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ABSTRACT

The process of depleting the natural sources of virgin sand and aggregate makes it challenging 
to satisfy the demand for construction work. Therefore, in a context of sustainable construc-
tion, this study examined the feasibility of utilizing dredged sediments (DS) as a substitute 
for sand in non-structural controlled low-strength materials (CLSM). A total of two types of 
dredged sediments, coarser and finer, were collected from two different sources. Then, nine 
CLSM mixtures were prepared by using different proportions of natural sand (virgin sand) and 
dredged sediments. Each mixture was tested for flowability, unconfined compressive strength, 
density and excavatability. Flow consistency decreased with the amount of dredged sediments 
and presence of finer material in CLSM. Strength results were found within required specifica-
tion for all nine CLSM tested in this study. Overall, flow consistency, strength and excavatability 
were found dependent on the characteristics of dredged sediments. This study showed that up 
to 50% of substitution of sand with DS in CLSM improved strength and density. Furthermore, 
flow consistency was found to decrease with increase in the amount of DS in CLSM mixtures.

Cite this article as: Solanki, P. (2022). Performance of dredged sediments based controlled 
low-strength material. J Sustain Const Mater Technol, 7(3), 119–127.

*Corresponding author.
*E-mail address: psolanki@ilstu.edu
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1. INTRODUCTION

Dredging of sediments is a critical operation to main-
tain and improve the global and national water navigation 
[1], recreation, and defense systems [2]. Additionally, this 
operation is of great significance for flood prevention by 
reducing sea level [3], and coastal protection [4]. The ma-
terials excavated from waterbodies including waterways 
and harbors through dredging activities are recognized as 
dredged sediments (DS). DS is composed of high amount 
of water and various sizes of solid particles. In terms of the 
DS’s physical and chemical properties, it is significantly 
different from the natural sand used for construction due 
to its content of not only salt, but the presence of heavy 
metals and organic matter [5]. Specifically, DS consists 

of a mixture of solid particles, organic/inorganic matter, 
contaminants (heavy metals and toxic substances), and a 
high content of liquid (interstitial water). The solid par-
ticles include sand, silt, clay, and shells. Moreover, heavy 
metals (e.g., mercury, cadmium, arsenic, etc.) and toxic 
substances (e.g., benzene, dioxins, pesticides, naphtha-
lene, etc.) have also been found in DS [6].

According to the United States Army Corps of Engineers 
[7], the average annual quantity of material removed from 
waterways and channels in the United States is approximate-
ly 152 million m3 (212 million yd3) during fiscal years 2008–
2012. In many countries, dredged sediments are considered 
as waste material. In most of the countries, only about 10% 
of dredged materials were reused, and 90% were either 
dumped into the sea or used for land reclamation [5, 8, 9].
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According to McNeil [10], USACE dredge 152 million 
m3 (200 million yd3) of DS per year nationwide to main-
tain channels’ navigation. Approximately, 38 million m3 
(50 million yd3) DS are beneficially reused and 116 mil-
lion m3 (150 million yd3) provide opportunity [10]). This 
116 million m3 (150 million yd3) DS are enough for cov-
ering 1 m (1.1 yard) of approximately 10,918 soccer fields. 
Some of the beneficial applications of dredged material 
are for beach nourishment, topsoil creation/enhance-
ment, land creation/enhancement, habitat restoration 
and construction materials [11].

Literature review indicates that several researchers 
studied beneficial use of DS as a sand substitute in con-
crete materials. However, DS has not been widely used in 
concrete materials in the US. There appears to be three 
barriers. Barrier #1) The first is that concrete utilized in 
pavements or structures must meet tight specifications/
standards, and only frequently tested/used materials are 
relied upon to meet those specifications/standards. Bar-
rier #2) Contamination of DS could potentially impact 
performance of concrete materials. If DS is used direct-
ly then low pH and high salinity may corrode the rein-
forcement and increase the possibility of chloride attack 
[12, 13]. Barrier #3) The variability of DS due to spatial 
location, dredging operation, and material placement is 
also a concern in receiving consistent quality of material 
for reusing in concrete [14]. Physically, DS particles can 
range from sand to fine clay sizes. Chemically, DS may be 
clean or may contain any variety of contaminants as well 
as valuable nutrients [11].

The current research investigated an innovation that 
has the potential to address all four of these barriers from 
environmental and economic standpoints. Controlled 
low-strength material (CLSM) (also known as “flowable 
fill”) is a concrete material which is used for backfilling 
utility trenches and excavations. It is applied as a flow-
able liquid, allowing voids to be easily filled and avoiding 
labor costs associated with compacted fill, yet is suffi-
ciently low in strength to allow easy re-excavation [15]. 
Any ready-mix concrete plant can produce CLSM. These 
characteristics have resulted in increasing popularity of 
flowable fill [16].

The use of DS in CLSM could potentially address all 
three aforementioned barriers of utilizing dredged mate-
rial in construction. First, CLSM mix is non-structural 
and specified by contractors or local agency [15]. There-
fore, use of DM in CLSM imposes less risk compared to 
structural concrete. This will allow ready-mix plants to 
gain confidence and experience with DS, encouraging its 
use in other concrete mixtures in future. Second, CLSM 
requires low performance standards due to which it could 
tolerate contaminated DS materials. Third, inferior quali-
ty of sand that do not meet structural and pavement con-
crete standards are often acceptable in CLSM [15].

2. BRIEF REVIEW OF PREVIOUS STUDIES

Tarabadkar [17] created artificial aggregates using the 
accelerated carbonation technique, in which a mixture of 
sediments, water, and Portland cement were carbonated in 
a 100% carbon dioxide atmosphere. The accelerated car-
bonation technique improved the material's properties by 
facilitating carbon dioxide sequestration. Various artificial 
aggregate mixtures were analyzed using a statistical tech-
nique. Small scale experiments were carried out to deter-
mine the key process parameters for process optimization. 
The optimal mixture was composed of 55% sediments, 25% 
Portland cement, and 20% water. The mixture was carbon-
ated in a tumbler for 2 hours to produce artificial aggre-
gates. Full-scale experiments on the optimal mixture were 
carried out while key process parameters were considered. 
Artificial aggregates were uniformly graded, according to 
particle size analysis. Scanning Electron Microscopy (SEM) 
and thermogravimetric analysis revealed that a higher per-
centage of clay in the sediments caused the formation of 
two distinct layers in an aggregate, obstructing the uni-
form formation of CaCO3. The results of the pH-dependent 
leaching tests revealed that metals were released at a lower 
rate in carbonated artificial aggregates than in uncarbonat-
ed raw sediments. Finally, it was determined that artificial 
carbonation of contaminated sediments can produce arti-
ficial aggregates that can be used for beneficial purposes.

Kim and Pradhan [18] evaluated stabilized organic 
dredged soils by conducting unconfined compression tests, 
pH tests, and seed germination experiments. To assess the 
impact of the organic content on the mechanical and ger-
mination characteristics of the stabilized soils, several mix-
tures with organic contents ranging from 0 to 30% by mass 
and binder contents ranging from 5 to 15% were prepared. 
It was found that a stabilized organic soil's strength and pH 
fall as its organic content rises, creating ideal germination 
circumstances. With an increase in organic content, both 
the germination rate and plant growth rate dramatically in-
creased. The soil's strength was boosted by adding binder to 
mixtures, but the pH was also raised. As the organic con-
tent increased, the stability of the soils became weaker. This 
was explained by humic acid's affinity for the calcium in the 
soil. Increased soil nitrogen concentration was associated 
with a lower pH. Higher seed germination rates in mixtures 
with more organic material resulted in plants with more 
height and biomass overall. Shorter seed germination rates 
brought for plants with lower heights and less total biomass 
when binder levels were higher. This was related to both 
the increased soil strength, which inhibits root growth, and 
the decreased availability of nutrients at the higher pH with 
increased binder levels.

Kaliannan et al. [19] demonstrated that the addition 
of ground granulated blast furnace slag could minimize 
the cement content in solidification of dredged marine 
soils. Dredged marine soils had extremely low stiffness, 
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low load-bearing capacity, high compressibility, and low 
permeability in the absence of solidification. The prop-
erties of the dredged marine soil were enhanced by the 
cement and slag mixture. The mix containing binder con-
tent of 3% cement and 7% slag was found to show greatest 
solidification outcome.

Rabbanifar [20] stabilized dredged material using hy-
drated lime (HL) and fly ash (FA) type F. The mechanical 
and physiochemical properties of the dredged material sta-
bilized with HL and FA were evaluated after 7, 28, and 90 
days of curing. The results revealed that the combination 
of HL and FA could effectively increase the compressive 
strength and decrease plasticity index of stabilized dredged 
material. SEM imaging revealed formation of gel covers 
on smaller particles, holding them together to form larger 
clusters. New compounds were formed, according to X-ray 
diffraction tests. A non-linear multi variable model was 
developed based on the experimental results of the study 
using the software R (R Studio) for predicting properties 
such as density and strength of the stabilized dredged mate-
rial mix. The findings showed that dredged material could 
be successfully stabilized using HL and FA with predictable 
properties, transforming it into an environmentally friend-
ly high-quality construction material.

Do et al. [21] investigated CLSM developed using a blend 
of natural sand, marine dredged soil (MDS), and binders, in 
geothermal systems. This study looked at flowability, fresh 
density, unconfined compressive strength, thermal conduc-
tivity, bleeding rate, and environmental impacts, among 
other factors. To evaluate total cost, a bleeding-rate-based 
volume compensation premise for an actual large-scale 
geothermal system was described. In terms of general and 
environmental properties, all the prepared CLSM mixtures 
performed well. Furthermore, the developed CLSM-based 
grout showed significantly higher thermal conductivity 
than conventional grouts. More importantly, an extremely 
positive effect of MDS was discovered: an appropriate ad-
dition of MDS to CLSM-based grout can result in a signif-
icant reduction in bleeding rate, resulting in only a small 
volume compensation of required boreholes.

In a recent study, Abidi et al. [22] investigated the viabil-
ity of employing different percentages of dredged sediments 
from the Bouhanifia dam as an additive to calcareous tuff 
which is a natural material commonly used in road con-
struction in Algeria. The physical, chemical, and miner-
alogical features of the sediments and tuff, as well as short-
term mechanical performance tests, were used to make a 
general estimate of their long-term mechanical behavior. 
The study suggested that tuff admixed sediments could be 
used as an embankment or subgrade material; however, 
long-term mechanical behavior testing of these materials 
is required, and mechanical stabilization is recommended 
to improve their geomechanical behavior, as sediments are 
expected to have lower strength than tuff.

In another recent study, Shi et al. [23] investigated the 
effects of moisture content, maximum steel slag particle 
size, curing age, and cement and steel slag ratio on the 
compressive strength of dredged silty clay in a plastic flow 
condition. By contrasting the results of relevant earlier 
investigations, the performance enhancement of dredged 
silty clay stabilized with cement and steel slag was exam-
ined. Microstructural observation was used to investigate 
the strengthening process of dredged soils stabilized with 
cement and steel slag. The findings demonstrated that 
the strength qualities of dredged silty clay stabilized by 
cement and steel slag could guarantee the minimum re-
quirements of the project larger than 100 kPa when the 
ratio of cement to steel slag was 9:6; specifically, utilizing 
steel slag to replace 40% of cement. The stabilizing effect 
improved with increasing steel slag particle fineness. With 
particle sizes of less than 0.075 mm, dredged silty clay 
stabilized with cement and steel slag showed compressive 
strengths that were 1.06, 1.10, and 1.16 times greater than 
those of 0.25 mm, 1 mm, and 2 mm, respectively. Addi-
tionally, the compressive strength increased linearly over 
curing ages up to 28 days. Dredged silty clay stabilized by 
cement and steel slag showed a compressive strength that 
was 2.44 times, 1.59 times, and 1.36 times greater than 
that of 3, 7, and 14 days, respectively. Due to the formation 
of more calcium silicate hydrate and other agglomerated 
flocculent gel materials because of the continued reaction 
between steel slag and cement hydration products, the 
structural compactness of dredged soil.

3. MATERIALS AND METHODS

3.1 Dredged Sediments and Natural Sand
The DS samples were obtained from two sources in co-

ordination with USACE. The first sample, called as DS#1 in 
this study, was randomly collected from stockpiles located 
close to Illinois River in Glasford, Illinois. It was sitting in 
two piles with approximate height of forty feet. The top of 
the pile was washed away by rain revealing large quantities 
of clam shells, but the collection of material was deeper into 
the pile to make sure not to get washed-out material. The 
second sample, called as DS#2 in this study, was the stock-
pile next to Calumet Harbor (south side of Lake Michigan) 
in Chicago, Illinois. Specifically, DS#2 samples were collect-
ed from three separate stockpiles and then remixed in the 
laboratory before testing.

The sand used was naturally collected, not manufac-
tured, from a pit located in Heyworth, IL. This sand was 
named as natural sand (NS) in this study. NS was collected 
by dredging under water and then sieved on US#200 (0.075 
mm) for removing fines. Other than this, the sand is kept 
natural in most part. Figure 1 shows a photographic view 
of NS, DS#1 and DS#2. It is evident from Figure 1 that NS 
looks coarser than DS. Also, chunks of clumped clayey ma-
terial are visible in DS#2.
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 For gradation analysis, sieve analysis was performed on 
two samples of NS, DS#1 and DS#2 in accordance with ASTM 
C136 test method. The results were compared to the upper 
limit (UL) and lower limit (LL) sieve sizes recommended by 
the Illinois Department of Transportation (IDOT) (2016) for 
CLSM sand (fine aggregates), called as FA-1 by IDOT. Fig-
ure 2 shows gradation of NS, DS#1 and DS#2. Additionally, 
IDOT UL and LL are also plotted for comparison on Fig-
ure 2. It is evident from Figure 2 that NS gradation is within 
IDOT’s LL and UL ranges, as expected. However, DS#1 and 
DS#2 gradation is out of limits established by the IDOT for 
the FA-1 material. Specifically, for percent passing#200 sieve 
(0.075 mm size), DS#2 passed more through this sieve (7.6%) 
compared to natural sand and DS#1. This indicates that DS#2 
has more finer clayey type material compared to natural 
sand. For percent passing#10 sieve (2 mm size), DS#1 passed 
more through this sieve (99.6%) compared to natural sand 
(86.2%). This indicates that DS#1 is finer than natural sand.

Besides above-mentioned materials, other materials 
used were Portland cement Type 1 and class C fly ash which 
were collected from Prairie Materials, a local ready-mix 
concrete plant, located in Normal, Illinois.

 3.2 Mix Design
In this study, a total of nine CLSM mixtures, containing 

different amount of cement, fly ash, NS, DS#1 or DS#2, and 
water. The proportions of each ingredient was selected based 
on IDOT (2016) CLSM specifications, as presented in Table 
1. In accordance with ACI229R, the amount of water was se-
lected based on the flow consistency of CLSM mixtures. One 
control CLSM was prepared by mixing only cement, fly ash, 
NS and water (no DS). A total of four mixtures (three spec-
imens in each group) were prepared by substituting 25%, 

50%, 75% and 100% of natural sand with DS#1 by weight. 
Further, four mixtures were prepared by substituting 25%, 
50%, 75% and 100% of natural sand with DS#2 by weight.

3.3 Specimen Preparation and Testing
All nine mixtures were prepared by adding required 

amount of dry ingredients in a five-gallon stationary vertical 
mixer (Fig. 3a). Then, all ingredients were mixed for 7 min-
utes followed by a 3 minutes rest, followed by a 5 minutes fi-
nal mixing. The flow consistency of all nine CLSM mixtures 
was evaluated just after mixing in accordance with ASTM D 
6103 test method. In this test, a 7.62 cm (3 in) by 15.24 cm 
(6 in) open-ended cylinder is used to spread CLSM on a flat 
non-absorbent surface and diameter of spread is measured.

For evaluating unconfined compressive strength (UCS) 
of CLSM mixtures, cylindrical specimens 10 cm x 20 cm 
(4 in x 8 in) were casted in accordance with ASTM D 4832 
test method. To keep low strength CLSM specimens intact 
during preparation, special plastic molds were designed 
and manufactured in the laboratory (Fig. 3b). These molds 
can be split open into two halves for easy extraction of 
hardened CLSM specimen. Plastic molds were tied to a 
wooden board for easy transportation and handling. A to-
tal of three replicates were casted using each CLSM mix-
ture. After casting, specimens were placed inside a plastic 
box under controlled temperature of 21°C (69.8 °F) and 
relative humidity of greater than 95% for four days. Then, 

Figure 1. Leftmost pan shows natural sand, middle pan 
shows DS#1 and rightmost pan shows DS#2.

Figure 2. Sieve analysis results.

Table 1. Design of flowable fill mix proportions

Tag	 %	 % 	 Cement	 Fly ash	 NS	 DS	 Water	 Water/ 
	 Natural sand	 DS	 (kg)	 (kg)	 (kg)	 (kg)	 (kg)	 cementitious

CONTROL (NS-100 DS-0)	 100	 0	 0.41	 1.22	 10.61	 0.00	 2.40	 5.9
NS-75 DS-25	 75	 25	 0.41	 1.22	 7.96	 2.65	 2.40	 5.9
NS-50 DS-50	 50	 50	 0.41	 1.22	 5.31	 5.31	 2.40	 5.9
NS-25 DS-75	 25	 75	 0.41	 1.22	 2.65	 7.96	 2.40	 5.9
NS-0 DS-100	 0	 100	 0.41	 1.22	 0.00	 10.61	 2.40	 5.9
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specimens were demolded, wrapped with plastic film and 
then placed back in the storage box until the time of test-
ing. Specimens were tested after 28 days of curing using a 
Universal Testing Machine in accordance with ASTM D 
4832 test method (Fig. 3c). Specifically, specimens were 
subjected to load at a constant rate such that the cylinder 
failed in not less than 2 min.

4. RESULTS AND DISCUSSIONS

Table 2 shows a summary of results of all specimens 
tested in this study. A total of three replicates were tested 
for each mix and average was reported in Table 2. 

4.1 Flow Consistency
Flow consistency enables CLSM to flow into a void and 

be self-consolidating which is a major benefit of CLSM 
compared to conventional fill materials. Variation of flow 
consistency with percent dredged material substitution is 
graphically presented in Figure 4 and tabulated in Table 2. In 
general, introducing more dredged sediments showed a de-
crease in the flow consistency values. Mixtures prepared by 
using 100% DS#1 and DS#2 substitution showed decrease 
in flow consistency by 14 cm (5.5 in) and 34.3 cm (13.5 in), 
respectively. One of the reasons for decrease in flow could be 
increase in finer particles in DS containing CLSM mixtures. 
As discussed in Materials and Methods section, gradation 

Table 2. A summary of results of dredged sediment containing specimens

Mix#	 Tag	 % DS	 Flow		  Compressive		  Density		  Excavatability (RE) 
					     strength

			   inch	 cm	 psi	 kPa	 psi	 kN/m3

1	 Control	 0	 13.5	 34.3	 72.3	 498.3	 117.6	 1885	 0.95
2	 NS-75 DS#1-25	 25	 12.8	 32.4	 84.3	 581.0	 116.3	 1863	 0.98
3	 NS-50 DS#1-50	 50	 9.0	 22.9	 132.1	 909.8	 119.6	 1916	 1.31
4	 NS-25 DS#1-75	 75	 9.5	 24.1	 102.7	 707.9	 117.9	 1889	 1.14
5	 NS-0 DS#1-100	 100	 8.0	 20.3	 78.2	 538.7	 117.5	 1882	 0.97
6	 NS-75 DS#2-25	 25	 9.0	 22.9	 85.6	 589.9	 113.7	 1822	 0.96
7	 NS-50 DS#2-50	 50	 9.0	 22.9	 130.3	 898.0	 116.6	 1869	 1.25
8	 NS-25 DS#2-75	 75	 9.5	 24.1	 65.9	 454.2	 112.8	 1807	 0.84
9	 NS-0 DS#2-100	 100	 0.0	 0.0	 76.3	 525.8	 114.9	 1841	 0.93

Figure 3. (a) CLSM mixer; (b) Specimen mold; and (c) Unconfined compressive strength test setups.

(a) (b) (c)
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analysis showed relatively higher amount of fines in DS com-
pared to NS. More fines results in larger surface area which 
will require more water for lubrication and flow of particles. 
Further, all CLSM mixtures tested, except Mix#9 prepared 
by substituting 100% sand with DS#2, showed a flow con-
sistency of greater than 17.8 cm (7 in), as required by IDOT 
[24] specification for CLSM. According to ACI 229R [25], 
flowability can be expressed based on the diameter of CLSM 
material spread: low flowability (less than 15.2 cm, i.e., 6 in), 
normal flowability (15.2 cm to 20.3 cm, i.e., 6 to 8 in), and 
high flowability (greater than 20.3 cm, i.e., 8 in). Based on 
the results presented in Table 2 and Figure 4, all mixtures 
showed high flowability except Mix#5 (normal flowability) 
and Mix#9 (no flowability). Figure 5 shows photographic 

comparison of flow consistency of control mix (Mix#1), mix 
containing 100% DS#1 (Mix#5) and 100% DS#2 (Mix#9). It 
is evident from Figure 5 that control mix is highly flowable 
compared to 100% dredged sediments containing mixes. 
Bleeding of water in Mix#5 and caky type behavior of Mix#9 
with no flow is visible from Figure 5. In general, water is 
released to the CLSM surface (i.e., owing to its high water 
content) as bleed water or absorbed by dredged sediments 
(Fig. 5b). More interestingly, an outstandingly positive effect 
of DS#2 was discovered: The addition of DS#2 to the CLSM 
decreased bleeding rate, as shown in Figure 5c. This could 
be attributed to finer and more cohesive nature of DS#2 
which could hold excess amount of capillary water, leading 
to a reduction in the bleeding water.

Figure 4. Variation of flow consistency with percentage 
substitution of sand with dredged sediments.

Figure 6. Variation of unconfined compressive strength 
with percentage substitution of sand with dredged material.

Figure 5. Photographic view of (a) Control (Mix#1), (b) 100% DS#1 containing (Mix#5) and (c) 100% DS#2 containing 
(Mix#9) containing mixes.

(a) (b) (c)
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4.2 Unconfined Compressive Strength
CLSM is designed with low unconfined compressive 

strengths which is a major objective for projects where 
later excavation is needed. Figure 6 shows UCS results of 
all mixes tested in this study. The strength values of CLSM 
specimens increases with percent substitution of NS with 
DS up to 50%. Beyond 50% substitution of NS with DS, 
decrease in strength of CLSM specimens was noticed. For 
example, substitution of sand with 50% DS#1 and 50% 
DS#2 provided an increase in strength by approximately 
83% and 80%, respectively. Similar observations were re-
ported by Do et al. [21] where strength of CLSM mixture 
decreased with increase in the amount of marine dredged 
sediments. This behavior of decrease in strength of CLSM 
mixtures with increase in DS was attributed to very small 
particle size of marine dredged sediments.

The behavior of increase in strength up to 50% can 
be rationalized using density of casted CLSM specimen, 
as shown in Figure 7. The CLSM containing 50% NS and 
50% DS provided maximum density in case of both DS#1 
and DS#2 which resulted in highest strength among all the 
mixtures tested in this study. The compressive strength of 
all CLSM mixtures tested in this study was found with-
in IDOT requirements. Specifically, IDOT [24] specifies 
compressive strength value between 207 kPa (30 psi) and 
1034 kPa (150 psi) for CLSM mixtures.

4.3 Density and Excavatability
Wet density results of all nine CLSM mixtures are pre-

sented in Figure 7. It is evident from Figure 7 that wet 
density of all nine mixtures varies between 1807 and 1916 
kg/m3 (113 and 120 lb/ft3) which is within the range rec-
ommended by ACI 229R [25]. According to ACI 229R 
[25]), wet density of CLSM in place is in the range of 1840 
to 2320 kg/m3 (115 to 145 lb/ft3). Further, it was found that 
wet density improved with percentage of substitution of 
NS with DS up to 50% beyond which decrease in wet den-
sity was noticed. However, all mixtures prepared by sub-
stituting sand with DS#2 showed wet density lower than 
control. This could be attributed to finer clayey nature of 
DS#2 which resulted in lower density values.

The ability to excavate in future is an important proper-
ty of CLSM. In general, CLSM with a compressive strength 
of 0.7 MPa (100 psi) or less can be excavated manually. Ac-
cording to ACI 229R [25], a removability modulus (RE) can 
be used to determine the excavatability of CLSM. The RE 
can be calculated as follows in metric units:

RE=(W1.5x0.619xC0.5)/106� (1)
Where, W is the dry mass density in kg/m3 and C is the 

28-day unconfined compressive strength in kPa. If the RE is 
less than 1.0, the CLSM is removable, while CLSM with RE 
values greater than 1.0 are not easily removed. The type and 
content of cementitious materials is important in determin-
ing excavatability of CLSM. Literature review shows that 
acceptable long-term performance can be achieved with 
cement contents from 24 to 59 kg/m3 (40 to 100 lb/yd3) and 
class F fly ash quantity up to 208 kg/m3 (350 lb/yd3) [25].

RE values of all nine mixtures are plotted in Figure 8. A 
total of three out of nine mixtures showed RE values of great-
er than 1.0. Specifically, Mix#3, Mix#4 and Mix#7 resulted in 
RE values of 1.31, 1.14 and 1.25, respectively. This could be at-
tributed to higher compressive strength values (greater than 
700 kPa, i.e., 100 psi) of Mix#3, Mix#4 and Mix#7. According 
to ACI 229R [25], CLSM with a compressive strength of 700 
kPa (100 psi) or less can be excavated manually.

5. CONCLUSIONS AND RECOMMENDATIONS

Based on the results presented in this study following 
conclusions could be drawn:
1) Flow consistency decreased with the amount of DS and 

presence of finer material in CLSM.
2) Unconfined compressive strength and wet density was 

found to improve with amount of DS in CLSM up to 50% 
beyond which strength and wet density started decreasing.

3) Based on flow consistency, unconfined compressive 
strength, wet density and excavatability, 100% substitu-
tion of sand with DS#1 and 75% substitution of sand 
with DS#2 could be used in preparing CLSM mixtures.
As noticed in this study, source and gradation of dredged 

sediments could influence the properties of CLSM. There-
fore, it is recommended to investigate properties of DS in 
the laboratory before using it for CLSM projects.

Figure 7. Variation of wet density with percentage substitu-
tion of sand with dredged material.

Figure 8. Variation of excavatability with percentage substi-
tution of sand with dredged material.
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ABSTRACT

The current study investigates the possibility of volcanic Tuff of Earth of Datça (ED) in Turkey 
to be used as an aluminosilicate source in producing a geopolymer foam for thermal insula-
tion. An extensive evaluation of the effects of fine sand–to–pozzolan and Al powder–to–poz-
zolan ratios on the physical, mechanical, and thermal properties and morphology (porosity, 
average and maximum pore diameter, pore size distribution) of the pores were carried out. The 
sodium silicate and potassium hydroxide (12.5 M) solutions with an activator ratio of 2.5 were 
used as alkali activators, and Al powder was used as a foaming agent. Research results reveal 
that Earth of Datça is a suitable precursor for producing a geopolymer foam. Fine sand and 
aluminum powder contents are critical to the optimum foam structure. The addition of finely 
ground silica sand ensured the volumetric stability of the binder and prevented the collapse 
after swelling of the binder. The optimum Al powder–to–pozzolan ratio was determined as 
0.5% because it gives higher physical, mechanical, and thermal properties due to the more 
homogenous microstructure with finer pore size and narrower pore size distribution lower 
degree of interconnectivity between the pores. Research results also show that the natural 
volcanic Tuff of Datça Peninsula as an aluminosilicate source gives promising results in the 
field of producing highly porous geopolymers with low thermal conductivity (0.087–0.134 W/
mK), high porosity (72.3–82.6%) and an adequate compressive strength (0.40–2.09 MPa). This 
study contributes to the literature that Earth of Datça–based geopolymer foam may function 
well as an insulation material for building enclosures.
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1. INTRODUCTION

The building industry is one of the fastest growing in-
dustries [1], and buildings are liable for approximately 40% 
of the total energy consumption [2]. Generally, thermal 
insulation materials decrease the energy consumption of 
buildings by decreasing the energy loss. But organic ther-
mal insulation materials are flammable, inorganic thermal 

insulation materials need complex processing conditions, 
and high sintering temperature results in higher costs [3] 
and embodied energy. To reduce the energy consumption 
and consequently the energy requirement of buildings, 
apart from using thermal insulation materials, the develop-
ment of new materials with higher thermal performance is 
of the utmost importance.
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Cellular or lightweight aggregate concrete materials 
have been produced to provide energy savings. However, 
their raw material is Ordinary Portland Cement (OPC), 
whose production process is energy intensive and emits 
approximately 1 ton of CO2 in a ton of production [4]. 
Recently, geopolymer foams have been produced by cre-
ating the gas bubbles into the binder during the chemical 
reactions between the foaming agent and alkali activator 
or by incorporating a large volume of readily–prepared 
air bubbles into the mixture [5], have been produced to 
replace foamed cementitious materials. Commonly used 
foaming agents such as finely divided metallic aluminum, 
hydrogen peroxide, sodium peroxide, sodium perborate, 
metal silicon, silica fume, and silicon carbide are in the 
field of promising research [6]. Due to the high volume 
of pores, they could contribute to the material's thermal 
performance. Furthermore, they are more sustainable than 
OPC–based foams since their process emits 0.19–0.24 
tonnes of CO2 in a ton of its production [5], and up to 80% 
energy savings could be achieved [7].

Up until the present, scores of works have focused on 
producing highly porous geopolymers (porosity ≥50% or 
bulk density ≤0.7 g/cm3 [8]) having low thermal conductiv-
ity with different types of aluminosilicate sources. For ex-
ample, ultrafine perlite–based geopolymer, activated with 
sodium hydroxide (NaOH) and foamed with hydrogen per-
oxide (H2O2, 0.5–3.0% by weight of aluminosilicate source), 
exhibits thermal conductivity, porosity, and compressive 
strength ranging between 0.03–0.06 W/mK, 74–89%, and 
0.2–0.8 MPa, respectively [9]. Porous fly ash–based geo-
polymer was produced using sodium silicate (Na2SiO3) as 
an alkali activator and H2O2 (0.05–0.1% by weight of alu-
minosilicate source) as the foaming agent. The test results 
reveal that the values of thermal conductivity (0.07–0.09 
W/mK), porosity (74–81%), and compressive strength 
(0.4–1.4 MPa) show promise as thermal insulation material 
[3]. In another study, biomass fly ash–based–geopolymers 
were activated by a mixture of NaOH and Na2SiO3 and were 
foamed using H2O2 as a pore–forming agent. Foamed geo-
polymers exhibit thermal conductivity as low as 0.10 W/
mK, porosity up to 72.5%, and compressive strength in 
a range of 1.2–6.6 MPa, depending on the content of the 
pore–forming agent (0.03–1.20% by weight of aluminosil-
icate source) [10]. In another research, fly ash–based geo-
polymer foams were produced by using H2O2 or Al pow-
der foaming agents. The specimens containing H2O2 have 
0.31–0.97 g/cm3 density and 0.083–0.174 W/mK thermal 
conductivity, whereas the specimens with Al powder have 
0.50–0.77 g/cm3 density and 0.099–0.159 W/mK thermal 
conductivity. Study results state that these foams can be 
used as thermal insulation materials [11]. Fly ash was also 
foamed with sodium perborate foaming agent in the litera-
ture. The study results reveal that the density, thermal con-
ductivity, and compressive strength of geopolymer foams 

are in the range of 0.64–0.82 g/cm3, 027–0.32 W/mK, and 
4.2–4.8 MPa, respectively [12].

Metakaolin–based geopolymer foam, activated with a 
mixture of potassium hydroxide (KOH) and potassium sil-
icate (K2SiO3) and foamed with silica fume blowing agent, 
has a thermal conductivity between 0.12 and 0.33 W/mK, 
and porosity in a range of 65–85% [13]. The characteri-
zation of metakaolin–based geopolymer foam contains 
KOH and K2SiO3 as alkali activators and H2O2 (5–20%, by 
weight) as a forming agent, shows that the material with 
low thermal conductivity (0.11–0.17 W/mK), high po-
rosity (60.2–83.1%), and acceptable compressive strength 
(0.3–11.6 MPa) could be successfully produced [14]. The 
pore morphology, density, porosity, thermal conductivity, 
and compressive strength of metakaolin–based porous geo-
polymers (containing H2O2 chemical pore–forming agent) 
were researched in another study. These geopolymers have 
0.35–1.20 g/cm3 density, 0.4–5.65 MPa mechanical strength 
and improved thermal conductivity (0.13–0.32 W/mK) 
[15]. The influence of the Al powder content (3–12%, by 
weight) on the properties of the KOH/NaOH+Na2SiO3 
activated metakaolin–based geopolymer foam was inves-
tigated. Material with improved insulating behavior, ther-
mal conductivity of 0.15 W/mK, and porosity of 70% was 
produced depending on increasing Al powder content [16]. 
The possibility of using metakaolin–based geopolymer 
foams foamed with Na2O2 to be applied for fire protection 
was investigated. The foamed material with 0.30–0.46 g/
cm3 density, 0.085–0.115 W/mK thermal conductivity, and 
0.6–1.6 MPa compressive strength possess a stable porous 
structure and excellent fire resistance [17]. The effects of 
sodium lauryl ether sulfate (SLES) foaming agents on pore 
types and properties of lightweight kaolinite–based geo-
polymers were also investigated in the literature. The results 
show that the lightest geopolymer foam has a porosity of 
72.34% and a compressive strength of 4.69 MPa with low 
thermal conductivity of 0.197 W/mK [18].

Waste glass–based porous geopolymers with thermal 
conductivity of 0.21 W/mK, porosity of 55%, and compres-
sive strength of 7.3 MPa were produced using a combination 
of KOH and K2SiO3 activators and H2O2 (5%, by weight) as 
pore foaming agent [19]. NaOH–activated bottom ash with 
varying amounts of Na2SiO3 (25–55%, by weight) as the 
foaming agent has 0.075 W/mK thermal conductivity, 72% 
porosity, and 3.55 MPa compressive strength and could be 
used as a thermal insulation material [20]. Waste metaka-
olin, recycled glass, and steel–plant waste were activated 
with NaOH+Na2SiO3 solutions and foamed with aluminum 
scrap recycling waste (50% by weight). The results showed 
that highly porous, lightweight building materials could be 
obtained with thermal conductivity, porosity, and compres-
sive strength ranging between 0.14–0.15 W/mK, 83–86%, 
and 1.1–2.0 MPa, respectively [21]. Consequently, geopoly-
mer foams show good insulating properties with thermal 
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conductivities, porosities, and compressive strengths rang-
ing between 0.03–0.33 W/mK, 55–89%, and 0.2–11.6 MPa, 
respectively, depending on the type and quantity of alumi-
nosilicate source, pore foaming agent, pore foaming agent–
to–pozzolan ratio and fine sand–to–pozzolan ratio.

Although much of the research carried out has been 
based on producing artificial pozzolan–based highly po-
rous geopolymers with improved thermal performance, in-
vestigations regarding the production of natural pozzolan–
based geopolymer foams are scarce. The natural pozzolan 
resources of Turkey are at a level that cannot be ignored. 
Approximately 155.000 km2 of the country consists of vol-
canic rocks [22]. Datça pozzolan used in this research is the 
natural soil of Datça Peninsula. It was formed due to strong 
volcanic eruptions in Nysiros and Yelli Islands [23].

This research aims to investigate the possibility of vol-
canic Tuff of Earth of Datça (ED) to be used as an alumi-
nosilicate source in the production of geopolymer foam for 
thermal insulation. In the scope of the study, key factors 
such as fine sand–to–pozzolan (FS/P) and Al powder–to–
pozzolan (Al/P) ratio affect the physical, mechanical, and 
thermal characteristics of ED–based geopolymer foam are 
researched. Optimizing the test results, a new porous ma-
terial with low thermal conductivity is proposed as an al-
ternative to the existing thermal insulation materials in the 
building industry.

2. EXPERIMENTAL TECHNIQUES

2.1. Raw Materials
For the production of geopolymer foam, natural Datça 

pozzolan was used as an aluminosilicate source, and its 
specific gravity is 2.52 g/cm3. The specific surface area of 
the pozzolan, determined using the Blaine method [24], is 
5467.75 cm2/g, and the particle size distribution is shown 
in Figure 1.

Semi–quantitative element (XRF) and quantitative XRD 
analysis of the ED and lime–pozzolan mortar (ED)T pro-
duced for the pozzolanic activity test were performed in the 

previous research [22] using Philips 71 PW–2404 XRF and 
Shimadzu XRD–6000 (Cu X–ray tube 1.5405 Angstrom) 
equipment, respectively. XRF analysis indicated that (Table 
1) Earth of Datça fulfills the requirements of T.S. 25 [25] 
to be used as a natural pozzolan in cement and other types 
of binders because its SiO2+Al2O3+Fe2O3 content (92.26%) 
is higher than 70.0%, and its SO3 and Cl contents (0% and 
0.092%) are lower than 3.0% and 0.1%, respectively. Fur-
thermore, the pozzolanic activity test results (1.43 MPa 
flexural strength and 6.12 MPa compressive strength) pro-
vide the requirements of T.S. 25, which are ≥1 and 4 MPa, 
respectively. XRD patterns have shown that (Fig. 2) ED 
contains cristobalite, quartz, feldspar, and an amorphous 
compound, and (ED)T has hydration products, cristobalite, 
quartz, feldspar, portlandite, and an amorphous compound.

Solid KOH with a molecular weight of 56.1 g/mol was 

Figure 1. Particle size distribution of volcanic Tuff of Earth 
of Datça.

Table 1. Oxide Composition of ED, quicklime, and hardened 
mortar (ED)T determined by XRF

	 Quicklime	 ED 	 (ED)T mortar 
	 (%)	 (%)	 (%)

SiO2	 –	 75.289	 58.934
Al2O3	 –	 15.991	 11.510
Fe2O3	 –	 0.984	 0.829
Na2O	 –	 2.211	 1.361
K2O	 –	 3.026	 2.408
CaO	 85	 1.222	 21.377
CO2	 5	 –	 –
MgO	 1.5	 0.622	 2.870
P2O5	 –	 0.072	 0.077
TiO2	 –	 0.149	 0.148
MnO2	 –	 0.047	 0.050
Cr2O3	 –	 0.005	 –
NiO	 –	 0.004	 0.005
CuO	 –	 0.002	 –
ZnO	 2.23	 0.002	 0.006
Rb	 –	 0.006	 0.007
SrO	 –	 0.015	 0.019
V2O5	 –	 –	 0.022
Y2O3	 –	 0.002	 0.006
ZrO2	 –	 0.010	 0.015
Nb2O5	 –	 0.001	 0.008
BaO	 –	 0.097	 0.075
Cl	 –	 0.092	 0.078
SO3	 0.8	 0.1	 0.194
PbO	 –	 –	 –
ThO2	 –	 –	 –
L.O.I.	 –	 0.15	 –
Total	 93.8	 100.00	 –
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dissolved in deionized water for 24 hours before use and 
kept at ambient temperature. The mass of solid KOH in 
the solution is expressed as Molar (M). 12.5 molar KOH 
solution contains 12.5 x 56.1=701 grams of solid KOH in 
a one–liter solution. The sodium silicate solution's molar 
ratio (SiO2/Na2O) is 3.4. Finely ground silica sand with 211 
µm maximum grain size and 2.63 g/cm3 specific gravity and 
aluminum powder foaming agent with 99% purity and 50 
µm mean particle diameter was supplied from Ytong A.Ş.

2.2. Mixing, Molding, and Curing Process
The effects of activator types (NaOH, KOH, S+NaOH, 

and S+KOH), molar concentrations of the NaOH and KOH 
(7.5, 10, 12.5, and 15), and activator ratio (1.0, 1.5, 2.0, 2.5, 
by weight) on the geopolymeric reactivity were investigat-
ed in the previous research [26]. The combination of sodi-
um silicate solution with potassium hydroxide (SK) as the 
activator type; 12.5 M as the concentration of KOH, and 
2.5 as the activator ratio was selected for their better per-
formance gain in physical and mechanical properties. In 
this research, the effectiveness of the following parameters, 
which may affect the development of the physical, mechan-
ical, and thermal properties of the natural pozzolan–based 
geopolymer foam, was investigated:
i	 The effect of acceptable sand–to–pozzolan ratio (FS/P);
ii	 The effect of Al powder–to–pozzolan ratio (Al/P).

Fine aggregate/filler is generally not added to highly 
porous geopolymers having low thermal conductivities in 
the literature [3, 9–10, 13–16, 19–21]. It converts cemen-
titious binders to mortars, gives mortars their volumetric 
stability, rigidity, and stiffness [27], and has a restraining 
effect on drying shrinkage due to the stability in shape 
[28]. Acceptable sand use as a filler may also decrease the 
production cost by reducing the amount of binder (poz-
zolan and chemical activators). In the preliminary tests of 
this research, and was not added to the ED–based geo-
polymer binder. The new binder expanded approximately 
3.5 times within 10 minutes after the binder was poured 

into the molds (Fig. 3a). However, after 30 minutes, sepa-
ration of solid and gas phases was observed, and the foam 
collapsed (Fig. 3b). The reason for this result may be the 
lower plastic density (≤0.5 g/cm3) of the porous binder 
which results in a significant decrease in the bubble con-
finement force (Fc) and leads to more giant and more 
closely spaced bubbles. Increasing bubble diameter causes 
an increase in the bubble buoyancy force (Fb). When Fb 
overcomes the surrounding Fc, bubbles become buoyant 
and float towards the surface of the porous binder, dis-
place the surrounding solids, reach the surface, and col-
lapse occurs [29]. Thus, in the first stage, the effects of the 
FS/P ratio (20/100, 25/100, 33/100, 50/100, and 100/100, 
by weight) on the properties of the foam were researched. 
The Al/P ratio was kept constant at 0.5% in this stage. The 
workability of the binder was determined by the flow table 
test performed according to ASTM C 1437 [30]. The wa-
ter/total solid ratio, which results in optimum workability, 
was 0.4, and flow was found to be 100.

Figure 2. XRD data of ED and hardened mortar (ED)T.

Figure 3. (a) The specimens 10 minutes after placing the 
molds; (b) The existence of collapse 30 minutes after plac-
ing the molds.

(a) (b)
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According to the results of the first stage experiments, 
the FS/P ratio was selected as 20/100 because it has consis-
tent properties for the following study stage. In the second 
stage, the effects of the Al/P ratio (0, 0.25, 0.50, 1.0, and 
1.5%, by weight) on the foam's physical, mechanical, and 
thermal properties were tested. The specimen codes, mix-
ing ratios, and curing conditions according to the experi-
ment stages are shown in Table 2.

The solid components (ED and fine sand) were mixed 
in a plastic bowl and then added to previously homog-
enized alkali activators and mixed for 5 minutes. After-
ward, Al powder was added and mixed for additional 2 
minutes. The mixture was then poured into 40 x 40 x 160 
mm molds. It should be noted that foaming started imme-
diately after Al powder was added to the mix. The reaction 
time for volume expansion of the mixture took approxi-
mately 10 minutes. Since the volume expansion ratio of 
the foam differs depending on the quantity of the added 
Al powder, in each increment of the Al powder addition, 
the volume expansion ratio of the mortar was determined 
by using a 500 ml glass test tube. The produced fresh mor-
tar was filled in this test tube up to the level of 100 ml. 
After the expansion was completed, the volume expansion 
ratio (Rve) was calculated by Eq. (1):

Rve=(Vf–Vi)/Vi� (1)
where Vi is the initial volume of the fresh mortar 

(ml); Vf is the final volume of the mortar (ml). Thus, 
the least amount of mixture was poured into the molds, 
and overflowing of the mixture from the mold during 
the expansion was prevented. The molded blend was 
covered with Polyethylene (P.E.) film to prevent rapid 
evaporation and cured at 70 °C and 95±5% R.H. for 
24 h. Cured specimens were then taken from the oven 
and were kept at ambient temperature (20±2 °C, 50±5% 
R.H.) for seven days.

2.3. Testing Methods
Throughout the study, the relevant standards applied 

each physical and mechanical test to 9 prismatic specimens 
of 4 x 4 x 16 cm dimensions.

Bulk density was calculated as the ratio of the dry mass 
to volume of the samples dried to a constant weight in a 
ventilated oven at 105 °C (TS EN 1015–10 [31]).

The water absorption ratio (Ab) was calculated by con-
sidering the amount of water absorbed by the specimens, 
which were dried to a constant mass (md). The specimens 
were wholly immersed in water at 20°C for 48 hours, re-
moved from the water, and weighed again (ms). The water 
absorption ratio was calculated according to the following 
equation (2) (TS EN 13755 [32]):

Ab=([ms–md]x100)/md� (2)
The ultrasound pulse velocity (U.P.V.) test was applied 

according to TS EN 14579 [33] with a portable Proceq ul-
trasonic non–destructive device.

The flexural strength was specified by using a machine 
(Universal) with a 300 kN capacity and 50 N/s loading rate 
(TS EN 196–1 [34]). The specimen was put on the machine 
with one side face on the supporting rollers and its longi-
tudinal axis normal to the supports. The load was applied 
vertically using the loading roller to the opposite side face 
of the specimen and increased until fracture. The flexural 
strength (Rf) was according to the following equation (3):

Rf=(1.5xFfxl)/b3� (3)
where b is the side of the square section of the specimen, 

(mm); Ff is the load applied to the middle of the specimen at 
fracture, (N); l is the distance between the supports, (mm).

Eighteen samples, broken into two pieces in the flexur-
al strength test, were subjected to the compressive strength 
test (TS EN 196–1 [34]). The specimen was centered later-
ally to the machine's plates, and the load was increased at a 
2400 N/s rate until fracture. Compressive strength (Rc) was 
calculated from Eq (4):

Table 2. The specimen codes, mixing ratios, and curing conditions of the ED-based geopolymer foams according to the experiment stages

Stage	 Code	 Activator	 Activator-to-	 Total water-to-	 FS/P	 Al/P	 Curing 
		  ratio	 pozzolan	 solid	 (by weight)	 (%, by weight)	 conditions 
			   (by weight)	 (by weight)

i	 SK-20/100-0.5	 2.5	 0.3	 0.40	 20/100	 0.5
	 SK-25/100-0.5				    25/100	
	 SK-33/100-0.5				    33/100	
	 SK-50/100-0.5				    50/100	
	 SK-100/100-0.5				    100/100		  70 °C,
ii	 SK-20/100-0	 2.5	 0.3	 0.40	 20/100	 0	 95±5 %
	 SK-20/100-0.25					     0.25	 R.H. for
	 SK-20/100-0.5					     0.5	 24 h
	 SK-20/100-1.0					     1.0
	 SK-20/100-1.5					     1.5

Specimen codes consist of XX-X-X format. The first symbol shows the alkali activator type (S: Sodium silicate, K: Potassium Hydroxide); the second 
shows the FS/P ratio, and the third points out the Al/P ratio.
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Rc=(Fc/1600)� (4)
where Fc is the maximum load at fracture, (N); 1600 is 

the area of the plates (40 mm × 40 mm), (mm2).
Thermal conductivity was measured using the heat 

flow meter apparatus in steady–state conditions per ASTM 
C518–17 [35]. The heat flow meter apparatus consists of 
two copper plates, one heat flux transducer, and a protec-
tive casing with thermal insulation to prevent heat loss. The 
specimen (100 mm diameter and 10 mm thickness) was 
positioned between two copper plates, and the heat flow 
passing through the plates was recorded. The difference in 
temperature between the copper plates (∆T=T1–T2) and the 
heat flux (Q) was obtained with conventional sensors. Fou-
rier's law of heat conduction was used to calculate thermal 
conductivity by using Eq. (5):

� (5)

where Q is heat flux flowing through the specimen 
(W/m2), λ is thermal conductivity (W/mK), ∆T is the 
temperature difference across the specimen (K), x and d 
are the thickness of the specimen (m), T/x is temperature 
gradient (K/m).

Optical analysis, which gives a detailed two–dimen-
sional picture of the pores, was carried out to characterize 
the morphology of macroscale pores (>10 µm). The spec-
imens were cut from geopolymer foams using a cutting 
machine. Three samples were prepared for each analy-
sis, and four images of a fracture section of each sample 
were observed by optical microscope (1×). However, it is 
difficult to determine the pore size distribution solely by 
analyzing the microscopic images. Therefore, image anal-
ysis was conducted using Image–Pro Plus Image Analysis 
Software to analyze better the morphology of macroscale 
pores (air pores with >10 µm). The pore dimensions were 
quantified with equivalent circle diameter. Porosity, av-
erage pore diameter, maximum pore diameter, and pore 
size distribution were determined. The distribution of 

mesoscale pore (100 nm –10 µm) was not considered be-
cause they are assumed to be insignificant in affecting the 
properties of geopolymer foams [36]. The test results are 
given in Table 3.

3. RESULTS AND DISCUSSION

3.1. Influence of the Fine Sand–to–Pozzolan Ratio on 
the Properties of the ED–Based Geopolymer Foam
Pores are generated by a gas–releasing reaction in the 

geopolymer mixture, which results in a cellular structure 
when set. After Al powder is added to the homogeneous 
geopolymer mixture, in the alkali environment, reactive 
metal powders are oxidized in the presence of water to re-
lease H2 gas according to the reaction in Eq. (6) [37]:

Al (s)+3H2O(l)+OH–(aq)→Al(OH)–4 (aq)+3/2H2 (g)� (6)
The hydrogen gas bubbles generated led to the ED–

based geopolymer binder's expansion, which continued 
for the next 10 minutes. The influence of the FS/P ratio on 
the volume expansion ratio of the mortar was investigated 
together with the observation of the surface properties of 
the expanded specimens (Table 4). According to this, the 
volume of the first series prepared with a 20/a 100 FS/P 
ratio increased 3.0 times compared to their initial volume. 
Volume expansion ratios of the specimens, for each fine 
sand–pozzolan ratio increment, decreased by 2.8, 2.5, 2.2, 
and 1.1 times respectively. Especially in the specimens with 
the highest sand content (100/100 FS/P ratio), Al powder 
could not swell the binder, and almost no volume expan-
sion (Table 4–Fig. e). The higher the amount of sand, the 
lower the alkali activator, Al powder, and pozzolan ratio, 
which are responsible for foaming the binder. In addition, 
light gray material precipitation looking like aluminum was 
observed on the top open surfaces of the sand–rich speci-
mens (33/100, 50/100, and 100/100 FS/P ratio) after oven 
curing at 70 °C. This causes surface deformation; accord-
ingly, the color and texture homogeneity of the specimens 
was impaired (Table 4–Fig. c–e).

Table 3. Test results of the ED-based geopolymer foam

Stage	 Code	 Bulk density	 Water absorption	 Porosity	 UPV	 Flexural strength	 Compressive 
		  (g/cm3)	 by weight (%)	 (%)	 (km/s)	 (MPa)	 strength (MPa)

i	 SK-20/100-0.5	 0.51	 69.63	 76.80	 1.25	 0.90	 1.39
	 SK-25/100-0.5	 0.55	 66.09	 72.72	 1.28	 1.02	 1.63
	 SK-33/100-0.5	 0.59	 59.15	 70.62	 1.32	 1.15	 1.76
	 SK-50/100-0.5	 0.64	 54.04	 68.47	 1.44	 1.37	 1.95
	 SK-100/100-0.5	 0.85	 48.02	 64.01	 1.60	 1.62	 2.52
ii	 SK-20/100-0	 1.29	 28.69	 43.72	 1.95	 3.92	 5.69
	 SK-20/100-0.25	 0.60	 63.68	 72.31	 1.41	 1.22	 2.09
	 SK-20/100-0.5	 0.51	 69.63	 76.80	 1.25	 0.90	 1.39
	 SK-20/100-1.0	 0.48	 74.75	 79.69	 0.91	 0.33	 0.85
	 SK-20/100-1.5	 0.46	 79.32	 82.66	 0.65	 0.12	 0.40
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The influence of the FS/P ratio on the physical and me-
chanical properties of ED–based geopolymer foam is given 
in Figure 4.

The gradual increase of the FS/P ratio from 20 to 100% 
decreased porosity and water absorption by 0.83 and 0.68, re-
spectively. Parallel to this decrease, there was an almost two-
fold increase in the bulk density of the specimens (1.66 times). 
Notably, this becomes significant in the region between 50 to 
100% FS/P ratio, where the increment ratio of the sand is two-

fold. U.P.V., flexural and compressive strengths of the speci-
mens increased 1.28, 1.80, and 1.81 times, respectively. When 
the increment of the sand ratio is twofold in the region between 
50 to 100% FS/P ratio, the material's compressive strength in-
creases significantly parallel to the increase of its bulk density.

Figure 5 shows the microscopic images of ED–based 
geopolymer foams in each FS/P ratio. The sand ratio in-
creases lead to a decrease in the pore volume (porosity) and 
the number of pores, which is also consistent with physical 

Table 4. The effects of the FS/P ratio on the volume expansion ratio and surface properties of the swollen specimens

FS/P 
(by weight)

20/100

25/100

33/100

50/100

100/100

Volume 
expansion ratio

3.0 times

2.8 times

2.5 times

2.2 times

1.1 times

Surface properties 

Homogenous surface and color

Homogenous surface and color

Non-homogenous surface and color

Non-homogenous surface and color

Non-homogenous surface and color

The specimens after 70 °C ovens curing for 24 h

(a)

(b)

(c)

(d)

(e)
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test results. Frequency distribution diagrams of the pore di-
ameters were prepared and given in Figure 6. Accordingly, 
the diameter of the specimens' pores ranged from 61 µm 
to 2038 µm (2.038 mm). The gradual increase of the FS/P 
ratio from 20/100 to 100/100 reveals that the distribution 
of pore size shifts towards the larger pore size distribution. 
The specimens with a 20/100 FS/P ratio are more homoge-
nous with finer pore sizes, regular (narrower) pore size dis-
tribution, and a maximum 1217 µm pore diameter. When 
the sand content of the binder increases, the porous matrix 
shows the non–homogeneous distribution of larger pores, 
and the maximum pore diameter increases up to 2038 µm. 
The average pore diameter is 280 µm in the specimens hav-
ing a 20/100 FS/P ratio, while the average pore diameter 
increases up to 407 µm depending on the increase of the 
FS/P ratio (100/100). These findings may be due to a high-
er proportion of pores between fine sand particles and at 
the fine sand–binder interface. In addition, the pores of 
sand–rich specimens have a higher degree of interconnec-
tivity, whereas the specimens having lower sand content 
have a relatively lower degree of interconnectivity between 
pores. Furthermore, while the number of pores per mm2 is 
the highest in samples with a 20/a 100 FS/P ratio, increas-
ing sand content decreased the number of pores per mm2. 
From these findings, it can be inferred that the total amount 
of fine sand in the porous geopolymer mixture controls the 
pores' total volume, dimension, and size distribution.

Total pore areas and porosities of the specimens as a 
function of the FS/P ratio are given in Figure 7. Accord-
ing to this, both the porosities of the specimens (obtained 
by experiments) and total pore areas per mm2 (obtained by 
image analysis) decrease with the increase of sand content 
of the mixture. This decreasing trend is significantly similar 
for both factors, which may also denote that the image anal-
ysis is a suitable method for determining the pore volume 
of the geopolymer foams.

3.2. Influence of the Al Powder–to–Pozzolan Ratio on 
the Properties of the ED–Based Geopolymer Foam
The effects of the Al/P ratio on the physical and me-

chanical properties of ED–based geopolymer foam having 
20% find sand content are given in Figure 8.

When the Al/P ratio increases gradually from 0% to 
1.5%, two distinct regions become apparent in the evolu-
tion of the properties. At first, adding 0.25% Al/P into the 
mixture was quite effective in pore–forming, and the bulk 
density of the material dropped by 53%. Beyond this level to 
the 1.5% Al/P, even though there was a 1.25 times increment 
in the Al powder ratio, the same property only decreased by 
23%, which may show the influence of Al powder in pore–
forming became lower. Other properties of the material as a 
function of Al/P ratio increment displayed almost a coherent 
change with the bulk density. At 0.25% Al/P ratio, the poros-
ity, and the water absorption ratio increased sharply by 1.65 
and 2.21 times, and parallel to this increase in U.P.V., flexur-
al and compressive strengths of the specimen decreased by 
0.72, 0.31, and 0.36 times, respectively. The gradual decrease 
in U.P.V. (54%) in the whole aluminum powder increment 
range may have resulted from the porous structure's gradu-
al formation. The decreasing tendency of physical and me-
chanical properties with the increasing pore foaming agent 
content is also consistent with other study results [3, 5, 38].

Figure 9 shows the microscopic images of ED–based 
geopolymer foams with various Al/P ratios, and Figure 10 
shows frequency distribution diagrams of the pore diame-
ters and average and maximum values of pore diameters of 
ED–based geopolymer foams with various Al/P ratios.

Increasing the Al/P ratio from 0 to 1.5% led to an in-
crease in the total pore volume of the ED–based geopoly-
mer and was consistent with the physical test results (Fig. 9 
and 10). Pore diameters of the specimens ranged between 
72 µm and 1787 µm (1.787 mm). Specimen with 0.25% 
Al/P ratio has homogenous, fine pore size with regular 
(narrower) pore size distributions. Average and maximum 
pore diameter was detected as 268 µm and 1200 µm, re-
spectively. Gradually increase in the Al/P ratio from 0.25 
to 1.5% shifted the pores of the specimen towards broader 
pore size distribution. Non–homogeneous distribution of 
larger pores with an average pore diameter of 411 µm and 
maximum pore diameter of 1787 µm were detected in its 
porous matrix. In addition, the pores showed a higher de-
gree of interconnectivity than the specimens, with a 0.25% 

Figure 4. Effects of the FS/P ratio on the physical and me-
chanical properties of ED-based geopolymer foam.



J Sustain Const Mater Technol, Vol. 7, Issue. 3, pp. 128–144, September 2022136

Al/P ratio. This degree of pore coalescence may have led 
to a non–homogeneous pore structure and caused the least 
number of pores per mm2, compared to other samples. 
Similar results were obtained by various studies [16, 39]. 

Thus, it can be stated that in the porous geopolymer mix-
tures, the content of Al powder is decisive in determining 
the total volume, dimension, size distribution of the pores, 
and the degree of interconnectivity between them.

Figure 5. Microscopic images of ED-based geopolymer foams having various FS/P ratios.
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The ultrasound pulse velocity (U.P.V.) is a non–de-
structive test method used to measure the homogeneity 
of concrete [40]. The pores and cracks in the concrete re-
duce the U.P.V. of the material, which aids in specifying 
the quality of concrete [41]. In this study, the homogeneity 
of the pore distribution of the material is determined by 
measuring the U.P.V. in two different regions of the sample 
(Fig. 11a), and the homogeneity percentage is calculated 
according to the standard deviation of U.P.V. results (Fig. 
11b). The highest homogeneity (99.3%) was obtained from 
the specimens which do not have any Al powder content 
as expected. Increasing the Al powder content led to a de-
crease in the homogeneity of the ED–based geopolymer 

Figure 6. Frequency distribution diagrams of the pore diameters, average and maximum values of pore diameters of ED-
based geopolymer foams having various FS/P ratios.

Figure 7. Total pore area and porosity of ED-based geo-
polymer foams as a function of FS/P ratio.
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foams. Mainly, the least level of homogeneity (85.8%) was 
observed in the specimens having a 1.5% Al/P ratio, which 
may have resulted from the larger pore size distribution. 
This result confirms the findings that adding more Al pow-
der may cause a microstructure with larger pores and ir-
regular pore size distribution.

The effects of the Al/P ratio on porosity, average pore 
diameter, thermal conductivity, and compressive strength 
are given in Figure 12.

The porous microstructure of ED–based geopolymer 
mortar by adding Al powder in various proportions caused 
lower compressive strength than the sample without Al 
powder content. The specimens containing lower amounts 
of Al powder (0.25 and 0.50%) have found higher strengths 
due to the paste's being more homogenous with finer pore 
size and narrower pore size distribution. In addition, these 
specimens have a relatively lower amount of interconnec-
tivity between pores. Thus, regularly formed air pores in-
crease the compressive strength [42]. However, in the spec-
imens with a 1.5% Al/P ratio, pores were interconnected, 
and a higher degree of pore interconnectivity and foam co-
alescence (merging of bubbles) led to a wide distribution of 
pore size and lower strength [42]. When the pore wall is too 
thin to bear incoming shrinkage, and if there are excessive 
bubbles in the matrix, during the drying process, the films 
between them become weak, and the bubbles start to co-

Figure 8. Effects of Al/P ratio on the physical and mechan-
ical properties of ED-based geopolymer foam.

Figure 9. Microscopic images of ED-based geopolymer foams having various Al/P ratios.
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alesce, giving rise to much more connected pores with larg-
er overall pore size. Accordingly, the mechanical properties 
of the material decrease [43–46].

3.3. Thermal Properties of the ED–Based Geopolymer 
Foam
In the current study, Al powder was added to the geo-

polymer mortar to reduce its thermal conductivity without 
compromising the physical and mechanical performance 
requirements required for the material to be used in parti-
tion walls. The gradual increase of the Al/P ratio from 0% 
to 1.5% is directly proportional to the increase in porosity 
(1.89 times), but it is inversely proportional to the thermal 
conductivity, where it decreased from 0.312 W/mK to 0.087 
W/mK (0.27 times) (Figure 12). A higher degree of porosity 
means more pores that may act as thermal insulation [47] 
since the thermal conductivity of still–air is lower than that 
of the solid matrix [48]. The most significant decrease in 
the thermal conductivity of the material occurred between 
0–0.25% Al/P ratio, which highlights the positive effect of 
Al powder addition on lowering the thermal conductivity 
of the solid matrix. By increasing the Al/P ratio from 0.25 
to 0.50, the porosity and average pore diameter increased 
approximately 1.1 times, while the thermal conductivity de-

creased 0.75 times. By increasing the Al/P ratio from 0.50 
to 1.50, although the porosity and pore diameter increased 
approximately 1.50 times, the decrease in the thermal con-
ductivity was only 0.86 times (Figure 12). Increasing the 
amount of Al/P ratio by more than 0.50 did not give the 
expected effect in reducing the thermal conductivity. This 
may be due to the contrasting effect of the non–homoge-
neous pore size distribution with larger pores (Figure 9). 
Therefore, it can be stated that the development of the ther-
mal insulation capacity of a geopolymer foam is not only 
affected by the porosity and hence density, but also by the 
pore size, shape, and interconnectivity between pores [49, 
50]. Smaller, more circular, and less interconnected pores 
increase the insulation capacity in porous structures [51].

In the case of higher thermal performance is expected, 
the specimen with the lowest thermal conductivity (0.087 
W/mK) having the highest Al/P ratio can be selected as 
optimum. However, mechanical properties cannot be ig-
nored during practical implementations [43]. Indeed, it is 
expected that these porous materials have the least strength 
that could maintain their stability under loads of non–load 
bearing wall sections. The criteria in the production of ED–
based geopolymer foam are determined to have a thermal 

Figure 10. Frequency distribution diagrams of the pore diameters, average and maximum values of pore diameters of ED-
based geopolymer foams having various Al/P ratios.
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conductivity of ≤0.1 W/mK and compressive strength of 
≥1.0 MPa [48]. According to this, the optimum Al/P ratio 
of 0.5% meets the determined criteria.

3.4. Comparison with Other Current Inorganic 
Ceramic Wall and Insulation Materials
Bulk density, thermal conductivity, and compressive 

strengths of ED–based geopolymer foams are compared 
with those of various inorganic ceramic wall and insulation 
materials used in the building sector (Table 5, Fig. 13).

According to Table 5 and Figure 13, the thermal con-
ductivities of ED–based geopolymer foams produced in 
this study were higher than that of glass foam and lower 
than that of vertically perforated lightweight brick; sim-
ilar results were obtained with pumice concrete, aerated 
autoclaved concrete, and foam concrete. Suppose protec-
tive layers can compensate for their lower compressive 
strength and higher water absorption ratio. In that case, 
this material may be used as a core layer of a laminated 
geopolymer composite, which behaves homogenously re-
garding macro scale.

3.5. Comparison with Other Existing Studies in the 
Literature
The porosity, thermal conductivity, and compres-

sive strength of ED–based geopolymer foams are com-

pared with those of geopolymer foams produced from 
various aluminosilicate sources and pore foaming 
agents (Table 6).

According to this comparison, the lowest thermal con-
ductivity of ED–based geopolymer foam (0.087 W/mK) 
is higher than that of ultrafine perlite–based geopolymer 
foam [9]; similar to that of fly ash [3], bottom ash [20, 53], 
and a combination of metakaolin and fly ash [54] based 
foams; lower than that of fly ash [10, 38], calcined kaolin 
[55], natural soil of Pakistan [5], a combination of me-
takaolin and silica fume [6], metakaolin [13, 14, 16, 56], 
waste glass [19], and metakaolin waste, glass waste and 
steel–plant waste [21]–based geopolymer foams. It is seen 
that the porosity and compressive strength values of the 
produced foam like to those of the other materials in the 
table. Thus, ED–based geopolymer foam looks promising 
to be used as a rigid inorganic wall insulation material in 
the building industry.

Figure 11. (a) Ultrasound pulse velocity obtained from two 
different regions in a sample; (b) calculated homogeneity 
percentage.

(a)

(b)
Figure 12. Effects of the Al/P ratio on porosity, average pore 
diameter, thermal conductivity, and compressive strength.

Figure 13. Comparison of the properties of ED-based 
geopolymer foam with inorganic ceramic wall and insu-
lation materials (P.C.: Pumice concrete, A.A.C.: Aerated 
autoclaved concrete, F.C.: Foam concrete, VPLB: Vertically 
lightweight perforated brick, G.F.: Glass foam, T.I.P.: Ther-
mal insulation plasters, ED: Earth of Datça-based geopoly-
mer foam).
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4. CONCLUSIONS

In line with the results obtained throughout the study, 
the following remarks can be specified:
•	 Geopolymer mixture produced by mixing Al powder as 

a foaming agent and volcanic Tuff of Datça Peninsula in 
Turkey as aluminosilicate source gives promising results 

in producing highly porous geopolymers with low ther-
mal conductivity.

•	 The addition of finely ground silica sand ensures the 
volumetric stability of the geopolymer binder and pre-
vents the collapse after swelling of the binder. 

•	 The volume expansion ratio of the binder decreases 
with the increasing fine sand to pozzolan (FS/P) ratio. 

Table 5. Compare ED-based geopolymer foam properties with other inorganic ceramic wall and insulation materials

Material	 Bulk density	 Thermal conductivity	 Compressive strength 
		  (g/cm3)	 (WmK)	 (MPa)

Thermal insulation plasters [52]	 ≥0.2	 0.05–0.10	 –
Pumice concrete [52]	 0.4–1.3	 0.12–0.47	 2.5–5.0
Aerated autoclaved concrete [52]	 0.35–1.0	 0.11–0.31	 ≥4
Foam concrete [10]	 0.3–0.5	 0.081–0.19	 ≥0.4
Vertically perforated lightweight brick [52]	 0.5–1.0	 0.22–0.29	 2.5–7.5
Glass foam [52]	 0.1–0.15	 0.045–0.060	 0.12–0.14
Earth of Datça-based geopolymer foam
	 Al/P ratio (%)			 
	 0	 1.29	 0.312	 5.69
	 0.25	 0.60	 0.134	 2.09
	 0.50	 0.51	 0.101	 1.39
	 1.0	 0.48	 0.088	 0.85
	 1.5	 0.46	 0.087	 0.40

Table 6. Comparison of ED-based geopolymer foam properties with other geopolymer foams containing various aluminosilicate 
sources and pore-forming agents

Reference	 Aluminosilicate	 Pore-forming	 Porosity	 Thermal conductivity	 Compressive strength 
	 source	 agent	 (%)	 (W/mK)	 (%)

[9]	 Ultrafine perlite	 H2O2	 74–89	 0.03–0.06	 0.2–0.8
[3]	 Fly ash 	 H2O2	 74–81	 0.07–0.09	 0.4–1.4
[53]	 Bottom ash	 Sodium silicate	 66–76	 0.074–0.09	 1.2–3.5
[20]	 Bottom ash	 Sodium silicate 	 42–73	 0.075–0.091	 3.0–6.2
[54]	 Metakaolin+ fly ash	 H2O2	 48–81	 0.08–0.2	 0.3–21
Current study	 Earth of Datça	 Al powder	 72.3–82.6	 0.087–0.134	 0.40–2.09
[10]	 Fly ash	 H2O2	 41.5–72.5	 0.10–0.40	 1.2–6.6
[55]	 Calcined kaolin	 H2O2	 56–75	 0.11–0.17	 1.8–5.2
[14]	 Metakaolin	 H2O2	 60.2–83.1	 0.11–0.17	 0.3–11.6
[6]	 Silica fume +metakaolin	 Silica fume	 78–85	 0.12–0.17	 –
[13]	 Metakaolin	 Silica fume	 65–85	 0.12–0.35	 –
[56]	 Metakaolin	 Silica fume	 65–85	 0.12–0.35	 –
[21]	 Metakaolin waste,	 Aluminum scrap	 83–86	 0.14–0.15	 1.1–2.0
	 Glass waste,	 recycling waste
	 Steel-plant waste
[16]	 Metakaolin 	 Al powder	 30–70	 0.15–0.60	 –
[19]	 Waste glass	 H2O2	 55	 0.21	 7.3
[5]	 Natural soil from Pakistan	 H2O2	 54–63	 0.27–0.35	 1.57–2.41
[38]	 Fly ash	 SiC powder	 32–52	 0.42–0.67	 1.2–4.1
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The optimum FS/P ratio is determined as 20/100 since 
it enables the production of more homogeneous mortar 
without any collapse and surface deformation. The pores 
of sand–rich specimens show the non–homogeneous 
distribution of the larger pores with a higher degree of 
interconnectivity. Furthermore, because fine sand de-
creases the porosity and increases the density of the mor-
tar, it leads to reduce thermal performance; the amount 
of fine sand should not be increased unnecessarily.

•	 The optimum Al powder to pozzolan (Al/P) ratio is 
determined as 0.5% because it gives better physical, 
mechanical, and thermal properties due to its more ho-
mogenous microstructure with finer pore size, regular 
(narrower) pore size distribution, and lower degree of 
interconnectivity (low amount of pore coalescence).

•	 The thermal conductivity is affected by the total volume 
of the macroscale pores (>10 µm), shape, and intercon-
nectivity between pores. Smaller, more circular, and less 
interconnected pores increase the insulation capacity in 
porous structures.

•	 Thermal conductivities of ED–based geopolymer 
foams (0.087–0.134 W/mK) were found within a sim-
ilar range with commonly used alternative inorganic 
ceramic wall materials.

•	 The high insulation capacity is considered the main 
key parameter. ED–based geopolymer foam provided 
promising data to be used as a rigid wall insulation ma-
terial in the building industry. However, its compara-
tively lower mechanical properties and higher water 
absorption ratio could be compensated by protective 
layers, and it could be used as a core layer of a laminat-
ed geopolymer composite that behaves homogenously 
with regard to macro scale.
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ABSTRACT

Recently, it has been known that carbon fiber, a conductive fiber, is used in different mix-
ture designs and the development of electrically conductive cementitious materials. Howev-
er, the evaluation of ferrochrome slag as a recycled aggregate in the mixture of these special 
concretes has still not been investigated. In this study, electrically conductive mortars were 
produced using 100% recycled ferrochrome slag aggregate with a particle size of less than 1 
mm as filling material and using carbon fiber in 4 different ratios, 0%, 0.5%, 0.75%, and 1%. 
To investigate the electrical conductivity properties, the resistivity values of the samples were 
measured at five different times within 2–180 days. In addition, 28-day compressive strength, 
flexural strength, dynamic resonance, ultrasonic pulse velocity, Leeb hardness, scanning elec-
tron microscope, and X-Ray Diffraction tests were performed on all samples. The results were 
compared with the literature, proving that ferrochrome slag could be used as a reasonable 
aggregate in conductive mortars. The age effect was minimal in CF-added mixtures. With the 
addition of 1% CF, the resistivity values decreased approximately 40 times compared to the ref-
erence. Moreover, SEM analyses of the CF-0.75 sample showed that the CFs adhered to form 
a conductive network between the components in the ferrochrome-filled compact structure.
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1. INTRODUCTION

Cement and aggregate, used extensively in the con-
struction sector, threaten the consumption of natural 
resources with each passing day. Therefore, different re-
searches were carried out on industrial waste in concrete 
production [1]. Using industrial wastes as aggregates is im-

portant in reducing natural resource consumption and en-
vironmental impacts [2]. Industrial wastes, which are used 
instead of different components in concrete, improve con-
crete's mechanical and electrical properties. Research on 
alternative materials is continuing to minimize the green-
house gases emerging from cement production, which is 
the main component material of concrete, and reduce en-
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ergy consumption. In addition, since the aggregates used 
in concrete production cause the consumption of natu-
ral resources, alternative material studies are carried out 
[3]. Since concrete, used as a basic material in structures 
such as buildings and bridges, exhibits brittle behavior 
under high pressure, various research has been carried 
out to improve the mechanical properties of concrete [4, 
5]. Aggregate, which constitutes the largest volume of the 
composition in the concrete mix, plays a decisive role in 
terms of concrete strength and workability. Studies use 
industrial waste products such as copper, steel, and ferro-
chrome wastes instead of aggregates in the cement mix-
ture [2]. Ferrochrome waste is one of the wastes preferred 
instead of aggregate in concrete production related to the 
reuse of industrial wastes [6]. Considering its adhesion and 
mechanical properties, it is seen as an alternative compo-
nent that can be used instead of the aggregate used in the 
concrete mix [7]. It has been reported that ferrochrome 
waste particles have a higher density than aggregates [8]. 
If the ferrochrome waste released because of global ferro-
chrome production could be taken under control and re-
used, natural resources would be used more efficiently. In 
this context, it is foreseen that the use of ferrochrome waste 
in cement production will be beneficial in terms of both 
cost reduction and energy savings. In the study of Niemela 
and Kauppi [9], it was reported that ferrochrome waste is 
chemically stable and can be used safely. Also, Lind et al. 
[10] reported that ferrochrome waste is less likely to dis-
tribute harmful heavy metals to the environment. Acha-
rya and Patro [11] reported that ferrochrome waste can 
be used with lime instead of Portland cement in concrete 
production. In addition, it was stated that lime and ferro-
chrome waste added to the concrete mixture improved the 
flexural and compressive strength of the concrete. Panda et 
al. [12] used ferrochrome waste as aggregate in the produc-
tion of portland cement and reported that they obtained 
high-strength concrete. Kumar et al. [13] explained that 
they produced concrete with high compressive strength 
with the ferrochrome waste they used as aggregate. In ad-
dition, there are studies in which higher compressive and 
flexural strength results of ferrochrome aggregate concrete 
are obtained compared to conventional aggregate concrete 
[2, 14]. Since there are not many studies on the mechanical 
properties of ferrochrome waste, it is necessary to deter-
mine the mechanical properties of concrete by optimizing 
the amount of ferrochrome waste in the concrete mixture, 
which is likely to be used instead of sand as an aggregate in 
concrete production. Furthermore, in experimental stud-
ies, it is expected that concrete's structural and mechani-
cal properties will be improved with the components used 
as additives in cement mortar production. Compared to 
conventional concrete, conductive concrete is superior in 
terms of mechanical properties and cost, and concretes 
produced with additives used in conductive concrete mix-

ture are used in application areas such as defrosting [15]. 
Studies are carried out to increase the mechanical proper-
ties of concrete with materials such as carbon nanotubes 
and carbon fiber (CF) included in cement-based mixtures 
[16]. It has been reported that CF concrete, which is one 
of the additives added to the concrete mix to give the con-
crete electrical properties, reduces the electrical resistance 
[17]. On the other hand, Chen and Liu [18] reported that 
the electrical resistance of the conductive concrete would 
increase in case of damage to the CF reinforced concrete. 
Roberts et al. [19] reported that CFs added to concrete im-
prove the compressive and tensile strength of concrete. In 
addition, they explained that the damage to the conductive 
concrete can be determined by the relationship between 
the voltage applied to the concrete and its electrical resis-
tance. Furthermore, CF incorporated into the concrete mix 
improves the mechanical properties of the concrete [20]. It 
has been confirmed by different studies that the electrical 
resistance of concrete is at high levels. While the electri-
cal resistivity of outdoor dried concrete was determined 
as 6.54 X 105–11.4 X 105 Ω.cm, the electrical resistivity of 
saturated concrete and dry concrete were determined to be 
106 Ω.cm and 109 Ω.cm, respectively [21]. There are various 
studies on the mechanical behavior of CF reinforced con-
ductive concrete exposed to different loads such as pressure 
and bending [22]. In the literature, it has been reported 
that CF can inhibit microcrack growth in the study on the 
compressive strength of CF reinforced concrete [23]. Han 
et al. [24] stated that CF reinforced concrete has excellent 
compressive strength and high flexural strength compared 
to conventional concrete. Considering the use of industri-
al waste materials in concrete production and the studies 
on conductive concrete, research has been carried out to 
improve the strength properties of concrete by using recy-
cled ferrochrome instead of aggregate. In addition, the CF 
additive in concrete was investigated in terms of both con-
ductivity and mechanical properties. Studies on improving 
the mechanical properties of concrete by recycled ferro-
chrome, which is used as aggregate in concrete production, 
are limited. In addition, no studies have been conducted in 
which recycled ferrochrome and CF are used together in 
the concrete mix. In this paper, the effects of using recy-
cled ferrochrome instead of aggregate used in the cement 
mixture and CF used as an additive on the microstructure, 
mechanical and electrical conductivity properties of the 
cement mortar were investigated. To understand the effect 
of recycled ferrochrome and CF on the performance of 
concrete, compressive strength, flexural strength, dynamic 
resonance, ultrasonic pulse velocity (UPV), Leeb hardness, 
and dry density tests were carried out. Considering that it 
will provide both low cost and energy savings, the use of 
recycled ferrochrome and CF mixture in the concrete mix-
ture is research conducted to improve the mechanical and 
electrical properties of conductive concrete.
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2. MATERIAL AND METHODS

2.1. Material Properties
100% ferrochrome aggregate was used as the filling ma-

terial in all mixtures. The specific gravity of ferrochrome 
aggregate used was 3.33. CEM II-42.5 R white cement, 
preferred in facade cladding, was used as a binder. In all 
mixtures, 10% calcined kaolin by weight of cement was pre-
ferred. The particle size ranges of ferrochrome, cement, and 
calcined kaolin were compared in Figure 1. 12 mm long, 7.2 
μm diameter, and 0.00155 Ω.cm electrical resistivity CF has 
been used as conductivity enhancing fiber. Carboxymethyl 
cellulose (0.2 wt%), which has been proven to have a posi-
tive effect in several previous studies [25–27], was used as a 
dispersing agent. Different ratios of polycarboxylate-based 
superplasticizers were used to ensure adequate workability 
in all mixtures.

The material content of the conductive mixtures pro-
duced within the scope of the study is summarized in Table 
1. The mixture in the table's first row can be considered the 
matrix for all mixtures. All dry and liquid materials were 
weighed to form the matrix, and the dry materials were 
placed in the mixer for 90 seconds. 70% of the water was 
added and mixed for another 60 seconds. Finally, the re-
quired plasticizer was added to 30% of the water and added 
to the mixture, and the mixing process was continued for 
60 seconds. After all the components came together in CF 
mixtures, when the matrix was ready, the fibers were added 
and mixed with a mixer for 90 seconds.

2.2. Test Methods
For all the planned tests, three 40x40x160 mm prismatic 

specimens were produced from each mixture, and all tests 
were performed on identical specimens, primarily non-de-
structive ones. The electrical resistivity of cementitious ma-
terials is measured for different purposes. For example, elec-
trical resistivity values are measured, especially for corrosion 
detection in rebar reinforced structural elements. In these 
studies, the four-probe technique or other superficial test 
techniques are used as the measurement method. Since the 
resistivity measurement reason in the current study was to 
specify the bulk conductivity of the samples, the two-point 
uniaxial measurement method, which is also frequently used 
in the literature [21, 28], was preferred. A potential difference 
of 40 volts was applied to all samples for resistivity measure-
ment. The frequency was kept constant at 50 Hz throughout 
the measurement. Longitudinal resonance frequency test-
ing was performed for all mortar samples according to the 
ASTM C215 standard [29]. In this test method, the specimen 
is fixed midway between two supports, and a slight impact 
is applied from one end of the specimen, while the impact 
response from the other end is measured with an acceler-
ometer. Resonance frequency diagrams are drawn for each 
sample using the data obtained with the accelerometer, and 
accordingly, the damping ratio of the mortars is determined.

Flexural and compressive strength tests were carried out 
following the TS EN 196-1 standard [30]. UPV tests were 
performed according to ASTM C597 [31]. The ASTM A956 
standard [32] was used to determine the Leeb hardness of 

Figure 1. Grain size range of ferrochrome, cement, and calcined kaolin.
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the produced samples. In addition, densities were calculat-
ed by measuring the dry weight and dimensions of all 28-
day samples. The surface characterization of the mixture's 
ferrochrome aggregate used as aggregate was made by scan-
ning electron microscopy (SEM) and elemental character-
ization by Energy Dispersive X-Ray Analysis (EDX). In 
addition, SEM and XRD analyses of FRC and FRC-0.75CF 
samples were performed. The experimental flow realized 
within the scope of the study is shown in Figure 2.

3. RESULTS AND DISCUSSION

3.1. Mechanical Test Results
The compressive and flexural strength test results of 

concrete samples are shown in Figure 3 comparatively. The 
CF additive component affected the mechanical properties 
of the conductive concrete. The compressive strength val-
ues of the samples vary between 66 MPa and 71 MPa. The 
highest compressive strength was determined in the 0.50 
CF reinforced FRC-0.50CF sample. On the other hand, the 
compressive strength decreased with the increase of CF con-
tent in the cement mixture. Compared to the FRC-0.50CF 
sample, the compressive strength values in the FRC-0.75CF 

and FRC-1.0CF samples decreased by approximately 4% 
and 5%, respectively. It could be stated that the compressive 
strength value of the FRC-0.50CF sample is higher than the 
other samples, and the increased CF reinforcement element 
in the conductive concrete mixture causes a decrease in the 
compressive strength.

On the other hand, the flexural strength results of the 
samples are in the range of 63 to 72 MPa. The flexural 
strength test results increased with 0.50% CF added to the 

Table 1. Component ratios in mixtures

No	 Code	 Ferrochrome slag	 Cement	 Calcined kaolin	 Water	 CF	 Superplasticizer 
		  aggregate (g)	 (g)	 (g)	 (g)	 (g)	 (g)

1	 Ref	 1550	 500	 50	 231	 0.0	 6.25
2	 CF-0.50	 1541	 500	 50	 231	 9.0	 8.25
3	 CF-0.75	 1537	 500	 50	 231	 13.5	 9.0
4	 CF-1.0	 1533	 500	 50	 231	 18.0	 10.75

Figure 2. Experimental flow flowchart.

Figure 3. Compressive and flexural strength test results.
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concrete sample, as in the compressive strength test results. 
In the next test, the flexural strength value of the concrete of 
0.75% CF reinforcement component in the cement mixture 
is 72 MPa. In the final test specimen, the flexural strength 
value decreased with increasing the CF content in the 
mixture to 1.0%. The flexural strength values of the FRC-
0.50CF and FRC-1.0CF samples decreased approximate-
ly 5% and 8%, respectively, compared to the FRC-0.75CF 
sample with the highest flexural strength value. The flexural 
strength value of the ferrochrome-filled concrete sample 
without CF reinforcement is lower than that of the CF rein-
forced samples and could be associated with the improve-
ment of the flexural strength of the concrete sample by the 
CF reinforcement component in the cement mixture. The 
flexural strength test results can be correlated with the load 
bearing capacity corresponding to the crack in the concrete 
material. Thus, the CF reinforcement increased the flexur-
al strength by resisting crack propagation in the concrete 
material. Compressive strength in concrete materials con-
taining CF reinforcement components was similar to flex-
ural strength performance. While the highest compressive 
strength effect of the concrete material was achieved with 
0.5% CF, the highest flexural strength increase was ob-
tained with 0.75% CF. Al-Shamayleh et al. [33] associated 
the increase in compressive strength with high elasticity 
and reported that it contributed to the flexural strength. 
In addition, Chen et al. [23] pointed out that CF concrete 
increases compressive strength and prevents fractures in 
the concrete material. Therefore, it could be said that the 
ferrochrome-filled CF reinforced cement mixture provides 
compressive strength and flexural strength increase on the 
concrete material and prevents the spread of crack damage 
in the concrete structure.

3.2. Non-Destructive Test Results

3.2.1. Electrical Resistivity
Electrical resistivity values of 2, 14, 28, 90, and 180 days 

were measured and compared in Figure 4. Considering the 
time effect on the resistivity results, the resistivity values 
increased with the advancing age of the sample in all mix-
tures. This was more evident in the pure mixture without 
conductive fibers compared to the conductive mixtures. In 
FRC, FRC-CF0.5, FRC-CF0.75 and FRC-CF1.0 mixtures, 
180-day resistivity values increased 6.07, 2.30, 1.16 and 1.23 
times, respectively, compared to 2-day. This means that the 
conductivity of the materials decreases at these rates over 
time. When the resistivity values of 0.5%, 0.75%, and 1% 
CF added mixtures were compared with the pure sample, 
56, 206, and 289 fold reductions were observed at 180-day 
values. The reason for the excessive conductivity loss of 
the pure mixture compared to the conductive mixtures is 
the presence of water in the matrix, the factor in which it 
conducts the current in this mixture. In cementitious mate-
rials, conductivity decreases with the evaporation of water 

and the completion of hydration processes over time [34]. 
In conductive mortars, conductivity values were more sta-
ble since the current flow path was through the fibers. In 
the present study, 2-day resistivity values were obtained 
between 80–4762 and 180-day values between 100-28921 
Ω.cm. Different studies have confirmed that the electrical 
resistance of concrete is at high levels.

While the electrical resistivity of outdoor dried concrete 
was determined as 6.54 X 105–11.4 X 105 Ω.cm, the electri-
cal resistivity of saturated concrete and dry concrete were 
determined to be 106 Ω.cm and 109 Ω.cm, respectively [21]. 
The specification of a conductivity class for concretes may 
vary for different purposes. For example, in the study of De-
hghanpour et al. [34], the maximum resistivity value of a 
heat-producing concrete is approximately 500 Ω.cm. This 
value may vary in self-perceiving concretes. D'Alessandro 
et al. [35] presented a systematic investigation of various 
procedures to fabricate self-sensing carbon-nanotube-con-
taining cementitious materials. The dispersion quality, de-
composition rate, and SEM images of nanotubes were inves-
tigated using the dispersion of nanotubes in water, chemical 
dispersants, and different mixing strategies. The resistivity 
values of different mixtures containing 0-1.6% multi-walled 
carbon nanotube (MWCNT) were obtained between about 
103–107 Ω.cm according to different experimental proce-
dures. According to the results of the study, it was found that 
the minimum MWCNT content was 1% by weight of ce-
ment in order to obtain self-sensing cementitious materials.

3.2.2. Dynamic Resonance Test Results
The defects of conventional concrete, such as low tensile 

strength, low ductility, and low damping, can be replaced 
and improved with additive phase materials. In addition 
to the mechanical, durability, and physical properties of 
cementitious materials, examining their dynamic behavior 
is important for the health of the building. Therefore, it is 
advantageous to investigate the effects of fibers and addi-
tives in cementitious materials on dynamic properties such 
as damping ratio. Different methods in materials can ob-

Figure 4. Electrical resistivity results from mortar speci-
mens.
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tain the damping ratio. The half-Power method was used 
in this study. In the Half-Power method, the damping ratio 
is derived from the frequency spectrum of a structure's ac-
ceptance. For this, the upper and lower frequency values 
with an amplitude of 0.707 times the peak of the response 
signal are found. The damping ratio is calculated by divid-
ing the difference between the upper and lower frequencies 
by twice the natural peak frequency. Amplitude-Frequen-
cy curves obtained by subjecting samples produced from 
four different mixtures to a dynamic resonance test and 
their damping ratios are summarized in Figure 5. When the 
curves in the Figure are considered, the amplitude values 
vary between 2.7-4 units. Also, the peaks were around 5500 
kHz. When the damping ratios are considered, it is ob-
served that the damping property increases with the addi-
tion of CF and the increase in its ratio. Damping ratios vary 
between 7.1% and 8.7%. The damping ratios of 0.5%, 0.75% 
and 1.0% CF added mixtures increased by 2.8%, 3.8% and 
23% compared to the pure mixture. In a research paper 
[36], the damping ratios of conventional concrete samples 
filled with recycled aggregates at different rates were be-
tween 1 and 4. Nabavi et al. [37], polypropylene fibers and 
styrene butadiene rubber (latex) were selected for use in the 
concrete mix to obtain highly damped concrete. Four cate-
gories of laboratory concrete samples, including plain con-
crete, fiber reinforced concrete, polymer modified concrete, 
and fiber used in polymer modified concrete, were poured 
and tested to determine the damping rate of these concrete 
categories. Experiments have shown that polymer-concrete 
composites can absorb dynamic load energy much faster 
than conventional concrete. Therefore, the positive effects 
of synthetic fibers on the damping rate have been proven in 
the literature [38]. In Figure 5, when the curves and damp-
ing ratio results are compared, steeper peaks show lower 
damping and lower peak higher damping. This situation 
is explained in the literature as follows. It is known that 
narrow and steep Frequency-Amplitude curves have less 
damping properties of the relevant material, and wide and 
low curves have higher damping properties [39].

3.2.3. Ultrasonic Pulse Velocity (UPV)
UPV and density measurement results of the prepared 

samples are shown in Figure 6. It is seen that the UPV and 
density values of the samples decrease with the CF additive 
added to the mixture. The highest UPV and density values 
are 3.9 km/s and 2.32 g/cm3 in the FRC sample, respective-
ly. Vilaplana et al. [40] reported that the UPV and density 
values of high-strength materials showed linear similarity 
with the compressive strength. Also, Dabbaghi et al. [41] 
reported that interparticle voids occur in fiber-containing 

Figure 5. Damping ratio and amplitude-frequency curves.

Figure 6. Ultrasonic pulse velocity test results.

Figure 8. Leeb hardness test results.

Figure 7. Relationship between UPV and density.
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concrete samples. They also explained a direct relationship 
between UPV and concrete density. It can be said that add-
ing CF to the ferrochrome-filled cement mixture harms the 
compact structure of the matrix by reducing the UPV and 
density values.

On the other hand, it could be concluded that CF re-
inforcement, which provides the increase in compressive 
strength and flexural strength, is not effective on these pa-
rameters. When the UPV and density test results in Figure 
7 are compared with the compressive strength test results in 
Figure 3, it is seen that the UPV and density values of the 
FRC-0.75CF sample with the highest compressive strength 
decreased. Thus, it is verified that the compact structure in 
the concrete material is obtained by ferrochrome filling. As 
stated by Dawood et al. [42], adding fiber to the mixture in-
creased the porosity formation by decreasing the workabil-
ity of the mixture. The CF in the cement mixture reduced 
the UPV velocity wave throughout the sample, decreasing 
the UPV value.

3.2.4. Leeb Hardness Results
Figure 8 shows the Leeb hardness test results of the 

samples. It is seen that there is a compatibility between 
the pressure values mentioned above and the Leeb hard-
ness results. It is observed that the Leeb hardness value of 
the concrete sample increased with 0.5% CF added to the 
ferrochrome-filled cement mixture. On the contrary, the 
Leeb hardness value decreased with increasing CF content 
in the mixture. Gomez-Heras et al. [43] reported that the 
Leeb hardness value is related to porosity. It could be stated 
that the ferrochrome filler in the mixture fills the porous 
structures of the concrete material and thus contributes to 
the increase in strength of the concrete. In addition, adding 
CF to the mixture improved the Leeb hardness of the sam-
ple. It could be said that the CFs in the FRC-0.5CF sam-
ple with the highest Leeb hardness are evenly distributed 
in the mixture, and sufficient fiber reinforcement is made. 
The decrease in Leeb hardness value with the increase of 
CF in the mixture can be attributed to the fact that CFs 
begin to cluster in the mixture and form porosity in the 
structure. There are a few Leeb hardness studies on regular 
concretes, although limited. Song et al. [44] investigated the 
Leeb hardness of sodium silicate-based concrete and regu-
lar C30 concrete and concluded that the average hardness 
value of regular concrete was 362 HL, and that of sodium 
silicate-based concrete was 405 HL. In [38] studies, Lebb 
hardness values for UHPCs were measured between 620-
640 HL. Lebb hardness values measured for samples vary 
between 575-583 HL.

3.2.5. Microstructure Analysis Results
SEM analysis of the ferrochrome aggregate, whose 

pictures are shown at three different resolutions, is given 
in Figures 9 a, b, and c. SEM images provide information 
about the pore structure of ferrochrome. Angular irregu-

lar distribution of ferrochrome particles is observed. The 
roughness of the particle surface shown in Figure 9 b can 
be attributed to the ferrochrome aggregate's strong adhe-
sion with the cement mix's components. The microstruc-
ture of the high-magnification ferrochrome in Figure 9 c 
has seen a dense layer form. The fact that there are almost 
no voids in the ferrochrome structure could be attributed 
to the fact that crack formation can be prevented. In addi-
tion, it could be stated that when used instead of aggregate 
in ferrochrome cement mixture, it can increase concrete 
quality and contribute to compressive strength. The EDS re-
sults from the analysis of the selected area in Figure 9 c are 
shown in Figure 9 d. The presence of aluminum (Al), silica 
(Si), iron (Fe), and chromium (Cr) in the structure of fer-
rochrome aggregate from EDS peaks was determined. Also, 
the chemical composition is given in the table in Figure 9 
d. It is seen that ferrochrome aggregate contains 52.85% Cr, 
39.68% Fe, 6.29% Si, and 1.18% Al by weight. The very low 
carbon content can explain the absence of the C peak in the 
EDS analysis of the product. However, low levels of Al and 
Si contents confirm the high purity ferrochrome aggregate. 
The presence of elements such as Al and Si other than Fe 
and Cr elements in the ferrochrome structure is explained 
by the different spinel structures of ferrochrome [45].

The XRD analysis of the ferrochrome aggregate is 
shown in Figure 10. Also, the crystal phases analyzed from 
the x-ray diffraction of ferrochrome in Figure 10 are shown 
in the table. It can be noted that the seven minerals detected 
are stable products and intensify the microstructure men-
tioned above. Also, it can be stated that the crystal phase 
minerals contribute to the increase in strength in the ferro-
chrome-filled concrete sample [46]. In addition, The broad-
ening peak between 2θ: 10 and 20 can be explained by the 
presence of the amorphous phase [7]. It is observed that 
crystalline phases of minerals mainly containing chromium 
and iron are formed.

On the other hand, the crystal phase formation of 
quartz, calcite, magnesium, and aluminum minerals is low. 
It is seen that the most intense peaks are seen in the crystal 
phase structures of the chromferide and fayalite minerals. 
The formation of calcite and quartz crystal phases can be 
associated with the mentioned C-S-H (Calcium Silicate Hy-
drate) formation in the microstructure of ferrochrome. Is-
lam et al. [47] reported that the mineralogical properties of 
ferrochrome are complex due to the presence of chromium 
in different oxide states. On the other hand, in the crystal 
phase analysis of the ferrochrome aggregate characterized 
in this study, it was observed that only the chromferide 
mineral contained Cr.

Figure 11 shows the ferrochrome-filled pure FRC 
sample's SEM images at different magnifications. The sur-
face morphology of the FRC sample gives information 
about the pore structure and crack formation. The rough 
surface morphology seen in Figure 11 a can be associat-
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ed with the rough surface of the ferrochrome mentioned 
above aggregate. In addition, the surface roughness of 
the ferrochrome aggregate significantly affected the 
bond strength in the cement mixture. However, at higher 
magnification microstructures (Fig. b and c), the aggre-
gates appear to be irregularly dispersed angled particles. 
Moreover, the presence of C-S-H formations is related to 
the dense structure in the microstructure. The fact that 
the porous structure seen in Figure 11 c is not typical 
throughout the sample can be attributed to the inhibition 
of the increase in porosity by the dense structure of the 
ferrochrome aggregate.

The SEM image of the conductive concrete sample 
(FRC-0.75CF) in which CFs close to each other form a con-
ductive network is given in Figure 12 a. Figure 12 b shows 
the high-magnification microphotograph of the SEM image 
with CF. SEM analyzes show that CF reinforcement reduces 
porosity in the microstructure. It could be stated that CFs 
in the cement matrix accelerate the formation of C-S-H, 
increasing the nucleation regions where stable growth oc-
curs, filling the porous structure, and thus increasing the 
strength of the concrete sample [48]. In addition, it could 

be said that the fibers in the sample containing 0.75% CF 
do not agglomerate and do not adversely affect the strength 
properties mentioned above. Adding more than 0.75% 
CF to the cement mix causes the fibers to clump together, 

Figure 9. SEM images of ferrochrome aggregate (a–c), EDS analysis of ferrochrome aggregate (d).

(a)

(c)

(b)

(d)

Figure 10. XRD patterns of ferrochrome aggregate.
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weakening the cement matrix, and crack propagation can-
not be prevented. The compact microstructure formed by 
the ferrochrome aggregate particles settling in the cement 
matrix with CFs contributed to the increase mentioned 

above in compressive strength. Also, the increased com-
pressive and flexural strength of the CF mentioned above 
added concrete sample could be correlated with the dense 
microstructure shown in Figure 12 b.

Figure 11. SEM microphotograph of FRC sample.

(a) (b)

(c)

Figure 12. SEM images of conductive concrete FRC-0.75CF sample.

(a) (b)
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Moreover, the increase in compressive strength in the 
0.75% CF-added mortar sample was explained by the ab-
sence of ettringite formation, which causes internal stresses 
and cracks in the microstructure [49]. On the other hand, 
homogeneously distributed CFs formed a conductive net-
work (Fig. 12 a). CF fibers in sample FRC-0.75CF increased 
the conductivity of the concrete by decreasing the electrical 
resistivity. The increase in conductivity can be explained by 
the CFs that form a conductive bridge between the aggre-
gate and matrix in the cement mixture. It can be said that 
the cement hydration products seen in Figure 12 b adhere to 
the CF and increase the strength of the conductive concrete.

The crystal structures of the FRC and FRC-0.75CF sam-
ples and the minerals in the table are shown in Figure 13. 
In the XRD analysis of the FRC sample, the most quartz 
peaks are seen, and the chromeferide peak, which contains 
Cr and Fe elements in the ferrochrome aggregate structure, 
was found. Also, the chromium phase was formed although 
at low peak intensity. The quartz mineral with the highest 
peak intensity is explained by the availability of free silica 
[50]. Compared to the FRC-0.75CF sample, it is seen that 
the quartz peak density in the FRC sample is higher. In the 
XRD analysis of the ferrochrome mentioned above aggre-
gate, the high densities of the mineral phases turned into 
low-intensity phases in the FRC sample. It can be attributed 
to the different reactions that take place in the cement mix-
ture of the ferrochrome aggregate.

Moreover, compared to the FRC sample, the XRD anal-
ysis of the FRC-0.75CF sample shows carbon, portlandite, 
and C-S-H crystal phases. In the XRD patterns of the FRC-
0.75CF sample, it is seen that the peak of the carbon crystal 
is intensity. Also, portlandite and C-S-H compositions con-
tributed to the surface interaction between cement matrix 
and CF. The fact that the main crystalline phases are carbon 
and quartz can be attributed to the workability of the con-
ductive network in the cement matrix [51]. The low peak 
densities of the C-S-H phases may be associated with the 

reaction in the cement mixture. In addition, C-S-H char-
acterized at different diffraction angles can be attributed to 
the compactness of the microstructure and the increase in 
strength in the concrete sample. C-S-H phase formation, 
which is compatible with the SEM images of the FRC-
0.75CF sample, contributed to the compressive strength 
of the concrete sample. Also, the increase in compressive 
strength can be attributed to the collapse of the C-S-H gel 
around the CFs. In addition, according to Bai et al. [52], 
the high carbon peak intensity was attributed to the high 
specific surface area of the carbon and its association with 
other particles. It has also been reported that carbon parti-
cles in the cement mixture improve the hydration reaction. 
However, it is stated that the small gaps between the carbon 
particles cause the gaps in the cement mixture to increase, 
thus reducing the compressive strength of the concrete [53, 
54]. It can be said that the effect of CFs on the strength in-
crease is limited despite the increased matrix strength in the 
ferrochrome-filled cement mixture.

4. CONCLUSIONS

In this article, the effects of ferrochrome filler used in-
stead of aggregate and CF added to the cement mixture as 
reinforcement in different proportions on the compressive 
strength, flexural strength, UPV, density, electrical resistiv-
ity, and Leeb hardness of the concrete sample were investi-
gated. In addition, the effect of CF on the microstructure 
and phase formations in the cement matrix in the FRC-
0.75CF sample, which has optimum values in mechanical 
and conductivity test results, was characterized. According 
to the resistivity test results, the age effect of ferrochrome 
slag aggregate-filled conductive mortars was more evident 
in the first ages, and the age effect decreased over time. 
Almost no age effect was observed in CF-added mixtures. 
With the addition of CF, the resistivity values decreased ap-
proximately 40 times compared to the reference. The lowest 
resistivity value was measured for the mixture containing 
1% CF. According to the damping ratio values obtained 
from the dynamic resonance test results, adding CF im-
proved the damping property, and the maximum increase 
was calculated for the mixture containing 1% CF as 23%.

CF's compressive and flexural strength effects on con-
crete materials were similar. In the above-mentioned 
compressive strength test results, the FRC-0.75CF sample 
with the highest value provided 2 MPa higher compressive 
strength than the unreinforced FRC sample. Also, among 
the CF reinforced samples, the compressive strength of 
the FRC-0.75CF sample was 5 MPa higher than that of the 
FRC-1.0CF sample. In the flexural strength test results, the 
use of CF in the cement mixture positively affected the con-
crete's mechanical properties. FRC-0.75CF sample with the 
highest flexural strength value has 9 MPa and 6 MPa more 
strength compared to unreinforced FRC and reinforced 
FRC-1.0CF samples, respectively.

Figure 13. XRD patterns of ferrochrome filled (FRC) and 
carbon fiber reinforced cement (FRC-0.75CF).
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On the contrary, increasing the CF content added to the 
mix did not improve the UPV and density results. While 
adding CF decreased the UPV value to 3.1 km/s, the in-
crease in compressive strength confirmed the relationship 
between the ferrochrome filler in the mixture and the UPV. 
Ferrochrome filler reduced the porosity and increased the 
UPV value of the hardening concrete. UPV and densi-
ty measurement results showed that the FRC-filled plain 
concrete sample had a compact structure with less damage 
than the CF-added concrete samples. Leeb hardness test re-
sults, which show parallelism with the compressive strength 
values, confirmed the effect of filler and additive material. 
While the ferrochrome filling in the mixture increased the 
density of the structure, the CF reinforcement increased the 
strength of the concrete sample up to a certain extent. In 
the SEM analysis of ferrochrome aggregate, almost no void 
structure and hydration product formation were observed. 
SEM analysis results contributed to the reduction of poros-
ity in the matrix by densifying the cement matrix of 0.75% 
CF. In addition, C-S-H formations in the microstructure im-
proved the compact structure, and the absence of ettringite 
structures facilitated increased mechanical strength. More-
over, SEM analyses of the FRC-0.75CF sample showed that 
the CFs adhered to form a conductive network between the 
components in the ferrochrome-filled compact structure.

As a result, ferrochrome-filled CF reinforced concrete, which 
is recommended instead of regular concrete, which is widely 
used in the construction industry, offers superior mechanical 
and electrical properties compared to regular concrete by pro-
viding low production cost and energy savings in production.
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ABSTRACT

An experimental work was herein presented focusing the effect of different type, shape and vol-
ume fraction of fibers on the hardened properties of concrete including compressive, splitting 
tensile and flexural strengths at 7 and 28 curing days. A control concrete mixture including no 
fiber was prepared and six fiber-reinforced concrete (FRC) mixtures were designed by using two 
different fiber types and volume fractions. Two types of steel fibers having different shapes (short 
straight and long hooked end) and polypropylene fiber were used with the volume fraction of 
0.4% and 0.8%. The load-deflection curves and toughness of the specimens were analyzed based 
on ASTM C1609. The results showed that the utilization of short straight steel fibers with 0.8% 
volume fraction was most efficient at enhancing the compressive strength with 9.98% while the 
use of 0.8% long hooked end steel fibers provided better splitting tensile and flexural strengths 
with 33.33% and 30.35%, respectively, compared to specimen with no fiber at 28 curing day. 
Besides, the long hooked end steel fibers with the volume fraction of 0.8% contributed to an 
excellent deflection hardening behavior resulting in higher load deflection capacity and higher 
toughness values at peak load, L/600 and L/150. On the other hand, with incorporation of poly-
propylene fiber, all strength values decreased regardless of the volume fraction and curing days.
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1. INTRODUCTION

Traditional concrete is a brittle material that performs
well in compression but can undergo brittle failure under 
tensile load. The increase in concrete strength enhances 

the brittleness of concrete [1]. Therefore, concrete design 
should be optimized to achieve sufficient energy absorp-
tion capacity, ductility, and strength to withstand struc-
tural tensile, impact and fatigue loads. In order to improve 
the engineering properties of concrete in terms of brittle-
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ness, post-cracking capability and burst failure, short and 
randomly distributed fibers can be gradually added into 
concrete [2, 3]. Adding fibers such as basalt, polypropyl-
ene (PP), glass, and steel fibers into cement-based com-
posites is so common to upgrade the tensile performance 
and mechanical properties [4–10]. These advantageous 
properties of fibers cause an increase in the application 
of fiber-reinforced concrete throughout the world. For 
instance, it has been widely used in industrial and infra-
structure applications such as overlays, channel lining, 
airport pavement, etc., due to its positive effect on the du-
rability of concrete.

On the other hand, the influences of fiber types on the 
hardened properties of concrete differ according to their 
physical and geometrical properties. Besides, the fiber 
content of concrete has to be limited depending on the 
length, shape, and type of fiber because the demanded 
strength can be achieved by using an adequate amount of 
fiber. Therefore, their optimum usage of concrete should 
be determined in a manner that causes the maximum im-
provement in the mechanical and durability properties of 
concrete by the minimum decrease in workability [11, 12].

In recent years, many researchers have focused on the 
influences of adding fibers on the hardened properties of 
concrete. Most existing studies have been carried out about 
using fibers, but there are still contradictory results about 
their effects on concrete. Khaloo et al. [13] used hooked 
end steel fiber with the volume fraction of 0.5%, 1%, 1.5% 
and 2% and found that tensile strengths of self-compact-
ing concrete increased by the increase in fiber content 
while the compressive strength was decreased. Zeyad et al. 
[14] explained compressive strength reduction due to the 
effect of the length and shape of hooked end fibers which 
affect compacting efficiency. On the other hand, Şahin 
and Köksal [15] used two different hooked end steel fi-
bers with different lengths and a volume fraction of 0.33%, 
0.67%, and 1%. They indicated that the steel fiber volume 
and length do not affect compressive strength, while the 
steel fiber with high tensile strength improved the tensile 
strengths of concrete.

Similarly, Olivito and Zuccarello [16] concluded that 
steel fiber length has little effect on compression behavior. 
In the study of Yoo et al. [17], 1%, 2%, 3% and 4% volume 
fractions of straight fiber were used and the specimen 
obtained the highest load carrying capacity and elastic 
modulus with fiber volume fraction of 3%. Altun et al. 
[18] utilized hooked end steel fiber at dosages of 0, 30 
and 60 kg/m3 and found that the use of steel fiber at a 
dosage of 30 kg/m3 showed the highest enhancement in 

terms of flexural toughness and ultimate load. Özkılıç et 
al. [19] also used hooked end steel fiber with the volume 
fraction of 0.5%, 1%, 1.5% and 2% and concluded that 2% 
volume fraction of steel fiber was a limit value because 
the bending behavior began to dominate at that dosage. 
This finding was explained by the reduction in workabil-
ity and bulking caused by high steel fiber content. In the 
study of Koroglu and Ashour [20] waste steel bead wires 
were added into concrete between 1% and 5% with an in-
crement of 1%. They also found that the use of fiber ratio 
more than 2% caused a decrease in both compressive and 
splitting tensile strength, which was attributed to the re-
duction in workability.

Nonetheless, Cifuentes et al. [21] and Malek et al. [22] 
found that using PP fiber enhanced the ductility and flex-
ural toughness compared to plain concrete in regardless of 
the fiber volume. Besides, some authors [23, 24] reported 
an increase of up to 10% in flexural strength with the ad-
dition of PP fiber. However, Ramesh et al. [25] conclud-
ed that the best flexural strength was observed by incor-
porating 0.6% PP fiber compared to those of 0.3%, 0.9% 
and 1.2% PP fiber. On the other hand, L. Bei-xing et al. 
[26] and Mazaheripour et al. [27] indicated that PP fiber 
changed the compressive strength hardly ever, while some 
other studies [28–30] found an increase up to 20%, which 
was attributed to the influence of fiber and aggregate in-
terlocking mechanisms.

This study aimed to assess how different types, shapes 
and volume fractions of fibers influence the hardened 
properties, which were compressive, splitting and flexural 
tensile strengths of concrete. Within this scope, two types 
of fibers (PP and steel), two different shapes of steel fibers 
and two fiber volume fractions (0.4% and 0.8%) were con-
sidered. The flexural performance also included deflection 
capacity and toughness values based on ASTM C1609.

Table 1. Chemical properties of PC

(%)	 SiO2	 Al2O3	 Fe2O3	 CaO	 MgO	 SO3	 K2O	 Na2O

PC	 19.40	 5.36	 3.79	 64.3	 2.25	 2.47	 0.90	 0.06

Figure 1. Grain size distribution of aggregates.
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2. EXPERIMENTAL PROGRAM

2.1. Materials and Mixture Proportions
In this work, CEM I 42.5 Portland Cement (PC) with 

specific gravity of 3.15 was used as binder and its proper-
ties were as shown in Table 1. Fine and coarse aggregates 
with the maximum aggregate size of 5 mm and 16 mm, 
respectively, were used. The specific gravity and water ab-
sorption of sand was 2.39 and 2.30%, respectively. Gravel 
had the specific gravity of 2.68 and water absorption of 
0.4%. Figure 1 shows the grain size distribution of the ag-
gregates used in this study. Polycarboxylic polymer-based 
superplasticizer (SP) with a specific gravity of 1.06 was 
used in all mixtures.

Two different shapes of steel fibers, i.e., long hooked 
end and short straight fibers, and a polypropylene synthetic 
fiber were considered to investigate the influence of fiber 
shape and type on the mechanical and flexural performance 
of concrete as shown in Table 2. The long hooked end steel 
fiber, short straight steel fiber and polypropylene fiber were 
denoted as HL, SS and PP, respectively.

In this study, a control mixture including no fiber and 
six FRC mixtures were designed as shown in Table 3. In all 
mixtures, the ratio of water/PC was kept constant as 0.50 
while fine and coarse aggregates were added into the mix-
tures in 60% and 40% of the total aggregate by weight, re-
spectively. Besides, in order to adjust the similar slump val-

Table 2. Physical and geometrical properties for fibers

Name	 Fiber type	 Picture	 d (mm)	 l (mm)	 Aspect ratio	 Ef (GPa)	 ft (MPa)	 Density (g/cm3)

HL	 Long hooked	  	 0.90	 60	 66	 210	 Min 1150	 7.8 
	 end steel fiber

SS	 Short straight	  	 0.15	 6	 40	 200	 3000	 7.2 
	 steel fiber

PP	 Polypropylene	  	 –	 6	 240	 –	 350	 0.91 
	 synthetic fiber

l=length of fiber, d=diameter of fiber, Aspect ratio=l/d, Ef=modulus of elasticity of fiber, ft=tensile strength of fiber.

Table 3. Mixture proportions of fiber-reinforced concrete specimens

Mix code	 Fiber content			   Unit weight (kg/m3)				    Slump 
	 by volume (%)							       (mm)

		  Cement 	 Water 	 Fiber 	 Aggregates 		  SP

					     0–5 mm	 5–15 mm

Control	 –	 350	 200	 0	 1007.0	 671.3	 1.75	 150
HL-0.4	 0.4	 350	 200	 31.4	 1001.1	 667.4	 1.75	 130
HL-0.8	 0.8	 350	 200	 62.8	 995.2	 663.5	 1.75	 120
SS-0.4	 0.4	 350	 200	 28.8	 1000.8	 667.4	 2	 150
SS-0.8	 0.8	 350	 200	 57.6	 995.2	 663.5	 2	 140
PP-0.4	 0.4	 350	 200	 3.64	 1001.1	 667.4	 2	 160
PP-0.8	 0.8	 350	 200	 7.28	 995.2	 663.5	 2.5	 170

HL=long hooked end steel fiber, SS=short straight steel fiber, PP=polypropylene fiber.
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ues, SP were used as variable. Except control mixture, the 
fiber contents of 0.4% and 0.8% by the volume of concrete 
were used. In the Mix Code, the percentages of the fiber 
content of the mixtures were written next to the fiber types. 
That is, SS-0.4 represented the concrete mixture including 
0.4% short straight steel fiber by volume.

2.2. Mix Procedure and Sample Preparation
For the mix procedure, all aggregates and steel fibers 

used in the designed mixture were mixed with 2/3 of the 
mixing water during 3 minutes. Then, PC and SP mixed 
with the rest of the water were mixed for additional 7 min-
utes. In the PP fiber-reinforced mixtures, at last, PP fiber 
was added and mixed into the mixture slowly to satisfy 
uniform distribution when the ingredients were dispersed 
effectively. To adjust the similar workability, slump flow test 
was carried out and the slump flow diameters of the fresh 
mixtures were measured. These values were found in the 
range of 120 mm–170 mm as shown in Table 3. Then, they 
were poured into moulds by two layers and vibrated for 60 
times. After casting concrete, the specimens were covered 
with plastic sheets to inhibit the loss of moisture. They were 
kept in a room temperature and after 24 hours, the spec-
imens were demolded and cured in saturated lime water 
until 7 and 28 curing days.

2.3. Test Procedure
In order to assess the effects of fiber type, shape and 

volume fraction on the mechanical and flexural properties 
of FRC, compressive, splitting tensile and flexural strength 
tests were conducted as shown in Figure 2. For each de-
signed mixtures, three specimens were tested and mean 
value of them was reported as test results to obtain the 
hardened properties.

The compressive strength tests were carried out using 
150x150x150 mm3 cube specimens according to ASTM 
C39 [31]. The loading rate was 6 kN/sec. The test was con-
tinued until it lost its all-load carrying capacity.

The splitting tensile strength test was carried out using 
cylindrical specimens with a diameter of 100 mm and a 

height of 200 mm as per ASTM C496 [32]. The loading rate 
was arranged as 1.7 kN/sec. A thin plywood bearing strip 
was put along the length of the specimen to distribute the 
diametrical compressive force uniformly.

Four-point bending test through displacement control 
was carried out to measure the flexural strength based on 
ASTM C78 [33]. The beams with a cross-section of 100x100 
mm2 and a length of 400 mm were used and the mid-span 
deflection was measured using a Linear Variable Differen-
tial Transformer (LVDT) placed at the middle of the spec-
imen. The loading rate was arranged as 0.003 mm/sec. The 
load-deflection curves determined the flexural behavior of 
the FRC specimens.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

3.1. Compressive Strength

3.1.1. Effects of Fiber Type and Shape on Compressive 
Strength
Figure 3 illustrates the effect of fiber type and shape on 

the compressive strength of concrete with/ without fiber at 
7 and 28 days. For seven curing days, concrete specimens 
with no fiber had the highest compressive strength with 
37.1 MPa compared to the FRC specimens, regardless of 
the fiber content. On the other hand, for 28 curing days, 
the highest compressive strengths were obtained in the 
short straight steel fiber-reinforced concrete specimens 
with 43.5 MPa and 45.2 MPa for 0.4% and 0.8% fiber 
content, respectively, representing increases of 5.84% and 
9.98% compared to the control specimen. This may be be-
cause at early age, the fibers could not show their effects on 
the strength due to the immaturity of the matrices. How-
ever, by improving the matrix, the SS fibers could inhibit 
the crack initiation and propagation and contribute an ef-
fective bridging mechanism. The effectiveness of SS fiber 
was so sharp for all fiber contents at 28 days. This could 
be because the shortest fiber in length could bridge the 
micro cracks more effectively. In the other studies [10, 34–
36], it was also found that short and straight micro fibers 

Figure 2. Mechanical tests: (a) compressive strength, (b) splitting tensile strength and (c) flexural tensile strength.

(a) (b) (c)
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played a vital role on the enhancement of the compres-
sive strength of FRC because of inhibiting the micro-crack 
propagation. However, the compressive strength of PP fi-
ber-reinforced concrete with the fiber volume of 0.4% and 
0.8% were the lowest at 7 and 28 curing days. That is, the 
compressive strength of PP0.4 was lower than that of the 
control concrete by 52.83% and 26.76%, respectively, at 7 
days while for PP0.8, it was 56.33% and 31.63% at the age 
of 28 days. Some researchers [37, 38] think that PP fiber 
plays an essential role in bridging cracks when distribut-
ed inside the concrete. Because the stress transferred be-
tween the crack tip and the concrete surface in the crack 
areas can be achieved by the great adhesion between the 
concrete and fiber. Therefore, the stress occurred in the 
concrete becomes uniform, resulting in alleviating the 
degree of stress concentration. However, the use of high 
amount of PP fiber in concrete cause poor dispersion of 
fibers resulting in weak interfacial transition areas in ma-
trix. In this study, the high degradation in compressive 
strength of PP fiber-reinforced concrete specimens can be 
attributed to the inclusion of a high dosage of PP fibers 
because in the matrix, the average distances between the 
fibers can shorten by the high fiber content.

As a consequence, the fibers can overlap, thus worsen-
ing the bonding between the paste and fibers. According 
to the study of Zhang [39] about the compressive strength 
of PP fiber-reinforced concrete having fiber content of 0%, 
0.089%, 0.13%, 0.17%, 0.22%, 0.56% volume fraction, it 
was found that the use of PP fiber at a certain percent-
age enhanced the compressive strength. However, the 
compressive strength of PP fiber-reinforced concrete with 
the fiber volume of 0.22% and 0.56% became lower than 
that of plain concrete. Moreover, in this study, referring 
to Table 3, the slump values of PP fiber-reinforced con-
crete mixtures also proved that PP fibers induced a de-

crease in flowability, leading to the use of a higher amount 
of SP. It was observed that PP fibers caused the formation 
of agglomerations during the mixing process due to their 
higher resistance to flowability. The decreased flowability 
of the new matrix could inhibit the dispersion of PP fibers 
resulting in a reduction in compressive strength. In the as-
pect of long hooked steel fiber-reinforced concrete, it was 
found that the inclusion of long hooked steel fiber with a 
volume fraction of 0.4% provided slightly lower compres-
sive strength than that of control concrete for all curing 
ages while the specimen of HL0.8 exhibited slight im-
provement in compressive strength with 1.46% at 28 days. 
This increase can be due to the confining effect caused by 
long hooked end steel fibers to FRC.

3.1.2. Effects of Fiber Volume Fraction on Compressive 
Strength
The changes in compressive strength of FRC having 

different fiber volume fractions at 7 and 28 curing days 
were presented in Figure 4. As seen, at 7 days, compressive 
strength values were reduced with the increase in the fiber 
content for all fiber types and shapes. On the other hand, 
for 28 curing days, using short steel fiber with 0.4% and 
0.8% volume content improved the compressive strength 
by 5.84% and 9.98% regarding control specimens, respec-
tively. That could be because the stress between the ma-
trix and fiber may reduce by the use of a higher dosage of 
short steel fiber content and thus, the crack initiation and 
propagation can be delayed resulting in an improvement 
of strength. This result is consistent with the other stud-
ies [40, 41]. However, it can be said that the quantity of 
HL did not have an essential influence on the compressive 
strength of concrete; that is, the specimen of HL0.4 and 
HL0.8 had the compressive strength of 40.8 MPa and 41.7 
MPa, respectively, at 28 days.

Figure 3. Effect of fiber type and shape on compressive strength for (a) 0.4% volume of fiber, (b) 0.8% volume of fiber.

(a) (b)
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In contrast, an increase in PP fiber volume content re-
sulted in a significant reduction in the compressive strength 
at all curing ages. Using PP with 0.4% and 0.8% by volume 
fraction decreased the compressive strength by 52.83% 
and 56.33%, respectively, for seven days and 26.75% and 
31.63%, respectively, for 28 days. In general, especially for 
higher fiber content, a decreasing trend can be observed 
due to the poor dispersion of fibers and the formation of 
clumps of fibers during the mixing process, as in the case of 
this study. According to the research carried out by Ahmed 
et al. [42], the use of PP fibers at the percentage of 0.18% to 
0.40% increased the compressive strength by about 5%, but 
at high PP fiber volume contents i.e., 0.55% to 0.60%, it de-
creased nearly 3–5% compared to plain concrete at 28 days. 
Wang et al. [43] also found that 0.5% PP fiber volume con-
tent negatively affected the compressive strength and the 

reason of this result was explained by the reduction in the 
elastic modulus of the entire concrete matrix [44]. Besides, 
the reduction in compressive strength may be explained by 
having a high water/cement ratio of mixtures. As already 
known, the lower water/cement ratio affects the micro-
structure of paste- aggregate interfacial transition zone by 
reducing the capillary porosity of the hardened paste [45]. 
The adhesion between aggregates and paste can be influ-
enced by the increase in water content in the bulk paste re-
sulting in a reduction of concrete performance. Therefore, 
the high w/c ratio could weaken the reinforcement effect of 
PP fibers. Zhang et al. [39] used the PP fiber contents of 0.8, 
1.2, 1.6, 2.0, and 5.0 kg/m3 for 0.4, 0.5 and 0.6 water/cement 
ratios and they concluded that the increase in water/cement 
ratio reduced the compressive strengths of the specimens 
for all PP fiber content.

Figure 4. Effect of fiber volume fraction on compressive strength at (a) 7 days, (b) 28 days.

(a) (b)

Figure 5. Effect of fiber type and shape on splitting tensile strength for (a) 0.4% volume of fiber, (b) 0.8% volume of fiber.

(a) (b)
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3.2. Splitting Tensile Strength

3.2.1. Effects of Fiber Type and Shape on Splitting 
Tensile Strength
The effect of fiber type and shape on the splitting ten-

sile strength of concrete with and without fiber at 7 and 
28 days was presented in Figure 5. Unlike the compres-
sive strength test results, more pronounced enhancement 
in the splitting tensile strength values were found for HL 
reinforced concrete specimens compared to plain con-
crete. That is, the improvement in splitting tensile strength 
of HL-0.4 and HL-0.8 were about 3.90% and 17.86% at 7 
days and 18.18% and 33.33% at 28 days, respectively. It can 
be explained by the prevention of macro cracks caused by 
the presence of HL. This is because, long steel fibers with 
hooked end were more effective in the transfer of tensile 
stress and they had higher elastic modulus with regards to 
short steel fibers. Tabatabaeian et al. [46] and Haddadou et 
al. [47] also proved the effectiveness of HL on the bridging 
of cracks. On the other hand, adding SS into concrete led to 
a reduction in splitting tensile strength values for all fiber 
volume fractions for 7 curing days while for 28 curing days, 
the splitting tensile strength of SS-0.4 and SS-0.8 increased 
with 14.28% and 9.52%, respectively, with regards to that of 
control specimen. At 7 days, the reduction could be due to 
the immaturity of matrix. However, it was found that, the 
increase rate of splitting tensile strength of concrete with 
SS with regards to plain concrete was less than those of the 
concrete with HL. This result also prove that short fibers 
can control the opening of the cracks at a certain level but 
long fibers play a vital role to prevent the propagation of 
localized cracks and macrocracks. As for PP fibers, the low-
est splitting tensile strength values were obtained among all 
concrete specimens regardless of the fiber content and cur-
ing days. This may be because, in this study, the use of PP 
fibers decreased the workability of concrete resulting in the 

formation of agglomerations during mixing process. The 
insufficient dispersion of PP fiber could cause the reduction 
in splitting tensile strength.

3.2.2. Effects of Fiber Volume Fraction on Splitting 
Tensile Strength
The effects of fiber volume fraction on splitting tensile 

strength of concrete at 7 and 28 curing days were shown in 
Figure 6. It was clear that the use of 0.4% SS and 0.4% PP 
caused a sharp decrease in splitting strength while a slight 
improvement in splitting strength was observed as HL vol-
ume fraction increased at the curing age of 7. On the other 
hand, with the incorporation of 0.4% and 0.8% HL and SS 
fiber, the improvements in the splitting tensile strength were 
more pronounced at 28 days. The reason is that the steel fi-
ber is tightly gripped by the concrete matrix along the crack 
resulting in a solid binding capacity between the matrix and 
steel fiber [48]. However, the increase in splitting tensile 
strength with increased steel fiber content was more evident 
for HL reinforced concrete specimens at 28 days. That is, the 
splitting tensile strength of HL-0.4 and HL-0.8 increased by 
17.88% and 33.33%, respectively. It may be attributed to 
the fact that the stress caused by the external load could be 
transferred more effectively between the concrete matrix 
and steel fiber due to the addition of a higher amount of HL, 
resulting in the use of full tensile strength of steel fiber. In 
the study of Turk et al. [49], the short steel fiber content was 
changed as 0%, 0.25%, 0.50%, 0.75% and 1% instead of long, 
double hooked end steel fiber. They found that concrete 
specimens with 1% long, double hooked end steel fiber had 
the highest splitting tensile strength and it reduced as the 
content of long, double hooked end steel fiber decreased.

Splitting tensile strength is reduced with increased PP 
fiber volume fraction at all curing ages. It decreased by 
40.26% and 42.86% for 7 days and 14.29% and 11.90% for 
28 days when 0.4% and 0.8% PP by volume fraction was 

Figure 6. Effect of fiber content on splitting tensile strength at (a) 7 days, (b) 28 days.

(a) (b)
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added, respectively. It could be due to having a higher as-
pect ratio of PP with regards to steel fibers which causes 
a reduction in workability of the fresh mixture resulting 
in lower tensile strength [50]. The higher PP fiber volume 
fraction can worsen the dispersion of fibers during the mix-
ing process, as in the case of this study.

3.3. Flexural Performance

3.3.1. Flexural Strength

3.3.1.1. Effects of Fiber Type and Shape on Flexural Strength
Figure 7 shows the effect of fiber type and shape on the 

flexural strength of concrete with and without fiber at 7 
and 28 days. The concrete reinforced with HL fiber had the 
highest flexural strength, that is, the use of 0.4% and 0.8% 
long hooked steel fiber by volume enhanced the flexural 
strength by 9.66% and 24.16%, respectively, at 7 days while 

these values were 8.04% and 30.35% at 28 days. It may be 
attributed to the fact that HL can hold more stress than SS 
due to its fiber-end, which provides a better mechanical in-
terlock and anchoring effect. Researchers also proved sim-
ilar findings [49, 51–53]. On the other hand, 0.8% volume 
of SS caused a reduction in flexural strength by 2.81% and 
6.31% at 7 and 28 days, respectively, while 0.4% volume of 
SS increased the flexural strength by 2.25% and 4.38% at 7 
and 28 days, respectively. As for PP fiber-reinforced con-
crete, PP fiber caused the lowest flexural strength regardless 
of the fiber content and curing days. This result could be 
due to the poor bonding between the cement paste and PP 
because PP fiber has a hydrophobic nature with a relatively 
smooth surface [54]. Besides, the reduction in fresh prop-
erties caused by PP and its lower elastic modulus could lead 
to limited flexural strength values. Therefore, as seen in the 
load-deflection curve (Fig. 9 and 10) of PP fiber-reinforced 

Figure 7. Effect of fiber type and shape on flexural strength for (a) 0.4% volume of fiber, (b) 0.8% volume of fiber.

(a) (b)

Figure 8. Effect of fiber content on flexural strength at (a) 7 days, (b) 28 days.

(a) (b)
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concrete, the peak load was taken as the ultimate failure 
force and after that point, the specimens lost all load carry-
ing capacity regardless of the curing day and fiber content.

3.3.1.2. Effects of Fiber Volume Fraction on Flexural Strength
Figure 8 shows the effects of fiber volume fraction on 

flexural strength of concrete at 7 and 28 curing days. As ob-
served, the flexural strength increased gradually with HL 
fiber dosage at 7 and 28 curing days. 0.4% and 0.8% volume 
of HL improved the flexural strengths by 9.66% and 24.16%, 
respectively, at 7 days, while these values were 8.04% and 
30.35%, respectively, at 28 days. Besides, the use of 0.4% 
SS caused a slight improvement in flexural strength but 
0.8% SS fiber significantly decreased the flexural strength 

of specimens, especially at 28 days. As mentioned before, 
long hooked steel fiber positively affected flexural strength 
due to having a better anchoring effect. The increased long 
hooked steel fiber volume fraction could reduce the average 
space between the fibers and thus, more amounts of fibers 
could sustain the load resulting in a decrease in the stress 
between the matrix and fiber. Therefore, the initiation and 
propagation of cracks could be delayed and it could cause 
an improvement in flexural strength [40].

On the other hand, the increase in PP fiber volume frac-
tion reduced the flexural strength for both 7 and 28 cur-
ing days. It decreased by 10.61% and 39.50% for seven days 
and 7.94% and 33.40% for 28 days when 0.4% and 0.8% PP 
by volume fraction were added, respectively. It could be 

Figure 9. Effect of fiber type and shape on load-deflection curves for (a) 0.4% volume of fiber, (b) 0.8% volume of fiber at 
7 days.

(a) (b)

Figure 10. Effect of fiber type and shape on load-deflection curves for (a) 0.4% volume of fiber, (b) 0.8% volume of fiber 
at 28 days.

(a) (b)
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because adding a higher dosage of PP fiber led to further 
harm and defects in terms of mechanical strengths.

3.3.2. Load Deflection Curves and Flexural Toughness 
Based on ASTM C1609
ASTM C1609 [55] ensures flexural strength and tough-

ness values corresponding to L/600 and L/150 in load-de-
flection curves. L symbolizes the length of span of the spec-
imen and due to the reason that L is 300 mm in this study, 
δL/150 and δL/600 are the deflection points at 0.5 mm and 2 
mm, respectively. fL/600 and fL/150 are the flexural strength of 
concrete specimen at the small flexural deformation (L/600) 
and at the large flexural deformation (L/150), respectively. 
TL/150 and TL/600 are the toughness values at L/150 and L/600, 
respectively, i.e., the area under the load-deflection curve 
until L/150 and L/600. Besides, δm, fm and Tm are the deflec-
tion, flexural strength and toughness values corresponding 
to peak load.

3.3.2.1. Effects of Fiber Type and Shape on Load-Deflection
Curves and Toughness
The effects of fiber type and shape on load-deflection 

curves of FRC specimens at 7 and 28 days were shown in 
Figure 9 and 10, respectively. As seen in figures, the linear 
elastic region of all load-deflection curves were similar, 
but the FRC specimens' flexural behavior was observed as 

deflection hardening and deflection softening according 
to the type and shape of the fibers. For example, concrete 
with HL exhibited deflection hardening behavior, resulting 
in higher load bearing capacity after matrix cracking. HL 
eliminated sudden failure through crack bridging and thus, 
increased the energy absorption capacity and the post-crack 
resistance. In other words, including long hooked steel fiber 
to concrete caused more ductile behavior instead of brittle. 
Besides, HL reinforced concrete specimens had the highest 
peak load for all curing days and fiber content. As seen in 
Table 4, the peak deflections were also obviously enhanced, 
especially by the use of 0.8% volume of HK fiber, i.e., the 
peak deflections were found as 1.28 mm and 0.606 mm at 7 
and 28 curing days, respectively. It can be due to the strong 
anchoring influence of long hooked steel fiber associated 
with fiber geometry. Besides, it could be because longer fi-
bers could handle the greater load in cracks which could de-
lay the crack formation and propagation [56]. On the other 
hand, referring Figure 8 and 9, deflection softening behavior 
was observed for both SS and PP fiber-reinforced concrete 
specimens, i.e., after reaching the peak load, they exhibited a 
sudden drop and lost their load carrying capacity, regardless 
of the curing age and fiber content. Abu-Lebdeh [57] also 
found that hooked end fibers caused 95% and 115% increase 
in pull-out energy and peak load regarding straight fiber.

Table 4. Flexural performance of concrete specimens at (a) 7 curing day and (b) 28 curing day based on ASTM C1609

			   a

	 HL0.4	 HL0.8	 SS0.4	 SS0.8	 PP0.4	 PP0.8

δM (mm)	 0.056	 1.280	 0.045	 0.048	 0.037	 0.049
fM (MPa)	 9.76	 11.05	 9.10	 8.65	 7.95	 5.38
TM (N.mm)	 0.50	 1.03	 0.46	 0.68	 0.29	 0.31
δL/600 (mm)	 0.50	 0.50	 0.50	 0.50	 0.50	 0.50
fL/600 (MPa)	 4.37	 9.10	 1.88	 1.96	 1.41	 0.78
TL/600 (N.mm)	 4.93	 7.33	 4.03	 4.73	 2.31	 1.38
δL/150 (mm)	 2.00	 2.00	 2.00	 2.00	 2.00	 2.00
fL/150 (MPa)	 6.68	 10.57	 1.24	 1.48	 0.61	 0.42
TL/150 (N.mm)	 24.25	 36.50	 8.35	 9.03	 4.93	 3.03

			   b

	 HL0.4	 HL0.8	 SS0.4	 SS0.8	 PP0.4	 PP0.8

δM (mm)	 0.053	 0.606	 0.046	 0.048	 0.050	 0.045
fM (MPa)	 10.61	 12.80	 10.25	 9.20	 9.04	 6.50
TM (N.mm)	 0.59	 11.55	 0.44	 0.50	 0.50	 0.32
δL/600 (mm)	 0.50	 0.50	 0.50	 0.50	 0.50	 0.50
fL/600 (MPa)	 6.67	 11.73	 0.63	 0.13	 1.66	 1.69
TL/600 (N.mm)	 6.37	 9.17	 6.16	 5.39	 4.86	 2.20
δL/150 (mm)	 2.00	 2.00	 2.00	 2.00	 2.00	 2.00
fL/150 (MPa)	 9.24	 10.67	 1.75	 2.14	 1.04	 0.98
TL/150 (N.mm)	 31.13	 41.78	 15.03	 13.37	 8.54	 8.33
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At deflection point L/600, HL fiber-reinforced concrete 
specimens were in the strain hardening region regardless of 
the curing age and fiber content while SS and PP fiber-rein-
forced concrete specimens were in the softening range. This 
situation provided higher toughness at deflection L/600, 
that is 0.4% HL increased TL/600 by 3.34% and 31.19% 
with regards to 0.4%SS and 0.4%PP, respectively, at 28 days 
and these values were 70.18% and 316.28% when 0.8% fiber 
volumes were incorporated.

As expected, the flexural strength and toughness of HL 
reinforced concrete specimens at L/150 were higher than 
the others for all curing ages and fiber contents. However, 
the outcomes of the load-deflection curves also showed that 
SS and PP fiber-reinforced concrete specimens lost almost 
all load carrying capacity at deflection L/150. For example, 
fL/150 of SS fiber-reinforced concrete specimens were 1.36 
MPa and 1.94 MPa, in average, at 7 and 28 days, respective-
ly, while these values were 0.51 MPa and 1.0 MPa in average 
for PP fiber-reinforced concrete specimens.

3.3.2.2. Effects of Fiber Volume Fraction on Load-Deflection
Curves and Toughness
The effects of fiber volume fraction on load-deflection 

curves of FRC specimens at 7 and 28 days were shown in 
Figure 11. The load-deflection curves became voluminous 
with higher peak load as HL content increased for all curing 
days. This deflection hardening behavior demonstrates the 
more effective reinforcing effect of HL. The deflection capac-
ity and flexural strength at the peak were also increased with 
the increased HL volume fraction. The quantity of HL had 
an important influence on the pre-peak portion of the curve, 
which improved the flexural performance. Namely, FRC 
specimens having 0.8% volume of HL were in the range of 
pre-peak response at the deflection point L/600 at 7 and 28 
days, while the concrete specimens with 0.4% HL were in the 
post-peak portion of the curve. Besides, the use of 0.8% vol-
ume of HL caused the highest toughness at peak load, L/600 
and L/150 for all curing ages, and it shows that they absorbed 

more energy, which indicates higher ductility in the hard-
ening portion. This may be due to providing effective crack 
bridging caused by the higher content of HL. This finding is 
consistent with the studies of Turk et al. [10] and [8].

On the other hand, because of the insufficiency of SS in 
the bridging of crack and having a lower aspect ratio than 
HL, SS reinforced concrete specimens exhibited less post-
peak load carrying capacity and showed similar flexural 
performance for all fiber volume fractions. However, using 
a higher volume fraction of PP fiber in concrete caused a 
slightly negative effect on deflection capacity and toughness 
at 7 and 28 days. For example, 0.8% volume of PP decreased 
the toughness at peak load and L/600 by 35.74% and 54.62%, 
respectively, compared to the concrete specimens with 0.4% 
PP at 28 days. As mentioned before, PP fiber decreased the 
efficiency of the fresh mixture and using a higher volume of 
PP fiber could increase this negative effect more apparent, 
resulting in a reduction in flexural performance.

4. CONCLUSION AND SUMMARY

This study designed seven concrete mixtures with a con-
stant water/cement ratio. A control mixture had no fiber and 
the other six mixtures included fibers with different types, 
shapes and volume fractions. Within this scope, two types 
of steel fibers having different shapes and PP fiber were used 
with the volume fraction of 0.4% and 0.8%. The following 
conclusions can be listed according to the test results;
1.	 The highest compressive strength was achieved at the 

control specimen with no fiber at 7 curing day while for 
28-day, the use of short straight steel fibers enhanced 
the compressive strength. The increase in fiber volume 
fraction led to a decrease in the compressive strength 
at 7 days, possibly due to the cement matrix's immatu-
rity. On the other hand, adding 0.8% volume fraction 
of short straight steel fiber enhanced the compressive 
strength while long hooked end steel fiber did not show 
any effect at 28 curing days. Besides, as the PP fiber vol-

Figure 11. Effect of fiber content of (a) HL, (b) SS, and (c) PP on load-deflection curves.

(a) (b) (c)
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ume fraction increased, the compressive strength re-
duced significantly at all curing ages. 

2.	 The long hooked end steel fiber was the most effective 
fiber at improving splitting tensile and flexural strength 
of concrete at all volume fractions and curing days. The 
highest enhancement was observed at the volume frac-
tion of 0.8% long hooked end steel fiber at 28 curing 
days. The splitting tensile strength was reduced by add-
ing short straight steel fiber for all fiber volume frac-
tions at 7 days, while for 28 curing days, the use of 0.4% 
short straight steel fiber enhanced the splitting tensile 
and flexural strengths more. PP fibers reduced the split-
ting tensile and flexural strength values regardless of the 
fiber volume fractions and curing days.

3.	 Load-deflection curves showed that adding long hooked 
end steel fiber caused deflection hardening behavior, re-
sulting in higher load bearing capacity after matrix crack-
ing, while the reinforced concrete specimens with short 
straight steel fibers and PP exhibited deflection soften-
ing. The highest enhancement in flexural performance in 
terms of toughness, peak load and pre-peak response at 
the deflection point L/600 was observed by the utilization 
of 0.8% volume fraction of long hooked end steel fiber.
In summary, 0.8% volume fraction of short straight 

steel fibers showed the best compressive strength rein-
forcement while long hooked steel fiber did not cause a 
significant effect regardless of fiber volume. On the oth-
er hand, the highest enhancement in splitting tensile and 
flexural strengths were achieved by utilizing 0.8% volume 
fraction of long hooked end steel fiber and using 0.4% vol-
ume fraction of short straight steel fibers also enhanced 
the splitting tensile and flexural strength compared to 
plain concrete. However, PP fibers reduced the compres-
sive, splitting tensile and flexural strength values regard-
less of the fiber content and curing days. In addition to 
these, as future work, the effect of hybrid use of different 
volume fractions of long hooked end steel fiber, short 
straight steel fibers and PP fiber on mechanical properties 
of concrete specimens can be investigated to reveal the in-
teraction of these fibers into the matrix.
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ABSTRACT

Coarse-grained soil (CGS), as a filler with the characteristics of high bearing capacity but dif-
ficult compaction for embankment construction, requires an appropriate thickness of a single 
compaction layer according to the influence depth of vertical dynamic stress. This paper used a 
numerical analysis using PFC2D following a scale model test with different particle gradations 
of compacted CGS fillers by adopting a modified PFWD. The results show that the influence 
depth is about 50 cm under the maximum impact stress of 0.066 MPa if defined the depth as 
the maximum stress attenuation to 20%. The compacted CGS filler with dense particle grada-
tion and high strength has a rapid attenuation on vertical dynamic stress. Meanwhile, with the 
increase of stone content (P5, particle size ≥5 mm), the vertical dynamic stress of compacted 
CGS is attenuated exponentially. The maximum particle size also affects the attenuation of 
vertical dynamic stress, which needs further research. The findings support the development 
of non-destructive devices to inspect the compactness of subgrade construction rapidly.
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1. INTRODUCTION

With the rapid development of highway engineering 
and increasing environmental protection requirements, the 
coarse-grained soil (CGS) with a mixture of soil and grav-
el particles has enormous potential for being widely used 
in highway subgrade construction due to the high bearing 
capacity. However, the compaction of CGS fillers is quite 
tricky, which needs to confirm an appropriate thickness of 

the compacted layer [1]. As the soil fillers, the particle com-
position of CGS is essentially a vital factor in influencing 
the mechanical properties of compacted soil layers. Gen-
erally, the methods to study the influence mechanism of 
coarse-grained particle content on macroscopic and meso-
scopic properties of CGS fillers are usually using the dis-
crete element method (DEM) and large-scale direct shear 
test (DST) or both. The previous research compared phys-
ical tests, and numerical simulation indicated that the gra-
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dation characteristics of CGS filler, such as controlling the 
optimal coarse-grained content, significantly influence the 
compaction behaviors [2, 3]. Therefore, several related re-
search findings, including the gradation equation, were put 
forward to quantitatively express the influence of gradation 
on the mechanical behaviors of CGS fillers [4–6].

Meanwhile, the fine particles are the factors to influence 
the soil type, which further affects the mechanical perfor-
mances of CGS [7, 8]. Moreover, the influence of particle 

gradation on volume deformation is related to dilatancy. 
The critical reason is that the particle composition of CGS 
fillers is the main factor determining the shear strength [9, 
10]. Additionally, the test study on controlling the seepage 
failure gradient of CGS with different particle gradations 
indicated that the failure gradient of CGS with more coarse-
grained components usually occurred later than that of the 
gradation with more fine-grained components. Meanwhile, 
the type of infiltration failure of CGS fillers reflects the in-

Figure 1. Three classifications of the CGS sample.
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ternal structural stability of soil particles under specific par-
ticle composition and compactness degree [11]. Further-
more, the methods to estimate the deformation modulus of 
compacted CGS fillers were also developed [12, 13]. For the 
influence of the stiffness modulus, both the maximum dry 
density (MDD) and the optimum moisture content (OMC) 
were proved as the main factors by the portable falling 
weight deflectometer (PFWD), which is also currently and 
widely used in rapidly estimating the modulus of the struc-
ture intergradation of pavement or roadbed [14–18].

However, the current research for CGS fillers mainly 
refers to the conventional static features such as the MDD, 
compressive shear strength, and impermeability, while 
rarely from the perspective of dynamic response. For the 
soil subgrade, the previous research on the dynamic stress 
attenuation with different resilience modulus of compacted 
fillers under axial loads showed that the greater the modu-
lus, the faster the dynamic stress attenuates [19]. The me-
chanical properties of CGS fillers, as a complex mesostruc-
ture, are essentially influenced by various factors. Under 
dynamic loads, the particles of CGS filler often occur micro-
scopic behaviors such as straight movement, rotation, and 
even breakage. In practice, however, it is difficult to study its 
mesoscopic mechanical properties directly due to various 
restrictions of different conditions. Hence, using DEM, typ-
ically the program known as the particle flow code (PFC), 
is convenient to simulate the mechanical behavior of CGS 
fillers in terms of different particle interactions [20].

Therefore, the first objective for subgrade construction 
applying CGS fillers is to confirm an appropriate thickness 
of a single compaction layer by considering soil particle 
interaction behavior. From the application of PFWD, it is 
adequate to test the integration of pavement compaction. 
The thickness of a single CGS soil compacting layer also 
strongly correlates with the vertical attenuation of dynamic 
stress induced by non-destructive devices while not more 
significant efforts by compactor roller. Accordingly, this 
paper presents a test and numerical evaluation of dynamic 
stress attenuation for the compacted CGS fillers with differ-
ent particle gradations using a modified PFWD tester. 

2. MATERIALS AND METHODS

2.1. Test Materials
The CGS filler is an inhomogeneous mixture of earth 

and stone in the natural state. The soil sample of disinte-
grated granite in this research was from Chizhou City of 
Anhui Province in China. The CBR values of all samples 
meet the required values according to the highway earth-
work specification (>14.3%). Meanwhile, the MDD and 
the optimal moisture content of CGS are 2.119 g/cm3 and 
7.6%, respectively. During the geotechnical sampling, the 
compaction work is between 2677.2 and 2687.0 kJ/m3, ac-
cording to the specification. Specifically, in this research, 
the CGS soil samples were divided into three categories 

in terms of particle size, fine particles (0–2 mm), medium 
particles (2–20 mm), and coarse particles (20–60 mm). The 
soil sample classification is processed in Figure 1a–c.

According to the particle filling theory, the sample soil 
materials are blended based on the proportion of the test 
soil samples and filled step by step until the original soil 
composition is recovered. Finally, we obtain five types of 
CGS with different particle gradations. Based on the soil 
classifications above, the original proportion of CGS par-
ticles with three ranges is Fine (0–2): Medium (2–20 mm): 
Coarse (20–60 mm) = 1:3.84:1.87 in the mass ratio by us-
ing sieve analysis. From this proportion, five test samples 
with different particle gradations are designed as, Class A = 
1/3 Medium+3/3 Coase, Class B = 2/3 Medium+ 2/3 Coase, 
Class C = 3/3 Medium+3/3 Coase, Class D = 1/2 Fine+3/3 
Medium+3/3 Coase, Natural CGS = 2/2 Fine+3/3 Medi-
um+3/3 Coase. The gradations of the test CGS sample are 
shown in Figure 2. The parameters, including Cc and Cu of 
five particle compositions, are listed in Table 1.

2.2. Test Device and Principles
The test device used in this research, named dynamic, 

resilient modulus tester (DEM450) and shown in Figure 
3, is modified based on the portable falling weight deflec-
tometer (PFWD) [21]. The significant difference compared 
with PFWD is that the diameter of the loading plate base 
enlarged to 450 mm from 300 mm, and the mass of the 

Figure 2. Gradation curves of test soil samples.

Table 1. Particle composition parameters

Soil types	 Class A	 Class B	 Class C	 Class D	 Natural CGS

d10/mm	 3.63	 2.955	 2.752	 0.918	 0.291
d30/mm	 9.86	 6.971	 6.125	 4.925	 3.211
d60/mm	 20.53	 19.545	 16.812	 13.540	 14.201
Cu	 5.65	 6.615	 6.109	 14.748	 48.849
Cc	 1.31	 0.841	 0.811	 1.951	 2.498
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drop hammer increased to 12 kg from 10 kg, which makes 
the acceptable size of the filler particle increased to 150 mm 
from 75 mm. Besides, the maximum stress is decreased to 
0.066MPa from 0.1MPa due to the consistency of the initial 
tri-axle loading and the lightweight design. All modifica-
tions in DEM450 are for testing the soil filler with big size 
particles such as CGS. 

The testing principle of DEM450 is the same as that of 
PFWD. Specifically, using a certain mass of the hammer, 
from a certain height with free fall, through the spring 
damping element and a particular area of the carrier plate 
to apply a specific size and time of action of the dynamic 
stress on the surface of compacted fillers, and then cause 
the surface to produce dynamic bending. By collecting the 
maximum impact force (N) and the corresponding resilient 
deformation (mm), then calculate the dynamic, resilient 
modulus (Ed) of the compacted soil layer. According to the 
correspondence between Ed and the degree of compaction 
(K), it is possible to use this modified device to check the 
compaction status of soil fillers. Especially this device is 
convenient for particular soils such as CGS fillers compared 
with the traditional sand cone method or others.

2.3. Test Methods

2.3.1 General Method
Using PFC2D, a DEM model was established to study 

the influence of three crucial factors of CGS fillers, name-

ly, different particle gradation, the maximum particle size, 
and the stone content (P5, particle size ≥5 mm), on the dy-
namic stress attenuation of compacted CGS soil filler. After 
that, the numerical analysis results were verified by physical 
model tests in the laboratory. However, the scale model test 
needs to carry out firstly, using the impact loading on the 
top of compacted fillers in the layered stacked mold. In the 
test, an earth pressure cell is embedded at the bottom of the 
first compacted layer. The impact load is applied to the top 
to collect the dynamic strain values at locations with differ-
ent depths of the structural layer. The dynamic stress values 
in the layer are obtained by converting the calibration co-
efficient and the formula of the applied strain sensor. The 
actual influence depth can be obtained by assuming 20% of 
the maximum stress value, as defined by the dynamic stress 
attenuation depth, which is consistent with the subgrade 
work zone under the standard axial load. The dynamic 
stress attenuation law of compacted CGS filers with differ-
ent particle compositions under impact stress (0.066MPa) 
was studied using the scale model test in the laboratory. The 
test results can directly reflect the strength and mechanical 
properties of compacted CGS fillers from the dynamic re-
sponse, providing a significant reference for the gradation 
selection of CGS filler in road subgrade construction. The 
objective of this research is to provide support for the re-
search and development of rapid compaction quality con-
trol. Significantly, this research is also a theoretical basis for 

Figure 3. Dynamic, resilient modulus tester (DEM450).
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the feasibility of rapid inspection of CGS filler compactness 
and verifying whether the stress influencing depth meets 
the inspection requirements of highway construction.

2.3.2 Numerical Calculation
According to the rules of PFC, the number of particles 

generated in particle generation can reach hundreds of 
thousands if the actual gradation determines the value. For 
better efficiency, a reasonable simplification is essential in 
normal. Particles below 2 mm are replaced by related par-
ticles between 2 mm and 60 mm in equal amounts using a 
weighted average according to their mass proportion. After 
running the PFC program, according to the basic principles 
of dynamics, the initially generated overlapping particles 
repel each other and fill the whole space, finally forming 
the specified particle accumulation model. To simplify the 
analysis and improve the calculation efficiency, the size of 
the specimen model is 0.9 m long and 0.9 m wide.

In PFC2D, the voids in two-dimensional space differ 
from the actual voids in three-dimensional space and are 
slightly smaller than the latter numerically. Therefore, 
the voids in two and three dimensions need to transform 
quantitatively. Based on the assumption of particles with 
equal particle size and the principle of compactness mod-
ification, the formula for converting three-dimensional 
voids of particles to two-dimensional voids was proposed 
as follows [22].

� (1)

Dr is the relative compactness of the soil.
In this test, the relative compactness of CGS is 0.79, and 

the two-dimensional voids are 0.1. According to formula 
(1), the voids under three-dimensional condition is 0.31, 
which meets the compaction quality standard of this kind 
of filler. As there is no direct correspondence between pa-

rameters of the mesoscopic and the macroscopic scale of 
the actual soil particles, they have co-relation under natu-
ral conditions. Combined with relevant laboratory test data 
and repeated numerical simulation tests, the corresponding 
mesoscopic parameters affecting the macroscopic parame-
ters and their relationship were determined. Accordingly, 
the mesoscopic parameters matching the macroscopic pa-
rameters of soil mass were listed in Table 2.

The dynamic impact loading is in the form of semi-si-
nusoidal loads, and the maximum impact load and the 
bearing area determine the transient impact stress. Accord-
ing to the axial load in the standard test method of dynamic 
resilience modulus of subgrade soil specified in the highway 
subgrade design code [23], to study the dynamic properties 
and strength properties of compacted CGS filler subgrade, 
the semi-sinusoidal pulse load of 0.066MPa as the maxi-
mum axial preload in the dynamic triaxial test is selected 
for the transient impact stress on the bearing plate, with the 
standard action time of 18–20 ms. The time-history curve 
of the impact load stress is shown in Figure 5.

2.3.3. Scale Model Test
A physical model test was conducted in the laborato-

ry to verify the reliability of the numerical modeling and 
the calculation results. Firstly, a specific size of layered and 
stacked mold was applied, and the categorized filler was 
added and compacted to the mold for the dynamic impact 
stress test. An earth pressure cell was pre-installed at the 
bottom of the first compacted soil layer to monitor the ver-
tical dynamic stress transferred from the top of the model, 
as shown in Figure 5a. Three of the five fillers with differ-
ent gradations mentioned above were selected for the test 
to verify the accuracy of the numerical simulation results. 
The loading model with and without molds and the loading 
process of the laboratory test are shown in Figures 5b and 
4c, and 4d, respectively.

Table 2. Mesoscopic parameters for DEM modeling

Project	 Mesoscopic parameters	 Symbol/unit	 Values

Ball	 Density	 ρ/kg·m3	 2500
	 friction coefficient	 f	 0.7
	 initial elastic modulus	 Ec/Pa	 2.5×107

	 stiffness ratio	 κn/κs	 2.5
	 Porosity	 n	 0.1
Ball-wall	 normal stiffness	 κn/Pa	 2.5×106

	 tangential stiffness	 κs/Pa	 2.5×106

Clump-ball	 Density	 ρ/kg·m3	 3167
	 contact stiffness	 κn、κs/Pa	 1×107

Figure 4. The time-history curve of semi-sinusoidal load.



J Sustain Const Mater Technol, Vol. 7, Issue. 3, pp. 172–183, September 2022 177

3. RESULTS AND DISCUSSION

3.1. Calculation Results
Since the PFC program cannot apply force directly to 

the wall, it must use particle loading conditions and fix the 
angular velocity of the clump in the horizontal direction to 
avoid horizontal displacement and rotation. The loading 
force of the clump is set for the loading of the numerical 
model. Taking CGS particles as an example, the force chain 
diagrams of its loading force diffusion process are shown 
in Figure 6 (left). The particle velocity vector diagrams un-
der the corresponding loading force are shown in Figure 6 
(right). The loading stress diffusion diagram and the cor-
responding particle velocity vector diagram show that the 
clump can load the DEM model effectively.

3.2. Effect of Stress Attenuation

3.2.1 Gradation Effect
Using the generation method and calibrated meso-

scopic parameters model above, the PFC program gen-

erated the numerical model of particle flow of CGS with 
five different particle gradations and carried out the im-
pact dynamic stress loading simulation test. The generat-
ed particle flow models are shown in Figure 7 (left). The 
stress distributions among the corresponding model par-
ticles are shown in Figure 7 (right). In Figure 7 (right), the 
dark part represents the compressive stress, distributed 
in chains on the geometric plane called the force chain. 
The force chain can intuitively show particles' properties, 
strength, and stress distribution. It was noticed that un-
der the same conditions, as the particle gradation of soil 
samples is gradually better, the pressure chain is gradually 
increased, and the intercalation effect between particles is 
significant. Meanwhile, the distribution of the force chain 
is gradually uniform, and the transmission and distribu-
tion of forces also tend to be uniform.

The above numerical model loading method is used 
to load the test CGS filler. For example, the time-history 
curve of vertical dynamic stress response of the CGS fill-
er embankment at different depths is shown in Figure 8. 
The time-history curve shows that the transfer of dynamic 

Figure 5. Dynamic, resilient test for compacted CGS fillers in laboratory. (a) Installation of earth pressure cell. (b) Parallel 
tests with molds. (c) Stacked models without mold. (d) Dynamic impact loading.

(a)

(c)

(b)

(d)
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Figure 6. Dynamic loads and diffusion processing in three stages. (a) Initial loading. (b) During loading. (c) After loading.

(a)

(b)

(c)
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stress delays along the depth direction. Under the action 
of semi-sinusoidal load, the emergence of stress peak is 
gradually delayed with the increase of depth. In addition, 
the dynamic stress of different depths under the loading of 
other groups of filler samples has similar regularity.

According to the numerical calculation results, the 
five test fillers' corresponding vertical dynamic stress 
curves are shown in Figure 9. The test results showed that 
the CGS filler gradation directly affected the transfer of 
dynamic stress in soil. The better the particle gradation 
of the filler, the greater the non-uniformity coefficient, 
the faster the attenuation of its vertical dynamic stress, 
and the more uniform the transmission of its stress. 
From Figure 9, the Natural CGS and Class D soil have a 
more significant attenuation rate of dynamic stress than 
the three others, which is caused by fine particles. For 
Natural CGS with complete gradation, the attenuated 
depth of vertical dynamic stress is about 50 cm. In other 
words, the single compaction thickness for CGS fillers is 

Figure 7. Different gradation models and force chains distribution among particles. (a) Class A. (b) Class B. (c) Class C. 
(d) Class D. (e) Natural CGS.

(a)

(c)

(e)

(b)

(d)

Figure 8. Time-history curves of dynamic stress at different 
depths.
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recommended to be less than 50 cm, which can match 
the influence depth of modified PFWD for quick com-
pactness inspection.

3.2.2. Effect of the Maximum Particle Size
Taking the maximum particle size as a variable and con-

sidering the requirement of the maximum particle size of 
subgrade fillers for highway subgrade construction [24], 
set the two more maximum particle size variables of 100 
mm and 150 mm to study the change of subgrade dynamic 
stress. The fillers to be simulated include two groups of par-
ticle size ranges and three gradations of soil samples with 
different maximum particle sizes, (2–5) mm+ (5–60) mm, 
(2–5) mm+(5–100) mm, and (2–5) mm+(5–150) mm. The 
numerical simulation randomly generated related particles 
in two groups of gradations, and the generated model is 
shown in Figure 10. The calculation results show the curve 
of vertical dynamic stress changing with depth in Figure 11. 
The results show that the maximum particle size of filler 
affects stress transmission and attenuation. However, with 
the increase in the maximum particle size of soil particles, 
the relationship between the stress attenuation and the 
maximum particle size is not apparent. Overall, the influ-
ence depth of vertical stress is above 48 cm under three 
maximum particle sizes.

3.2.3. Effect of Stone Content on Dynamic Stress 
Attenuation
In previous studies, they often took the particle size of 

5 mm as the limit, and the particle size above 5 mm was 
defined as stone components, while the particle size below 
5 mm as soil components. Therefore, P5 is a short expres-
sion for the stone content of the subgrade filler. With the 

Figure 9. Vertical dynamic stress attenuation curves under 
different soil gradations.

Figure 11. Dynamic stress attenuation curves with different 
maximum particle sizes.

Figure 13. Stress attenuation with different stone contents.

Figure 10. Models with different maximum particle size. Figure 12. DEM models with different stone contents.
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increase of P5, the structure of CGS is gradually changed 
from a dense-suspended structure (P5< 30%) to a skele-
ton-dense structure (30%<P5<70%), and finally to a skel-
eton-void structure (P5>70%) [25]. Taking P5 as the limit 
stone content of 30% and 70%, it generally showed that the 
CGS filler could not show the best mechanical properties 
when P5 is less than 30% or more than 70%. When the P5 is 
between them, its mechanical properties gradually increase 
with P5 increasing, and when the P5 is about 70%, the filler 
can achieve the best compaction characteristics in an excel-
lent dense structure [26]. Based on this, this paper intends 
to take the limit stone content as the research variable, 
change the stone content in the PFC model, and analyze 
the change of subgrade dynamic stress under this condi-
tion. The simulated packing includes two particle size rang-
es, namely (2–5) mm+(5–60) mm. PFC program randomly 
generates related particles within the particle size range in 
two groups, and the generated model is shown in Figure 12.

The calculation results show the variation curve of ver-
tical dynamic stress with the subgrade depth in Figure 13. 
The results show that P5 significantly influences the vertical 
dynamic stress attenuation. Accordingly, with the increase 
of P5, the overall trend of the transfer of dynamic stress in 
soil mass is that the stress attenuation accelerates with the 
increase of depth. Then the attenuation rate is sharp down, 
showing an exponential attenuation. Meanwhile, the rate of 
stress attenuation also increases with the increase of the P5. 
The minimum influence depth of dynamic stress is about 
54 cm for the CGS filler with P5=70%, which means the 
attenuation effect is best.

3.3. Comparison between Laboratory tests and 
Numerical Analysis
According to the above laboratory tests, select the fillers 

with the same properties as the Class A, C, and D soils men-
tioned above for the impact dynamic stress loading test. Then, 

Figure 14. Comparison of results between laboratory tests and numerical simulations.
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compare the numerical simulation results to verify the accu-
racy of the numerical simulation data. The corresponding 
vertical dynamic stress variation data is shown in Figure 14.

The test data shows that the numerical simulation re-
sults under the same conditions fit the scale model test re-
sults well. The vertical dynamic stress attenuates with the 
increase of depth. Therefore, using PFC to simulate the at-
tenuation law and the influence depth of dynamic stress for 
CGS fillers is reasonable. However, according to the data 
curve, there is still a particular deviation between the data 
simulation and the model test. The possible reason for this 
difference is that particle gradation dramatically affects dy-
namic stress distribution. When generating the particles 
numerically, the simulation and the calculation efficiency 
must take into account, and the fine particles in the actual 
gradation are replaced, resulting in errors between the cal-
culated gradation and the actual gradation, thus making the 
attenuation law of actual dynamic stress deviation.

4. CONCLUSIONS

(1) Particle gradation of coarse-grained soil (CGS) filler af-
fects vertical dynamic stress attenuation of compacted
subgrade. Under the same conditions, the better the fill-
er gradation, the denser the filler, the higher its overall
strength, the faster the vertical dynamic stress attenua-
tion, and the more uniform the stress transfers will be.
The minimum depth of dynamic stress under different
gradations is about 50 cm.

(2) The maximum particle size of CGS filler affects the ver-
tical dynamic stress transfer of the compacted subgrade. 
However, with the increase of the maximum particle
size, the relationship between the vertical stress attenu-
ation and the effect of the maximum particle size is in-
significant. The influence depth of dynamic stress under 
the three maximum particle sizes is above 48 cm.

(3) The stone content (P5) of CGS filler significantly influ-
ences the dynamic stress attenuation of the compacted
subgrade. In a specific range, with the increase of P5, the 
denser the soil structure, the faster the attenuation of
vertical dynamic stress will be. The minimum influence
depth of dynamic stress under three conditions of the
P5 ranges is about 54 cm.

(4) The recommended thickness of a single compaction
layer for CGS fillers is 50 cm when modified PFWD to
inspect the compactness status rapidly. In this depth,
it is reliable to build the relationship between the dy-
namic, resilient modulus from the modified PFWD and
compactness degree from the conventional test method
during subgrade fillers construction.

(5) The attenuation influenced by the comprehensive inter-
action of particle gradations, morphology, and crushing
status needs further research. This research majorly fo-
cused on the gradation of CGS particles. However, the
particles have random irregular shapes, and there is an

“interlock” force besides friction between the particles. 
Besides, their size and shape affect the contact stress be-
tween particles. When the stress is significant, the par-
ticles will be crushed by extrusion, which will inevitably 
affect the attenuation of actual dynamic stress.
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1. INTRODUCTION

The technological revolution in building construction 
dates to the 19th century, when semi-automated equipment 
was introduced to allay the rigor of construction activities, 
enhance easier and faster construction tasks and improve 
environmental sustainability [1, 2]. For instance, hydraulic 
excavators and bulldozers were introduced to replace the 
cable-operated shovels for earthworks, while the conveyors 
and pumps replaced cranes for concrete placement. This 
optimized concrete works from 12 m3/hour to -50 m3/ hour 
speed of placing fresh concrete. Studies have established the 
enhanced performance and efficiency of building automat-
ed technologies for complex structures over conventional 
construction [3, 4].

The current trend of the fourth industrial revolution (In-
dustry 4.0) launched a variety of innovative technologies to 
improve product quality and increase industry performance 
through the digitization of complex industrial tasks, viz—3D 
printing (3DP) technology, robotic arms, drones, etc. [5]. The 
invention of 3DP for building construction is a dynamic tech-
nological panacea for some uncontrollable changes induced 
by the conventional procurement process that cause cost 
over-run, time over-run, etc. Unabated innovative studies by 
3DP proponents and advocates have therefore been persua-
sive towards adapting 3DP technology to the construction 
industry to improve, complement, and eventually replace 
conventional building construction methods [6, 7]. However, 
the full potentials of the technology are yet to be explored 
through its high practical applications in the construction in-
dustry like the automotive and manufacturing industry [1, 5].

3DP was established to solve the growing housing de-
mands from rapid urbanization in developed and devel-
oping countries, where conventional construction meth-
od errs to meet the rising demands [8–10]. For example, 
the rising application of the technology in China and the 
Netherlands is practically indicative of having met these 
countries' housing demands [5, 7, 9]. Technologically de-
veloping countries, especially Nigeria, are yet to experience 
the prominent implementation of 3DP technology for con-
struction activities like the developed countries [1]. Where-
as 3DP technology has the innovative potential to solve the 
housing deficit in Nigeria, this is put at 18 million units and 
24.4 million units between the low-income earners and the 
homeless, respectively [11]. Nigeria creates a high market 
potential for 3DP technology in its construction industry to 
enhance housing provision while deriving benefits of fast-
er construction, reduced material use and cost, improved 
safety on site, labor requirement savings, and durable and 
sustainable construction [7, 12, 13].

Empirical evidence on 3D printing of building con-
struction in Africa is generally scanty. This study, therefore, 
investigated the awareness level of 3DP in Nigeria; exam-
ined the drivers and barriers to its adoption; and the level 
of its use for construction in the country. This is to inform 

policy development and implementation for the applica-
tion of 3DP in the Nigerian construction industry to boost 
housing provisions and enhance the country's economy.

2. LITERATURE REVIEW

2.1. 3DP Technology in Construction and its 
Awareness
Innovative solutions to enhancing the performance of 

construction concerning cost, time, and the environment 
by implementing 3D printing have gained popularity in the 
construction industry in recent decades [7, 14]. 3DP is also 
known as additive manufacturing (AM) by its layer-up-
on-layer process of fabricating 3D solid objects. 3DP tech-
nology produces objects from a digital 3D CAD model by 
slicing the model into a series of 2D building layers before 
printing. The processed sliced 2D building layers (a set of 
2D contour lines) generate control commands to position 
the printing head for printing by depositing materials using 
nozzle and print head/laser beams [15].

The United States of America, Russia, China, Germany, 
and the Netherlands have used 3DP in construction indus-
tries for buildings and bridges with satisfactory results [16]. 
It is believed that 3DP addresses the problem of low labor 
productivity and labor shortage in the USA, UAE, Qatar, 
and Singapore, where migrant workers account for about 
90% of the construction workforce [1]. The potential op-
portunities and benefits of 3DP have influenced future con-
struction plans, policies, and countries' targets in the global 
construction markets. For instance, Dubai planned 25% of 
its construction targets to be 3D printed by 2030. The 3D 
construction printing (3DCP) market forecast is expected 
to reach USD 314 million from USD 130 million between 
2017 and 2023. Over 7000 construction robots are forecast 
to be deployed between 2018–2025 [1, 17].

The level of awareness of 3DP technology in developing 
countries is low, particularly in Africa [18]. South Africa, 
which has embraced additive manufacturing with up to 450 
AM machines installed in the industry, has relatively lim-
ited use of the 3D printer for building construction. Lack 
of awareness of the benefits and understanding of the tech-
nical know-how of 3DP by professionals in the construc-
tion industry were proven as barriers to adopting the tech-
nology for housing delivery in South Africa [19]. Farabiyi 
& Abioye [18] revealed that the awareness of automation 
techniques in the Nigerian construction industry is limited 
to CAD, crane, and BIM. This implied that the awareness 
level of 3DP is low in the country.

2.1.1. 3D Printing Software
The design of the 3D CAD model is generated by open 

source packages like the Autodesk Inventor and Blend-
er [20, 21]. Other software packages include SolidWorks, 
Google SketchUp, and Autodesk Revit (the construction in-
dustry BIM software) [5]. The model is exported to an STL 
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(Stereolithography) format to interpret and decompose the 
model into building layers or slices [15]. The slices are sets 
of 2D contour lines that generate control commands to ac-
tivate the printing processes by the printer. The production/
fabrication of 3D structures is in layers. This technology re-
quires little or no external human (skilled or unskilled) as-
sistance, unlike the labor-intensive requirements in conven-
tional construction, except for the computerized building 
design experts, digitally savvy, and machine operators [1, 
22]. The 3D CAD models of different structures have been 
successfully printed into physical edifices by some compa-
nies, institutes, and universities. Some of them are Winsun 
company (China), 3D Printhuset (Denmark), CyBe (Neth-
erlands), ApisCor (Russia), COBOD (Germany), and Tsin-
ghua University School of Architecture (China) [23, 24].

2.1.2. Techniques of 3DP in Construction
The evolution of 3DP technology in construction has 

applied two main techniques for large-scale 3D concrete 
printing: binder jetting and material deposition method 
(MDM). The basic principle of the techniques is to build 
up complex structures layers upon layers [7]. Binder jet-
ting creates 3D objects in a repeated cycle by depositing 
binder in droplets on a thin layer of powder material over 
a powder bed in a build tray [25]. This is called powder 
bed-based printing. The technique eliminates waste gen-
eration because unbound raw materials in the build tray 
are removed with a vacuum cleaner and used to support 
subsequent layers [26]. There is a minimal distance be-
tween layers with a relatively high resolution which gives 
a good surface finish [27]. The principle of binder jetting 
is commonly employed in D-shape 3DP process.

The MDM is similar to fused deposition modeling 
(FDM, used in the manufacturing industry), which prints 
3D objects in successive layers of extruded materials in 
line with the CAD model [28]. It is commonly adopted in 
contour crafting (CC), concrete printing, stick dispens-
ers, digital construction platforms, flow-based fabrication, 
mini-builder, and mesh-mould [7].

D-shape, contour crafting/concrete crafting, and concrete 
printing are the prominent 3DP technologies in construction 
[29, 30]. The disparities between these three technologies are 
shown by the limits of the scale of their printing dimensions 
(large or small scale printing ability), the configuration of 
their printer design, the printing process, and their printing 
materials (Table 1). D-shape is a 3DP technology that binds 
sand with a selective binder like magnesium (inorganic bind-
ing agent) to make the stone-like 3D structure. The D-shape 
printer has a set of spreading nozzles (hundreds of spraying 
nozzles) equipped with its print head, which deposits liquid 
binder on powdery sand at desired thickness layer upon layer 
in a repeated manner to form the digital prototypes. D-shape 
effectively prints large-scale structures [27, 31].

The CC operates on a computer-controlled gantry sys-
tem that supports a concrete nozzle's movements with an 
attached trowel [28]. The installed trowel(s) enables the CC 
to create very smooth and accurate free-forms and planar 
surfaces at a higher build speed using a wide range of selec-
tive printing materials [30]. The CC technology combines 
extrusion and filling processes to print large-scale/industri-
al scale structures without the use of formwork. The process 
of CC can create openings and voids while printing for the 
insertion of reinforcement, installation of electrical fittings, 
and mechanical fittings using a robotic arm [32].

Table 1. 3D printing techniques

Contour crafting
(printing dimension is 
mega-scale)

D-shape/Binder jetting
(printing dimension is 
limited by frame)

Concrete printing
(printing dimension is 
limited by frame)

3D printing 
techniques

Gantry system, (with 
gantry-driven nozzle); i.e 
150mx10mx6.6m gigantic 
3D printer (by WinSun);
RepRap 3D print
D-shape 3D printer 
(2007, Italy))
6mx6mx6m printing 
dimension

Robotic 3D printer (2012, 
Spain)
Concrete 3D printer, 
i.e., four-axis gantry 
robot with a print bed of 
9.0mx4.5mx3m

Machine

Extrusion process:
Cementitious 
concreting layer by 
layer (no formwork)
Filling process
Binder jetting

Powder-based/
selective binding

Extrusion & 
deposition (no 
formwork)

Production 
process

Cementitious 
material:
Cement and sand

Powder bases; 
selective binder; 
sand

High-performance 
concrete; cement 
mixture

Material

Concrete buildings, 
houses

Architectural 
artifacts (for 
example, 1.6m 
freeform sculpture); 
a whole house; 
landscape house 
design
Architectural 
structures

Structure

[30, 32]

[7, 30, 32]

[30]

[30, 32]

Source
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Concrete printing, on the other hand, prints large-scale 
3D structures by combining the principles of extrusion 
and deposition. It is similar to CC because its print head is 
mounted on a crane but operates without a trowel [28, 30, 
32]. Therefore, the printed works do not have a very smooth 
surface like those printed by CC because the use of a trowel 
in the printing technique is absent.

The innovative D-shape, CC, and concrete printing 
technologies have been explored on-site and off-site to 
build concrete, metallic, and plastic structures ranging 
from houses to offices to bridges and connection nodes 
[14] (Table 2). The components of building work printed 
off-site are often transported to the site and assembled to 
form the designed shapes. For example, the Winsun office 
in Dubai was printed in China and shipped to Dubai for 
assemblage with estimated reductions in construction cost 
by 80%, labor costs by 60%, and waste management costs 
by 60%; when compared to the conventional office building 
construction [23].

The patronage of the 3DP technologies in the global 
construction market is recorded to be low. This is despite 
the attempts by extensive research activities to increase cus-
tomizations at reduced construction time and improved 
affordability, as other benefits and opportunities of the 
technologies are considered [28, 29]. Perkins and Skit-
more [25] attributed the low and slow paradigm shift to 
the adoption of innovative technology in the construction 
industry to the fear of outright replacement of convention-
al construction methods by the disruptive nature of 3DP. 
The disruptive nature of 3DP describes the propensity of 

the technology to replace a broad range of activities per-
formed by skilled, semi-skilled, and unskilled labor in the 
construction industry, thereby causing human resources 
downsizing, increased unemployment rate, and a cut in the 
Gross Domestic Product (GDP) of a country.

2.1.3. Printable 3D Printing Materials
The printable 3DP materials in construction are cemen-

titious, polymer, and metallic, but cementitious materials 
are the most commonly used [5, 14]. Research interests in 
addressing the compatibility of cementitious materials for a 
large-scale 3D printer in industrial-scale construction have 
generated the consideration of different components of con-
crete-related material in experimental studies [33]. Ascer-
taining the right constituents and mix ratio of the viscous 
cementitious materials, which are easy to extrude, workable 
within proper setting time/open time, and the challenges of 
material buildability have been the research focus for 3D 
printable materials [5, 30]. Since the conventionally placed 
load-bearing walls are reinforced concretes, the explorato-
ry research efforts on printable reinforcement alternatives 
for the 3D print concrete wall without compromising on 
sufficient strength (pa) of concrete are on the increase [30].

Selective printable materials for 3DP in construc-
tion have addressed material and labor resource scarcity 
[14]. The 3D print walls of self-compacting concrete have 
self-supporting strength to hold individual layers in place 
from subsequent depositions without deformation [1]. 
This reveals the effectiveness of the 3DP materials for con-
struction purposes and dismisses the skepticisms on the 

Table 2. Some existing 3D printing projects

Concrete Bridge
YHNOVATM

Landscape House

Gemert bicycle bridge

Winsun offices

Castilla-La Mancha 
3D bridge
Urban temple project
Winsun houses

3D print canal house

The MX3D bridge

3D projects

86ft long bridge
95m2 house
1100m2 landscape house 
based on a Mobius strip
8m x 3.5m bridge

Office

12m x 1.75m pedestrian 
bridge
1.6m freeform sculpture
1,100m2 two-story house
200m2 houses (10 nr)
1100m2 five-story 
apartment
6m hose

10m x 2.5 metal bridge

Project description

2019
2017
2017

2017

2016

2016

2008
2013
2014
2015

2014

Year

Shanghai
France

Gemert, 
Netherlands
Dubai

Madrid, Spain

Pisa, Italy
China
Shanghai, China
China

Amsterdam, 
Netherlands
Amsterdam, 
Netherlands

Location

Concrete printing
Concrete printing
Concrete paste, bio-plastic (80% vegetable oil)

Concrete printing

Cement, sand, reinforcing glass fiber, 
proprietary additive mix, 150x10x6.6m machine
Concrete printing: fused concrete, 
polypropylene reinforcement
Sand/mineral dust; inorganic binder, 
Concrete printing
High-grade cement and glass fiber
Cement combinations, glass fiber, construction 
waste
Polymer printing: 2.2x2.2x3.5m polypropylene 
blocks
Metallic printing: Wire and Arc AM; directed 
energy deposition (DED); 6-axis robotic 
welding arm

Method/Material

[5]
[30]

[14]

[14]

[14]

[30]
14]
[30]
[30]

[14]

[14]

Source
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production of large-scale construction structures in recent 
past years, by the innovations of printable cementitious 
(cement-based) materials and industrial scale printers that 
have printed up to and over 1,100 m2 building structures of 
houses and offices in China and Dubai [14, 22].

The printable 3DP cementitious materials that were 
applied for exploratory construction included rapid-hard-
ening Portland cement (RHPC) used in the binder jetting 
3DP system, calcium aluminate types of cement (CAC), 
slag-based geopolymer (comprising slag, fine sand, and 
silicate-based activator), plaster and clay-like materials, 
and reactive powder concrete (RPC) mixture (compris-
ing high-efficiency superplasticizer, fly ash, silica fume, 
quartz powder, cement, and fine sand) [34–36]. These are 
self-compacting concrete compositions considered appli-
cable for 3DP of large-scale construction. Fiber-reinforced 
concrete using steel fibers constitution, rather than manual-
ly placed reinforcement, has shown its printability strength 
of high flexural strengthen research works by [5] and [37].

In general, 3DP materials are in three forms viz. liquid 
(i.e., thermoformable epoxy, photopolymer, photocurable 
acrylic resin), powders (i.e., plastic, metal, ceramic), and 
solid (metal alloy, thermoplastic, rubber) [38]. These mate-
rials include ceramics, composites, chemicals, concrete, me-
tallic materials (i.e., aluminum, gold, alloys, magnesium), 
sand, river sand, limestone, sandstones, wax, silicone, resin, 
wood, plastics, water, paper, and foodstuff [14, 39].

2.2. Drivers of 3DP Technology in Construction 
A quest to overcome the challenges of time cost overrun 

and declining labor productivity in building construction 
has compelled construction companies to consistently seek 
resolvable construction methods [5]. Bricklaying automa-
tion, intelligent, dynamic casting, and robot-winding have 
been explored to address those challenges and innovatively 
complement the conventional construction of some build-
ing components [7, 40, 41]. Several other technologies have 
been invented with the advent of Industry 4.0, which have 
boosted the performance of the automotive and manufac-
turing industry. The 3DP is one of the latest technologies 
of Industry 4.0 [7], with increased attention to construc-
tion automation [1]. Tay et al. [7] opined that the numer-
ous benefits of 3DP, which meet the targeted demands in 
building and construction, are the drivers for its adoption 
for construction.

El-Sayegh et al. [5] reviewed 3DP in construction and 
categorized the benefits of 3DP into two groups: construc-
tability and sustainability. The constructability benefits are 
lower construction cost, faster construction, more geome-
try freedom, shorter supply chain, and better productivi-
ty. It is established that the speed of construction is faster 
with 3DP than the traditional method by 42%, enabling 
clients to generate revenue early and release resources for 
subsequent projects [42]. Thus, the use of the technology 
of 3DPis stressed as a new way of satisfying client's needs 

in the construction market [35]. Hager et al. [15] empha-
sized the possible realization of architectural geometry in 
construction irrespective of its geometric complexity as a 
driver for the adoption of 3DP.

The sustainability benefits of 3DP are reduced form-
work, less construction waste generation, safer sites, 
eco-friendly structure, and social good. Printing concrete 
by the 3D printer is done without the need for formwork, 
eliminating 40% of the total cost associated with concrete 
work [43]. 3DP creates mass production of customized 
construction products at a reduced cost, minimal materi-
al waste through recycling and reuse of unused materials, 
increased design flexibility, and less human intervention 
in building construction [7, 14, 23]. The reduced human 
intervention improves safety on construction sites through 
reduced construction-related falls, injuries, and fatalities 
[25]. It has also been established that 3DP reduces CO2 
emission through its innovative technology in construction 
[7]. Therefore, 3DP offers much-needed innovative solu-
tions for performance improvement in construction toward 
solving sustainability problems in the global society [15].

Buchanan & Gardner [14] revealed the opportunities 
inherent in 3DP from a review of the methods of metal 
3DP in construction. The opportunities of 3DP are geo-
metric flexibility and optimization of material properties; 
customization of building elements; reduced construction 
time; hybridization and structural strengthening of dam-
aged or corroded elements to update the structural design 
of elements; environmental advantages of reduction in con-
sumption of total energy, raw materials, and portable wa-
ter; reduction in labor cost (15–50% of total construction 
project cost), elimination of risk of human error from the 
compulsion to work in adverse weather conditions and at 
night. These opportunities were founded as the drivers for 
adopting 3DP in building construction.

Kotchman & Faber [43] underscored the high rate of ad-
vancement in technology coupled with the need to realize a 
better eco-performing society as the driver for 3DP adop-
tion in construction. The study further explained the ben-
efit of 3DP in shortening the construction supply chain by 
merging the roles of consumers/client and producer/con-
tractor to prosumers through integrating different steps and 
functions in construction into a digitized production chain. 
This creates the direct fabrication of building components 
using digital design and a 3D printer by the prosumer. Inte-
grating roles implies a shorter supply chain, less professional 
and unskilled labor requirements, less complicated design, 
and virtual design change evaluation through CAD and di-
rect printing simulation techniques. These benefits give a 
hedge against resource scarcity in the construction industry.

2.3. Barriers to 3DP Technology in Construction
Despite the numerous benefits of 3DP in construction, 

several challenging limitations have inhibited and discour-
aged its wide acceptance and high utilization in the global 



J Sustain Const Mater Technol, Vol. 7, Issue. 3, pp. 184–197, September 2022 189

construction market. Wu et al. [29] identified the barri-
ers to the broader acceptance and adoption of 3DP as low 
technological readiness, weak organizational support, and 
lacking policy and regulatory standards. The technological 
readiness of 3DP in construction is low because of the very 
high initial cost of incurring the 3DP printer, its running 
and maintenance costs, and unascertained compatibility 
standards for the right mix design of 3DPmaterials.

Hayes [44] stressed that skepticisms and cynicism about 
the potential of 3DP by top managements of construction 
companies and limited availability of resources discour-
age their commitments to adopting the technology. On 
the other hand, the fear of job insecurity by low-skilled 
labor, whose tasks are replaced by printers, and the need 
for up-skilling labor with equipment and software technical 
know-how are challenged to 3DP adoption [1]. Arora et al. 
[45] opined that the lack of developed policy standards on 
building codes and regulations that address 3DP materials 
and processes facilitated the unwillingness of stakeholders 
to change from the conventional method of construction 
to the new technology. Lacking regulatory controls on con-
tracts, especially the legal backing, for the party(ies) that is/
are liable for the defects of the 3D printed building com-
ponents and structures also limits the broader acceptability 
and application of 3DP in the construction industry.

El-Sayegh et al. [5] asserted that clients' expectations are 
yet to be achieved by applying 3DP technology, owning to 
the rigid design requirements of 3Dprinters and materials 
limitations, and some other limiting factors. The factors 
are related to 3D printers, software, architecture and de-
sign, construction management, regulations and liability, 
and stakeholders’ issues. According to Zhang et al. [46], the 
fixed scale design of a 3D printer limits the printing of con-
struction works with sizes that range outside the scale of 
the printer’s design. This implies that printing of building 
plans with sizes (floor surface area) more significant than 
that of the printer’s scale and printing of the height of build-
ing plans that are higher than the range of reach of the ro-
botic arm of the printer are not feasible. The opponents of 
3DP hold this limitation of printing scale as the main rea-
son for the unsuitability of 3DP for automated construction 
of large-scale production [5]. The printer’s capacity to print 
only straight edge corners is also a limitation to the benefit 
of freedom of geometric architecture for 3DP.

Another critical barrier to the adoption of 3DP in the 
construction industry is the uncontrolled nature of the 
construction site, which does not support a controlled en-
vironment needed for the printing process of a 3DP printer 
on-site. In addition, the inherent risk of transportation of 
equipment on-site, equipment set up, site equipment, and 
adaptability of software applications for different geomet-
ric designs are identified barriers to the adoption of 3DP in 
building construction. The programmed system of the con-
tinuous printing process of 3DP printers for construction is 

averred as incompatible with the conventional scheduling 
of construction activities, which makes the adaptability of 
3DP in construction a challenge [47].

3. RESEARCH METHODOLOGY

The study examined the level of awareness of 3DP tech-
nology, the level of use, and the drivers and barriers to the 
adoption of the technology in construction among pro-
fessionals in small-sized and medium-sized construction 
firms (the SMEs) in Lagos State, Nigeria. Large-sized con-
struction firms were excluded because the present capacity 
of 3D printers is yet beyond large-scale mass customization 
and production of building and construction works [25]. 
The target population was construction firms registered 
with the Nigerian Institute of Builders (NIOB) in Lagos 
State. Lagos State is Nigeria's hub of active construction ac-
tivities [48].

The study employed a quantitative research methodol-
ogy using a well-structured questionnaire to obtain infor-
mation from a sample of respondents to generalize findings 
for a population [49]. The similar questions in the ques-
tionnaire design for the survey facilitated the researchers 
to compare the data obtained from different professionals 
in the study area.

Statistics from the Nigerian Institute of Building site 
showed that a total of 103 construction firms were regis-
tered and certified to practice building construction by the 
Institute in Lagos State. Only 39% of the registered firms 
that were financially active members of the Institute were 
considered for the survey exercise during this study. Tro-
chim [50] indicated that a percentage range from 10–30% is 
deemed adequate for a survey on a small population, while 
a 5% representation for a large population is deemed ad-
equate. The 39% representation of the construction firms 
built up to 40 registered construction firms in the study 
area, constituting the study's sample size.

The target respondents were registered professionals at 
the top management level and project and senior managers. 
The professionals were architects, builders, engineers, and 
quantity surveyors. At least one of these professionals was 
sampled to represent the general position of each construc-
tion firm (as a contractor) on 3DP technology awareness 
and use. The professionals were sampled based on their 
availability and readiness to supply resource information 
on 3DP practices and the agreed choice of representation 
by the professionals for the firm. These steps were taken 
to avoid the possibility of duplicating information from a 
firm/contractor for the study. A total number of 35 ques-
tionnaires were retrieved from the survey exercise. This 
represented a total retrieval rate of 89.74%.

The questionnaire was structured by information extract-
ed from experimental studies and reviews in the existing lit-
erature on 3DP technology to form the primary data source 
for this study. A structured questionnaire is an effective data 
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collection method for measuring respondents' beliefs, atti-
tudes, and opinions [51]. The questionnaire was designed as 
close-ended for easy answering by respondents and analysis 
by researchers as established by [52]. The construct of the 
3DP technology in reviewed literature formed the basis for 
the questionnaire design, which was divided into two sec-
tions. Section A and section B. section A of the questionnaire 
comprised the profile information about the respondents. 
Section B of the questionnaire addressed the objectives of the 
study. The questionnaires were self-administered.

The data obtained were analyzed based on descriptive 
and inferential statistics. The descriptive statistical tools 
employed were frequency tables and mean score rating. 
Name [53] stressed that descriptive statistics are practical 
tools to present the characteristics of the respondents for a 
quick understanding of the underlying details in a data set. 
The inferential statistical tool adopted by the study was the 
Mann-Whitney u-test. The tool looked at the differences in 
the ranked positions of scores (for variables on the applica-
tion of 3DP in construction, drivers, and barriers of 3DP) 
in different groups. The test makes inferences from respon-
dents from unequal independent groups in an observed pop-
ulation [54]. These groups were the SMEs (medium-sized 
firms=25numbers; small-sized firms=10 numbers).

Using Cronbach's alpha test, a validity and reliabili-
ty test were conducted on the research data. The values 
of Cronbach’s Alpha extracted from the test were used to 
determine the internal consistency of variables generated 
from the respondents' responses on 3DP technology ques-
tions [55]. An acceptable range of reliability is established at 
0.70–0.95 values of Cronbach’s Alpha [56].

4. RESULTS AND DISCUSSION

4.1. The Respondents’ Profile
Table 3 shows the background information about the 

respondents on the specialization of the firm, size of the 
firm, educational qualifications, and professional affili-
ations of respondents. Each of the captured respondents 
represented an individual firm. About 71.4% of the con-
struction firms were specialized building/ civil works con-
tractors, architects, and consultants. Up to 71.4% of the 
firms were medium-sized with over 40,000,000 annual 
revenue, while 28.6% were small-sized firms. The respon-
dents were registered professionals with percentage repre-
sentations of 31.4% (builders), 28.6% (engineers), 22.9% 
(architect), and 17.1% (quantity surveyors). The average 
work experience of the respondents was estimated at ap-
proximately 12 years, indicating that about 49% of the 
firms have been in the business of construction works for 
12 years. Up to 74.3% of the firms had awareness about 3D 
printing through professional dialogue (42.3%), personal 
research (38.5%), and direct personal experience (19.2%). 
These results underscored the adequacy of the respon-
dents' information obtained for the study.

4.2. Application of 3DP Technology for Construction
The results of the validity and reliability test on the re-

search instrument and the analysis of data obtained from 
the respondents’ perception of the application of 3D print-
ing are shown in Tables 4 and 5, respectively. A Cronbach’s 
alpha value (Table 4) greater than 0.70 implied that the 
scale is reliable and valid to measure the underlying con-

Table 3. The profile of respondents

Specialization of firm

Size of firm

Annual revenue

Professions

Year of work 
experience

3D printing 
awareness

Awareness medium

Characteristics

Building works (architecture design & contractor)
Civil works (contractor)
Building and civil works (consultants, architecture designs & contractors)
Medium
Small

20,000,000 - 30,000,000
≥ 40,000,000
Architect
Builder
Engineer
Quantity Surveyor
≤ 9
10-19
≥20
Aware
Unaware
Direct personal experience
Personal research
Professional dialogue

Parameters

7
3

25
25
10
11
24
8

11
10
6
9

19
7

26
9
5

12
13

N

20.0
8.6

71.4
71.4
28.6
31.4
68.6
22.9
31.4
28.6
17.1
25.7
54.3
20.0
74.3
25.7
19.2
38.5
42.3

%

N= Number.
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struct of its design for the analysis. In Table 5, the creation 
of scale mockups for building components and construc-
tion of columns ranked highest (MS=3.440, SD=0.577; 
MS=3.440, SD=0.583 respectively) by the respondents in 
the medium firm category. Construction of structure at 
a low price and creating a metal surface for solid struc-
ture ranked highest (MS=4.100, SD=0.994; MS=4.100, 
SD=0.875 respectively) by the respondents in the small-
sized firm. Overall, the application of 3D printing for the 
construction of finished floors, painting, and construction 
of median strips ranked lowest with mean score values of 
2.971, 2.942, and 2.914, respectively.

There were no significant differences in the ranking 
of the three least variables by the respondents from the 
two groups of the firm, z=-1.829, -1.127, and -0.531, re-
spectively; p=0.067, 0.260, and 0.595, respectively. This 
implies that the differences in the revenue base of the 
firms’ sizes may not be contributory factors to the appli-
cation of 3DP technology on the least ranked variables. 
On the other hand, there is a significant difference in the 
respondents’ perception of the three items' application 
of 3DP technology. These were construction of struc-
ture at a low price (z=-2.031, p=0.042), creating met-
al surface for solid structure (z=-2.063, p=0.039), and 

Table 4. Reliability statistics

Cronbach’s Alpha	 Cronbach’s Alpha is based on standardized items	 N of items

0.885	 0.898	 25

Table 5. Application of 3D printing technology

Variables		  Medium			   Small		  Overall			   Mann-Whitney 
										          U test

	 MS	 SD	 R	 MS	 SD	 r	 MS	 SD	 r	 z-score	 Sig.	 R

Constructing a structure at a low price	 3.400	 0.577	 3	 4.100	 0.994	 1	 3.600	 0.774	 1	 -2.031	 0.042	 *
Creating scale mockups for building components	 3.400	 0.916	 1	 4.000	 0.942	 3	 3.600	 0.945	 1	 -1.517	 0.129	 **
Printing pedestrian bridge	 3.400	 0.957	 3	 4.000	 0.942	 3	 3.571	 0.978	 3	 -1.669	 0.095	 **
Construction midsize homes	 3.400	 0.500	 3	 4.000	 0.942	 3	 3.571	 0.698	 3	 -1.838	 0.066	 **
Creating metal surface for a solid structure	 3.320	 1.029	 9	 4.100	 0.875	 1	 3.542	 1.038	 5	 -2.063	 0.039	 *
Constructing structures in a quick manner	 3.320	 0.476	 9	 3.900	 0.875	 6	 3.485	 0.658	 6	 -1.978	 0.048	 *
Habitable concrete 3D printed house	 3.360	 0.637	 6	 3.700	 0.674	 8	 3.457	 0.657	 7	 -1.377	 0.169	 **
Construction of columns	 3.440	 0.583	 1	 3.300	 0.674	 13	 3.400	 0.603	 9	 -0.554	 0.579	 **
Complete scale building components fabrication 
i.e., interior wall	 3.320	 0.476	 9	 3.400	 0.516	 11	 3.342	 0.481	 10	 -0.444	 0.657	 **
Constructing partitions	 3.360	 0.489	 6	 3.300	 0.823	 13	 3.342	 0.591	 10	 -0.473	 0.636	 **
Road curbs	 3.240	 0.778	 15	 3.500	 0.527	 9	 3.314	 0.718	 12	 -1.000	 0.317	 **
Using plastic as materials for construction	 3.280	 0.541	 12	 3.400	 0.843	 11	 3.314	 0.631	 12	 -0.358	 0.721	 **
Prefabrication of full-scale building exterior wall	 3.360	 0.489	 6	 3.200	 0.421	 16	 3.314	 0.471	 12	 -0.908	 0.364	 **
In-situ 3D printing house	 3.160	 0.472	 17	 3.500	 0.707	 9	 3.257	 0.560	 15	 -1.410	 0.159	 **
Construction of slab	 3.280	 0.613	 12	 3.200	 0.421	 16	 3.257	 0.560	 15	 -0.516	 0.606	 **
Construction of beams	 3.280	 0.541	 12	 3.100	 0.316	 18	 3.228	 0.490	 17	 -1.067	 0.286	 **
Construction of foundation	 3.120	 0.665	 19	 3.300	 0.483	 13	 3.171	 0.617	 18	 0.651	 0.515	 **
Prefabrication of roof	 3.120	 0.832	 19	 3.000	 0.666	 21	 3.085	 0.781	 19	 -0.594	 0.552	 **
Prefabrication of doors	 3.040	 0.675	 23	 3.100	 0.737	 18	 3.057	 0.683	 20	 -0.243	 0.808	 **
Prefabrication of windows	 3.040	 0.675	 23	 3.100	 0.737	 18	 3.057	 0.683	 20	 -0.243	 0.808	 **
Construction of parapet	 3.080	 0.812	 22	 3.000	 0.666	 21	 3.057	 0.764	 20	 -0.439	 0.660	 **
Construction of stairs	 3.160	 0.687	 17	 2.800	 0.632	 23	 3.057	 0.683	 20	 -1.415	 0.157	 **
Construction of finished floor	 3.120	 0.665	 19	 2.600	 0.699	 26	 2.971	 0.706	 24	 -1.829	 0.067	 **
Painting	 3.040	 0.789	 23	 2.700	 0.823	 25	 2.942	 0.802	 25	 -1.127	 0.260	 **
Construction of median strip	 2.960	 0.789	 26	 2.800	 0.632	 23	 2.914	 0.742	 26	 -0.531	 0.595	 **

MS: Mean score; SD: Standard deviation; r: Rank; Sig.: Significance; R: Remark; *: Significant difference; **: No difference.
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constructing structures in a quick manner (z=-1.978, 
p=0.48). This established that the sizes of firms influence 
the level of application of 3DP technology in the three 
high-ranked construction activities. That is, the larger 
the size and capacity of the contractor, the higher the 
responsiveness of the firms to adopting the application 
of 3DP technology to deliver construction services. The 
findings on the low application of 3DP technology sup-
port the existing studies on the technology's infancy in 
developing countries [17, 18].

4.3. Drivers of 3DP Technology in Nigerian
Construction Industry
The results of the factors that influence the acceptance, 

adoption, and application of 3D printing technology by the 
firms in construction are shown in Tables 6 and 7. Table 6 
shows Cronbach’s alpha value of 0.885, which is within the 
acceptable range of reliability (0.70–0.95) for the scale used 
for the analysis [57]. Table 7 shows the ranking of scores 
on the drivers of 3DP in construction from respondents’ 
assessments between the two groups of the firms. All the 
examined drivers (28) of 3DP technology ranked high with 

Table 6. Reliability statistics

Cronbach’s Alpha	 Cronbach’s Alpha is based on standardized items	 N of items

0.885	 0.878	 28

Table 7. Driver for the adoption of 3DP technology in Nigeria

Variables		  Medium			   Small		  Overall			   Mann-Whitney 
										          U test

	 Mean	 SD	 r	 Mean	 SD	 r	 Mean	 SD	 r	 z-score	 Sig.	 R

Reduced paper-based delivery methods	 4.200	 0.645	 2	 4.500	 0.707	 4	 4.280	 0.667	 1	 -1.310	 0.190	 **
Architecture geometry freedom	 4.280	 0.678	 1	 4.300	 0.823	 9	 4.285	 0.710	 1	 -0.199	 0.842	 **
Improved contractors and client relationships	 4.080	 0.571	 4	 4.600	 0.699	 2	 4.228	 0.645	 3	 -2.329	 0.020	 *
Enabling fast project completion	 4.160	 0.687	 3	 4.400	 0.699	 7	 4.228	 0.689	 3	 -0.961	 0.337	 **
Technological advancement	 3.960	 0.840	 13	 4.700	 0.483	 1	 4.171	 0.821	 5	 -2.383	 0.017	 *
Improved client satisfaction	 4.000	 0.707	 10	 4.600	 0.699	 2	 4.171	 0.746	 5	 -2.241	 0.025	 *
Enhances cost efficiency	 4.040	 0.454	 7	 4.400	 0.516	 7	 4.142	 0.493	 7	 -1.962	 0.050	 *
Enhance sustainability	 3.960	 0.675	 13	 4.500	 0.707	 4	 4.114	 0.718	 8	 -2.063	 0.039	 *
Increased employee productivity	 4.040	 0.611	 7	 4.300	 0.823	 9	 4.114	 0.676	 8	 -1.114	 0.265	 **
A reduced error by better coordination of work	 4.040	 0.351	 7	 4.200	 0.623	 11	 4.085	 0.445	 10	 -1.022	 0.307	 **
Speed up the construction process	 4.080	 0.640	 4	 4.100	 0.567	 15	 4.085	 0.612	 10	 -0.064	 0.949	 **
Reduction in technology and material cost	 4.000	 0.577	 10	 4.200	 0.632	 11	 4.057	 0.591	 12	 -0.913	 0.361	 **
Client desire	 3.840	 0.850	 21	 4.500	 0.707	 4	 4.028	 0.857	 13	 -2.088	 0.037	 *
Operational efficiency	 3.880	 0.665	 19	 4.200	 0.788	 11	 3.971	 0.706	 14	 -1.198	 0.231	 **
Shorter supply chain	 3.920	 0.493	 15	 4.100	 0.737	 15	 3.971	 0.568	 14	 -0.825	 0.409	 **
Improves visualization	 3.920	 0.702	 15	 4.100	 0.737	 15	 3.971	 0.706	 14	 -0.679	 0.497	 **
Improves construction skills of users	 4.000	 0.408	 10	 3.900	 0.994	 22	 3.971	 0.617	 14	 -0.046	 0.963	 **
Increases emergency response	 4.080	 0.640	 4	 3.700	 1.059	 25	 3.971	 0.785	 14	 -1.104	 0.269	 **
Value management skill	 3.920	 0.640	 15	 4.000	 0.666	 18	 3.942	 0.639	 19	 -0.223	 0.824	 **
Automation of quantities	 3.880	 0.665	 19	 4.000	 0.942	 18	 3.914	 0.742	 20	 -0.354	 0.723	 **
Companies management	 3.920	 0.702	 15	 3.900	 0.994	 22	 3.914	 0.781	 20	 -0.156	 0.876	 **
Decreased construction costs	 3.760	 0.597	 26	 4.200	 0.632	 11	 3.885	 0.631	 22	 -1.837	 0.066	 **
Change in market	 3.800	 0.816	 23	 4.000	 1.333	 18	 3.857	 0.974	 23	 -1.018	 0.308	 **
Convenience	 3.800	 0.763	 23	 3.800	 1.135	 24	 3.800	 0.867	 24	 0.000	 1.000	 **
High level of competition	 3.840	 0.687	 21	 3.700	 1.337	 25	 3.800	 0.900	 24	 -0.236	 0.813	 **
Management of carbon consumption	 3.680	 0.690	 27	 4.000	 0.666	 18	 3.771	 0.689	 26	 -1.152	 0.249	 **
Unified ways of service delivery	 3.800	 0.500	 23	 3.700	 0.674	 25	 3.771	 0.546	 26	 -0.096	 0.924	 **
Professional competence of users	 3.680	 0.476	 27	 3.600	 0.516	 28	 3.657	 0.481	 28	 -0.444	 0.657	 **

MS: Mean score; SD: Standard deviation; r: Rank; Sig.: Significance; R: Remark; *: Significant difference; **: No difference.
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4.280≤ MS ≤3.680 by the medium-sized construction firms 
and 4.500≤ MS ≤3.600 by the small-sized construction 
firms. The firms' overall high-ranked drivers of 3DP tech-
nology have a range of 4.280≤ MS ≤3.657. This established 
that all the examined drivers of 3DP technology are critical 
success factors that encourage the application of 3DP tech-
nology in construction. The implication of these findings 
underscores the existing scholarly findings that the technol-
ogy offers tremendously high benefits to the clients, con-
tractors, projects, and environmental sustainability [30]. In 
support of the existing studies, this study establishes that 
the benefits of 3DP technology in construction are the driv-

ers that have influenced the increased exploratory research 
to improve the technology's applicability for construction 
automation. The study established that the drivers of 3DP 
technology in construction in developed countries [5, 7, 14, 
28] are likewise relevant for increased technology adoption 
by contractors, consultants, and clients in developing coun-
tries, particularly Nigeria.

Among all the high-ranked drivers of 3DP technology 
by firms, up to 6 drivers significantly differ in their ranked 
scores by the two independent groups of respondents. The 
drivers were improved contractors and client relationship 
(z=-2.329, p=0.020), technological advancement (z=-2.383, 

Table 8. Reliability statistics

Cronbach’s Alpha	 Cronbach’s Alpha is based on standardized items	 N of items

0.803	 0.783	 23

Table 9. Barriers to the adoption of 3DP technology in Nigeria

Variables		  Medium			   Small		  Overall			   Mann-Whitney 
										          U test

	 Mean	 SD	 r	 Mean	 SD	 r	 Mean	 SD	 r	 z-score	 Sig.	 R

Technical challenges	 4.120	 0.600	 1	 4.100	 0.737	 2	 4.114	 0.631	 1	 -0.042	 0.967	 **
Unwillingness to change from the traditional method	 3.960	 0.611	 2	 4.000	 0.942	 3	 3.971	 0.706	 2	 -0.120	 0.905	 **
High purchasing power	 3.960	 0.789	 2	 3.800	 0.918	 4	 3.914	 0.817	 3	 -0.437	 0.662	 **
Inadequate power supply	 3.920	 0.571	 4	 3.700	 0.674	 5	 3.857	 0.601	 4	 -1.023	 0.306	 **
Lack of information on 3D printing technology	 3.840	 0.472	 5	 3.700	 0.674	 5	 3.800	 0.531	 5	 -0.808	 0.419	 **
The unfamiliarity of workers with 
3D printing technology	 3.541	 0.931	 15	 4.200	 0.632	 1	 3.735	 0.898	 6	 -1.976	 0.048	 *
Structure of organization	 3.760	 0.522	 8	 3.600	 0.516	 7	 3.714	 0.518	 7	 -0.794	 0.427	 **
Social and habitual resistance to change	 3.720	 0.458	 10	 3.600	 0.843	 7	 3.685	 0.582	 8	 -0.417	 0.677	 **
High cost of training	 3.760	 0.435	 8	 3.500	 0.527	 9	 3.685	 0.471	 8	 -1.475	 0.140	 **
Maintenance cost	 3.840	 0.943	 5	 2.900	 1.3270	 20	 3.571	 1.144	 10	 -1.957	 0.050	 *
Fear of job security	 3.840	 0.800	 5	 2.900	 1.370	 20	 3.571	 1.065	 10	 -2.171	 0.030	 *
Fear of incorporating 3DP technology into 
existing practice by the organization manager	 3.720	 0.890	 10	 3.100	 0.994	 16	 3.542	 0.950	 12	 -1.624	 0.104	 **
Trained professional to handle tools	 3.560	 0.506	 14	 3.400	 0.699	 12	 3.514	 0.562	 13	 -1.062	 0.288	 **
Proper legislative support	 3.480	 0.714	 18	 3.500	 0.849	 9	 3.485	 0.742	 14	 -0.247	 0.805	 **
Complex 3D printing technology	 3.600	 0.645	 13	 3.200	 0.421	 14	 3.485	 0.612	 14	 -1.756	 0.079	 **
High cost of incorporating 
3D printing technology	 3.640	 0.810	 12	 3.000	 0.816	 19	 3.457	 0.852	 16	 -2.069	 0.039	 *
Lack of critical knowledge	 3.520	 0.714	 17	 3.200	 0.632	 14	 3.428	 0.698	 17	 -1.518	 0.129	 **
Complicated modeling process	 3.541	 0.779	 15	 3.100	 0.737	 16	 3.411	 0.783	 18	 -1.361	 0.174	 **
Investment in 3DP technology	 3.291	 0.624	 20	 3.500	 0.707	 9	 3.352	 0.645	 19	 -0.784	 0.433	 **
High cost of 3DP technology adoption	 3.458	 0.588	 19	 3.100	 0.737	 16	 3.352	 0.645	 19	 -1.261	 0.207	 **
Client demand	 3.083	 0.583	 21	 3.300	 0.823	 13	 3.147	 0.657	 21	 -0.995	 0.320	 **
Customers’ expectations	 3.083	 0.775	 21	 2.600	 1.074	 23	 2.941	 0.885	 22	 -1.355	 0.175	 **
Cost of project	 2.875	 0.612	 23	 2.700	 0.948	 22	 2.823	 0.716	 23	 -0.862	 0.388	 **

MS: Mean score; SD: Standard deviation; r: Rank; Sig.: Significance; R: Remark; *: Significant difference; **: No difference.
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p=0.017), improved client satisfaction (z=-2.241, p=0.025), 
enhanced cost efficiency (z=-1.962, p=0.05), enhanced sus-
tainability (z=-2.063, p=0.039), and client desire (z=-2.088, 
p=0.037). This established that despite the high rankings 
of the six drivers, there exist differences in the acceptabil-
ity and adoption of the technology in construction by the 
firms, which are majorly influenced by the size, demand, 
and taste of their respective construction clients. It is in-
duced that the sizes of the firms attract different sizes and 
types of clients who influence the choice of 3DP technology 
by the firms in their respective demands.

4.4. Barriers to 3DP Technology in Nigeria 
Construction Industry
The examined barriers to the adoption of 3DP tech-

nology in construction have the valid and reliable scale 
of Cronbach’s alpha value of 0.803, within the acceptable 
range of values established for ascertaining reliability sta-
tistics test. The Cronbach’s alpha value is shown in Table 
8. This indicates that the scale can measure the underlying 
construct for barriers assessed in this study. The ranked 
scores of the barriers limiting the adoption of 3DP tech-
nology in construction as assessed by the independent 
groups are shown in Table 9. Technical challenges of 
3DP technology concerning the operation of 3D printers 
ranked highest (MS=4.120) by medium-sized construc-
tion firms. The challenges are attributed to the specifici-
ty of materials limited to the printer and the fixed design 
scale of the 3D printer, which restrict the printing size of 
objects within the printer's dimension. The unfamiliarity 
of workers with 3D printing technology ranked highest 
(MS=4.200) among the barriers limiting small-sized con-
struction firms' adoption of the technology.

Overall, technical challenges (MS=4.114), unwilling-
ness to change from the traditional method (MS=3.971), 
the high purchasing power of 3D printers (MS=3.914), 
and inadequate power supply (MS=3.857) were high-
ranked barriers of 3DP technology adoption by con-
struction firms in Nigeria. This established that the con-
struction industries in the global view are change-averse 
as regards the transition from conventional construction 
methods to automation. This corroborates the low techno-
logical readiness of the industry for construction automa-
tion, as opined by [29]. The issue of poor power supply as 
a high-ranked barrier to adopting 3DP technology in con-
struction in developing countries is mainly relative to the 
Nigerian construction industry. The continuous printing 
process by a 3D printer requires an uninterrupted power 
supply to create 3D objects effectively.

Notwithstanding, the inadequate power supply is a se-
vere challenge in Nigeria, where approximately 21% of the 
electricity supply for the national peak demand is met. As 
of January 13, 2022, only 4,187 megawatts (MW) of elec-
tricity was supplied against the national demand forecast 
of 19,798MW [57]. This power supply challenge in Nigeria 

indicates that the level of adoption of 3DP technology in 
construction in the country will be shallow and slow until 
an adequate supply of electricity is achieved and sustained.

Overall, the customers’ expectations (MS=2.941) and 
project cost (MS=2.823) ranked lowest among the firms' 
barriers to the adoption of 3DP technology. The finding 
established that significant differences exist in four high-
ranked barriers to 3DP technology adoption by the firms. 
These were unfamiliarity of workers with 3D printing tech-
nology (z=-1.976, p=0.048), maintenance cost (z=-1.957, 
p=0.050), fear of job security (z=-2.171, p=0.030) and high 
cost of incorporating 3D printing technology (z=-2.069, 
p=0.039). This result indicates that the four significant bar-
riers equally affect and limit the adoption of 3DP technolo-
gy by contractors regardless of the contractor size.

5. CONCLUSIONS AND RECOMMENDATIONS

The study assessed the awareness, application, drivers, 
and barriers to adopting 3D printing technology for build-
ing construction in Nigeria. The study established that the 
current adoption of 3D printing technology in construc-
tion is low in Nigeria because only 19.2% of the firms have 
had direct personal experience and involvement in using 
the technology to deliver construction services. Based on 
the results obtained, the vast majority (80.8%) of the firms 
who had an awareness of the technology in construction 
acquired it only through personal research and professional 
dialogue rather than through practical involvement in the 
application of the technology. This finding showed that 3DP 
technology is a new option for construction method alter-
natives in the Nigerian construction industry.

All the drivers of 3DP technology adoption indi-
cated were rated as highly important (average weighted 
score=4.01, 93.6%) factors influencing the acceptance and 
application of the technology in construction. The study es-
tablished no statistically significant difference in the highly 
rated scores of the 22 drivers of the technology by the SMEs 
with -0.046≤ z ≤-1.837, 0.963≤ p ≤0.066. However, the re-
spective demands of the different sizes and types of clients 
that the firms attract, which are influenced by the technical 
strength and financial integrity of the firms, are significant 
determinants that establish significant differences in the six 
highly rated drivers of 3DP technology in Nigeria. These 
drivers were client desire, satisfaction, contractor and client 
relationships, cost efficiency, sustainability, and technolog-
ical advancement.

Most (95.7%) of the barriers to adopting 3DP technol-
ogy in construction were rated high. The inadequate power 
supply is a relative barrier to the application of technology in 
the Nigerian construction industry. The Nigerian Electricity 
Supply Industry (NESI) currently meets just 21% of nation-
al energy demand in the country, which is reasonably low to 
support the continuous printing process of 3D printers that 
are highly dependent on the stable power supply for effec-
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tive construction automation delivery. It is recommended 
that the government restructure the country's power sec-
tor and diversify energy sources to improve its capacity to 
meet energy demands and sustain the power supply for bet-
ter adoption of 3DP innovative technology in Nigeria. The 
study provided implications for the construction industry 
in developing countries on areas of improvement for better 
adoption of 3D printing innovation, which could enhance 
faster and more sustainable construction processes.
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ABSTRACT

In recent years, significant advancements in developing large-scale 3D printers and construction 
materials have been made to meet industrial-scale 3D printing construction demand. Construct-
ing the buildings and structural components using 3D concrete printing is significant. The main 
benefits of additive manufacturing (AM) are freedom of design, construction waste reduction, 
mass customization, and the ability to manufacture complex structures. The major issues include 
optimizing the printing material with suitable properties for 3D concrete printing. However, this 
technology for green building construction seems to improve conventional methods by reducing 
human resource requirements, high investment costs, and formworks. The research community's 
interest in 3D printing for architecture and construction has grown significantly over the last 
few years. As a result, there is a need to combine existing and ongoing research in this area to 
understand better current problems and their potential solutions based on future research work. 
This paper reviews the latest trend of research and state-of-the-art technologies in 3D printing in 
building and construction by analyzing the publications from 2002 to 2022. Based on the above-
mentioned analysis of publications, printing methods, concrete printing systems, and the influ-
ence of constituent materials and chemical admixtures on concrete material properties are briefly 
discussed. The challenges and recommendations of 3DCP, including reinforcement, development 
of new materials, multi-nozzle combinations, life cycle assessment of 3DCP, and development of 
hybrid systems, are then examined. This paper concluded with a discussion of the limitations 
of existing systems and potential future initiatives to enhance their capability and print quality.
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1. INTRODUCTION

Additive manufacturing (AM), also referred to as 3D 
printing, is a process that creates a three-dimensional ob-

ject from a computer-aided design (CAD) model by layer-
ing on the material to achieve the object's final shape [1, 
2]. In 1998, at the University of Southern California, Beh-
rokh Khoshnevis invented a large-scale 3D printing process 
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called "Contour Crafting," which later became the standard 
method for real-world constructions [3]. In 2007, Italian 
engineer Enrico Dini invented the D-Shape, a large-scale 
powder-based 3D printer [4]. In 2014, a Chinese company 
named Win Sun built ten houses in shanghai using a gi-
gantic 3D printer with dimensions of (150 m×10 m×6.6 m) 
within 24 hours [5]. High-grade cement and glass fiber was 
used to build these ten houses by Win Sun. They also built 
the world’s first 3D printed Villa and a five Story apartment. 
In 2015, Andy used a large-scale 3D Printer to build a Cas-
tle using sand and cement. The castle was built in parts and 
then assembled [6]. In 2015, a huge 3D printer named Big 
Delta was introduced by Worlds advanced saving project 
(WASP), which measures 12 m tall, 6m wide, and surpris-
ingly uses less than 100 watts of power. It was constructed 
outdoors using eco-friendly materials such as clay, straw, 
water, and dirt. An elevator was connected to deliver the 
solid material [7]. The construction engineering industry 
has much potential for large-scale 3D printing. 

As 3D printing becomes more prevalent in construction, 
the design and preparation of concrete materials compatible 
with 3D printers have been identified as a significant issue. 
Some cementitious materials were explored for 3D printing 
construction applications. Gibbons investigated the feasibil-
ity of using rapid hardening Portland cement (RHPC) in a 
powder-binding 3D printing system to create structures [8]. 
Maier explained that calcium aluminates types of cement 
(CAC) have a high potential to be used for 3D printing struc-
tures because of suitable fresh and hardening properties [9]. 
A slag-based geopolymer ecofriendly material introduced 
by Xia and Sanjayan, composed of slag, fine sand, and a sili-
cate-based activator [10]. The proposed geopolymer demon-
strated sufficient deposit ability to replace the currently 
available material in powder-based 3D printers and excel-
lent and distinct accuracy during structure construction. 
The method was later scaled up and used in large-scale 3D 
construction. A cementitious composite material composed 
of plaster and clay-like materials can be smoothly extruded 
using the Khoshnevis contour crafting system [11]. Physical 
properties and performance of 3D printing concrete materi-
als, such as fluidity, extrudability, and buildability, are entire-
ly dependent on the composition and characteristics of their 
constituents in both hardened and fresh states [12].

A material prepared by Nerella using limestone, brick, 
light concrete, and aerated concrete to replace already used 
material for concrete 3D printing. Printed objects have a 
strength 9.85% higher than before [13]. A high-perfor-
mance cementitious material developed by Lim for con-
crete 3D printing. It consists of sand, water, and reactive 
cementitious compounds. The water-to-binder ratio used 
was 0.28 [14]. Feng worked on the mechanical properties 
of 3D printing structures by using cementitious powder but 
was unsuccessful in maintaining an excellent mechanical 
strength of structures [15]. Gosselin made another effort 

to prepare the concrete printing material using Portland 
cement, crystalline silica, silica fume, and limestone filler, 
but the material's performance was far away from replacing 
3D printing material. There is currently no widely accepted 
standard for material selection and design procedures for 
3D printing [16].

Generally, 3D printing is primarily concerned with 
designing and preparing concrete compatibility with the 
printer. The printable concrete should have suitable proper-
ties like flowability, buildability, extrudability, good setting 
time, enough strength, low shrinkage, etc. To meet these 
requirements, partially replace cement with mineral pow-
ders to enhance the physical and mechanical properties 
of the concrete printing material [17, 18]. Fresh and hard-
ened concrete properties are improved by adding miner-
al admixtures such as limestone, fly ash, silica fume, and 
Nano-silica [19, 20]. 3D printing of concrete materials' 
mechanical and physical properties depend on the dosage 
and type of chemical additives and mineral admixtures in 
fresh and hardened states [21]. Another way to improve the 
3D concrete material is by adding superplasticizer, retarder, 
and accelerator additives. This is a hot topic and ongoing 
research these days. Concrete fluidity increases without 
affecting mechanical strength as the addition of super-
plasticizer increases [22, 23]. To stabilize the rheological 
properties and consistency of concrete and enhance the di-
mensional stability of concrete, viscosity modifying agents 
are very effective [24].

In addition, raw material and chemical additives make 
the material suitable for the requirement of 3D printing 
construction to work optimally as designed. The most crit-
ical factor in 3D printing concrete is the setting time. The 
Vicat needle test is frequently used to determine the set-
ting time of materials, but it cannot continuously record the 
setting time of materials [25]. In recent years, many efforts 
have been made to measure concrete's setting time and 
hardening properties effectively with the help of ultrasonic 
methods such as ultrasonic wave transmission and ultra-
sonic wave reflection methods [26, 27]. Later, Voigt, Shar-
ma, and Liu modified the setting time measuring methods 
mentioned above to use them more accurately and effec-
tively [28–31].

With global demand for CO2 emission reductions, it is 
critical to introduce innovative construction technologies 
to pave the way for a sustainable construction future. It will 
help to reduce the construction cost, material waste, and 
time waste while providing a competitive edge. It can save 
up to 40% of the cost of the total budget of a concrete work 
building project. This is possible with the 3D printing con-
struction technology [32].

This paper introduces the diverse range of concrete 
printing processes currently being developed worldwide 
and discusses the latest research trends by conducting a 
comprehensive review of the published literature over the 
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last two decades. It is organized as follows. Publications 
screening methodology and state-of-the-art technologies 
for 3D printing by showing the significance of BIM incor-
poration discussed in section 2. Subsequently, the paper 
will highlight the ongoing research on 3D concrete printing 
systems and printing material properties along with addi-
tive selection given in section 3—moreover, the Challenges, 
limitations, and future work recommendations discussed in 
section 4, and finally, the concluding remarks in section 5.

2. BIBLIOGRAPHIC ANALYSIS

The interest in 3D printing building and construction 
has increased in recent years. While the increase in inter-
est enhances the quality of literature in this discipline, it 
causes to make challenges for the researchers to express an 
overview of the research development. Mapping the num-
ber of publications can be an effective way to comprehend 
the research trend. Peterson suggested a well-ordered map-
ping study shown in Figure 1. It provides quality and type 
of research results with an overview of the research area 
[33]. To understand the research development in a specif-
ic discipline, it is essential to capture the literature review 
systematically. It will be helpful to understand the trend of 
research development in the field of 3D printing for build-
ing and construction.

2.1. Data Source Analysis and Methodology
Two multi-disciplinary scientific research databases 

were examined for this review analysis, including Science 
Direct, Web of Science, and Scopus. Almost 12000 journals 

and 160,000 conference proceedings are covered by these 
databases mentioned above. Only the journal papers and 
conference papers were selected, directly related to 3D 
printing for B&C industry applications. The Boolean op-
erator, quotations, and parentheses were used to refine the 
research content, while other publications such as book re-
views and other irrelevant content were excluded.

During the Web of Science search, 1767 publications 
were discovered that matched the initial search's keywords, 
and 374 were screened out. For Scopus, 2124 publications 
were found, and 308 were considerable of the total. In the 
case of Science Direct, 326 publications were screened out 
from a total of 1445 because of the limit criteria of Science 
Direct. Thus, these publications were screened for dupli-
cates and categorized according to their title and abstract 
for relevance. The screening system for publications used 
during the search of various databases and keywords used 
in titles are shown in Tables 1 and 2, respectively.

Figure 1. Petersen’s Well-ordered mapping system [33].

Table 1. Frequently used keywords in the title of publications

Printing
Additive manufacturing
Rapid prototyping
Concrete construction
Contour crafting
Large scale
Construction material
Mega scale
Digital construction
Green suildings

Keywords

0
0
1
0
1
0
0
0
0
0

2002 
to 

2003

0
0
0
0
1
1
0
0
0
0

2004 
to 

2005

0
1
0
0
3
0
0
0
1
0

2006 
to 

2007

0
2
2
0
1
2
0
0
0
0

2008 
to 

2009

1
2
1
0
0
1
1
0
0
3

2010 
to 

2011

3
1
2
2
0
1
3
1
0
1

2012 
to 

2013

4
0
1
1
1
3
1
1
2
2

2014 
to 

2015

3
2
2
1
1
1
5
1
2
1

2016 
to 

2017

2
1
2
3
0
1
3
0
0
1

2018 
to 

2019

5
5
1
3
2
4
1
1
1
1

2020 
to 

2021

3
2
2
0
1
7
0
1
2
3

2022

21
16
14
10
11
23
14
5
8

12

Total

Figure 2. Represents the journal and conference publica-
tions trend from 2002 to 2022.
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2.2. Screened Data Results and Discussions
From the screening process, 132 publications were se-

lected and classified based on the work represented. At the 
same time, innovative research studies found during the 
screening process, such as dynamic casting by smart way 
technique [34], automation method of brick laying tech-
niques [35], and one about jammed structures, were con-
sidered mentioned in the latest [36]. Although these studies 
had a significant impact on recent research, they did not fit 
the purpose of this paper and were therefore excluded.

2.3. Publications Output Characteristics From 2002 
to 2022
Figure 2 illustrates the information about the published 

papers in journals and conferences related to 3D printing 
for B&C from 2002 to 2022.

In the first 15 years of 3D printing for B&C studies, 
there were 43 publications from 2002 to 2016. From 2017 to 
2022, there were a total of 89 publications found related to 
3D printing in B&C. Those were slightly over double the of 
published in the first 15 years. That research shows the sig-
nificant rise in interest in 3D printing for B&C applications, 
especially in the past six years.

From the statistics and search, it is noticeable that from 
2002 to 2012, the conference proceedings are higher in 
numbers than the journal publications. Furthermore, from 
2013 onwards, it can be seen that the number of journal 
publications started at a good pace and a higher rate as 
compared to conference proceedings. As a result, journal 
publications overtook the conference proceedings till the 
present. This significant change depicts the start of compre-
hensive and exciting research in that innovative discipline. 

2.4. 3D printing for B&C Publications Origin
Only first-author publications were considered to repre-

sent the contribution of different countries in the research 
of 3D printing for B&C applications. Figure 3 shows the 

origin countries of publications found related after the ex-
amination. Selected papers show that the USA and the UK 
contribute the most in the discipline research of 3D print-
ing for B&C. About 51% of the total publications were iden-
tified from these two countries on the list, followed by Sin-
gapore and China with about 15% of the total publications 
jointly. Moreover, the remaining contributions of different 
countries are shown in Figure 3.

Most publications from the United States and the Unit-
ed Kingdom come from the University of Southern Califor-
nia, the Massachusetts Institute of Technology, and a few 
other renowned universities in this field, accounting for 
more than 33% of the publications selected for this study. 
According to Figure 3, the United States of America ranks 
first in the publication of 3D printing for B&C research.

Moreover, Figure 4 illustrates that the USA's contri-
bution toward publications remains constant over time 
while the publications from all over the world have dif-

Table 2. Data-based keyword search performed on 07 January 2022

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

No

3D printing
Rapid prototyping

Additive manufacturing
Digital fabrication
Contour crafting

Additive construction
Digital construction

Concrete printing
3D concrete construction
Construction 3D printing

Total documents

Same words searched

Web of Science Scopus Search Science-Direct

Construction 
Engineering

Green buildings

Automation construction

Carbon dioxide reduction

Large scale construction

At least with one of 
these words searched

200
75

320
480
54
76

120
80
93

269
1767

Doc. 
founds

389
120
201
257
34
90

290
259
104
380

2124

Doc. 
founds

300
290
123
66
75
87

128
234
90
52

1445

Doc. 
founds

45
23
54
90
20
12
35
20
31
44

374

Doc. 
screened

25
34
12
56
10
25
12
78
20
36

308

Doc. 
screened

67
45
23
67
31
20
15
39
12
7

326

Doc. 
screened

Doc.: Documents.

Figure 3. Research publications origin countries trend.
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ferent fluctuating trends from 2002 to 2022, especially in 
the last six years. The global trend of 3D printing in B&C 
research is moving toward globalization of scientific re-
search, with the remaining countries gradually closing the 
gap with the USA.

2.5. Major Research Findings
To check the development trend of 3D printing for 

B&C, selected publications were classified to get infor-
mation deeply. The results depict that most of the authors 
focused on almost six categories of research in the identi-
fied publications as each paper contained more than one 
research interest, so publications were grouped on the bases 
of interests separately. It is entirely unpredictable which re-
search interests will define the scope of each paper. As the 
same group of researchers took the research, other research 
interests were eliminated due to irrelevant context accord-
ing to this paper's review aims. The purpose of conducting 
this study is just comparison, and it looks appropriate to 
mention these six focused categories of research. Detailed 
descriptions are mentioned ahead.
(1)	Printing technique analysis included new methods to 

deliver the material for printing purposes, such as the 

innovative idea of using a nozzle for the material ex-
trusion and a suitable material delivery method for a 
smooth flow. This kind of research is mainly observed 
in the selected publications and differs from conven-
tional printing techniques [37]. These printers included 
printing and the extrusion method category, as Yoshida 
described [38]. His work is mainly based on material 
analysis, architectural design, and construction.

(2)	Some material analysis publications generally analyzed 
the material and improved its properties. After this data 
analysis was done to check how many layers can be con-
structed using the 3D printing technique, this research 
contributes to data analysis and material analysis [39].

(3)	Another category worth mentioning is the control sys-
tem observed. There is a concept about controlling a 
device or machine by the given command to perform 
a required task that could be useful for the 3D print-
ing operating system for B&C, so it is selected from the 
publication and mentioned [40].

(4)	Data analysis depends on the computer system and the 
software being used. It also depends on the way how 
they exchange the data with each other. It helps to create 
a physical object by processing the given information or 
command.

(5)	Architectural design is discussed in many of the select-
ed publications. The thing appropriate to mention here 
is that sometimes the architectural design is impossible 
to construct using a 3D printing layer mechanism or 
procedure. It is best if use curvature demonstration of 
an object otherwise impossible with simple techniques 
to build it [37].

(6)	The other observing thing was the literature review 
which included the work done by the previous per-
sons and review articles in plenty and many examples 
demonstrated by the authors [41].
Due to the limited amount of selected papers and fo-

cused research areas, results have been divided into Table 3 
and grouped in every two years of research. Printing tech-
nique analysis deals with the gantry or robotic system to 
control the printing process and other technical features as 
some excellent research has been found related to this [42, 
43]. The material analysis focuses on product surface finish 

Figure 4. Comparison of the growing trend of the publica-
tions between the USA and other countries.

Table 3. Research Interests Found from selected publications from 2002 to 2022

Printing technology
Material inspection
Construction design
Literature review
Controlling mechanism
Data inspection

Research interest

2
1
0
2
1
0

2002 
to 

2003

1
0
0
0
3
2

2004 
to 

2005

4
0
3
2
1
1

2006 
to 

2007

3
3
1
2
1
1

2008 
to 

2009

2
1
1
2
2
3

2010 
to 

2011

1
1
1
1
3
2

2012 
to 

2013

2
2
4
1
2
2

2014 
to 

2015

3
2
3
2
4
2

2016 
to 

2017

2
3
1
2
2
1

2018 
to 

2019

2
4
2
7
0
1

2020 
to 

2021

2
4
2
3
6
5

2022

24
21
18
24
25
20

Total
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and other functionally graded components production [44, 
45]. Printing construction material properties and charac-
teristics adjustment attempts were also carried out, which 
is the primary reason for developing an interest in material 
analysis [46, 47]. Large-scale printing rose in the last couple 
of years, as shown in Table 3, and as the printing technique 
and material properties will improve, the construction of 
complex structures will also improve, as some previous re-
search proved [48, 49].

2.6. Selected Publication Titles Review
Analysis of publication title results illustrates that au-

thors frequently use some words in the publication titles 
selected during the screening process. Repeated words 
such as 3D printing, concrete, additive manufacturing, and 
large-scale manufacturing are mentioned in Table 3 briefly, 
with the growing trend of each famous term used in the 
titles. The word " concrete " is not much noticed in the far 
past publications. It just started a couple of years before as 
the material options for 3D printing increased.

Alternatively, some words used went down over the last 
decade, such as large scale and free form construction, and 
there is a possible reason for that may be the authors do not 
like to use this word or may sometimes be these words did 
not fulfill the actual proper meaning. For example, and as 
observed in one of the studies, free-form structures utiliz-
ing material extrusion are impossible due to the inability of 
large cantilevers and angles to be printed [16].

3. 3D PRINTING STATE OF THE ART 
TECHNOLOGIES IN B&C

Selected publications represent the rapid development 
of large-scale 3D printing, and most authors categorized it 
into two primary techniques named as (1) binder jetting 
technique and (2) material deposition and extrusion tech-
niques. The basic principle of these techniques is to build 
a physical object by depositing material layers one by one 
over each other. It started with the help of a CAD model, 

which shows the 2D shape, and after processing the mod-
el and operating the command, it created a 3D prototype 
shape. Only 10 percent of the total number of selected pub-
lications focused on the binder jetting technique, which 
will discuss in this section.

3.1. Binder Jetting
Binder jetting is a 3D printing process in which objects 

are created by layering a binder over a powder bed. Binder 
is ejected in tiny droplets spread across the powder materi-
al's thin layer on the build tray. This method connects the 
two parts of 2D cross-section components over each layer 
of the powder [41]. The process continues until the final 
object is completed. Using a vacuum cleaner, unbound ma-
terial can be removed and suitable to use further again for 
another 3D printing task after recycling the material [50]. 
This method can work on complex geometries with voids 
and overhanging features. Because of the narrow distance 
between the layers, this method's resulting surface finish 
is excellent. Layer thickness matters a lot. It depends and 
measures on the penetration of the binder between the two 
components or cross sections; if the layer is too thick, it is 
difficult for the binder to penetrate completely between the 
layers [51]. Figure 5 illustrates the D-shape printer and the 
final printed component after removing additional sand-
based materials.

3.2. Method of Material Deposition 
Material deposition method (MDM) is a 3D printing 

process in which material follows and comes out as the 
CAD model, similar to fused deposition modeling (FDM) 
[52]. The extruded material must be able to bear its weight 
and the coming layers over layers without any collapse or 
deformation [53]. Many automated systems use MDM for 
fabrication, which will be discussed in this section.

3.3. Stick Dispenser
A stick dispenser is a device developed by Yoshida, and 

it is a kind of hand-help printing device that allows a con-

Figure 5. (a) D-shape second generation 3D-Printer (b) final printed structure after removal of extra sand-based ma-
terials [41, 51, 52].

(b)(a)
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stant feed of chopstick material composites [38]. Chopsticks 
coated in wood glue are randomly dropped during this pro-
cess, forming a porous structure that is later evaluated using 
volume-based analyses. The device is guided by basically 
two main tools one is a depth camera, and the second one 
is the real-time projector. Using a simple color code and 
these two tools help inform the place where the chopsticks 
are deposited. There is a condition of low light while using 
the projector. There was some mechanical properties test 
carried out by applying the different load conditions, and 
the results show that the load bearing capabilities are not 
good enough, but this method is innovative for the use of 
aesthetic purpose by making the complex architectural de-
sign [38, 53].

3.4. Contour Crafting (CC)
Contour crafting is a process that utilizes a gantry-based 

system to extrude material layer by layer in a systemat-
ic manner. The uniqueness of this technique is the use of 
trowels with the nozzle, as shown in Figure 6. The benefit of 
the trowels is that they guide the printer about the smooth-
ness and surface accuracy. The trowels can be adjusted at 
different angles according to the object's shape, which gives 
an extra benefit of surface finish even during the higher 
thickness of the layers of the material [54]. Some authors 
describe explicit material and compositions in the select-
ed publications [55, 56]. It is also noted that CC technique 

conduits for electricity, plumbing, and structural reinforce-
ment can be used [54].

3.5. Flow-Based Fabrication
MIT researchers designed a single pneumatic system 

connecting with the end effector of six robotic arms, which 
enables the extrusion of water-based polysaccharide gels 
and natural composites. The design and fabrication of the 
printed parts are two-dimensional (2D). High stiffness, 
light weight, and high wear and resistance will be the char-
acteristics of the advanced manufacturing materials struc-
tures [57]. This work has many applications, such as tem-
porary lightweight shading structures to highly complex 
automated structures for architectural purposes, as shown 
in Figure 7.

3.6. Digital Construction
A system developed by the researchers working at MIT 

can be used for the analyses and fabrication with a feature 
of on-site sensing [58]. The system is intended to achieve 
high speeds, accuracy, and ease of access through a small 
robotic arm, as illustrated in Figure 8. The whole system is 
designed around a large boom used for gross positioning. 
An accelerometer and ground reference sensor accurate-
ly positioned the end effector for the closed-loop system. 
There was a need to use a material with rapid cure time and 
high insulating value, so polyurethane foam was selected as 

Figure 6. (a) Single nozzle (b) multiple nozzle assemblies [55, 56].

(a) (b)

Figure 7. 3D concrete printing progress at Loughborough University [57].

(a) (b)
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a printing material. A 12-foot-long wall will take five min-
utes the completion. To get a final surface finish, the end 
effector can be changed as a mill head for subtractive man-
ufacturing and suitable for the desired surface finish [58].

3.7. Small Constructor
A coordinated system build consists of three small robots 

for the fabrication of in situ construction. They are light-
weight, compact in size, and quickly available for mobility. 
During the printing process, each small robot has its unique 
feature to perform, described by Nan in detail [59]. Extru-
sion rate determines by the movement and speed of the ro-
bots, so a binary component resin material was prepared for 
these robots. Curing time must be compatible with flow rate 
and robot movement speed to avoid material clogging in the 
hose. To meet the required curing time property, an external 
heat source can be applied according to the environmental 
conditions, which will help adjust the material curing time 
by using the heat source's chemical effect.

3.8. Mesh-Mould Construction Technique
This technique is capable of printing in situ structures 

freely in three-dimensional space. For this purpose, a giant 

six-axis robot was used to extrude the thermoplastic poly-
mer material to print structures. For a high level of control 
of the printing process, pressurized air has been used at the 
nozzle during printing, facilitating the weaving of struc-
tures freely in space. A relevant research application found 
that structures act as reinforcement for the concrete, as 
shown in Figure 9. Then concrete is poured over the form-
work and later on troweled manually to get the smoothness 
of the surface [60]. This technique enables the fabrication 
of complex structures by reducing time consumption and 
making it feasible for large-scale applications. At the same 
time, the different densities of mesh can be printed. The 
most exciting thing is that the tensile force of concrete in-
creases with the presence of mesh, ultimately a possible way 
to replace conventional steel reinforcement.

3.9. Building Information Modelling (BIM)
Building construction management covers the complete 

life cycle of a construction process, and the best way to deal 
with it is BIM [61]. For example, planning, scheduling, fa-
cility management, and estimation. BIM has the potential 
to provide the solution to problems that the construction 
industry has always faced, such as lack of innovation and 

Figure 8. 3D concrete printing progress at Loughborough University [58].

(b)(a)

Figure 9. Mesh-mould technique-based formwork and reinforcement setup for concrete materials [60].

(a) (b) (c)
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low productivity in its ongoing process [62, 63]. BIM also 
deals with equipment, material, available sources, and 
manufacturing data to deal with geometrical data [64]. 
This technique helps to overcome the lack of collaboration 
between the different teams during execution stages and 
provides an essential platform for automation applications 
such as mechanical construction and 3D printing.

A 3D printing construction based on BIM can quickly re-
duce the time required for the process completion in each step 
just by using a single software or interface. A common issue in 
the construction industry is that design is constantly changing, 
and BIM also deals with that issue effectively. As 3D printing 
needs no formwork, quickly abrupt changes can be done with 
little effect on the design compared to the conventional con-
struction methods. It can effectively automate the printing pro-
cess by storing and synthesizing the control data of the printer, 
delivery of material, and later on, process performance.

BIM is observed as a primary language in the construc-
tion industry and is a standardized method followed by the 
construction industries as 3D printing have a game chang-
er effect in the construction industry, the same as BIM can 
bring many benefits in terms of labor and cost savings. Un-
fortunately, there is not enough research done in collabora-
tion between 3D printing and BIM, while there is a poten-
tial opportunity for the researchers to fill the research gap 
between 3D printing and BIM.

4. CONCRETE 3D PRINTING IN B&C

A group of researchers at Loughborough University, 
England, built a system of concrete printing similar to a 
contour crafting system that extrudes concrete as a materi-
al layer by layer to build a physical object according to the 
CAD model [65, 66]. Concrete is used globally as one of the 
primary construction materials. It has several benefits as a 
construction material, such as high thermal resistance, low 
cost, good durability, high strength, good flow gaining abil-
ity, and molding into different shapes. There could be three 
reinforced concrete (RC) construction components: con-
crete, reinforcement, and formwork. Research shows that 

formwork waste a lot of cost and time of the total cost and 
time accounted for 35–54% and 50–75%, respectively [67]. 
However, as a new technique of Concrete 3D printing, con-
struction companies can easily save a lot of time and cost 
compared to traditional construction methods. According 
to the UK's statistics, the UK construction industry produc-
es about 54 Mt of construction and demolition (C&D) waste 
annually, from which only 9% goes for reuse after crushing 
[68]. It is welcomed that the adoption of 3D Concrete print-
ing construction would be able to control the construction 
waste because the material's mixing and using will be in a 
systematic way as compared to the traditional ones. Ulti-
mately, it will be economical, time-saving, good productiv-
ity, and help towards good environmental impact by reduc-
ing global warming because of this construction wastage.

4.1. 3D Printing Construction Systems
The most important advantage of 3D printing construc-

tion is that it rapidly manufactures complex structures and 
objects with non-standard geometries [69–71]. The 3D 
printing construction processes could be divided into three 
main categories by names given by their founder Contour 
Crafting, D-Shape, and concrete printing. These processes 
are discussed in detail and accessible in [72–74]. To utilize 
these processes for construction purposes, two kinds of ap-
proaches are extrusion and pumping approaches. In both ap-
proaches, the first step is slicing the 3D CAD model into 2D 
layers of the model. Then all the basic requirements to print 
an object are given to the printer in a readable language, such 
as printing speed, extrusion rate of the material, and other 
coordinate info of the object to get the final desired shape of 
the product [75, 76]. 3D concrete printers, nozzles, pumps 
and control systems, and feed mechanisms will be discussed 
in this section. These system parts must be in an excellent 
combination to achieve high-quality 3D printed products.

4.2. 3D Concrete Printers in B&C
Currently, according to the latest research review in 

universities and construction industries, three kinds of 3D 
concrete printers are successfully used: Robotic, Crane, and 
Gantry, as shown in Figure 10 [77–83]. Gantry belongs to 

Figure 10. Currently used main 3D concrete printer (a) gantry printer [77] (b) robotic printer [82] (c) crane printer [83].

(a) (b) (c)
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the crane type, but the main difference between these two 
is that gantry is a kind of fixed design regarding height, 
whereas Crane type printer’s height can be adjustable in the 
vertical direction. The main benefit of these two printers is 
that they can get easily scalable concerning the size. While 
the robots are typically fixed in size, making it difficult to 
scale up according to the requirements. However, the de-
grees of freedom are more suitable in robotics six arms and 
enable them to perform many valuable operations com-
pared to the 4-arms gantry printer.

Furthermore, using gantry printers is suitable where the 
printing object has little complexity instead of using the ro-
botic printers. Robotics, like gantry printers, require high 
cost and less weight on the arms. The size of gantry printers 
varies from small-scale laboratory printers to large build-
ing construction scale printers, depending on the site and 
usage [77, 78]. Win sun Construction Company in china 
also used the same gantry printer technique to build mul-
tiple houses, including a five-story building apartment and 
a mansion. The material used for that construction consists 
of glass fiber, cement, hardening agents, sand, and some re-
cycled waste of construction materials [77]. All the houses 
built were not wholly 3D printed. They prepared the parts 
at the company and then assembled them on the site [77].

Another Netherlands company, CyBe additives, used 
the CC technique to print a mortar capable of gaining bear-
able strength within 5 minutes. They used a print head with 
a six-axis robotic arm to perform the experiments with 
high speed and good strategy [82]. The additional rotation-
al axis of a robotic over a gantry printer allows the designer 
to print more complex geometries easily. A Russian Com-
pany has built a crane-type printer that enables a printing 
area of 58 m2 [83].

In 3D concrete, printing observed that print head speed 
affects the bead dimensions. For example, when the print 
head speed is higher, material layer deposition will not be 

enough, and the bead dimension will be short. On the other 
hand, if the print head speeds too slow, then the layer of 
deposition material will be higher than the nozzle orifice, 
increasing the bead dimensions and wasting the material 
too [76]. One of the previous research has noticed that the 
time gap between the two layers was a range of 11 to 60s, 
which enables the build of a 3D column at a rate of 1.1 to 
6 m/h [84]. The extrusion rate generally varies in concrete 
construction processes ranging between 15 to 125 mm/s. It 
appears that the quality of the surface limits the extrusion 
speed to about 200 mm/s depending on the extrusion plate 
size, which was 15 x 70 mm [85]. Ultimately, it can vary 
from material to material for 3D construction printing.

4.3. Concrete Extrusion Nozzles
The shape and size of the material layer depend on the 

nozzle, which is the end part of the print head [86]. An ap-
propriate nozzle at the end of the print head is essential to 
achieve the desired shape and quality of the material layers 
over the bedding layers. To obtain this nozzle, the print-
er should be tangent to the path [86] to avoid the collapse 
of the layers. Various kinds of orifice shapes of the nozzle 
are used, such as circular, rectangular, square, and ellipti-
cal. Furthermore, side trowels can be used for a better sur-
face finish. Results of the research show that the circular 
shape orifice nozzle has more advantages than other orifice 
shapes, such as freedom in printing angle or vertices during 
the printing of an object [86]. Some studies show that a 
square orifice is far better than the elliptical one in terms 
of surface finishing and ease of manufacturing [87, 88]. 
Nozzle orifice sizes vary according to the shape and size of 
the object to be printed. Circular orifices vary in size from 
about 4–24 mm in use, while the other orifice shapes, such 
as rectangular, vary from 9x6 mm to 38x15 mm [76, 89].

Existing nozzles deliver material of about 0.05–0.1 L/s 
[90]. However, for 3D printing construction, the rate of ex-

Figure 11. Concrete extruder nozzles main types (a) single orifice nozzle [86] (b) multiple orifice nozzle [91].

(a) (b)
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trusion from the nozzle is about 1L/s, and a roughly esti-
mated speed up to 2L/s is considered a realistic target rate, 
and multiple nozzle orifices can be used according to the 
shape and design of the object to be printed [91].

4.4. Pumping, Feeding, and Control System
One of the essential parts of the 3D printing construc-

tion system is pumping the material at a reasonable deliv-
ery speed without separating the particles. The pump feeds 
the material from the mixer through a pipe or hose to the 
nozzle from where the material is extruded to print the re-
quired object. The pump should be able to transport the 
material from the mixing unit to the nozzle by overcoming 
the challenge of large particle size aggregate and range of 
water to cement (w/c) ratio. Maintaining the high viscos-
ity of the fresh material demands relatively higher pump-
ing pressure ranging from about 1 to 5 MPa [92]. Blockage 
of material in the pipe may occur during pumping at high 
pressure, which can be caused to the loss of the smearing 
layer. The balance between the feeding system, Nozzle, and 
material properties is essential to obtain a smooth printing 
process and product. Pumping speed can be managed con-
cerning the object size and shape, especially at the angles, to 
avoid the extra deposition of material.

It is essential to adjust the pumping speed to follow the 
shape discontinuities and movement of nozzle extrusion. 
Therefore, a complete single-unit control system is better for 
simultaneous control of nozzle movement, printer speed, 
and material pumping. One effective way to avoid collapse 
is to put chemical additives in the material at a stage when 
the material is in the nozzle instead of mixing additives in 
the mixer to boost the setting of the material [76].

4.5. 3D Printable Materials Properties
Viscosity, available time, shear stress, and strength are 

the essential properties of freshly prepared material and are 
directly related to pump ability, extrudability, and build-

ability. Flowability changes depending on available time, 
which enables the material to be printed without affecting 
the material properties like hardening etc. Generally, the 
Vicat apparatus is used to measure the initial and final set-
ting time. The time between mixing and initial setting time 
is named open time. At the same time, pump ability and 
extrudability could be affected directly by shear stress and 
viscosity which Rheometers can measure.

Furthermore, the Slump test can indirectly measure 
fresh material's shear stress [93, 94]. The green strength of 
the material should be enough to bear the subsequent lay-
ers' load on the bed layers without any collapse or shape 
damaged [84]. Table 4 presents the mechanical perfor-
mance of fiber-reinforced 3D-printable concrete materials.

4.5.1. Pumpability
Pumpability means the mobility of the material along 

with its initial properties under pressure conditions [95]. 
The material state needed at the nozzle and pump both 
are contrary, such as the material at the pump should be 
soft, which will be easy to move. On the other hand ma-
terial at the nozzle should be stiff enough to maintain the 
shape. Concrete is a heterogeneous material consisting of 
different sizes and particles, so a pumpability system must 
be optimized and good enough to pump the material [96]. 
Acceptable paste content and consistency of grout of grains 
are necessary to improve pumpabaility [97]. Studies pro-
posed that sliding pipe Rheometers are suitable for measur-
ing permeability [95, 98].

4.5.2. Extrudability
The commonly concrete extrusion process for instance, 

the manufacturing of pre-cast hollow core slab elements, 
involves a plastic-like mixture forced through the noz-
zle, and for this kind of production, high shear force and 
compressive force are required [85, 99, 100]. In 3D print-
ing construction, it depends on the type of printer (gantry, 

Figure 12. Concrete pumping and feeding systems for 3D concrete printing [76, 92].
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robotic, crane) size and the working volume, e.g., length, 
width, and height. These two parameters give information 
about fresh material pumping over the required distance. 
For the pumping, thixotropic concrete is desired, and fresh 
concrete material at the nozzle stage is less dense than the 
traditional ones. Stiffness is essential to maintain the ob-
ject's shape and quick building of the object's layers. Segre-
gation must be avoided at the nozzle because, at that point, 
the size of the nozzle becomes smaller compared to the 
delivery pipe, which may cause pressure at the nozzle end 
[78]. Material contents and proportions should be chosen 
carefully to achieve the properties of good thixotropic and 
permeability of the concrete material. On the other hand, 
failure at this stage may lead to the blockage of the material 
delivery pipe or nozzle.

4.5.3. Buildability
Properties of layers to maintain the shape of the object, 

being self-supportive, and enabling the bedding layers to 
bear the weight of subsequent layers without collapse and 
deformation of the shape; these all properties refer to the 
buildability of the material. Imperfection in layers may 
lead to an unbalanced shape during successive layers of 
material added [101]. Traditional work has formwork, so 
there was no worry about it, but 3D concrete printing is 
a formwork-free technique, so concrete must be self-sup-
portive to achieve good results. There are several ways to 
achieve the buildability of the printed material instead of 
improving the properties of the material. The simplest way 
to change the structural buildability is the change of noz-
zle shape. For example, the contact area between the two 
beads is less in a circular orifice nozzle than in the rect-
angular one, and the contact area would help improve the 
structure's buildability [78, 101]. Another way to improve 

the buildability is by increasing the number of adjacent 
layers and cellular structure of layers by using a single 
nozzle or multiple nozzle head. However, a single nozzle's 
starting and ending point should be the same but not nec-
essary for multiple nozzle heads [73].

4.5.4. Flowability Control
Flowability is a crucial parameter of 3D printable ma-

terial, enabling the performance of fresh concrete material. 
Flowability control ensures that material is good enough to 
pump through the delivery system toward the nozzle with-
out any blockage [102]. It depends on the grain size, and the 
wider particle size helps to gain a good flowability of a fresh 
state material mixer [102, 103]. Fine powder admixtures 
help the material to get a fluid shape which attains good 
flowability of cement mortar instead of getting bonds and 
getting higher in size [104, 105]. Incorporating an excess 
amount of fine powders may lead to an increase in viscosi-
ty and inter-particle friction forces. As a result, an adverse 
effect will be on the fluidity [106–109]. Studies proved that 
adding a superplasticizer can improve the flowability and 
the higher ratio of water to binding material also leads to 
improved flowability [110–113].

4.5.5. Setting Time Control
For a continuous flow and deposition of material layers, 

correctly printing material requires a long time to maintain. 
However, the material also needs a short setting time for 
early strength after extruding from the nozzle [114, 115]. 
Setting time property mostly depends on the retarder and 
accelerator admixtures, and studies show that by altering 
the amount of retarder or accelerator, every material can 
achieve the required initial and final setting time [116, 
117]. The recommendation observed during the research 

Table 4. The mechanical performance and parameters used for fiber reinforced 3D-printed concrete [8–22]

[8]
[9]
[10]
[11]
[12]
[13, 14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

References

3 mm
3/6/8 mm

18 mm
6/12 mm

6 mm
12 mm
8 mm

12 mm
8 mm
6 mm

12 mm
12 mm

3/6/13 mm
3/6/13 mm

–
0.25–1.00%

0–0.7%
0–1.4%

0.25–1.00%
2%
2%
2%
2%

0.3–1.5%
1–2%
1–2%

0.25–2%
0.25–2%

Carbon
Glass
Basalt

PE
PP

PVA
PVA
PVA
PVA
PE
PE
PE

Steel
Steel

83.7–87.4
20–27

29.8–39.6
–

13.5–35.8
23–30
24.2

16.45–19.23
34.98–44.09

–
–

36.7–53.4
70–156
70–156

20.3–119.6
2.6–7.0

3.34–6.51
2.13–15.09

6.1–8.1
–

10.8
–

1.64–2.41
0.88–8.31
3.2–19.4

14.4–22.0
6–16
6–16

–
0.9–1.5
3.0–5.2

–
–

3.4–5.0
4.7

1.6–3.5
4–8

5.3–8.3
4.6–5.8
4.5–4.7

–
–

Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight
Straight

Length Content Type Compressive Flexural TensileShape

Fiber parameter Strength (MPa)

Fiber content in this table refers to volume fraction unless stated.
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shows the addition of accelerator should be in dry mixing 
instead of dilute with water mixing, and mixing speed and 
time should be 52 rpm in 20 seconds, respectively [118]. 
Studies proved the effect of retarder on the setting time; for 
instance, sodium tetra borate, and the mixing ratio varies 
from 0.1% to 0.3% could increase the jelling time about 
up to 29 minutes to 110 minutes and the final setting time 
slightly up to 50 to 148 minutes [119].

4.5.6. Compressive Strength
The stiffness and strength of concrete can be increased by 

using fine powder admixtures of small size compared to the 
Portland cement will be helpful to fill the voids and increase 
the packing density, resulting in good compressive strength. 
Silica fume and fly ash are usually rich in SiO2 and affect 
the material's mechanical strength and help enhance the 
strength. These two ingredients affect the hydration process 
of the system and make the material denser and more com-
pact by improving the mechanical strength of the concrete 
material or cement mortars [120]. It is reported that 10% 
use of silica fume by mass can increase the strength of con-
crete by up to 8–20% [120]. The effect of silica fume is not 
prominent at the starting stage of addition. It shows the ef-
fect after three days [121]. Concrete strength ration 1 day/28 
day decreases as the silica fume addition amount increases 
and it ranges about 6% to 30% [122]. It does not work at the 
early stages to gain enough strength as needed [120]. Con-
crete 3days strength has been increased up to 81% by add-
ing four wt.% of nano-SiO2 [123, 124]. Studies showed that 
seven days and 28 days samples compared with the addition 
of silica fume and SiO2, results revealed that the strength of 
samples containing SiO2 is higher than all others [125]. Dis-
persing agents must disperse the particles effectively to get 
good strength [126]. It is noted that a large amount of fly ash 
into the material will lead to a decrease in the strength of 
concrete [127]. Fly ash works slowly to increase the strength 
but rises at the later stages [128]. One research also proposed 
that the high amount of limestone powder will decrease 
compressive strength at the early stages [129].

4.5.7. Shrinkage Control
Whenever disturbed, the dimensional accuracy and 

stability of the printed object are responsible for shrink-
age, which usually affects the printing performance. To 
ensure good flowability and extrudability, high water con-
tent is necessary beyond the volume needed for the hydra-
tion process. The excess water evaporation leads the print-
ed object toward shrinkage during the setting time and 
hardening stages [130]. As in 3D printed objects, most of 
the area is open and freely in contact with the environ-
mental condition compared to the conventional methods, 
so it causes to evaporate the water easily from the object, 
and shrinkage occurs [131]. The possible solutions to con-
trol the shrinkage are increasing the mineral admixtures 
content and using the fine aggregates to avoid shrinking 

the composites [132]. The addition of fly ash to reduce 
shrinkage has been shown to have significant effects, as 
replacing cement with 80% fly ash can reduce shrinkage 
by approximately 67% [133, 134]. Shrinkage reduces up to 
80% in dry conditions if combined use of fly ash and sul-
foaluminate cement [135, 136]. Adding 10% to 15% of the 
silica fume can increase concrete's autogenous shrinkage, 
ranging from 33% to 50% [137–140].

4.6. Selection of Chemical Additives

4.6.1. Superplasticizer
To maintain the workability and strength of the concrete 

during preparation, using less water is possible by adding a 
chemical known as a superplasticizer. Negatively charged 
superplasticizer repels the cement particles to release the 
entrapped water, enabling the material to gain good flow 
ability [141, 142]. Research shows that superplasticizer ad-
dition did not change the hydration process but improved 
the process by improving the crystal structure [143]. Super-
plasticizer is divided into four primary groups and is read-
ily available in the markets [144]. However, even from the 
same group, their effect on strength, setting time, and flow 
is different because of the different chemical structures of 
molecules [145–148].

4.6.2. Accelerator
3D concrete printing usually needs a quick setting of 

the material after coming out from the nozzle to bear the 
weight of the coming layer. Therefore accelerator is an addi-
tive that enables concrete to get enough early strength. Ac-
celerator compositions work on a quick hydration process 
by reducing the setting time and quickly enhancing the ma-
terial's setting. Accelerators can be an alkali or alkali-free 
group [149]. 

4.6.3. Retarder
Retarder is used to delay the hydration process of the 

cement by building an insoluble layer on the surface of the 
cement particles. Researchers recommend using Tartaric 
acid, citric acid, and sodium gluconate to achieve a favor-
able retarding effect [119, 150, 151].

4.6.4. Viscosity Modifying Agents (VMA)
Viscosity modifying agents are soluble in water and 

are frequently used to modify concrete flow and rheo-
logical properties. Even small dosages of viscosity mod-
ifying agents significantly affect the cement mortars and 
improve flowability and dimensional stability. The VMA 
decrease down the powder requirement still has the re-
quired dimension stability and flow properties [152]. The 
VMA connected the molecules through Van der Waals in-
teraction and stopped the extra water movement, leading 
to increased plastic viscosity. The point to be noted is that 
if 3D printing material viscosity increases, higher pump-
ing pressure is needed.
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5. CURRENT LIMITATIONS, CHALLENGES, AND 
FUTURE WORK

Besides the benefits of 3D printing in the construction 
industry, such as the ability to build complex geometry and 
structures, freedom of design, and customization, there are 
a few limitations, challenges, and drawbacks observed from 
the previous research. These limitations and drawbacks 
required some further research and development of tech-
nology to overcome. In this section, limitations and future 
work will be discussed to provide a new direction for the 
reader and the researchers to explore so that the traditional 
construction industry can take full advantage of 3D Con-
struction printing.

5.1. Limitations of 3D Construction Printing
Every production domain almost makes progress in 

automation and technology since the early decades of the 
20th Century except the Construction industry, which is still 
facing a lack in automation and technology because of sev-
eral factors [53–54, 153] most common ones:
•	 Automated fabrication technologies for large-scale pro-

duction are not suitable.
•	 Automation technology is not according to the conven-

tional design approaches.
•	 As compared to other production industries, its pro-

duction ratio is significantly small.
•	 Expensive automated equipment reduces interest and 

attractiveness.
•	 Limitations of the materials.
•	 Management issues to deal with the process effectively.

Furthermore, the building industry's production rate 
cannot easily match other industries' production rates [154]. 
Because of different sites, materials, and client requirements, 
each building is different from others and reflects its pro-
totype. Despite the differences, most designers believe that 
eventually, 3D printing will significantly contribute to the 
construction industry. They agreed that the 3D construction 
printing process is slow initially and becomes quicker in the 
later stages compared to the traditional methods [155]. The 
Figure 13 shows the time consumption by both the 3D con-
struction process by a continuous line and the traditional 
process taking time by fluctuating dash lines.

The components for 3D construction printing are sig-
nificantly heavy and oversized, and avoid moving and lift-
ing these parts of the system as much as possible. The other 
major problem is material sensitivity, which makes it chal-
lenging to perform at ambient conditions compared to UV 
or heated conventional systems; it is less controllable. Other 
limitations that need to be considered during the process 
are enlisted [156, 157].
•	 The concrete material will solidify and block the ma-

chinery if the idling time of the nozzle is too long.
•	 The time interval cannot be shorter than the minimum 

curing time, so the first layer must be able to bear a load 

of subsequent layers without any collapse or deformation.
•	 Subsequent layers of the material should be able to stick 

quickly because the time interval should not exceed a 
specific limit between the subsequent layers.

•	 The nozzles cannot be allowed to collide with deposit-
ed layers. If this happens, the nozzle cannot move in a 
straight line to avoid the hurdles.
The results come from these factors and the material lim-

itations together recommends that at the moment, tradition-
al construction methods should be continued for heavy con-
struction and multi-story buildings, and small, lightweight 
construction should be done with the help of 3D Construc-
tion printing. There is a need to improve the technology to 
support 3D construction printing without any limitations 
and wait until success achieves, and 3D construction print-
ing will enable building heavy construction [155, 156].

5.2. Challenges of 3D Construction Printing

5.2.1. Balance of Stability & Flow
There is a need for a material having two states for 3D 

concrete printing, and both states have opposite properties. 
Such as, before the extrusion of the material, it should be 
easy to pump and have a consistent flow. After extrusion 
from the nozzle, the material should be stable and robust 
enough to bear loads of the upcoming layers. This is a chal-
lenge faced many times during the experiments.

5.2.2. Maintain Workability
To achieve good printing results workability of the 

material is one of the critical factors. However, the mate-
rial takes time to harden but loses its workability quickly 
as soon as it is mixed. Here is a need to add additives 
such as water reducing agents to maintain the material's 
workability and achieve good printing product results. 
Often, this challenge has been faced during working on 
the printing material.

Figure 13. Time consumed by the 3D printing process and 
traditional construction method to complete a wall [64].
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5.2.3. After Extrusion, no Deformation
The 3D printing process proceeds by depositing materi-

al layers one by one. Each layer should be strong enough to 
bear the load of the next layer and each coming layer load-
ed by the previous layer. A material problem often occurs 
when the load of the layer is put onto the previous layer; 
it shows a slump problem. An effort for this challenge by 
using no slump material but no slump material has a prob-
lem while pumping the material, so it is a challenge faced 
during the experiments.

5.2.4. Avoid Cracking Around the Corners
Another common problem faced while working on 3D 

construction is cracking around the corners of the object to 
be printed. Cracking around the corner comes because of 
the fast nozzle speed around the corners. So this is a chal-
lenge to the product's strength that has been faced general-
ly. These are some challenges observed during the review of 
previous studies. The following section will suggest future 
work and highlight the research gap for the researchers.

5.3. Future Work Recommendations

5.3.1. Multi-Nozzle Combination
A multi-nozzle combination could make possible high 

achievements and problem solutions in 3D construction 
printing. It can be done by using multiple nozzles at a sin-
gle printer, and construction work can be done quicker 
than before by using a printer at different parts of the ob-
ject simultaneously, which leads to fast production within 
a short period. Although, the system will become complex 
and need proper planning for handling the whole process. 
Moreover, one benefit is to use different materials from dif-
ferent nozzles simultaneously as per the hybrid construc-
tion requirement of the part to be printed. 

5.3.2. 3D Construction Printing Hybrid Systems
Hybrid systems for 3D construction printing could be 

developed. Different materials and various components for 
structures can be used. For structural and non-structural 
applications, different grade types of material can be used 
for 3D printing in B&C in future work projects. For con-
tinuous monitoring of constructed buildings, using sensors 
and actuators in the material will be significantly worth 
full. These will provide real-time monitoring even during 
the phase of construction [158]. However, using sensors to 
get load-bearing properties and improved structural design 
reinforcement can be used with concrete.

5.3.3. New Material Development
Several friendly efforts were carried out to develop the 

material for 3D Construction printing using different com-
binations of cement, sand, flash, and fibers, which is still 
a challenging task for the researcher [13–14, 46, 159]. The 
success of 3D printing is majorly dependent on the devel-
opment of new materials having properties according to 

each application. The material should contain functionality 
added values of light weight, thermal insulation, low cost, 
good setting time, enough mechanical strength, and good 
flow ability to be effective for future complex and large-scale 
construction [160–162]. However, the future of 3D printing 
is bright and has the potential to print complex and large-
scale structures, as most researchers believe.

5.3.4. Property of Reinforcement
The low tensile strength and ductility of concrete is an-

other major challenge for 3D printing in B&C. Adding steel 
reinforcement can solve this problem, but in the case of the 
3D printing process, reinforcement of steel automatically is 
not straightforward compared to conventional one. Imbed-
ding and post-tensioning reinforcements can be inserted 
manually instead of automatically [50, 56]. Vertical direc-
tion tensile strength could be increased using a steel extru-
sion gun similar to the staple gun at the back of the nozzle. 
Although to control the force of steel staple penetrating the 
filament would be a challenge. There could be two possibil-
ities of force: fresh concrete will be destroyed if the force is 
too large, while there will be no penetration if there is a too 
small force. Using fibers in steel reinforcement will improve 
the ductility of concrete material.

5.3.5. Optimization of Printing Parameters
3D Concrete printing is significantly affected by print-

ing parameters such as printing speed, the flow rate of 
the material, and the thickness of printing material layers 
because these properties play an essential role during the 
construction process [86]. Precautions are necessary to 
adjust these parameters. If something goes wrong, it will 
lead to severe failure and lousy printing quality. The major 
limitation in the printing process is void formation, which 
causes uneven material layers. Studies showed that this lay-
ering effect could be controlled by the proper selection of 
the layer thickness, but the time required would be more to 
complete the product if the layer thickness is too small. So 
printing time, layer thickness, and surface finish of the out-
put product should be considered to print an object [163]. 
Finally, the overall surface quality can be improved by using 
post-processing such as grinding or plastering.

5.3.6. Life Cycle Assessment (LCA) for 3D Concrete
Printing
In the construction industry, while the more signifi-

cant impact of industries on the environment, Concrete 3D 
printing delivered a green and clean construction process 
without waste of material during construction compared 
to conventional methods. Researchers highlighted the en-
vironmental benefits of using material-efficient design in 
digitally fabricated architecture [164]. In these studies, the 
main focus was digital fabrication instead of 3D printing, 
which is related to some extent and necessary. There is a 
research gap in this study, and LCA must be used to assess 
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the environmental impacts of all stages of the product life 
& process and the impact of 3D printing improvement on 
the environment.

5.3.7. Life Cycle Cost Analysis (LCCA) for Concrete 3D 
Printing
There is a lack of fundamental understanding of eco-

nomics found in the past studies, and it should be included 
in future research as it can be helpful in 3D concrete print-
ing. This way, an early analysis of the relationship between 
cost and design parameters could be proposed. The prima-
ry objective of LCCA is to achieve the lowest possible total 
cost of design, production rate, part disposal, product use, 
and product development [165]. Incorporating the LCCA 
system with a 3D concrete printing process will save all the 
process stages. The process will improve production rate, 
total cost, and product design.

5.3.8. Requirement of Safety and Skills
Safety on the construction site is one of the biggest chal-

lenges observed and proved by the studies. During design-
ing preventive security systems, collisions, falling on the 
machine, and machines running over should be considered 
[166]. A physical barrier is necessary during the printing 
process to prevent the workers from a collision with the 
moving parts of the machinery. A safety video camera 
should be installed on the work site to avoid accidents and 
continuously monitor by safety management staff during 
construction [165, 166].

Another major challenge is the requirement for work-
ers to have experience in both robotic and civil site work. 
Knowledge of printing parameters and material properties 
significantly impacts the design's quality and limitations. 
The 3D printing industry expects to grow significantly by 
2022, as recent research shows the quickness in this field. 
Hence, existing workers need new skills for 3D concrete 
printing instead of conventional methods, and much re-
search is needed to understand and overcome all challenges.

6. CONCLUSIONS

In conclusion, Concrete 3D printing in B&C is an 
emerging method that has the potential to revolutionize 
the traditional building and construction methods by pro-
viding the benefits in terms of low cost, high efficiency in 
automatic construction, freedom of design, and reduction 
of labor cost and risk of injury during the construction at 
working site. The main challenge is the development of ap-
propriate material for continuous extrusion from the nozzle 
and stacking of depositing material layers over one anoth-
er and should be able to bear a load of subsequent layers 
without destruction or deformation and collapse. For this 
purpose, some simulation work can be done to check the 
behavior of different materials under loaded conditions, 
which will be helpful for future work.

Concrete 3D printing use in large-scale buildings con-
struction needs some requirements such as the develop-
ment of building information modeling (BIM), degree of 
requirements at mass customization scale, and the essen-
tial requirement is the life cycle cost analysis of 3D printed 
projects/ products. The life cycle performance of the print-
ed projects remains unclear as 3D printing construction is 
still growing. However, BIM can examine printed objects 
based on shape, performance, and assembly levels. Further-
more, the construction industry partially examined the de-
gree of customization and categorization based on projects.

There is no need to abolish traditional construction 
methods altogether because the construction industry's fu-
ture will most likely be a hybrid process that will simultane-
ously take advantage of both conventional and 3D printing 
technologies. By overcoming these obstacles, it is expected 
that 3D printing construction will reach its full potential in 
the building and construction industry.
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ABSTRACT

This article presents recent findings on the effect of thermal variances on pavements. It cov-
ers temperature measurement in asphalt pavement; the history of asphalt pavement tem-
perature prediction models, determination of asphalt layer depth temperature; main factors 
contributing to temperature variations in the asphaltic pavement; energy balance in flexible 
pavements; asphalt pavement design incorporating the temperature factor; the effect of tem-
perature on the structural performance of asphalt pavement; and environmental factors. 
The study concluded that temperature substantially affects the asphalt pavement layer's me-
chanical and physical material characteristics. This study has taken a close look at how pave-
ment temperatures are measured and the models used to predict future temperatures. The 
research shows that temperature significantly affects the mechanical and physical properties 
of asphalt pavement layers.
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1. INTRODUCTION

When a mechanistic-empirical method is used to design 
a flexible pavement, the temperature is the factor that has 
the most effect on the process. While studies have looked 
into how climate affects pavement designs, not many have 
looked into whether or if specific temperature indices con-
nect with distress on the flexible pavement.

Seasonal and daily changes substantially influence the 
stability of flexible pavements, especially the design pro-
cess's long-term success in terms of ambient air tempera-
tures, solar radiation, pavement materials and shape, con-
vective surface, and precipitation. The precise forecast of 
the temperature and their variances is essential for pave-

ment deflection evaluation, pavement modulus back-cal-
culations, frost action estimates, and diurnal and seasonal 
thermal and cooling impacts assessments.

In selecting the level of asphalt used in various works, 
it is essential to correctly evaluate the thermal stresses be-
tween asphalt layers to precisely forecast asphalt pavement 
temperatures at various depths and horizontal positions 
based on thermal conditions. This is particularly important 
when the asphalt pavement is exposed to severe extremes of 
freeze and thaw [1]. A precise understanding of the pave-
ment temperature combined with the thermal stress distri-
bution enables a more intelligent choice of asphalt binding 
grades for different pavements. Lower-grade lower-cost 
binders may thus be specified for lower lifts where more 
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minor temperature changes are usually encountered, and 
lower-grade lower-cost binders are available for lifts with 
substantial temperature variations. This difference will be 
a cost-effective answer to increased pavement expenses [1, 
2]. A typical Pavement Structure is presented in Figure 1.

2. TEMPERATURE MEASUREMENT IN ASPHALT 
PAVEMENT

One significant element for road quality is the asphalt 
temperature at which the road is constructed but experi-
ences over the past several years indicate a connection be-
tween certain other critical variables in road construction, 
such as compaction, segregation, and temperature [3, 4]. 
Authorities and construction firms are beginning to think 
about finding a method to analyze the quality of work and 
the material by measuring the temperature of the material 
being supplied and analyzing the thermal variances at dif-
ferent stages from construction to the usage of the pave-
ments [5]. Doing so would better understand a lot, and the 
process would lead to a better pavement and create new 
opportunities to improve its quality. Temperature measure-
ment in pavement engineering is fundamental and must 
not be trivialized. There are many methods and solutions 
to accomplish it, depending on what and why the pavement 
temperature needs to be checked or assessed. The tempera-
ture is sometimes measured using a sensor in contact with 
the pavement in question. However, the heat radiation of a 
substance may also be measured contact-free. This radia-
tion is its infrared surface emission. Both techniques have 
benefits and are reliable [6, 7].

The binder bitumen is an essential component of as-
phalt. Bitumen itself is a very temperature-dependent sub-
stance. One of the significant reasons why it is essential to 
pay attention to the temperature of the asphalt material is, 
On the one hand, asphalt at too low temperatures is not 
desirable as it leads to many distresses, while on the other 
hand, excessively high temperatures may have a poor ef-
fect on the pavement as it leads to melting of the pavement 
as is seen in many countries with high temperatures. It is 
thus essential to operate with asphalt in a specific tem-
perature range [8].

3. CLIMATE AND ENVIRONMENTAL FACTORS

A comprehensive literature analysis was carried out 
to examine previous studies that captured the impacts of 
climatic variables on thermal stresses in pavements, par-
ticularly concerning ambient air temperature variations. 
Research indicates that the climate and the environment 
significantly impact moisture damage and increase distress 
in flexible pavements [9, 10]. In addition to the quantity of 
rainfall, sub-surface water in the pavement and other envi-
ronmental variables may influence the degree of moisture 
damage to flexible pavements [11].

Below are some climatic and environmental variables 
contributing to Hot Mix Asphalt (HMA) pavement dete-
rioration.
•	 Heat after the rainfall may generate blisters on the pave-

ment surface, which can form a depression if ruptured 
[12].

•	 High precipitation impacts the water in the pavement 
[12].

•	 Freezing and thawing pressure and water motions may 
break up asphalt and encourage deterioration [12].

•	 Fatigue or low-temperature cracks may encourage peel-
ing because they enable water to enter [11–13].

•	 Temperature may also influence moisture damage.
Field experience has shown that pavements installed in 

cold seasons may be more difficult to compact, thus having 
a higher air vacuum and a more excellent permeability than 
pavements placed in warm weather. This may enhance the 
moisture susceptibility of the pavement [13]. In addition to 
the above, some other essential points responsible for dis-
tresses in pavements to be considered are;
•	 Aging improves asphalt stiffness, thus reducing the vul-

nerability to moisture damage [13].
•	 Research has found that low water pH (i.e., acidic) 

supports acidic asphalt retention, while high pH (i.e., 
primary) supports acidic asphalt retention on essential 
aggregates [14].

•	 High water table frequently allows moisture/humidity 
vapor to migrate to a pavement, increasing moisture 
damage [14–16].

•	 Microorganisms may also be present in the binder and 
the surrounding soil [16, 17]. These asphalted bacteria 
are fed on the hydrocarbons found in the asphalt, thus, 
allowing the water to reach the binder interface by es-
tablishing voids in the structure this water availability 
in the voids and the pumping action of repeated wheel 
loads may trigger stripping problems.
The performance of bituminous materials is primarily in-

fluenced by the maximum and lowest temperatures and may 
vary considerably in their mechanical characteristics [18]. 
The impact may be seen through changes in the bitumen or 
asphalt mixture stiffness and the life span of the materials. In 
addition, temperature variations that could negatively affect 
a pavement may be attributed to weather variables such as 
air temperature, solar radiation, and wind [19].

Figure 1. Typical pavement structure [2].
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4. HISTORY OF ASPHALT PAVEMENT 
TEMPERATURE PREDICTION MODELS

The prediction of asphalt pavement temperature may be 
separated into (1) numerical and finite element techniques; 
(2) theoretical and analytical approaches; and (3) statistical 
and probabilistic modeling based on the study methods and 
analysis tools used in the research [20].

Researchers have studied climatic variables' effects on 
asphalt pavement from an early stage. Moreover, the re-
searchers who studied the temperature of the asphalt pave-
ment focused on the distribution of temperature in various 
depths; theoretical frameworks based on the one-dimen-
sional thermal driving model and the finite difference 
method (FDM) have been used to simulate the temperature 
distribution of the pavement structure [21].

In 1987, in the United States, the long-term pavement 
performance project (LTPP) measured asphalt pavement 
temperature [22]. The research focused on a novel data 
analysis strategy for pavement asphalt. Data, including 
atmospheric temperature and solar radiation, as well as 
their relationship with pavement temperature, have been 
made available, forming a critical database that facilitates 
and stimulates research in the field by using the regression 
method to develop models for predicting asphaltic tem-
perature [22].

In the first stage (1950–1990), scientists focused on the 
fluctuation and distribution of temperatures. A limited 
number of studies utilized pitching techniques to estimate 
pavement temperatures. In the 1990s, Canadian and Amer-
ican researchers focused on utilizing a novel technique 
for analyzing data on asphalt paves. As a result, a valuable 
database is currently accessible to assist research on pave-
ment temperatures based on many data and information 
on pavement temperatures and climatic factors, such as air 
temperature and solar radiation [23].

In that second step, however, most researchers used 
the reversal technique to build models to forecast the tem-
perature of asphalt by focusing on the lowest and highest 
asphalt pavement temperatures throughout the service 
period using the Superpave method. Consequently, many 
studies have also begun to examine daily pavement tem-
perature forecasts with somewhat varied changes and have 
been effectively applied in road engineering.The research-
ers employed statistical methods during a third phase, 
from 2000 to the present, to develop a regression predic-
tion model in two applications, namely to correct deflec-
tion measurements in pavement layers with a back-cal-
culation method and to simulate temperature fluctuation 
distributions in the structure of the asphalt [23–25]. The 
third phase of the study is heavily affected by the research 
results in the preceding phase, despite the significant ex-
pansion of the area of inquiry. To sum up, temperature 
prediction models have been enhanced and improved by 
the fast growth of the database in the 1990s up till now. At 

present, the application of big data, artificial intelligence, 
and the likes has become prevalent in establishing tem-
peratures and the variances in pavements.

5. DETERMINATION OF ASPHALT LAYER DEPTH 
TEMPERATURE

Three typical techniques are used to determine the tem-
perature through the depth of an asphalt layer, including 
in-situ tests, the American Association of State Highway 
and Transportation Officials(AASHTO) method, and the 
BELLS model [25]. Another method is the indirect mea-
surement, in this method, the temperature of an asphalt 
layer is measured every 1 to 1.5 hours using a thermome-
ter when a hole to half the depth of the layer is perforated 
during Falling Wheel Deflectometer (FWD) testing [26]. 
Drilling the hole provides heat, and for this reason, the 
test result could be affected by the increased temperature 
between the instrument used for boring and the adjoining 
pavement layers, it is thus, recommended that at least 20 
minutes of temperature readings should be carried out [25]. 
On the other hand, halting the FWD tests will decrease the 
test's effectiveness in detecting the pavement layers' tem-
perature. The measurement of temperature at single points 
is another drawback of the direct measurement technique, 
expanding it across a stretch of the road that leads to severe 
uncertainties’ [25, 27].

In addition, the pavement layer thicknesses typically 
fluctuate throughout the route, thus providing an addition-
al source of inaccuracy for measuring the temperature at 
the middle depth of the asphalt layer. To develop dynam-
ic modulus master curves of asphalt layers, using a direct 
measuring technique to estimate the pavement temperature 
during FWD testing is imperative, a simple method of test-
ing pavement temperature is as demonstrated in Figure 2.

The pavement surface layer temperature is monitored 
to determine the temperature of the asphalt layer in the 
AASHTO technique. This is either determined by mea-
suring the temperature at 25 mm depth or by the FWD 
infrared thermometer reading. Moreover, the prior mean 
air temperature for five days (i.e., before the FWD test) 
and the total asphalt layer thickness are revisited. The sur-
face temperature is monitored with this information, and 
temperatures are calculated using the AASHTO graph at 
half depths and the bottom of the asphalt layer (AASH-
TO 1993). This technique defines the depth temperature 
of the asphalt layer as the average of the three above [26, 
28, 29].The climatic changes in the last five consecutive 
days before testing, which may influence the final tem-
perature of the asphalt layer, are a significant drawback of 
the AASHTO approach [26]. In addition, no distinction 
is made between the positive temperature gradient at the 
beginning of the day, the surface temperature being high-
er than the depth, and the negative temperature gradient 
at the end of the day [26].
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6. MAIN FACTORS CONTRIBUTING TO 
TEMPERATURE VARIATIONS OF ASPHALTIC 
PAVEMENT

Temperature is an essential indicator for determining 
the road surface temperature. The historical temperature 
condition shows that the current temperature of the pave-
ment is a function of different factors and is also meaning-
ful for decision making. However, to calculate the pavement 
temperature, there is still a debate on the temperature data 
to be selected. The temperature data of the past five days 
must be used if a result close to reality is to be obtained.

In addition, some prediction techniques for asphalt 
pavement temperatures require the previous day's tempera-
ture data. The sun's radiation may also raise the road sur-
face temperatures and the temperature but will have an even 
more significant effect on the asphalt pavement temperature. 
A numerical method based on finite-difference modeling is 
proposed by [30], which evaluates temperature distribution 
in pavements depending on changes in the thermal environ-
ment. The model anticipates temperature variations in rates 
and depth during freezing and thawing cycles. However, the 
proposed model does not include surface cooling effects 
owing to precipitation, the influence of the tilt angle of the 
surface on surface boundary conditions, and internal heat 
stresses of the pavement due to different temperature levels.

Evaluated various computer algorithms for predicting 
the temperature of the asphalt-concrete pavement. The re-
search compares the findings produced by the integrated 
Federal Highway Administration (FHWA) model with ac-
tual pavement temperatures [31]. The research shows that 
ignoring edge effects is not relevant for regular cross-sec-
tions but for the shoulders and extreme cross-sections. Re-
searchers proposed an analytical method for examining rig-
id pavements exposed to temperature load in combination 
with finite-element algorithms. The pavement is idealized 

as a thin isotropic platform sitting on an adjustable base of 
the Winkler type of foundation. The results produced from 
simulations for both linear and nonlinear temperature 
changes are given and contrasted. This research indicates 
that rigid pavement design cannot overlook temperature 
stresses [32]. Experimental and analytical research is given 
to create a technique for determining realistic stress caused 
by the thermal load. The research revealed that the over-
all temperature distribution throughout the concrete sheet 
depth is greater than the temperature difference between 
the extreme sheets [33].

Researchers have examined relationships between cli-
matic variables and structural pavement characteristics 
in light of data obtained under the Long-Term Pavement 
Performance Seasonal Monitoring Program. Various sta-
tistical studies have been used to study the relationships 
between structural pavement characteristics and climate 
variables [33]. Changes to environmental variables may al-
ter paved conditions and thus eventually affect the stiffness 
and degradation of pavement materials, thus affecting the 
performance in-service. These variables are always consid-
ered in pavement design and construction [34]. For exam-
ple, the selection of bituminous binder grade is decided to 
match local temperature conditions to satisfy functional 
and structural needs [34, 35]. Despite the careful attention 
paid to environmental variables in pavements, difficulties 
arising from changes in those parameters are inevitable 
and frequently significant [36]. In its evaluation of materi-
al reactions and projections of long-term performance, the 
previous researchers examined the impact the environment 
has on pavement performance and documented effects on 
pavement environmental variables (e.g., temperature and 
humidity profiles) [36, 37].

In addition, a rise in the temperature ranges as a conse-
quence of weather and climatic changes increases the ther-
mal stress of asphalt layers and thus might worsen thermal 

Figure 2. Representation of the method for measuring pavement temperature [2].
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assumptions [37]. Moreover, greater temperatures may lead 
to a quicker (accelerated) aging of the asphalt layers and be-
cause of increased fracture, pavements may become more 
prone to cracking [37, 38]. Furthermore, low temperatures 
may lead to asphalt concrete hardening and result in ther-
mal cracking on the road surface; low temperatures pro-
mote cracking processes, whereas high temperatures distort 
plastic deformation processes such as rutting [39].

7. ENERGY BALANCE IN FLEXIBLE PAVEMENTS

The thermal conditions directly influence the tempera-
ture profile of the asphalt pavement it is exposed to. The 
main methods of heat transmission are incident sunlight, 
heat, and radiation between the pavement's surface and the 
sky; heat transfer convection between the surface of the 
pavement and the fluid (air or water). The strength of direct 
and broad solar radiation depends on diurnal cycles, the 
sun's position in the sky, and the angle of incidence between 
the surface and the sun's rays. The pictorial example of the 
energy balance is shown in Figure 3.

The convective heat flow is determined by the speed and 
direction of the water. Generally, it is affected by the surface 
wind speed and direction the most. Whenever the thermal 
conductivity improves due to incredible wind speeds and 
wind directions occurring at the right moment, the convec-
tion heat flow increases. As a result, when the wind speed is 
relatively high and the temperatures of the wind are lower 
than the energy of the pavement surface, convective surface 
cooling occurs. A far crane is created by thermal and long-
wave radiation. This is because profound temperatures are 
often lower than surface pavement temperatures, resulting 
in heat transfer in the far crane direction [40].

For the equilibrium of surface energy on a roadway, the 
sum of all heat gains across the road surface must equal all 
heat losses inside the pavement surface. The temperature 
differential determines the pattern of heat flow, convective 
heat, and thermal radiation between the pavement area 
and the bulk fluid or sky temperature. Convection and heat 

transfer are both responsible for heat flow [41]. Suppose the 
temperature of the sky and the bulk temperature of the fluid 
are both lower than the temperature of the pavement sur-
face. In that case, the surface cools, but the surface may also 
be heated by incoming solar radiation at the same time. As 
a result, the pavement is either heated or cooled, depending 
on the different heat fluxes involved.

It is possible to suppose that an adiabatic bottom surface 
exists for sufficiently broad pavement that does not need 
heat transfer between both the pavement and the sub-grade 
layers. The same is true for lateral pavement sides (paved 
edges) for appropriately significant horizontal expansion 
since increases in the vertical direction are considerably 
greater than changes in the horizontal direction at pave-
ment edges. Heat transfer through pavement edge surfaces 
is unaffected [42, 43].

The convection of the heat conduction of the pavement 
structure and subgrade between the surface of the pave-
ment and the surrounding environment. This is achieved 
using transmission media such as air or when water reaches 
the surface [39, 44]. On the other hand, temperature change 
was the most important factor for changing pavement 
performance in most studies on climate factors [45]. The 
causes underlying seasonal fluctuations and their effects 
on temperature changes are thus essential to understand 
[45–47]. It is also well-known that the reaction of pavement 
layers to traffic loads is strongly affected by environmental 
variables such as temperature and moisture. Any substan-
tial temperature fluctuation may thus have a severe effect 
on the performance of the asphalt surface and the repair 
requirements [47].

Temperature, asphalt thickness, and binder qualities 
all influence whether the pavement cracks or not. Other 
variables such as aggregate quality, pavement age, pave-
ment width, and friction between asphalt and base track 
influence thermal cracking severity if a vulnerable asphalt 
binder is employed. Temperature should be one of the sig-
nificant factors in the asphalt pavement to prevent thermal 
cracking [48].

In a transient thermal examination followed by a qua-
si-static stress analysis, [49] analyses the thermoplastic re-
sponse of a multi-faceted pavement construction at discrete 
time intervals using finite element methods. The research 
analyses the two- and three-dimensional cracking issues 
numerically. The possibility of heat fractures spreading 
through the asphalt overlay is evaluated using both a dis-
placement formula and an energy balance concept based on 
a fracture-mechanics method.

A parametric study on variables leading to the thermal 
cracking of asphalt pavements [50] has been presented. A 
semi-analytical model has been constructed to address the 
multiscale nature of heat cracking pavement, including vis-
coelasticity effects. The research revealed material homo-
geneity, ductility, and frictional restriction on the contact 

Figure 3. Pavement energy balance [39].



J Sustain Const Mater Technol, Vol. 7, Issue. 3, pp. 221–230, September 2022226

and cooling rate as the most significant factors [51]. Stud-
ied the effects of nonlinear temperature and wheel load on 
multi-faceted pavements with a plate consisting of one or 
more layers resting on a general elastic basis. The resulting 
bending stress is the amount of bending stress due to the 
load applied and a linear temperature gradient equivalent, 
plus the pure heat stress related to the nonlinear portion of 
the temperature distribution.

Presented research on thermal stress prediction in con-
crete pavement systems. The analysis is based on measured 
data on the actual test sections of concrete pavement [52]. 
The measured strains are divided into axial, curling, and 
nonlinear components, and each component is examined. 
The research shows that the curling component dominated 
cross-sectional stress while the nonlinear component re-
duced the maximum thermal stress by approximately 25%.

To assess pavement damage, [53] proposed a numeri-
cal method utilizing a 3D finite element analysis technique. 
Field temperature data was collected at 14 locations in the 
United States at various times of the day to calculate pave-
ment stresses due to curling and wheel loads. A pavement 
fatigue algorithm was designed to provide comparable 
damage and effective temperature differentials [54]. Of-
fered an analysis solution in a three-layer pavement system 
for the determination of slab temperature, subject to a regu-
lar change in ambient air or paved surface temperature. The 
thermal analysis is linked to plate theory and the Winkler 
foundation to enable curling stress and bending moments 
to be calculated. The analyses indicated that the distribution 
of pavement temperatures might be very nonlinear, mainly 
when the ambient air temperatures vary according to time. 
The research indicates that the frequency of temperature 
changes rather than amplitude affected estimated tempera-
ture profiles most, leading to thermal stresses in pavements.

8. ASPHALT PAVEMENT DESIGN INCORPORATING 
THE TEMPERATURE FACTOR

The characteristics of pavement materials, traffic, cli-
mate, and service results affect each other in the design 
process and determine the demand for a necessary mix of 
pavement structures [43]. The researchers [55] put forward 
a computer method that uses the Temperature Equivalency 
Facteurs concept [56] and introduces the Temperature Fac-
tor as a significant factor in the asphalt pavement construc-
tion method, which translates the design effect times of the 
axle load into a standard reference temperature.

Before then, generally, the average temperature in the 
asphalt design technique was dominant, the number of axle 
loads was realistic in time, and no comparable conversion 
was performed.

There are also various considerations for the temperature 
factors of various methods of asphalt pavement, such as tak-
ing into account the asphalt pavement experience at low and 
high temperatures and the associated prediction formula.

When the temperature is gradient, the weighted average 
temperature is calculated as a pavement temperature based 
on various pavement temperature depths. According to a 
more precise technique for considering the non-uniform 
temperature distribution, the asphalt pavement thickness 
may be split into multiple levels in the depth of the scope. 
Analysis indicates that the technique of division level and 
the method of the asphalt pavement's equivalent tempera-
ture provide comparable findings [55–57].

9. THE EFFECT OF TEMPERATURE ON 
STRUCTURAL PERFORMANCE OF ASPHALT 
PAVEMENT

The change in asphalt mixing would substantially in-
fluence the asphalt pavement's structural capacity and its 
performance, and asphalt mixture depends on the tempera-
ture. It is continuously changing within a day or even a year. 
Thus the temperature may in the following aspects influence 
the structural bearing capacity of the asphalt pavement:
•	 Higher stress is transferred to the base and subbase by 

the asphalt mixture modulus reduction. Material char-
acteristics of the foundation, however, are linked to 
stress.
The base material is consolidated under high stress, par-

ticularly granular material, although the cohesive ground 
will become more susceptible. Consequently, the tempera-
ture of the asphalt mixture directly influences the material 
characteristics of the base and base.
•	 The asphalt mixture module is linked directly to the 

temperature. The module decreased progressively as the 
temperature improved, which may cause the structural 
bearing capacity to be lowered.

•	 Temperature-change stress: according to a microscopic 
mechanical model, the contact force between granular 
base granules would rise in the event of an increase in 
temperature, resulting in increased volume strain. Ac-
cording to findings from the study by [58], the tem-
perature on the modulus is more critical with a greater 
degree of compaction and lower starting volume stress 
levels.

•	 The rise of the asphalt pavement structure temperature 
will decrease the top layer pore-water tension.
It may lead to water transfer to the top layer, which re-

duces pore water pressure. Effective base stress or soil base 
stress will be reduced. At the same time, the material modu-
lus is reduced. A brief summary of the effect of the extreme 
thermal effect on pavements is presented in Table 1 and the 
preventive measures are presented in Table 2.

The findings indicated that the impact of temperature 
on the asphalt-paved structural bearing capacity is very 
complex, and it is difficult for the individual component to 
be distinguished from complicated variables. Asphalt pave-
ment structural bearing capacity changes with the change 
in temperature. This implies that the stress distribution of 
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the pavement changes at various times, even at the same 
loads. Therefore, the asphalt pavement deterioration model 
changes with time and temperature effect [58–60].

Find in Table 1 below the summary of common causes 
of temperature ad effects on pavements.

10. SUMMARY OF THE MECHANISM OF 
PAVEMENTS' REACTIONS TO THERMAL 
VARIATIONS

Pavement surfaces resist tremendous impact from ve-
hicles, trucks, and trailers daily. Given the resilience of the 
pavement, it may seem odd that just temperature changes 
can cause severe structural damage to roadways and park-
ing lots. However, changes in the weather represent a sig-
nificant danger to both asphalt and concrete. Temperature 
changes cause the pavement to expand and contract, which 
leads to cracks that proliferate if not repaired. Such cracks 
are not just a tiny annoyance but may develop into warped, 
uneven surfaces that are a safety risk to vehicles and pe-
destrians in a facility. These risks are particularly apparent 
when seasons change due to the possibility of abrupt tem-
perature changes. However, high temperatures may lead to 
cracking on their own at either end of the range. Therefore, 

it is essential to be particularly attentive at the summer and 
winter levels. An awareness of how the pavement responds 
to variations in temperature may help create a maintenance 
plan to avoid developing unattractive and hazardous pave-
ment faults. This article discusses the factors leading to a 
cracking temperature and the measures taken to safeguard 
the pavement [60].

11. PAVEMENT PROTECTION FROM WEATHER 
EFFECTS

Temperature variation that leads to pavement deterio-
ration in the true sense of practice is inevitable, but can, 
however, can minimize with the correct pouring and main-
tenance; however, the pavement may be protected against 
the temperature variations as presented in Table 2. 

12. CONCLUSION

In conclusion, highlights of the significant areas pre-
sented and discussed in the study above are listed here. The 
study's objective was to discover several ways the asphalt 
temperature might be estimated to help road design engi-
neers overcome the problems and minimize the dangers 

Table 1. Summary of common causes of temperature and effect on pavements

1
2
3
4
5 

6

S/No

Extreme high temperature
Temperature variations
Less rain and more sunshine
Ice cold 
Freezing temperature 

Temperature variations

Causes

Portions of the pavement heat disproportionately
Temperatures alteration or cycle rapidly
Pavements deteriorate from oxidation effect
Pavement (frost heave) melts, thus causing deterioration
Freezing temperatures can lead to a freezing of water trapped under the pavement, 
resulting to deterioration
Pavement is exposed to excessive or prolonged heat or cold that leads to quick 
deterioration especially during cold seasons

Types of effect on pavement

Table 2. Methods to protect pavements from adverse thermal effects

1 
 
 

2
 
 
3
 
 
 
4

S/No

Conducting routine inspections 
 
 

Preventative maintenance 
adoption: 
 
Correct deficiencies as early as 
possible: 
 
 
Get the design and construction 
right as the first step

Preventive measure

Even the supreme paved roads exhibit aging signs like temperature cracks after a while; 
keeping eyes on the pavement all year round may help discover areas of concern that may 
become more problematic. Take notice of cracks, in particular during extremely high 
temperatures and shallow temperatures in rainy seasons.
While not all pavement damage can be prevented, preventive maintenance is crucial for 
extending the life span of pavements. Fill or seal small cracks and apply suitable surface 
treatments to maintain the pavements in an excellent form.
Once a major flaw has been discovered, it is appropriate to select the most suitable 
patches and work with a contractor to fix the damage. It is advised not to wait until the 
damage gets serious – keeping the damaged pavement in place is a safety risk, and the 
expenditure only rises as the deteriorations persist.
The design and construction stages are the first stages that need to be gotten right in 
order to keep pavements in their proper place for the design life before deteriorations. A 
great deal of preventive work must be done when pavement longevity is to be prioritized.

Explanation
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of changing temperatures. The conclusion is that analyti-
cal techniques offered simple answers but needed precise 
boundaries. In addition, the above study concluded that 
temperature has a reasonably substantial effect on the as-
phalt pavement layer's mechanical and physical material 
characteristics. It has effectively examined the existing tech-
niques of monitoring temperature and temperature predic-
tion models for pavement construction. Thus, it may be in-
ferred that since the middle of the last century, experts have 
been trying to forecast asphalt pavement temperatures. 
However, these models have unique flaws and strengths, 
and some prediction models are excessively complicated 
and demand the usage of several factors. Furthermore, heat 
transfer studies between the ambient and pavement tem-
peratures are thus strongly suggested, considering the im-
pacts of temperature on pavements.
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ABSTRACT

Fiber-reinforced polymer composites are well-studied and established products, and today 
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ning of this century, natural fibers and biopolymers have attracted increasing interest each year 
for composite applications. Thanks to this interest, studies on natural fibers and biopolymers 
have increased significantly. Despite the high number of studies on natural fibers and natural 
fiber-reinforced polymers (NFRP), there are gaps in the literature. This work reviews studies 
on natural fibers, biopolymers, and biocomposites with their advantages, disadvantages, and 
limitations. Studies that focus on the ways to reduce or eliminate these disadvantages and lim-
itations have also been looked at. Also, current challenges and future perspectives for natural 
fibers, biopolymers, and NFRPs have been discussed.

Cite this article as: Baysal, A., Yayla, P., & Türkmen, HS. (2022). A review on engineering bio-
composites and natural fiber-reinforced materials. J Sustain Const Mater Technol, 7(3), 231–249.

*Corresponding author.
*E-mail address: pasa.yayla@marmara.edu.tr

Journal of Sustainable Construction 
Materials and Technologies

1. INTRODUCTION

Fiber-reinforced polymers (FRP) have replaced con-
ventional materials since the mid-last century. This re-
placement was mainly due to their superior mechanical 
properties compared to traditional materials, such as steel 
and aluminum. Composite materials have a more specific 
strength and higher fatigue resistance than steel and alumi-
num and are lighter than conventional materials [1].

Today, FRPs have many applications in various indus-
trial areas, such as the automotive, aviation, and defense 
industries. While composite materials solved many prob-

lems for these industries, they created new ones for the 
environment. Better mechanical properties with compos-
ite materials alone are not enough to solve today's prob-
lems. Better specific strength, higher fatigue resistance, 
and weight reduction do not solve the environmental is-
sues associated with FRPs.

In the present century, thermoset polymers reinforced 
with synthetic fiber composites are being questioned due to 
problems related to environmental issues [2]. Due to ther-
moset polymers' nature, synthetic fibers with thermosets 
render FRP impossible to recycle. This causes irreversible 
problems for the environment.
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However, the substitution of natural fiber-reinforced 
polymers (NFRP) for the traditional (FRP) is not due 
to only environmental reasons. Natural fiber-reinforced 
polymer composites present the same or comparable me-
chanical properties to fiber-reinforced polymer composites 
with lower density [3]. Natural fibers (hemp fiber 1.48 g/
cm3, flax fiber 1.4 g/cm3, kenaf fiber 1.45 g/cm3, jute fiber 
1.46 g/cm3, banana fiber 1.35 g/cm3) are lighter than their 
synthetic counterparts (glass fiber 2.54 g/cm3, carbon fiber 
1.75–2.00 g/cm3), this aspect makes the NFRPs favorable 
against FRPs in areas where weight reduction is essential. 
Natural fibers with very low densities, such as hemp, can be 
used in non-critical areas where solid mechanical proper-
ties are not needed [4].

In addition to the low-weight characteristics of natural 
fibers, NFRPs can be produced at a lower cost when com-
pared with polymer composites with synthetic fibers. The 
automotive industry, where lower cost and lower weight are 
critical, started using natural fibers at the beginning of this 
century [4]. Furthermore, the aviation industry, another 
area where cost and weight reduction are essential to com-
pete, started using natural fibers as a reinforcing material 
for polymer matrix composites [5].

Even though natural fibers bring new characteristics 
to the table, such as environmental friendliness, it comes 
with some drawbacks too. As they are crop-based materi-
als that grow naturally on the soil, the mechanical proper-
ties of natural fibers depend upon the harvesting region, 
the soil condition, harvesting time, and the intensity of 
sunrays and rain [5, 6]. 

The compatibility between natural fiber and matrix 
polymer of NFRPs is poor [7]. This causes lower mechan-
ical properties than expected due to the non-uniform dis-
persion of fiber in the matrix and low stress transfer be-
tween the matrix and the fiber.

Most polymers, especially thermoplastic ones, which 
are widely used with natural fibers due to their recyclabili-
ty, are hydrophobic, in contrast to natural fibers, which are 
hydrophilic [5]. The hydrophilic characteristic of a natural 
fiber creates another problem: water or moisture absorp-
tion. They also have poor fire resistance [8].

Although their use in composite materials has increased 
over time, the subject of natural fibers as reinforcement ma-
terials is still a new topic and developing field. Therefore, 
research on natural fibers should be reviewed and summa-
rized to guide future studies. In this paper, the studies on 
natural fibers and biocomposites are thoroughly reviewed 
and classified according to their content and purpose. Re-
viewed studies are arranged to create an orderly explana-
tion of the subject in question.

This study aims to review the pros and cons of natu-
ral fibers and the studies that have been done to mitigate 
these disadvantages. First, an introduction to biocompos-
ites is presented, and the classification of natural fibers is 

explained. After that, the natural fibers' sources and mac-
rostructure are explained, and the effects of surface mod-
ification on natural fibers are reviewed. In addition, the 
mechanical performance of surface-modified and non-sur-
face-modified natural fibers is also reviewed. The last part, 
before the conclusions, explains the topic of green compos-
ites and potential areas for utilizing them.

2. BIOCOMPOSITES

Composite materials must consist of at least two or 
more materials. Biocomposites, a subcategory of compos-
ites, are no exception. However, the requirement of com-
bining at least two materials is not enough on its own for 
biocomposites. For a material to be called a biocomposite, 
at least one of the materials that form the composite must 
be a natural material [3]. Composite materials made from 
natural fiber-reinforcements (hemp, jute, rami, etc.) and 
petroleum-derived polymer matrices can be labeled as bio-
composites. Composite materials that consist of synthetic 
fiber-reinforcements and natural-based polymer -biopoly-
mer- matrices like PLA are also called biocomposites. If 
both the reinforcement and the matrix materials are nat-
urally based, the material is considered biocomposite too, 
but to emphasize the material's biodegradability, they are 
classified as green composites [9].

Natural and synthetic fibers can be utilized in a single 
matrix to increase the performance of the biocomposite. 
The composite materials composed of this combination are 
called hybrid composites [10].

There are various reasons for using natural fiber-rein-
forced polymers over synthetic fiber-reinforced polymers. 
Aside from the low-cost and low-density benefits of bio-
composites, biodegradability will become an essential 
feature of these materials as global environmental issues 
worsen. Biopolymers or biocomposites may be a long-term 
solution to 21st-century environmental problems (such as 
climate crisis, waste plastic pollution, etc.) [9].

2.1. Green Composites
Green composites are a subcategory of biocomposites. 

Green composites can be defined as fully biodegradable 
composite materials. A combination of natural fibers with 
natural polymers or biopolymers can be called a green com-
posite [11]. It is critical to distinguish biocomposites from 
green composites; every green composite can be labeled as 
a biocomposite, but the reverse is not always achievable. 
Although hemp-polypropylene natural fiber reinforced 
polymer is a biocomposite, it is not a green composite due 
to polypropylene's nondegradability. Due to the degradable 
hemp and PLA, Hemp-PLA is both a biocomposite and a 
green composite.

The most crucial advantage of green composite is its bio-
degradable nature. This characteristic only makes green com-
posites unrivaled against other synthetic or natural fiber-re-
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inforced petroleum-derived polymers as an environmentally 
friendly alternative. In addition to this aspect, producing 
biodegradable polymers from renewable resources like an-
imals, plants, and microbes through biochemical reactions 
offers lower reliance on petroleum-derived polymers, thus 
lower petroleum usage [11]. Increased use of green com-
posites will help the struggle against environmental issues 
like climate crisis and plastic waste due to excessive usage of 
non-biodegradable and non-recyclable polymers [12].

2.2. Natural Fibers
Fibers can be divided into two categories: synthetic and 

natural fibers. Natural fibers can also be subdivided based 
on their origins, like animal, mineral, and plant (cellulosic/
lignocellulosic). Most natural fibers are planted (lignocellu-
losic), like cotton, jute, flax, hemp, ramie, etc. These fibers 
have mainly lignified secondary cell walls, which give me-
chanical stability to the plant body [13]. The classification 
of natural fibers is shown in Figure 1. Some of the most 
popular plant (lignocellulosic) fibers are shown in Figure 2.

There can be significant differences between the dif-
ferent types of natural fibers. For example, their density, 
length, diameter, and mechanical properties can vary 
greatly. Although this difference might seem a disadvan-
tage, it allows the engineers and designers to choose dif-
ferent materials with different physical and mechanical 
properties suitable for the design requirements. The phys-
ical and mechanical properties of various natural fibers 
are shown in Table 1.

2.2.1. Sources of Natural Fibers
As shown in Figure 1, natural fibers are classified based 

on their origin, the part of the plant, animal, and mineral 
from which they are derived. Animal and mineral fibers are 
obtained from animals and minerals, respectively.

There are two types of wood fibers, hardwood, and soft-
wood. Wood fibers are extracted from wood using various 
methods, but for natural fiber-reinforced polymer applica-
tions, wood flour is more widely used than wood fiber due 
to its low price and ease of processing with conventional 
polymers.

Seed fibers, cotton, kapok, loofah, etc., are obtained 
from the seeds of these plants. Leaves of monocotyledonous 
plants are used to obtain leaf fibers, such as sisal, banana, 
pineapple, abaca, henequen, etc. Bast fibers, which include 
flax, ramie, hemp, jute, kenaf, etc., are collected from the 
stems' inner bark, called phloem, of the dicotyledonous 
plants. Fruit fibers are the fruits of plants that bear the 
name. Stalk fibers of straw fibers, rice, barley, wheat, maize, 
etc., are the stalks of their plants [13]. The production of 
some plant (lignocellulosic) fibers and the largest producer 
countries is shown in Table 2.

Plant (lignocellulosic) fibers are more popular than 
animal and mineral-based natural fibers among all these 
natural fibers. Cotton (seed fiber), flax, jute, ramie, and 
kenaf (bast fibers) are plant fibers' most popular and most 
researched fibers.

According to Townsend [17], world fiber production in 
2018 was approximately 110 million, including 32 million 

Figure 1. Classification of natural fibers [14].
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tons of natural fibers (Fig. 3). Cotton accounted for 80% of 
natural fiber production by weight, and jute production was 
approximately 3 million tons in 2018, with wool and coir 
each accounting for about 1 million tons.

Unlike synthetic fibers, natural fibers do not get man-
ufactured at a fiber production plant. Instead, they come 
from "natural" sources, as the name implies. This brings 
biodegradability and new factors that can affect the fiber 
properties that synthetic fibers do not have. These factors 
are shown in Table 3.

One of the most critical factors in Table 3 is the harvest-
ing time because the harvesting time of the plant would sig-
nificantly affect the structure of fibers and their physical and 
chemical composition. Because of this, the best harvesting 
time for the desired natural fiber mechanical and chemical 
composition, which are the essential aspects in defining the 
fibers' overall qualities, must be determined [6, 14].

2.2.2. Chemistry of Natural Fibers
A single natural fiber is between 1 and 50 mm in length, 

and the diameter of a fiber is around 10–50 µm. The fiber 
cell wall is composed of two main parts: the primary wall 
and the second wall. The primary wall's main purpose is to 

control the fibers' growth direction and rate. The secondary 
wall provides mechanical strength to the fiber, composed 
of three main layers, S1, S2, and S3 [13]. The three-dimen-
sional structure of fiber and a fiber's typical cross-section is 
shown in Figure 4.

The major constituents of natural plant fibers are cellu-
lose, hemicellulose, and lignin. Natural fibers also include 

Figure 2. Plant-based natural fiber-reinforcements, (a) Banana; (b) sugarcane bagasse; (c) curaua; (d) flax; (e) hemp; (f) 
jute; (g) sisal; (h) kenaf. The typical pattern of reinforcements used in the hybrid LC-based biodegradable composite syn-
thesis. (i) Jute fabric; (j) ramie–cotton fabric; (k) jute–cotton fabric [15].

Figure 3. World natural fiber production in 2018 [17].
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a small amount of pectin and wax. The amount of cellulose 
will vary depending on the type and age of the plant. The 
differences between the different natural plant fibers' cellu-
lose, hemicellulose, and lignin values are shown in Table 4.

Cellulose microfibrils have a diameter between 10–30 
nm. They act as the reinforcement material and remain 

embedded in the hemicellulose/lignin matrix, which is re-
sponsible for providing mechanical strength to the fibers. 
These microfibrils are linked together to form the cellulose 
fibers, the main constituent of most plant-based natural fi-
bers. The second most abundant natural fiber constituent 
in cell plant walls is hemicellulose. Lignin is another signifi-

Table 1. Physical and mechanical properties of some natural fibers [16]

Fiber type	 Density	 Length	 Diameter	 Tensile	 Tensile	 Specific	 Elongation 
	 [g/cm3]	 [mm]	 [μm]	 strength	 modulus	 modulus	 [%] 
				    [MPa]	 [GPa]	 (Approx.)  
						      [GPa.cm3.gr-1]

Abaca	 1.5	 –	 –	 400–980	 6.2–20	 9	 1.0–10
Alfa	 0.89	 –	 –	 35	 22	 25	 5.8
Begasse	 1.25	 10–300	 10–34	 222–290	 17–27.1	 18	 1.1
Bamboo	 0.6–1.1	 1.5–4	 25–40	 140–800	 11–32	 25	 2.5–3.7
Banana	 1.35	 300–900	 12–30	 500	 12	 9	 1.5–9
Coir	 1.15–1.46	 20–150	 10–460	 95–230	 2.8–6	 4	 15–51.4
Cotton	 1.5–1.6	 10–60	 10–45	 287–800	 5.5–12.6	 6	 3–10
Curaua	 1.4	 35	 7–10	 87–1150	 11.8–96	 39	 1.3–4.9
Flax	 1.4–1.5	 5–900	 12–600	 343–2000	 27.6–103	 45	 1.2–3.3
Hemp	 1.4–1.5	 5–55	 25–500	 270–900	 23.5–90	 40	 1–3.5
Henequen	 1.2	 –	 –	 430–570	 10.1–16.3	 11	 3.7–5.9
Isora	 1.2–1.3	 –	 –	 500–600	 18–20	 14	 5–6
Jute	 1.3–1.49	 1.5–120	 20–200	 320–800	 8–78	 30	 1–1.8
Kenaf	 1.4	 –	 –	 223–930	 14.5–53	 24	 1.5–2.7
Nettle	 1.4–1.55	 –	 –	 650	 38	 25	 1.7
Oil Palm	 0.7–1.55	 –	 150–500	 80–248	 0.5–3.2	 2	 17–25
Piassava	 1.4	 –	 –	 134–143	 1.07–4.59	 2	 7.8–21.9
PALF	 0.8–1.6	 900–1500	 20–80	 180–1627	 1.44–82.5	 35	 1.6–14.5
Ramie	 1.0–1.55	 900–1200	 20–80	 400–1000	 24.5–128	 60	 1.2–4.0
Sisal	 1.33–1.5	 900	 8–200	 363–700	 9.0–38	 17	 2.0–7.0

Table 2. Production amount and producer countries of some plant fibers [13]

Plant (lignocellulosic) fibers	 Type	 Worldwide production amount (103 tons)	 Countries

Abaca	 Leaf	 70	 Philippines, Ecuador, Costa Rica
Pineapple	 Leaf	 74	 Philippines, Thailand, Indonesia
Sisal	 Leaf	 378	 Tanzania, Brazil
Coir	 Fruit	 100	 India, Sri Lanka
Cotton	 Seed	 25000	 China, India, USA
Oil Palm	 Fruit	 40	 Malaysia, Indonesia
Flax	 Bast	 830	 Canada, France, Belgium
Hemp	 Bast	 214	 China, France, Philippines
Jute	 Bast	 2300	 India, China, Bangladesh
Kenaf	 Bast	 970	 India, Bangladesh, USA
Ramie	 Bast	 100	 China, Brazil, Philippines, India
Bagasse	 Grass	 75000	 Brazil, India, China
Bamboo	 Grass	 30000	 India, China, Indonesia
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cant component of the plant cell wall that provides strength, 
rigidity, and protection against microbial pathogens of lig-
nocellulosic-based natural fibers cell walls [13].

2.2.3. Polymers and Biopolymers
Thermosetting polymers (thermosets) are widely used 

with natural fibers to produce biocomposites. Thermosets 
commonly used as matrix material in biocomposites are 
polyester resin, epoxy resin, and vinyl ester resin [18]. Due 
to their chemical composition, thermosets are non-recy-
clable and non-biodegradable materials. Biocomposites are 
preferred because of their environmentally favorable prop-
erties like recyclability and biodegradability, but thermosets 
render them unusable as the environmental problems due 
to the excessive use of non-recyclable polymers increase, 
the use of thermoset biocomposites decreases. However, to 

address these environmental problems, there are efforts for 
thermoset biopolymers from vegetable oils, e.g., castor oil, 
soybean oil, rapeseed oil, etc. [13].

Linear chain molecules characterize thermoplastic poly-
mers. The most crucial aspect of thermoplastic polymers 
is that they can be repeatedly melted or reprocessed. This 
characteristic makes the thermoplastic polymers favorable 
to use over the thermoset polymers as a matrix material in 
biocomposites. The degree of crystallinity of the thermo-
plastic is affected by the cool-down time because of its re-
usability. This is because the polymer chains need time to 
get organized in the orderly pattern of the crystalline state; 
too quickly of a cooling rate will not allow crystallization 
to occur [1].

On the other hand, too slow of a cooling rate may cause 
thermal degradation in the polymer. Thermoplastics with 
different cool-down times may show different mechanical 
behaviors under static or dynamic loads. This makes the 
temperature and cool-down time control very important 
during reprocessing. Commonly used thermoplastic poly-
mers as matrix materials in biocomposites are polypropyl-
ene (PP), polyethylene (PE), low melt poly(ether-sulfone) 
(PES), and polyethylene terephthalate (PET).

For a biocomposite to be classified as a green com-
posite material, it must consist of a biodegradable and 
biobased reinforcement material with a biodegradable and 
biobased matrix material. Conventional thermosets and 
thermoplastics are not enough for a composite material to 
be considered a green composite. In order to achieve com-
plete biodegradability, biopolymers or biobased polymers 
must be used as matrix materials. Only biodegradable and 
biobased polymers can be defined as biopolymers. Due 
to the action of microorganisms over a determined time 
and in a specific environment, the material undergoes a 
degradation process; this material's ability is called biode-
gradability [13].

Table 3. Factors related to the production of natural fibers affect 
fiber properties [14]

Stage	 Factors affecting fiber properties

Plant growth	 Plant species
	 Crop cultivation
	 Crop location
	 Fiber location in plants
	 Climate
Harvesting	 Fiber ripeness, which affects;
	 Cell Wall thickness
	 iber coarseness
	 Fiber-structure adhesion
Fiber extraction	 Decortication process
	 Type of retting method
Supply	 Storage conditions
	 Age of fibers

Figure 4. (a) Three-dimensional structure of the secondary cell wall of a xylem cell (b) the relative amounts of cellulose, 
hemicellulose, and lignin across a cross-section of two wood cells (i: cellulose, ii: lignin, iii: hemicellulose) [18].
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Biopolymers can be classified into two main categories. 
The first category is biopolymers made from natural raw 
materials (biobased) and biodegradable. The most pop-
ular biopolymer, PLA (Polylactide acid), is considered in 
this category along with other biopolymers, such as PHAs 
(polyhydroxyalkanoates), starch, and chitosan [19]. The 
second category belongs to biopolymers made from fossil 
resources but biodegradable, such as PCL (polycaprolac-
tone), PBS (polybutylene succinate), and PBAT (Polybuty-
lene adipate terephthalate) [13].

2.2.4. Macrostructure of Natural Fibers
Natural fibers used in NFRPs can be divided into three 

categories according to their fiber orientation: non-woven, 
woven fabric, and unidirectional (UD). Non-wovens are 
mainly produced with randomly oriented short fibers. Felts, 
a non-woven type, use randomly oriented short natural and 
polymer fibers as reinforcement and matrix materials. Felts 
have excellent sound absorption and thermal insulation 
properties due to their high thickness values. However, un-
like other NFRP types, felts have lower strength than woven 
fabrics and UDs.

The second type is woven fabrics. This type of fabric is 
generally used for composite applications where the com-
posite is produced by combining natural fiber fabrics with 
polymer pellets or films. Depending on the needs, they can 

be produced in bi-directional or multidirectional form. 
These fibers are easy to produce and are used to obtain high 
mechanical strength in multiple directions. However, this 
multidirectional fiber structure might create extra weight 
than felts and UDs.

Unidirectional (UD) fibers' structure is similar to the 
woven ones with a difference: all-natural fibers run in a 

Figure 5. Photos and micrographs of NHF (a, b) and SHF 
(c, d) [27].

Table 4. Composition of some natural fibers [16]

Fiber type	 Cellulose	 Hemicellulose	 Lignin	 Pectin	 Waxes	 Micro-fibril	 Moisture 
	 [wt%]	 [wt%]	 [wt%]	 [wt%]	 [wt%]	 angle	 content 
						      [deg]	 [wt%]

Abaca	 56–63	 20–25	 7–13	 1	 3	 –	 5–10
Alfa	 45.4	 38.5	 14.9	 –	 2	 –	 –
Begasse	 32–55.2	 16.8	 19–25.3	 –	 –	 –	 –
Bamboo	 26–65	 30	 5–31	 –	 –	 –	 –
Banana	 63–67.6	 10–19	 5	 –	 –	 –	 8.7–12
Coir	 32–43.8	 0.15–20	 40–45	 3–4	 –	 30–49	 8
Cotton	 82.7–90	 5.7	 <2	 0–1	 0.6	 –	 7.85–8.5
Curaua	 70.7–73.6	 9.9	 7.5–11.1	 –	 –	 –	 –
Flax	 62–72	 18.6–20.6	 2–5	 2.3	 1.5–1.7	 5–10	 8–12
Hemp	 68–74.4	 15–22.4	 3.7–10	 0.9	 0.8	 2–6.2	 6.2–12
Henequen	 60–77.6	 4–28	 8–13.1	 –	 0.5	 –	 –
Isora	 74	 –	 23	 –	 1.09	 –	 –
Jute	 59–71.5	 13.6–20.4	 11.8–13	 0.2–0.4	 0.5	 8	 12.5–13.7
Kenaf	 31–72	 20.3–21.5	 8–19	 3–5	 –	 –	 –
Nettle	 86	 10	 –	 –	 4	 –	 11–17
Oil Palm	 60–65	 –	 11–29	 –	 –	 42–46	 –
Piassava	 28.6	 25.8	 45	 –	 –	 –	 –
PALF	 70–83	 –	 5–12.7	 –	 –	 14	 11.8
Ramie	 68.6–85	 13–16.7	 0.5–0.7	 1.9	 0.3	 7.5	 7.5–17
Sisal	 60–78	 10.0–14.2	 8.0–14	 10	 2	 10–22	 10–22
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single, parallel direction. UDs show the best mechani-
cal performance under loads with the same direction as 
their fibers. In addition, UDs are lighter than their woven 
counterparts. These properties allow for more precise pro-
duction with even lighter weights. However, UDs are not 
appropriate for parts where a great anisotropic strength 
property is required.

Two of the most popular natural fibers are hemp and 
flax [20]. Therefore, the macrostructure of natural fibers is 
explained in this section with hemp and flax fibers studies.

Numerous studies focus on hemp fiber-reinforced poly-
mers and flax-reinforced polymers. In the case of hemp fi-
ber-reinforced non-wovens, most studies focused on their 
superior noise reduction properties [21–23]. The works of 
Nick et al. [21], Yilmaz et al. [22], and Oldham et al. [23] 
utilize non-wovens in their felt forms, where their sound 
absorption properties are most robust, but their mechan-
ical strength values are lowest. Numerous studies exist 
for woven hemp fiber-reinforced polymer biocomposites 
[24–28]. Corbin et al. [24] have studied the effects of weave 
patterns and features on hemp fabrics and have conclud-
ed that high-performance woven hemp fabric composites 
made from low-twisted roving can be obtained. The study 
presented by Bonnafous et al. [25] compared the damage 
mechanisms in woven hemp fiber composites and glass fi-
ber composites; they established that the damage develop-
ment of these two composites is different. Hasan et al. [26] 
studied the mechanical performance of hemp/glass woven 
fabric hybrid composites treated with greenly synthesized 
silver nanoparticles. Berhanu et al. [27] have studied the 
sliding behavior of woven hemp fabric reinforced biocom-
posites and have established good compatibility between 
the woven hemp fabric and polypropylene. Baghei et al. 
[28] have studied the characterization of biocomposite re-
inforced with woven hemp fabrics and lyocell fabrics. They 
have used polylactic acid (PLA) as matrix material; PLA is 
a filament produced using natural resources. Thus the bio-
composite in this study can be classified as a green compos-
ite. It should be noted that the performance of this green 
composite was lower than its lyocell reinforced counterpart.

However, the composites with woven fiber are mainly 
manufactured with polymer pellets and resins as thin plates 
[24–27]. This feature seriously limits the sound absorption 
capability of hemp fibers but increases their mechanical 
strength remarkably. Even the woven hemp reinforced bio-
composites with polymer fiber matrix are investigated for 
superior mechanical properties and water absorption char-
acteristics instead of poor noise reduction performance [28].

As mentioned, non-woven NFRPs are weaker than their 
woven counterparts, considering their mechanical perfor-
mance. To use the felts in the areas where high mechanical 
strength is needed, they must be hot-pressed and formed 
as biocomposite plates. Hargitai et al. [29] have worked on 
hemp-PP and flax-PP non-wovens to find the optimal re-

inforcement to matrix ratio for best mechanical strength 
values. They have concluded that 50 % by weight is the opti-
mal value for hemp fiber-reinforced PP felts. The studies of 
Shahzad [30] and Stelea et al. [31] have also focused on the 
characterization of hemp–PP felts by testing them as plates. 
Chen et al. [32] have compared the mechanical perfor-
mance of hemp–PP non-woven to bagasse–PP, kenaf –PP, 
and ramie–PP non-wovens. They revealed that the hemp–
PP composites, compared to other biocomposites, featured 
similar tensile and flexural modulus values with better ther-
mal properties [32]. It should also be noted that there are 
also studies on the mechanical strength of unpressed hemp 
fiber-reinforced felts, but their mechanical properties are 
inferior compared to their hot-pressed counterparts [33].

For flax-reinforced biocomposites, the studies for 
non-woven flax composites also focus on sound absorp-
tion and thermal insulation properties [34–36]. Rasyid et 
al. [34], Velayutham et al. [35], and Muthukumar et al. [36] 
studied the sound absorption and acoustic performance of 
non-woven flax fiber fabrics. They have established that the 
sound absorption performance of flax fibers is good due to 
the macrostructure of the natural fibers [34, 35] and can be 
improved with the addition of low-melt PET [36]. However, 
since the flax fibers are mechanically stronger than hemp fi-
bers, as established by Pil et al. [37], Shahria et al. [38], and 
Maity et al. [39], the emphasis is on the mechanical strength 
of non-woven flax fiber-reinforced polymers. Maity et al. 
[39], John et al. [40], Omrani et al. [41], Bachmann [42], 
and Alimuzzaman [43] have studied the mechanical perfor-
mance of flax fiber reinforced biocomposites by using char-
acterization tests and by employing different techniques and 
methods to increase its performance, such as surface mod-
ification. Compared with hemp felts, flax fiber-reinforced 
biocomposites show better mechanical performance in their 
felt forms but with high material deformation [41]. Due to 
the high mechanical strength of their fibers, non-woven flax 
fibers may even be used as structural building materials [44, 
45]. Woven flax fibers have higher mechanical properties 
than non-woven flax fibers [46] and woven hemp fibers [47].

Unidirectional flax fibers, like all-UD fibers, perform 
best when the load is in the same direction as the fibers. 
Depending on the load, their mechanical performance 
may be better or worse than their woven counterparts [48]. 
There are numerous studies that focus on the polyesters 
[49], polylactic acid (PLA) [50], polypropylene (PP) [51, 
52], bio-based resins [53], and geopolymers [54] that are 
UD flax fibers reinforced.

Hybrid biocomposites reinforced with two different 
types of fibers or reinforced with the different fiber orienta-
tions of the same fibers are also possible to produce. Due to 
their higher mechanical performance, flax fibers are mostly 
combined with glass fibers [55] or carbon fibers [56]. How-
ever, they can also be combined with other natural fibers, 
including hemp fibers [57, 58], to preserve their recyclabil-
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ity and to be able to classify them as biocomposites [38]. 
However, hemp fibers are not as strong as flax fibers, and 
because of this, the most used synthetic fiber for hybrid 
hemp fiber composites is glass fibers [26, 59].

Limitations of Natural Fibers
Natural fibers have higher moisture absorption than 

synthetic fibers due to their hydrophilic nature. The 
long-term effect of moisture absorption is developing 
micro-cracks, thus lowering the mechanical properties 
of NFRP significantly [1, 5, 29]. However, there are some 
contradictory research results about the effect of mois-
ture in the short term. For example, Hargitai et al. [29] 
proposed that wetting the hemp fiber-reinforced poly-
propylene fiber composite increases the impact strength 
but decreases the bending properties. On the other hand, 
Munoz et al. [60] have studied the water absorption of 
flax fiber-reinforced bio-epoxy composite and concluded 
that water absorption increases tensile strength but re-
duces the flexural properties, similar to those proposed 
by Hargitai et al. [29]. Even though the impact strength 
aspect has positive effects in the short term, moisture, and 
water absorption, wear down the mechanical properties 
of natural fibers by creating micro-cracks or fiber swelling 
and weaken the NFRP structurally [4].

Another problem with natural fibers is that they have 
limited thermal stability. The temperature of natural fibers 
should not exceed 200 oC. Beyond this temperature, the 
fibers will degrade, and the mechanical properties of the 
natural fibers will be significantly reduced. Several studies 
found that this thermal stability problem depends on the 
lignin rate of natural fiber [4]. Manfredi et al. [61] pro-
posed that the decomposition of the lignin starts at 200 oC, 
which is the main reason for natural fiber's thermal prob-
lems. Kumar et al. and Sarkar et al. [62, 63] proposed that 
lower lignin content in the natural fiber causes degradation 
to begin at a higher temperature. This means that there are 
differences between different natural fibers in the aspect of 
thermal stability. Due to this characteristic, Manfredi et al. 
[61] proposed that flax fiber has the best thermal resistance 
since its lignin content is the lowest among natural fibers.

Regarding the dependence on harvesting time, Picker-
ing et al. [6] have found a significant increase in the aver-
age tensile strength of hemp fiber during the growth period 
from 99 days to 114 days and reaches optimum average ten-
sile strength at 114 days. Das et al. [64] have found that the 
optimum days of growth for jute fibers should be 120 days; 
beyond 120 days, tensile strength reduces significantly.

2.3. Surface Modification of Natural Fibers and 
Polymers
The problems mentioned in the previous section are se-

vere limitations to developing and applying natural fibers. 
However, especially in the last ten years, much progress has 
been made to reduce or, if possible, eliminate these prob-

lems. The most important limitations are dependence on 
harvesting region and time, poor compatibility with the 
polymer matrix, the tendency to moisture absorption, and 
thermal stability issues. Each of these limitations became 
the subject of different studies, and efforts have been made 
to find a solution to these problems. 

The problems and the solutions and solution proposals 
to these problems have been thoroughly investigated,, and 
these findings will be explained in a detailed manner with 
different studies to introduce the solutions for these disad-
vantages to make biocomposites more favorable.

Various researchers proposed that surface modification 
must be used to increase poor compatibility with polymer 
matrix. Surface modification of NFRPs not only increases 
the poor compatibility problem of natural fibers but also 
solves other essential issues of biocomposites, such as de-
creasing water hydrophilicity and increasing thermal sta-
bility by removing lignin and hemicellulose. However, dif-
ferent views on surface modification should be applied to 
different natural fibers. Due to these significant advantages 
and differences in the application of surface modification, 
this topic will be investigated thoroughly.

Wu et al. [65] have proposed that applying magnesium 
hydroxide (MH) as the surface modification significantly 
increases the rupture and tensile strength of kenaf fiber. 
First, the surface of kenaf fibers has treated with a five wt% 
alkali solution, then modified with MH. According to Wu 
et al. [65], these mechanical properties improved interfacial 
compatibility between kenaf fibers and polyester resin after 
modifying the surface of kenaf fibers with MH. In addition 
to improved mechanical properties, kenaf fiber-reinforced 
polymer composites with MH modification showed excel-
lent thickness swelling and water absorption with deficient 
water intake, thus improving another problem of NFRPs.

Suizu et al. [66] have suggested that mercerization of ra-
mie fiber-reinforced biopolymer composites increases the 
fracture strain of ramie fibers, thus improving the tough-
ness of the green composite significantly. In addition to the 
toughness, mercerized ramie fibers absorb almost twice as 
much impact energy as the green composite using untreat-
ed ramie fiber reinforcement. Other than mechanical prop-
erties, water absorption was also studied by Suizu et al. [66], 
and they found that the impact energy of the ramie fiber-re-
inforced biopolymer composite with mercerization in-
creased as the water content increased. However, the article 
also indicates that this increase in impact properties is due 
to softening of the ramie fiber reduces the deformation re-
sistance and the strength of the composites. Also, they have 
established that, even though low water addition (2 wt% to 
5 wt%) increases the composites' impact energy. It can be 
anticipated that the impact energy and general mechanical 
properties of the composite would decrease with further 
increased water content. This finding on water absorption 
coincides with Hargitai et al. [29] and Munoz et al. [60].
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Qiu et al. [67] have worked on surface modification 
of hemp fiber-reinforced unsaturated polyester compos-
ites to increase the composite's mechanical properties by 
improving the interfacial adhesion. They have proposed 
that treating hemp fibers with 1,6-diisocyanatohexane 
(DIH) and 2-hydroxyethyl acrylate (HEA) significantly 
increases the tensile strength, flexural modulus of rupture 
and flexural modulus of elasticity, water absorption resis-
tance, and dramatically improves the interfacial adhesion 
between hemp fiber and UPE.

Lu et al. [68] have worked on the effect of 5 wt% alka-
lies and 5 wt% silane treatments on the thermal stability 
of hemp fiber. They have proposed that both treatments 
effectively removed pectin and wax, along with partial 
removal of lignin and hemicellulose, which increased the 
mechanical properties and adhesion with the polymer 
matrix. It is worth noting that while both treatments im-
proved the thermal stability of the hemp fiber, alkali-treat-
ed fibers showed higher thermal stability compared with 
the silane treatment results.

Oh et al. [69] have modified the surface of hemp fibers 
using five wt% alkali solution and oils (soybean and corn) 
on hemp-PP composites. They have found that alkali treat-
ment removed the non-cellulose parts, such as lignin and 
hemicellulose, thus reducing the fiber diameter of hemp 
fibers. Higher temperatures during the surface treatment 
process mean better removal of non-cellulose parts. How-
ever, when the fiber was treated with alkali solution at 
temperatures higher than 100 oC, the tensile strength was 
decreased due to the accelerated cellulose hydrolysis. Cel-
lulose hydrolysis occurs at higher temperatures and caus-
es the cellulose to be decomposed by alkali into aldehydes 
and acetone. This causes a reduction in tensile strength and 
poor mechanical performance overall. Alkali-treated hemp 
fibers treated with soybean and corn oil also have increased 
water resistance and interfacial performance. Even though 
both oils have increased the compatibility between hemp 
fiber-reinforcement and PP matrix, soybean has performed 
better than corn oil, thus making soybean a better choice. 
The paper concluded that 100 oC is the optimum tempera-
ture for maximum lignin and hemicellulose removal with-
out damaging the cellulose part of the fiber to increase the 
overall mechanical performance of hemp fibers.

There are different results on the alkali treatment of 
hemp fibers, however. According to Islam et al. [70], alka-
li treatment removes lignin and hemicellulose, resulting 
in better-separated fibers with cleaner surface topography 
and better thermal stability. However, they have also found 
that the fiber's tensile strength was reduced due to the re-
moval of lignin and degradation of the cellulose chains. It 
is worth noting that at the surface treatment stage of this 
paper, hemp fibers were treated with five wt% alkali solu-
tion at 120 oC for 60 minutes, which further proves the ar-
gument made by Oh et al. [69] that when fiber treatment 

temperature is higher than 100 oC, alkali removes cellulose 
along with excessive amounts of lignin and hemicellulose. 
Väisänen et al. [71] also proposed that the alkali treatment 
of hemp fibers reduces tensile strength slightly. They treated 
the hemp fibers with ten wt% alkali solution at 95 oC for 60 
minutes. They have established that the main reason for this 
reduction is the removal of lignin and degradation of cellu-
lose chains, the same as Islam et al. [70]. However, Väisänen 
et al. [71] suggested that the main reason for this contradic-
tion in the effect of alkali treatment on natural fibers is the 
longer treatment time and relatively high concentration of 
the alkaline solution (NaOH) used in the current study in 
terms of increasing or decreasing the tensile strength. It is 
also worth noting that previous research made by various 
researchers [65–70] has used five wt% surface treatment 
solution utmost, thus proving the point of Väisänen et al. 
[71] in using excessive rate (10 wt%) of alkali solution.

There are various types of surface modification or sur-
face treatment methods mentioned above. According to 
surveys, one of the most effective surface treatment chem-
icals is maleic anhydride grafted polypropylene (MAPP). 
Unlike other surface treatments applied to natural fibers, 
MAPP is added to the polymer matrix in this study to 
polypropylene (PP). Sullins et al. [72] have worked on the 
effects of alkali treatment on hemp fiber and MAPP treat-
ment on PP pellets. Three different composites have been 
used: only alkali treated, only MAPP treated, and both al-
kali and MAPP treated hemp-PP composites. Both surface 
treatments have increased hemp-PP composite's tensile and 
flexural properties by having excellent interfacial adhesion 
with no apparent gaps between the fiber and matrix. A crit-
ical aspect of this work is that only MAPP-treated hemp-PP 
composites showed better tensile and flexural properties 
than only alkali-treated and both MAPP and alkali-treat-
ed hemp-PP composites. This paper indicates that instead 
of treating the surface of hemp fiber reinforcement, better 
results can be achieved with the MAPP treatment of the PP 
matrix. In addition to the significant increase in mechani-
cal properties and better interfacial adhesion, Bledzki et al. 
[73] and Schirp and Stender [74] have established that the 
application of MAPP reduced the water uptake of NFRPs 
significantly, thus strengthening the idea of using untreated 
fibers with thermoplastic polymers with maleic anhydride 
grafted polymer (MAH) or when used with polypropylene, 
MAPP addition.

Niu et al. [75] have worked on hemp fiber-polypropyl-
ene composites' mechanical properties and thermal stabil-
ity with MAH addition. They also used maleic anhydride 
grafted styrene–(ethylene-co-butylene)–styrene copolymer 
(SEBS–MAH) and maleic anhydride grafted Poly (ethylene 
octane) (POE–MAH) as a compatibilizer to improve the 
fiber-matrix interactions. They found that all composites 
containing compatibilizers showed higher storage mod-
ulus and interfacial adhesion between hemp fiber and PP 
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matrix than total composites. The addition of PP-MAH 
increased the tensile flexural strengths of the composite. It 
is also worth noting that the addition of SEBS-MAH and 
POE-MAH elastomer remarkably increased the notched 
and unnotched impact strengths, thus proving itself a valu-
able compatibilizer for areas with strong impact resistance 
is needed.

Another study on PP-MAH or MAPP is the paper by 
Merotte et al. [76]. This study used four non-woven bio-
composites; flax-PP, flax-MAPP, hemp-PP, and hemp-
MAPP. A critical aspect of this work is that they used PP 
and MAPP fiber instead of the usual PP and MAPP pellet 
or powder. They used a fiber-matrix ratio of 50 wt% at all 
these four composites. As expected, hemp fibers exhibited 
poorer tensile properties but showed better interfacial shear 
strength with PP and MAPP than flax. Both hemp and flax 
fiber have shown better tensile strength and tensile modu-
lus values with MAPP fiber matrix than pure PP fiber.

Yan et al. [77] have compared two different types of 
hemp fibers: noil hemp fibers (NHF) and scutched hemp 
fibers (SHF). SHF is mechanically degummed raw material 
for textile hemp fiber production, and NHF is a by-product 
of textile hemp fiber production from SHF. It is the over-de-
gummed hemp fiber with a much smaller diameter and 
length. These two types of hemp fibers are very different 
from each other visually, as shown in Figure 5. The NHF re-
inforced PP matrix composites and SHF reinforced PP ma-
trix composites have their surface treated with MAPP, and 
the results have been compared with the NHF-PP and SHF-
PP composites without surface treatment. They have found 
that most of the pectin, hemicellulose, and lignin were re-
moved during the degumming process of noil hemp fibers. 
Due to this removal, NHF has performed better thermally 
when compared with SHF. They have also established that 
MAPP significantly improved the hemp fiber-PP adhesion, 
which leads to significantly better tensile strength, flexural 
strength, and impact strength by increasing the fiber-resin 
adhesion. The positive effects of MAPP coincide with the 
findings of Sullins et al., Bledzki et al., Schirp et al., Niu et 
al., and Merotte et al. [72–76].

Talla et al. [78] have worked on hemp-Polyethylene tere-
phthalate (PET) composites. PET has been compounded 
with Polycaprolactone (PCL) to reduce the melting point of 
PET, and hemp fibers have been treated with an alkali solu-
tion to increase their thermal stability to be able to use PET 
and hemp fiber together. The results from pure hemp-PET 
composite have been compared with hemp-PET composite 
with additives such as clay grade Cloisite 30B, pyromellitic 
dianhydride (PMDA), and glycidyl methacrylate (GMA). 
The results have shown that melt-processed PET can be a 
suitable matrix for hemp-thermoplastic polymer compos-
ites. Hemp and PET, without any additives, can have a good 
bonding interface, thus making rending coupling agents 
optional. With some trade-off between the mechanical and 

structural properties, hemp-PET composites can be used 
without any added chemical and can be used instead of the 
widely popular hemp-PP. However, it should be noted that 
hemp fibers have been treated with an alkali solution to 
increase the fiber's thermal performance to match it with 
PET's thermal degradation (Tm >200 oC), so the hemp fi-
ber-reinforced composite is not 100% chemical-free.

2.4. Impact Performance of Biocomposites
Studies in the literature so far are mainly about improv-

ing tensile and flexural strength, with only a few studies on 
impact strength using surface modification. Although the 
tensile and flexural strengths are essential parameters to de-
termine the mechanical characteristics of an NFRP, they are 
not sufficient alone. Impact behavior should always be con-
sidered, especially for composite materials, since compos-
ites react differently to impacts when compared with con-
ventional materials, and most composite materials are used 
in areas where high impact strength is needed; in addition 
to that, impact performance is an essential indication of the 
overall strength of the composite materials [79]. Because 
of these requirements, papers and studies focusing on the 
impact properties of NFRP must be surveyed thoroughly 
too. For this reason, the focus of the following studies will 
be on the impact performance of natural fiber-reinforced 
biocomposites.

The Charpy impact behavior of gigantic bamboo fibers 
reinforced with epoxy composites was studied by Glória 
et al. [80]. They employed bamboo fibers with no surface 
modification as the matrix and DGEBA epoxy resin as the 
reinforcement material. Charpy impact testing was per-
formed on 10%, 20%, and 30% bamboo fiber-reinforced 
composite biocomposites. According to the findings of 
this study, the Charpy toughness of biocomposites increas-
es with increasing bamboo fiber density. This work shows 
that the Charpy toughness of biocomposites increases with 
increasing bamboo fiber density. However, they also note 
that this increase in Charpy toughness is relatively smaller 
than the other natural fibers due to defects introduced in 
the giant bamboo fiber during extraction by a manual cut of 
the hard culm with a razor blade, thus rendering the use of 
bamboo fibers ineffective at the areas where strong impact 
toughness is needed.

As in the previous study, Assis et al. [81] have worked 
on the Charpy impact behavior of natural fibers without 
surface modification as reinforcement and DGEBA ep-
oxy resin as a matrix with triethylenetetramine (TETA) as 
a hardener. This study used banana fibers with 10%, 20%, 
and 30% in volume as natural fiber reinforcement instead 
of bamboo fibers. They have established that as banana fiber 
volume increased, the Charpy toughness of biocomposite 
increased significantly. This increase in toughness is appar-
ently due to the low banana fiber/epoxy matrix interfacial 
shear stress. This results in higher absorbed energy because 
of a longitudinal propagation of the cracks throughout the 
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interface, which generates larger rupture areas than a trans-
versal fracture. They have concluded that banana fibers 
have the best impact characteristics compared with other 
fibers. However, low banana fiber/epoxy matrix interfacial 
strength will be a significant problem and a limiting factor 
for other mechanical performance characteristics such as 
tensile, bending, and shear.

Pereria et al. [82] have worked on the Charpy impact 
behavior of epoxy matrix composites with jute fibers. They 
have used aligned jute fibers without surface modification 
as reinforcement material and DGBEA epoxy resin as a 
matrix material with TETA as a hardener. Similar to pre-
vious papers with giant bamboo fibers [29] and banana fi-
bers [30], this paper also used three different biocomposites 
with 10%, 20%, and 30% in volume as a natural fiber ma-
trix. They have found that jute fibers have performed well at 
the Charpy impact test. Similar to the previous results, im-
pact toughness was measured as a function of fiber, so com-
posites with a higher volume of jute fibers showed better 
impact characteristics than the lower volume of jute fiber 
composites. Pereria et al. also note that even though jute fi-
bers have good impact properties, they underperform com-
pared to banana fiber-reinforced biocomposites [80, 81].

In addition to these studies, previously surveyed pa-
pers from Suizu et al. [66] too, have focused on the im-
pact properties of green composites with mercerized 
ramie fibers. Niu et al. [75] have worked on hemp-PP 
composites and proposed that with the addition of SEBS-
MAH and POE-MAH, the impact strength of the com-
posites increased significantly. Another study on hemp-
PP composites that has tested the impact properties is the 
paper published by Yan et al. [77]. They have established 
that with the addition of MAPP, the impact strength of 
the composite increased. From the studies of Niu et al. 
and Yan et al. [75, 77], the conclusion can be drawn that 
with the correct chemical additions, impact strength en-
hanced-hemp fibers can compete against jute and banana 
fibers, which have higher impact resistance than pure 
hemp fibers [81, 82].

Thanks to the data and results from previous studies, 
recent studies on the impact performance of biocompos-
ites and green composites are focused on the different areas 
with different natural fibers. Reddy et al. [83] studied the 
mechanical and wear performance of three different epoxy 
biocomposites reinforced with different natural fibers (Tap-
si, Abolition Indicum, and Prosopis). They have concluded 
that Abulition Indicum has shown better impact properties 
among the biocomposites.

Al-Oqla et al. [84] have studied the flexural and impact 
performance of LDPE reinforced with green olive leaves. 
The increase in impact performance of the biocomposite 
with adding olive leaves indicates that olive leaves can be 
considered a low-cost and eco-friendly alternative rein-
forcement material.

The studies of Hassan et al. [85] and Liang et al. [86] 
focused on the impact performance of green compos-
ites. Hassan et al. [85] studied green composites' acous-
tic, mechanical, and thermal properties reinforced with 
three types of fiber wastes: cotton fly, coconut/coir husk, 
and sugarcane, with green epoxy resin as matrix material. 
They found an increase in impact performance with all 
natural fiber additions, with the cotton fiber reinforced 
green composite performing the highest. The study of Li-
ang et al. [86] has worked on the impact performance of 
PLA reinforced with sisal fibers. However, it should be 
noted that sisal fiber was treated with an alkali solution 
before blending with PLA. They have also found increased 
impact performance with the addition of sisal fibers. They 
have also established that long-sisal fiber reinforced green 
composites have performed better than their short-sisal 
fiber reinforced counterparts.

2.5. Hybrid Biocomposites
As mentioned before, for a material to be considered a 

composite material, it should consist of at least two differ-
ent materials; this means that there is a possibility of man-
ufacturing a composite material that consists of more than 
two different types of materials if it is feasible to use. These 
materials are called hybrid composites. Such examples may 
be suitable for this definition; a composite material with 
two reinforcement materials and a polymer matrix or one 
reinforcement material with two polymer matrices. How-
ever, even though there are unlimited possibilities that can 
be created by using this formula, there are few real-world 
applications with acceptable results.

Petrucci et al. [87] have used various hybrid compos-
ite laminates based on basalt fibers combined with flax, 
hemp, and glass fibers. They have manufactured three 
different hybrid composites using EC360 epoxy as a ma-
trix material: GFB, which consists of glass fiber, flax fiber, 
and basalt fiber; GHB, which contains glass fiber, hemp 
fiber, and basalt fiber; FHB, with flax fiber, hemp fiber, 
and basalt fiber, respectively. Their mechanical tests have 
shown that in terms of flexural performance, GFB has 
performed the best, followed by FHB and GHB, respec-
tively. This order is also preserved in the case of post-im-
pact flexural loading, suggesting that the addition of 
glass fiber offers a much better result in the presence of 
flax fibers than in the presence of hemp fibers. This for-
mula also increases the impact toughness of composite 
by adding basalt fibers.

Another study on natural and glass fiber-reinforced 
polymer hybrid composites was carried out by Kong et al. 
[88]. They have used regenerated cellulose fiber with glass 
fiber as reinforcement material and epoxy resin as a matrix 
material. They have established that the natural fiber must 
be sandwiched between the glass fiber layers to maximize 
the toughness of hybrid composite material. Clark and An-
sell [89], which is considered one of the first studies on a 
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hybrid glass fiber/natural fiber composite, found that sand-
wiched jute fibers between glass fibers maximize the tough-
ness of hybrid composite, which is the source of the claim 
made by Kong et al. [88].

Sanjay and Yogesha [90] have established various ad-
vantages of hybrid composites against pure glass fiber or 
pure natural fiber composites, but the problem with hybrid 
composites is not due to their compatibility between syn-
thetic and natural fibers; instead is due to using synthetic 
fibers in the composite.

Due to the general characteristics of synthetic fibers, 
hybrid composites with synthetic fibers are non-biodegrad-
able, non-recyclable, and non-green, thus rendering com-
positely unusable in the areas where using biodegradable or 
recyclable materials is compulsory due to regulations [4]. 
No matter how good hybrid composites are, this problem 
prevents the wide use of synthetic fibers with natural fibers.

Due to some obligations to use biodegradable and re-
cyclable materials in specific industries (especially in the 
automotive industry), natural fiber's use has increased sig-
nificantly over the last 20 years. Thermoplastic polymers 
reinforced with natural fibers are only recyclable [4]. How-
ever, to manufacture a fully biodegradable composite mate-
rial, matrix material should be biodegradable (biopolymer), 
just like the natural reinforcement fiber.

Various studies used a biodegradable matrix (biopoly-
mer), as mentioned by Mitra [11]. Considerable studies 
have been made on green composites with natural fibers and 
biopolymers such as starch, polylactide (PLA), polycapro-
lactone (PCL), and Poly(3-hydroxybutyrate-co-3-hydroxy 
valerate) (PHBV). Even though they have environmental 
advantages, Mitra [11] also noted that these biopolymers 
have tensile and flexural strengths lower than 100 MPa, 
limiting their usage in high-strength applications.

The application areas of green composites are exten-
sive [91]. They can be used for environmental concerns 
and sustainability [92, 93] or as construction materials 
[94]. The production of green composites can also be 
achieved with significantly different materials, as long as 
they are recyclable and biodegradable [95, 96]. The study 
by Scaffaro et al. [97] shows a wide variety of areas for 
the use of green composites. They used PLA-based green 
composites reinforced with agricultural and marine 
wastes and studied the possibility of three-dimensional 
printability of these green composites. They have estab-
lished that with a slight difference in molecular weight 
and filler aspect ratio, it is possible to 3D print the bio-
composite. Another study by Leow et al. [98] utilized 
spent coffee grounds as reinforcement materials. They 
established that with the addition of spent coffee grounds 
and acetone, the performance of the composite material 
increased. Kamble et al. [99] have worked on green com-
posites reinforced with waste cotton fibers. The increase 
in performance of an epoxy matrix with reinforcement 

indicates that waste cotton fibers are an environmentally 
friendly and economical alternative to synthetic fiber re-
inforced composites.

The increased concern for the environment heightens 
the search for sustainable and environmentally friendly 
materials for various applications. When a wide variety 
of application areas and types of reinforcement materials 
are considered, green composites may be an answer to this 
search [100, 101].

2.6. Performance and Degradability of Green 
Composites
Various studies focused on using and performing natu-

ral fiber-reinforced and biopolymer matrix biocomposites, 
with their specific name, green composites. The study by 
Stapulionienė et al. [102] used short hemp fibers (20–30 
mm in length) as reinforcement material with PLA fibers 
as matrix material. They have found that the direction of 
fibers at the stress direction may significantly influence the 
mechanical properties. However, this study's most import-
ant result is the possibility of successfully using hemp and 
PLA fibers together.

Song et al. [103] have also worked on hemp-PLA fi-
ber green composites. The degummed and surface-treated 
hemp fibers are mixed with PLA fiber to create fiber pellets; 
then, fiber pellets are mixed with PLA pellets. Thus, compos-
ite pellets were created. Hemp-PLA fiber composite pellets 
have been manufactured from these composite pellets with 
the help of injection molding. After the mechanical tests, 
they concluded that this process increases the mechanical 
properties with the help of PLA fibers and silane treatment.

Mukherjee and Kao [104] proposed that both PLA and 
natural fibers are hydrophilic so that this property will fa-
cilitate better adhesion. However, they have found poor 
adhesion between natural fiber and PLA, probably due to 
debonding during mechanical testing or poor approxima-
tion during composite production. The hydrophilicity of 
PLA means that, as seen in natural hydrophilic fibers, PLA 
is also subjected to water or moisture absorption. The sur-
face modification increases the interfacial adhesion and 
eliminates the natural fiber and PLA's water or moisture 
absorption problems. Therefore, it is essential to compete 
with synthetic and other natural fibers with synthetic 
polymers without compromising the biodegradability of 
these two materials.

It is also worth mentioning that degradability features 
are essential to compete with sustainability issues. For ex-
ample, Shibata et al. [105] have worked on the degradabili-
ty of biodegradable polyesters reinforced with abaca fibers 
and found from the soil-burial test that the composites 
containing untreated abaca fibers have shown the highest 
weight loss after being soil-buried for 24 weeks, thus indi-
cating the highest biodegradability when compared with 
treated abaca fibers.
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3. CONCLUSIONS, CHALLENGES, AND FUTURE 
PERSPECTIVES

In this work, the studies on natural fibers and natu-
ral fiber-reinforced polymers have been reviewed. The 
micro-and macrostructure of natural fibers has been ex-
plained. The advantages and the limitations of natural fibers 
have been discussed, and the methods used to eliminate 
these limitations have been examined.

It can be seen from this review that natural fibers can 
replace synthetic fibers as the primary reinforcement ma-
terials for composites. Despite their limitations, their ad-
vantages of recyclability and degradability make them a 
critical part of environmental issues. Also, it has been seen 
that with the help of correct surface modification, limita-
tions of natural fibers, namely, moisture absorption, poor 
compatibility, and low thermal stability, can be reduced to 
acceptable levels or, if possible, wholly eliminated.

These aspects make natural fibers and biocomposites a 
critical material for composite materials and the environ-
ment. This importance will be increased with new natural 
fibers, biopolymers, and methods for producing these natu-
ral fibers and biopolymers.

However, there are still challenges for natural fiber-re-
inforced polymers to be utilized in areas with high safety 
standards, such as the cabin interior of commercial air-
craft. Poor fire resistance of natural fibers is a big concern 
for this area. There is also the issue of the degradability of 
natural fibers and biopolymers. This might be considered 
an advantage for parts with a short life span or those used 
as consumables, but this aspect might be a disadvantage for 
long-life span parts. The degradability of the NFRP must be 
examined and correctly understood to predict a part's life 
limit appropriately, whether structural or not.

As an alternative to petroleum-based synthetic poly-
mers, biopolymers can be enhanced. More natural mate-
rials can be introduced as resource materials to minimize 
reliance on petroleum and expand the range of biopolymer 
resources. These new natural resources can help achieve 
thermoplastic biopolymers' objectives with improved fire 
resistance and strength.

In addition, there is a gap in the literature on the aging 
of biocomposites subjected to different service environ-
ments. The studies must cover this area to increase the pos-
sible service areas of biocomposites. For example, a study 
that includes an aging test at cryogenic temperatures may 
enable biocomposites for deep-space applications.

For the implementation of large-scale production of 
NFRPs, different and more efficient production methods 
must be studied. Biocomposites can be produced with the 
same production methods as traditional synthetic com-
posites. However, novel production methods must be in-
troduced to NFRPs for mass production. Additive man-
ufacturing of NRFPs can be an alternative to traditional 
composite production methods.

There are many areas for the potential use of biocom-
posites. More studies on NFRPs are needed to fill the lit-
erature gap about biocomposites and make them available 
for more areas and industries. The areas mentioned above 
and the challenges that come with them are the future of 
biocomposites and green composites.
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