50].

Thermal conductivity characterization employed
the Guarded Hot Plate method [51]. Specimens
with dimensions of 40 x 40 x 4.5 cm were cured
in lime-saturated water for 28 days prior to

After being cut into 6 mm lengths, the
hemp fibers were placed in a laboratory-
type grinder.

The grinder speed was set to x3 and
kept constant, and the grinding process
took place for 1 minute.

The rim was cleaned at 30-second
intervals. The ground hemp fibers were
sifted through a No. 2 sieve and collected
in an empty container.

Hemp dust remaining under the No. 2 sieve
was screened at 1-0.50-0.25 mm and used
as sieve-bottom hemp fiber dust.

N N S N

ZKG 79(3) 2026 83



84 ZKG 79(3) 2026

Thermal conductivity measurement apparatus

testing. Following curing, samples were oven-
dried at 105°C for 24 h and subsequently placed
in the testing apparatus ( ) between plates
maintained at 10°C (cold plate) and 30°C (hot
plate). Testing proceeded under constant heat flux
conditions at an average temperature of 20°C. The
thermal conductivity coefficient (TCC) was calcu-
lated from heat flux (q) and temperature gradient
(AT) measurements through application of Fouri-
er’s law [38]. Each measurement incorporated a
45-min stabilization period, consistent with meth-
odologies established by [52, 53].

3 Results and discussion

3.1 Flow performance
illustrates the dosage of water-reducing
admixture required to achieve the target flow
value for each mixture. The incorporation of hemp
fiber substantially increased the required admix-
ture dosage regardless of its form, with fiber-
reinforced mixtures exhibiting a 3.5 to 6 times
higher demand compared to the control mixture.
This increase is attributed to the fibers increas-
ing the internal friction within the mixture and
forming a three-dimensional network that raises
the overall viscosity, consequently reducing

0.2 0.133

Requirement of water-reducing
u
(=1
o

Control

Mixtures

Water-reducing admixture requirements of the
mixtures

workability. Similar effects on flow have been
documented in previous studies using natural
fibers [10, 15].

The highest admixture demand was observed
in the ground fiber (HG) mixture. This is linked
to the mechanical grinding process, which con-
siderably increases the total surface area of the
fibers and exposes hydrophilic cellulose groups
[27, 42]. In contrast, the mixtures with unpro-
cessed 6 mm fibers (H6) showed a relatively
lower increase, consistent with their lower fiber
surface roughness and water absorption capacity
[18, 20].

3.2 Water absorption capacity

Long-term water absorption characteristics,
evaluated over 180 days ( ), revealed
substantial differences between mixtures. The
HG mixture demonstrated the highest absorp-
tion capacity, while the control mixture showed
expected low absorption values. The hygroscopic
nature and microporous structure of hemp fibers
contribute to water retention within the matrix,
subsequently affecting hydration product forma-
tion and increasing capillary porosity [54]. This
phenomenon represents a fundamental alteration
in the pore structure characteristics of cement-
based composites [55]. The increased porosity
associated with hemp fiber incorporation has been
consistently reported in literature, with fiber-
reinforced mortars typically exhibiting higher
water absorption capacities [56]. The particularly
high absorption in ground fiber mixtures reflects
their enhanced water demand and modified cohe-
sion characteristics [57].

Water absorption measurements were con-
ducted on the HP (powder) mixture in accor-
dance with ASTM C642. However, the results
obtained exhibited significant inconsistency
and non-repeatability, with measured absorp-
tion values showing anomalously high scatter
(e.g., ranging from 8.5% to 229%). This severe
data variability is attributed to the inherent
and pronounced heterogeneity introduced by
the fine hemp powder within the cementitious
matrix. Unlike the fibrous forms (H6, HG), the
powder particles are considered to create a
highly discontinuous pore network and localized

§ 5 4.67
E 4
2
g 3
< 2
5
= 1
=
0
C H6
180 Days

Water absorption rates of mixtures



weak zones. This microstructure is postulated
to lead to non-uniform water ingress and spo-
radic specimen saturation, thereby violating the
fundamental assumption of uniform absorption
required by the standard test method. Conse-
quently, while mass changes were recorded, the
data were deemed not representative of a reli-
able bulk material property and are therefore
not reported as quantitative values. This obser-
vation itself constitutes a significant finding,
indicating that the HP mixture does not form
a sufficiently homogeneous composite suit-
able for characterization by standard capillary
absorption tests.

3.3 Ultrasonic pulse velocity (UPV) of mortar
mixtures

Ultrasonic pulse velocity measurements at 180
days ( ) provided insights into the inter-
nal structural characteristics of the mixtures. The
control mixture achieved the highest UPV value
(4932 m/s), while the H6 mixture registered the
lowest velocity (4024 m/s). This reduction in UPV
values directly correlates with the formation of
discontinuities within the matrix caused by fiber
incorporation.

The non-uniform distribution and tendency
for agglomeration of hemp fibers create local-
ized regions of increased porosity [58, 59]. Fiber
concentration in specific matrix regions further
contributes to void formation, adversely affecting
wave transmission characteristics [60]. The estab-
lished relationship between increased porosity
and reduced UPV values confirms the microstruc-
tural modifications induced by fiber addition [26].

According to established quality classification
criteria, Whitehurst [61], UPV values between
3.5-4.5 km/s indicate good material quality. All
fiber-reinforced mixtures in this investigation
fall within this acceptable range, confirming their
structural adequacy.

UPV measurements were performed on the
HP mixture as per ASTM C597. The measure-
ments resulted in highly variable and unreliable
signal transmission times. The calculated veloc-
ities exhibited extreme variation (e.g., between
2500 m/s and 6800 m/s) between different mea-
surement points on the same specimen. This is
interpreted as a direct consequence of acoustic
impedance mismatch and severe wave scattering
caused by the discontinuous distribution of hemp
powder particles and the resulting microstruc-
tural inhomogeneity. The composite effectively
behaves as a highly acoustically heterogeneous

UPV values for mixtures (m/s)

Mix UPV (m/s)
Control 4932
H6 4024
HG 4193

medium, precluding the acquisition of a con-
sistent, representative UPV value as intended
by the standard. Therefore, a single UPV value
for the HP mixture is not presented, as it would
not accurately reflect the material’s true acoustic
characteristics.

3.4 Compressive and flexural strength

The compressive and flexural strength develop-
ment patterns ( and 9) demonstrate the
significant influence of hemp fiber characteristics
on mechanical performance. While all mixtures
exhibited expected strength gain with curing
time, fiber incorporation substantially reduced
mechanical properties compared to the control
mixture.

The compressive strength performance fol-
lowed the order: HP > H6 > HG. The superior
performance of powdered fiber mixtures relates
to particle size effects, where reduced dimen-
sions promote better distribution and decreased
air void content within the cement matrix [27,
40]. Conversely, the substantial strength reduc-
tion in ground fiber mixtures (55-60%) is asso-
ciated with the exposure of cellulose fibrils and
disruption of hydration product formation due to
increased specific surface area [18, 42].

Flexural strength characteristics revealed differ-
ent trends, with HP mixtures exhibiting the lowest
values. The reduced fiber dimensions in pow-
dered mixtures limit their effectiveness in crack
bridging and stress transfer mechanisms. In con-
trast, H6 mixtures demonstrated approximately
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15% higher flexural strength than HG mixtures,
attributed to the enhanced crack resistance and
stress distribution capabilities of longer fibers [23,
27].

Overall, with the addition of fibers, a signif-
icant decrease in both compressive and flexural
strength of the mixtures was observed. This is
attributed to an increase in void volume within
the cement matrix due to the non-uniform dis-
tribution of fibers and their tendency to agglom-
erate. Fiber surface modification techniques have
been suggested in the literature as an effective
approach to mitigate mechanical strength losses.
Chemical and physical surface treatments have
been reported to enhance composite performance
by strengthening the fiber-matrix interface [62-
64]. Accordingly, the importance of further stud-
ies on fiber surface modification and optimization
is emphasized.

3.5 Thermal conductivity

The thermal conductivity measurements ( )
demonstrate the remarkable insulation potential
of hemp fiber-reinforced mortars. The incorpora-
tion of hemp fibers reduced thermal conductivity
by up to 42% compared to the control mixture,
with ground fibers (HG) exhibiting the most pro-
nounced effect (0.50 W/mK).

Three fundamental mechanisms contribute to
this enhanced thermal performance: the intrin-
sically low thermal conductivity of hemp fibers
(0.05-0.12 W/mK) [22], the creation of micro-
and macro-pores that impede heat transfer path-
ways [19], and increased thermal resistance at
fiber-matrix interfaces [16].

These findings highlight the significant poten-
tial for energy-efficient building applications [4,
13]. However, the observed inverse relationship
between thermal and mechanical performance
necessitates careful consideration in material
design optimization. The HG mixture, while
exhibiting the lowest thermal conductivity, also
demonstrated the most substantial compressive
strength reduction, emphasizing the need for
application-specific formulation strategies.

The results confirm the viability of hemp fiber
incorporation in thermal insulation applications
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and align with established literature findings [16,
22, 23].

4 Conclusion

The experimental investigation on the incorpo-
ration of industrial hemp waste in cement-based
mortars yielded the following conclusions:

e The workability of mortar mixtures was sig-
nificantly influenced by hemp fiber addition,
necessitating 3.5 to 6 times higher water-
reducing admixture dosage to maintain the
target flow value. The highest requirement was
observed in ground fiber (HG) mixtures, attrib-
utable to the increased specific surface area
and exposed hydrophilic cellulose groups,
while unprocessed 6 mm fibers (H6) demon-
strated relatively lower impact.

e Water absorption properties were signifi-
cantly affected by fiber addition, with mix-
tures containing ground hemp fiber (HG)
exhibiting higher water absorption capacity
compared to the other mixtures studied. This
behavior is attributed to the microporous
morphology and hygroscopic nature of hemp
fibers, which can increase matrix porosity and
potentially have a negative impact on
mechanical performance.

e Ultrasonic pulse velocity measurements
revealed decreased values in fiber-reinforced
mixtures, with the most pronounced reduction
occurring in H6 mixtures containing 6 mm
fibers. This phenomenon is explained by fiber
agglomeration and void formation within the
matrix, which impede ultrasonic wave propa-
gation.

e Mechanical performance characteristics
demonstrated fiber-size dependent behavior.
Powdered fibers (HP) achieved the highest
compressive strength due to improved particle
distribution and reduced void content, while
macro fibers (H6) exhibited superior flexural
strength through enhanced crack-bridging
capabilities. Overall, hemp fiber incorporation
resulted in strength reductions up to 60% in
compression and 25-30% in flexure.

e Thermal conductivity was significantly
improved, with reductions of 25-420% com-
pared to the control mixture. Ground fibers
(HG) demonstrated the most pronounced ther-
mal insulation properties (0.504 W/mK),
resulting from their inherent low conductivity,
increased porosity, and enhanced interfacial
thermal resistance.

The findings demonstrate that while hemp
waste effectively enhances the thermal insulation
properties of cementitious mortars, this benefit
is accompanied by a significant compromise in
mechanical strength, highlighting a critical trade-
off that is intrinsically linked to the form and size
of the fiber used.
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