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Abstract 

In this paper, the effectiveness of the strengthening by a wooden plate for reinforced concrete (RC) beams that incor-
porate waste sawdust (SD) as a partial substitute for fine aggregate (sand) has been investigated. To this end, two 
types of concrete mixtures were made: normal concrete (NC) and sawdust concrete (SDC), which was made by sub-
stituting 15% of the volume of sand with SD. Five RC beams (100 mm in depth, 200 mm in width, and 1500 mm 
in length) were experimentally tested for flexural behavior under four-point loading. Three strengthening schemes 
were used in this study. The first scheme used a wooden plate that was only fixed by an adhesive layer. The second 
and third schemes were applied by a wooden plate, which was fixed by an adhesive layer and steel angles (two 
and eleven angles). The findings of the study indicate that although the concrete’s workability, compressive, and split-
ting tensile strengths were reduced with the addition of SD, the ultimate load of the beam with SD was lower 
than that of the control beam, with a slight variation of approximately 4%. Moreover, strengthening the RC beam 
with a wooden plate and two steel angles yielded the highest load capacity among all tested beams, 20% higher 
than the control specimen. The study’s findings offered useful information for developing eco-friendly sawdust con-
crete beams with efficient strengthening techniques for potential future uses.

Keywords Sawdust, Wood recycling, Wooden plate, Strengthening, RC beams, Flexural strength, Mechanical 
properties, Partial sand replacement

1 Introduction
The global construction industry is expanding quickly, 
and as a result, more raw materials are being consumed 
for concrete manufacture, which has resulted in the 
depletion of numerous non-renewable materials (Habert 

et  al., 2010; Khan et  al., 2020). One potential remedy 
for environmental pollution and energy sustainability 
is the production of green energy (Wasim et  al., 2022). 
Researchers are focusing on the use of agricultural and 
industrial waste in concrete mixtures for the sustain-
able development of the building sector as a result of 
the primary concerns of resource depletion and rising 
global pollution. As supplementary cementitious mate-
rials, industrial wastes like fly ash (Elsayed et  al., 2022), 
silica fume (Amin et  al., 2022), and agricultural wastes 
like rice husk ash (Faried et al., 2021), eggshell (Hamada 
et al., 2020), olive waste ash (Hakeem et al., 2022), corn-
cob ash (Ahmed & Kamau, 2017), and palm oil fuel ash 
(Zeyad et  al., 2019) are already used in concrete mix-
tures. Moreover, other waste materials, such as rubber 
(Alshaikh et al., 2022), wood waste (Siddique et al., 2020), 

Journal information: ISSN 1976-0485 / eISSN 2234-1315.

*Correspondence:
Walid Mansour
waled_mansour@eng.kfs.edu.eg
1 Department of Civil Engineering, Najran University, Najran, Saudi Arabia
2 Civil Engineering Department, Faculty of Engineering, Kafrelsheikh 
University, Kafrelsheikh 33511, Egypt
3 Civil Engineering Department, Faculty of Engineering, Islamic University 
of Gaza, Gaza, Palestine
4 Civil Engineering Department, Faculty of Engineering, Delta University 
for Science and Technology, Belkas, Egypt

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40069-023-00617-0&domain=pdf
http://orcid.org/0000-0003-0955-6753


Page 2 of 15Maglad et al. Int J Concr Struct Mater (2023)17:49

volcanic pumice powder (Abdullah et al., 2022), and con-
struction debris (Patra et al., 2022), are being considered 
cheap and plentiful alternatives. The waste material pro-
duced by the wood-based industry is called sawdust (SD). 
It develops as small, uneven wood chips or small wood 
debris as a result of the slicing of timber logs into vari-
ous sizes. The SD sizes are influenced by the wood types 
and saw tooth sizes. Worldwide, enormous amounts 
of SD are produced each year. The 3 million tons of SD 
produced annually in the USA are generally discarded 
in landfills (Butt et al., 2016; Cheah & Ramli, 2013). The 
environment is endangered by the disposal of SD on open 
ground (Mangi et al., 2017). Researchers believe that SD 
can be used as a raw material for the production of fine 
boards, particle boards, etc., or as a source of energy. 
Currently, SD is utilized in the production of cement-
based products (e.g., cement-bonded particle boards). 
Both types of aggregates are key ingredients in concrete 
mixtures, and as demand grows within the construc-
tion sector, natural aggregate supplies are being rapidly 
depleted. Around the world, each year, natural aggre-
gates are taken from crushed rock, riverbeds, lakes, and 
various resources in amounts close to eleven billion tons 
(Batool et al., 2021). To reduce the damaging impacts on 
the environment, numerous nations have put restric-
tions on the extraction of sand from rivers in recent years 
(Alwesabi et  al., 2020; Shahria Alam et  al., 2013; Ulloa 
et al., 2013). Researchers are looking into using SD as a 
partial substitute for fine aggregate (i.e., sand) in the pro-
duction of mortar due to the compatibility between wood 
and cement (Siddique et al., 2020). Siddique et al. (2020) 
reported a substantial decrease in the hardened proper-
ties as well as the workability by increasing the SD ratio 
in concrete and replacing fine aggregates with it. Similar 
results were observed by Ahmed et al. (2018), Oyedepo 
et  al. (2014), Vaidkelionis and Vaickelionene (2006), 
and Foti and Cavallo (2018). However, SD ash has been 
used successfully in place of sand in concrete mixtures, 
according to Mageswar and Vidivelli (2009). According 
to previous research, SD may be a practical choice to use 
as a raw material for the production of sustainable and 
lightweight concrete products. The mechanical proper-
ties of concrete are negatively impacted by the inclusion 
of SD; however, previous research has shown that it has 
a lot of potential as a substitute aggregate in low-to-
medium strength concrete applications, such as partition 
walls, pipe bedding, sidewalks, concrete blocks, road-
side barriers on highways and bridges, reduced strength 
footings, and low-risk applications. For the construc-
tion of low-rise concrete buildings involving the casting 
of roofs, 20 MPa concrete is employed in many African 
and Asian nations (such as Egypt, Libya, Pakistan, etc.). 

Recycled concrete with compressive strengths between 
18 and 45 MPa is already permitted for use in structural 
and non-structural applications in Japan (Batool et  al., 
2021). A comprehensive investigation is therefore war-
ranted to support the use of SD as a substitute for fine 
aggregate. Various strengthening schemes were also 
developed by researchers to increase the flexural capacity 
of RC beams. The RC jacketing technique is a frequent 
repair and rehabilitation procedure because it has the 
potential to increase stiffness and load capacity. This pro-
cess has a number of disadvantages, though, including 
higher labor demands and longer construction times, as 
well as an increase in the final dimensions of repaired RC 
members, which may have an impact on the structure’s 
dynamic properties (Altun, 2004). This resulted in the 
development of substitutes for the jacketing technique, 
including ferrocement, fiber-reinforced polymers (FRPs) 
(Zapris et  al., 2023), carbon fiber-reinforced polymers 
(CFRP) (Aksoylu, 2022), fiber-reinforced mortar, the near 
surface mounted (NSM) technique (Jeevan et al., 2023), 
and ultra-high-performance concrete (UHPC) (Abadel 
et  al., 2022). According to the literature, the majority 
of experimental research was carried out and concen-
trated on high-cost or difficult-to-implement materials, 
such as the jacketing technique, FRPs, CFRP, NSM, and 
UHPC, as strengthening schemes for the flexural capac-
ity of RC beams. Contrarily, there is a lack of pertinent 
information regarding simultaneous easy and economic 
solutions (e.g., wooden plates), and all research has not 
taken into account the impact of wooden plates used as 
strengthening schemes and their use in improving the 
flexural capacity of RC beams. The feasibility of using 
SD effectively as a substitute for sand in RC beams, as 
well as wooden plates as a strengthening scheme has not 
been investigated yet. To address this gap, two types of 
concrete mixtures were made: normal concrete (NC) and 
sawdust concrete (SDC), which was made by substitut-
ing 15% of the volume of sand with SD. Five RC beams 
(100  mm in depth, 200  mm in width, and 1500  mm in 
length) were experimentally tested for flexural behavior 
under four-point loading. Three strengthening schemes 
were used in this study. The first scheme used a wooden 
plate that was only fixed by an adhesive layer. The second 
and third schemes were applied by a wooden plate, which 
was fixed by an adhesive layer and steel angles (two and 
eleven angles).

2  Experimental Program
2.1  Materials
The concrete mixtures in this investigation were made 
using ordinary Portland cement (OPC), aggregate, and 
sawdust.
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2.1.1  Cement
The ACI Mix Design (ACI, 2002) was used to design 
the control mixture, which had a cylinder compressive 
strength of 40  MPa at the age of 28  days. OPC of type 
1 with a specific gravity of 3.15 has been used in the 
present research work in accordance with ASTM C150 
(ASTM, 2007). Table  1 displays the chemical character-
istics of cement.

2.1.2  Sawdust and Wooden Plates
In the timber industry, SD is a solid waste product 
resulting from wood’s mechanical processing, which 
includes cutting, drilling, grinding, and scraping. As 
indicated in Fig.  1, a sample of SD was obtained from 
a nearby local wood workshop and used in the prepa-
ration of the concrete mixtures without any kind of 
treatment. SD samples were subjected to laboratory 
examinations to evaluate various physical character-
istics with respect to the fine aggregate, which are 

summarized in Table 2. Fig. 2 displays the sieve analy-
sis results for the SD particle size. Furthermore, the 
strengthening plates were made of beech wood and had 
the same compressive and tensile resistance of 45 MPa.

2.1.3  Aggregate
The fine aggregate (FA) was derived from natural sand 
and has the following specifications: 2.5 specific grav-
ity, 7.26 fineness modulus, 0.8% water absorption rate, 
and 2.0% moisture content. The fine aggregate’s maxi-
mum particle size was 4.95  mm. The coarse aggregate 
(CA) was derived from crushed dolomite and has the 
following specifications: 2.67 specific gravity, 1234  kg/
m3 bulk density, and a 0.8% water absorption rate. The 
coarse aggregate’s maximum particle size was 19  mm. 
Sand and coarse gravel complied with the requirements 
of ASTM C33 (ASTM, 2016). The sieve analysis of the 
coarse as well as fine aggregates is presented in Fig. 2. 
The CA and FA gradients corresponded to ASTM C33 
(ASTM, 2018).

2.1.4  Reinforcing Steel Rebars
In this investigation, deformed reinforcing steel rebars 
were employed. The diameters of the reinforcing rebars 
in metric units for the shear reinforcement were 8  mm 
(Ø8 mm), while for beam reinforcements they were 
8 mm (Ø8 mm) at the top and 10 mm (Ø10 mm) at the 
bottom. According to ASTM-E8 (ASTM, 2009), Table 3 
gives the ultimate and yield stresses for each of the rein-
forcing rebars under tensile test for an average of three 
segments, each measuring 600 mm in length.

Table 1 The chemical characteristics of OPC used in this study

Item CaO SiO2 Al2O3 CaSO4 Fe2O3 MgO Sulphur Alcalies Total (%)

Percentage (%) 62 22 5 4 3 2 1 1 100

Fig. 1 SD sample

Table 2 The physical characteristics of SD used in this study

Properties SD Fine aggregate (sand)

Average particle size 500 μm 4.95 mm

Fineness Modulus 5.01 7.26

Specific gravity 2.12 2.50

Bulk density 421.5 kg/m3 1302 kg/m3

Water absorption 19.5% 0.8%
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Fig. 2 Sieve analysis of SD, coarse, and fine aggregates
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2.2  Specimen Preparation and Instrumentation
Sawdust concrete (SDC) and normal concrete (NC) were 
the two concrete mixtures employed. 15% of the volume 
of the fine aggregate (sand) was replaced by the sawdust 
in the SDC mixture. Replacing 15% of the sand ensures 
the elimination of sufficient weight from sawdust inside 
the concrete mixture, which is one of the most important 
objectives of the current research. In addition to the fact 
that the characteristics of RC beams are not significantly 
affected compared to the higher proportions, restoration 
of the ultimate capacity of the conventional beam can 
be obtained by strengthening with wooden plates. The 
water-to-cement ratio (0.6) was constant in each mix-
ture. Table  4 provides a summary of the proportions of 

the concrete mixture. Almost two minutes were spent 
mixing the coarse and fine aggregates. SD was combined 
with both coarse and fine aggregates to create the SDC 
mixture. The following stage involves adding cement. For 
a further two minutes, the components were dry-mixed. 
Two phases of water addition (i.e., 70% and 30%) were 
made in the mixer, and each stage of mixing took about 
two minutes until the mixture was entirely homogene-
ous. Slump tests were immediately undertaken after the 
mixing procedure was finished. Then, using a vibrator, 
concrete was poured into the specimen molds. Accord-
ing to ACI 308R-01 R08 (ACI, 2008), the specimens were 
kept in lab conditions for 24  h. These specimens were 
eventually taken out of their molds. After that, the speci-
mens were moist-cured for 28  days. The measurement 
tools are shown in Fig. 3. Two PI displacement transduc-
ers were used to measure strains in concrete surfaces, 
which were fixed by being glued at the top and bottom 
surfaces in the middle of the beam, as shown in Fig.  3. 
Also, another PI displacement transducer was fixed to 
the wooden strengthening plate. The mid-span beam’s 
deflections were recorded with the use of a linear variable 
differential transformer (LVDT). According to all current 
measures and the available financial resources, experi-
mental tests were carried out.

Table 3 Properties of reinforcing rebar used in this study

Properties Diameter of rebar

Ø8 mm Ø10 mm

Yield stress (σy) 240 MPa 520 MPa

Strain at yield stress (εy) 1.2‰ 2.25‰

Ultimate stress (σu) 380 MPa 620 MPa

Strain at ultimate stress (εu) 22‰ 20‰

Table 4 Concrete mixtures’ properties

Specimen ID Unit Water Cement Aggregate SD

Coarse Fine

NC Weight (kg) 240 400 1300 650 0

SDC Weight (kg) 240 400 1300 552.5 10.9

Fig. 3 Specimen testing setup
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2.3  Testing Methodology
The slump test was carried out in accordance with ASTM 
C143 (ASTM, 2015) specifications. The vertical distance 
between the top of the inverted mold and the center of 
the top surface of the concrete mixture was used to calcu-
late the slump value. At 28 days, the compressive strength 
and splitting tensile strength of three specimens of hard-
ened concrete were evaluated. Three specimens’ worth of 
results were averaged out to obtain the results. In accord-
ance with BS EN (EN, 2009), compression strength tests 
were performed on cube specimens (150  mm) using 
hydraulic equipment with a 500 kN capacity. Up until the 
specimens failed, an axial force was applied continuously 
at a rate of 4.5 kN/s. Following ASTM C496 (ASTM, 
2011), splitting tensile strength tests were carried out on 
the cylinder specimens (100 × 200 mm). The loading rate 
used was 0.9 MPa/min.

Five RC beams made up the test specimens, which were 
put to the test under four-point flexural loading. Details 
of the RC beam specimens are shown in Table 5. The RC 
beams had a depth of 200 mm, a width of 100 mm, and 
a length of 1500 mm. The beams had a 1400 mm effec-
tive span. The bottom of the RC beam had longitudinal 
2Ø10 reinforcing rebars for flexural tensile, and the top 
reinforcing rebars, which served as compression rein-
forcement and were primarily used to support shear stir-
rups, had longitudinal 2Ø8 reinforcing rebars. The RC 
beams were equipped with 100  mm center-to-center, 
two-legged, 8  mm vertical shear stirrups. The dimen-
sions and reinforcing details are shown in Fig.  3. The 
specimens were constructed and cast, as well as quasi-
statically tested using testing frames with flexural capaci-
ties that could support 500 kN on the testing floor in the 
Structures Lab in the Department of Civil Engineering at 
Kafrelsheikh University, Kafrelsheikh, Egypt. In order to 
have more time to record the test results and capture the 
crack pattern, the loading rate was kept comparatively 
low. Fig. 3 displays a picture of the specimen along with 
the testing setup.

2.4  Strengthening Schemes
Fig.  4 displays the strengthened beams in more detail. 
The first beam (i.e., SDC-E) was strengthened by a 

wooden plate, which was fixed to the beams by an adhe-
sive layer, as shown in Fig.  4b. The dimensions of the 
wooden plate are a depth of 20 mm, a width of 100 mm, 
and a length of 1100 mm. The type of adhesive layer was 
Sikadur 330. Table  6 shows the properties and prepara-
tion of the adhesive material used in this study. The sec-
ond and third beams (i.e., SDC-2A and SDC-11A) were 

Table 5 Specimens tested for RC beams

Specimen ID Concrete mix Strengthening Strengthening type

NC-1 NC None None

SDC-1 SDC None None

SDC-E SDC Yes Wooden plate fixed by epoxy resin (see Fig. 4b)

SDC-2A SDC Yes Wooden plate fixed by epoxy resin and two steel angles (see Fig. 4c)

SDC-11A SDC Yes Wooden plate fixed by epoxy resin and eleven steel angles (see Fig. 4d)

Fig. 4 The details of strengthening schemes for RC beams: a NC-1 
and SDC-1; b SDC-E; c SDC-2A; and d SDC-11A
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strengthened by a wooden plate, which was fixed to the 
beams by an adhesive layer, then fixed to the beams by 
two and eleven steel angles (80 × 80 × 8 mm) in each face 
of the beam, respectively, as shown in Fig. 4c, d. The yield 
stress of the steel angles was 240 MPa.

3  Results and Discussion
3.1  Workability
The results of the slump tests for each concrete mixture 
are shown in Table  7. According to the slump results, 
using SD as a partial sand replacement significantly 
reduced the workability of fresh concrete. The SDC mix-
ture produced a slump value of 10 mm, which was lower 
than the control mixture (i.e., NC) by 20 mm. This can be 
attributed to several causes, including: (i) the inclusion of 
SD might create a network structure in the concrete mix-
ture; (ii) the increased air content, which causes a high 
porosity; (iii) the increased density of SDC mixtures as a 
result of the low specific gravity of SD (2.12) compared 
with fine aggregates (2.50); all those reasons can lead to 
a major loss in workability (Ahmed et  al., 2018; Batool 
et al., 2021; Oyedepo et al., 2014).

3.2  Compressive Strength
Table 7 depicts the compressive strength of normal and 
SDC mixtures containing SD. According to the results, 
using SD as a partial sand replacement significantly 
reduced the compressive strength of the SDC mixture. 
The SDC mixture produced a compressive strength of 
19 MPa, which was lower than the control mixture (i.e., 
NC) by 62%. This can be attributed to the SD’s high water 
absorption capacity and porous nature. Thus, leaving an 
inadequate quantity of water negatively affects the pro-
cess of hydration (Batool et al., 2021; Opiso et al., 2019). 
According to Vaidkelionis and Vaickelionene (2006), the 
hydration procedures are slowed down as a result of the 

inclusion of wood extractives, which contributes to the 
decreased compressive strength. This is mostly because 
SD and fine aggregate have different chemical composi-
tions, which causes a weaker connection to form in the 
concrete matrix. The compressive strength is highly 
reduced by the weak interfacial transition zones between 
cement paste and aggregates (Siddique et  al., 2020). In 
addition, the porous nature of SD and the reduced den-
sity of concrete may both be contributing factors to the 
reduction in compressive strength (Batool et al., 2021).

3.3  Splitting Tensile Strength
The results of the splitting tensile tests for each concrete 
mixture are shown in Table  7. The inclusion of SD sig-
nificantly reduced the splitting tensile strength. The NC 
and SDC mixtures produced a splitting tensile strength 
of 4 and 2  MPa, respectively, where SDC exhibited a 
lower splitting tensile strength by 62% compared with 
the NC mixture. This result is consistent with the litera-
ture study’s findings (Ahmed et  al., 2018; Batool et  al., 
2021; Foti & Cavallo, 2018). Ahmed et al. (2018) reported 
that the inclusion of SD weakens the interfacial transi-
tion zones and reduces the tensile strength as a result 
of heterogeneous discontinuities in the SDC matrix. 
Additionally, Foti and Cavallo (2018) mentioned that 
this reduction can be attributed to the weak connection 
between cement mortar and SD particles.

3.4  Failure Modes and Crack Pattern
Fig.  5 shows the ultimate failure modes and crack pat-
terns for all RC beams. In addition, Table 8 summarizes 
the description of the crack pattern and the beams’ 
failure modes. The main flexural cracks in the control 
specimens (i.e., NC-1) rapidly expanded from the ten-
sion side (i.e., bottom surfaces) in the direction of the 
applied load points at the top surfaces (i.e., compression 

Table 6 Properties and preparation of the adhesive materials used in this study

Material Manufacturer Color Preparation method

Sikadur 330 Sika Grey Mixing a two-component (an epoxy-based resin) and putting it on the RC beam and the wood strengthening 
plate surfaces

Table 7 NC and SDC mixtures’ properties

Mechanical properties NC Average STDV SDC Average STDV

Sample (1) Sample (2) Sample (3) Sample (1) Sample (2) Sample (3)

Slump value (mm) 21 19 20 20 1 10 11 10 10 0.58

Compressive stress (MPa) 29 32 31 31 1.5 17 20 20 19 1.7

Splitting tensile stress (MPa) 5 4 4 4 0.6 2 2 3 2 0.6
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Fig. 5 Crack patterns and failure modes of RC beams: a NC-1; b SDC-1; c SDC-E; d SDC-2A; and e SDC-11A

Table 8 Description of the crack pattern and beams’ failure modes

Specimen ID Shear cracks Flexural cracks Concrete crushing

NC-1 Fewer, narrow, short Numerous flexural crack None

SDC-1 Fewer, narrow, short Major and narrow flexural cracks Crushing at the compression zone between load points

SDC-E Fewer, narrow, short Fewer, narrow, short Close to the left support, separation occurred with a layer of concrete 
on the wooden plate

SDC-2A Significant diagonal cracks 
close to the left/right sup-
port

Fewer, narrow, short Separation of the concrete surrounding the steel angle and debond-
ing of the wooden plate edge on the left/right supportSDC-11A



Page 8 of 15Maglad et al. Int J Concr Struct Mater (2023)17:49

side) in the middle of the beam, as shown in Fig. 5a. As 
the applied load increased, numerous cracks were gener-
ated and concentrated in the same areas. The formation 
of those cracks was caused by the positive flexure bend-
ing moment at the indicated area. After that, new cracks 
developed and propagated through the entire cross-sec-
tion of the beam, resulting in a sudden drop in the flex-
ural resistance. The beam failed because it was unable 
to maintain its capability for load resistance. Addition-
ally, there was no evidence of concrete crushing in the 
compressive zone as a result of the higher compressive 
strength. Demonstrating the flexural failure mode of a 
typical RC beam, the first flexural crack appeared at the 
applied load of 20 kN, while the first shear crack appeared 
at the applied load of 54 kN. In general, the failure mode 
and crack pattern of the NC-1 and SDC-1 specimens 
were nearly similar, excluding the appearance of concrete 
crushing at the compression zone for the SDC-1 beam. 
When testing started, a tension zone in the beam’s mid-
span generated a number of flexural cracks. The strength 
of the NC-1 and SDC-1 beams has been impacted by 
the many cracks that developed at the beam’s mid-span, 
increasing the curvature. The beams failed due to their 
inability to maintain load resistance capacity. The failure 
mode for the SDC-1 beam was a flexural failure, as shown 
in Fig. 5b. The first flexural crack appeared at the applied 
load of 18 kN, while the first shear crack appeared at the 
applied load of 61 kN. The reported flexural failure was 
characterized by a single flexural crack in the middle-
third of the SDC-1 beam, extending upward to the top 
fiber of the concrete between the load points. Regarding 
the SDC-E beam, the first vertical flexure cracks began to 
appear in the beam’s mid-span at 35 kN, followed by sep-
aration in the wooden plate at the ends near the left sup-
ports at a load of 48 kN. The first shear crack appeared 
at the applied load of 64 kN. With the increase in load-
ing, the separation began to gradually increase inward 
towards the loading points, with the appearance of new 
vertical cracks until failure. Additional cracks in the com-
pression zone started at a load of 58 kN. A flexure-shear 
crack at the shear span limits the capacity of beams to 
support greater loads. The failure mode for the SDC-E 
beam was shear failure. The first strengthening scheme 
did not improve the SDC-E beam’s flexural strength, 
which prevented further deformation and energy absorp-
tion by the beams, causing shear failure rather than 
flexural failure. Additionally, there was no evidence of 
concrete crushing in the compressive zone. As shown in 
Fig.  5c, separation of the wooden plate occurred along 
with an attached thin layer of concrete on it. It can be 
noticed that there are no cracks in the wooden plate. 
For the SDC-2A beam, the first vertical flexure cracks 
began to appear in the beam’s mid-span at 40 kN, then 

an inclined shear crack (i.e., roughly 45 degrees from a 
horizontal direction) occurred at the end of the wooden 
plate and moved towards the loading points at 50 kN. 
After that, two parallel cracks appeared at 66 kN, a sepa-
ration of the fixing angle occurred around the bolts, and 
the concrete surrounding the bolts collapsed with the 
presence of cracks in the compression zone, as shown 
in Fig. 5d. Flexural cracks’ growth is very slow with the 
increased loading; only the already-existing shear cracks 
expanded. After the complete collapse of the anchorage 
area, the concrete cover separation began to appear at 64 
kN. As the loading reached 70 kN, debonding occurred 
at the edge of the wooden plate on the left support. The 
failure mode for the SDC-2A beam was shear failure. 
The second strengthening scheme improved the SDC-2A 
beam’s flexural strength and changed the failure mode 
so it was controlled by shear failure rather than flexural 
failure. Major flexural cracks, however, were not pre-
sent in this beam. Additionally, there was no evidence of 
concrete crushing in the compressive zone. This speci-
men displayed increased flexural strength and stiffness 
together with ductile post-peak behavior, which increases 
the ability of the beam to undergo significant deforma-
tions before total failure. Consequently, the occupants 
receive early warning before failure. In general, the fail-
ure mode and crack pattern of the SDC-2A and SDC-11A 
specimens were nearly similar. The appearance of the first 
flexural and shear cracks occurred at the same time at 50 
kN and a deformation of 19 mm. After that, a separation 
of the fixing angle occurred around the bolts, and the 
concrete surrounding the bolts collapsed near the right 
support, which dominated the beam behavior, as shown 
in Fig. 5e. With increasing loading, the shear crack width 
increased in the critical shear zone, and the SDC-11A 
beam failed in shear mode. In contrast to shear cracks, 
however, flexural cracks did not significantly expand. 
In contrast to SDC-2A, the third strengthening scheme 
did not improve the SDC-11A beam’s flexural strength, 
which prevented further deformation and energy absorp-
tion by the beams, causing shear failure rather than flex-
ural failure.

3.5  Load–Displacement/Strains Characteristics
Fig.  6 provides the load–deflection (mid-span deflec-
tion) curves for all of the beams. The load–deflection 
behavior initially resembles that of an uncracked beam. 
The curve development in this segment is regarded as 
steeply linear. After the first section, as can be seen, 
these curves began to diverge from one another. Con-
crete cracking caused the slope of the load–deflection 
behavior to decrease, displaying nonlinear behavior. 
The deflection of all specimens was continued with 
a slight increase in the applied load. Then, until the 
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failure of the beams, the same status continued. Speci-
men NC-1 had a maximum flexure strength of 64.62 
kN at a displacement of 25.53  mm. Due to material 
nonlinearity, the specimen displayed almost stability 
resistance (slightly decreased from 64.62 to 62.12 kN) 
to the applied load as vertical displacement increased 
after the maximum strength was reached. An abrupt 
decrease in applied load may have been caused by 
the rupture of reinforcing steel bars when the applied 
load attained 62.118 kN at a vertical displacement of 
26.89 mm. From the initial loading until the maximum 
flexure strength, the reaction of SDC-1 was identical 
to that of NC-1, after which the flexure resistance of 
SDC-1 was less in comparison to NC-1. As the verti-
cal displacement increased after the maximum flexural 
resistance was attained, the flexure strength was almost 
stable (slightly decreased from 62.12 to 59.26 kN) until 
the abrupt decrease in the applied load. The SDC-1 
beam failed at 59.262 kN flexure strength and a dis-
placement of 24.19 mm. As shown in Fig. 6, the NC-1 
and SDC-1 beams demonstrated ductile failure, mean-
ing that the entire beam’s deflection continued as the 
applied load increased. Even with the inclusion of SD, 
the ultimate load in the SDC-1 beam was lower than in 
the NC-1 beam (i.e., without SD), with a slight varia-
tion of approximately 4%. Regarding specimen SDC-E, 
the maximum flexure strength was 64.26 kN at a dis-
placement of 8.36  mm. As the vertical displacement 
increased after the maximum flexural capacity was 
achieved, the flexural resistance progressively began 
to decline until the first drop (i.e., from 59.62 to 51.41 
kN) at 4.39  mm of displacement. This can be attrib-
uted to the separation that occurred with the layer 
of concrete on the wooden plate, as shown in Fig.  5c. 
The SDC-E beam was able to sustain a higher flexural 
resistance when the load–deflection curve began to 
increase once more. The second sudden drop in flexural 
capacity may have been caused by the rupture of rein-
forcing steel bars when the applied load reached 54.98 

kN at a vertical displacement of 16.51  mm. Specimen 
SDC-2A had a maximum flexure strength of 77.47 kN 
at a displacement of 13.26  mm. Up to a displacement 
of 173.5  mm, the flexural strength nearly remained 
unchanged, then the first sudden drop occurred at 
19.26  mm of displacement (i.e., from 76.39 to 70.33 
kN). This can be attributed to the separation of the con-
crete surrounding the steel angle and the debonding of 
the wooden plate edge on the right support, as shown 
in Fig.  5d. After this load level, the load–deflection 
curve began ascending again, and the SDC-2A was able 
to withstand greater flexural resistance as the vertical 
displacement increased. The second sudden drop in 
flexural capacity may have been caused by the rupture 
of reinforcing steel bars when the applied load reached 
66.40 kN at a vertical displacement of 26.92  mm. For 
specimen SDC-11A, the maximum flexure strength was 
69.62 kN at a displacement of 8.35  mm. As the verti-
cal displacement increased after the maximum flexural 
capacity was achieved, the flexural resistance progres-
sively began to decline until the first sudden drop (i.e., 
from 68.90 to 60.69 kN) at 6.87  mm of displacement. 
The second sudden drop from 68.54 to 49.98 kN was 
recorded at 11.29  mm of displacement. This can be 
attributed to the separation of the concrete surround-
ing the steel angle and the debonding of the wooden 
plate edge on the right support, as shown in Fig. 5e. The 
SDC-11A beam was able to sustain a higher flexural 
resistance when the load–displacement curve began 
to increase once more. The third sudden drop in flex-
ural capacity may have been caused by the rupture of 
reinforcing steel bars when the applied load reached 
59.98 kN at a vertical displacement of 15.88  mm. The 
large extent of the crack led to a significant drop in the 
amount of resistance capacity for SDC-E and SDC-11A 
beams in their nonlinear behavior (i.e., second-segment 
slopes). The SDC-E and SDC-11A beams’ deflection 
abruptly stopped; these findings demonstrate a brittle 
failure mode. It can be observed that, despite the inclu-
sion of SD, the strengthening schemes using the two 
steel angles (i.e., SDC-2A) significantly influenced the 
growth of the beams’ ultimate load compared with all 
specimens. The peak load capacities were 64.62, 62.12, 
64.26, 77.47, and 69.62 kN for these mixtures: NC-1, 
SDC-1, SDC-E, SDC-2A, and SDC-11A, respectively. 
Additionally, the SDC-2A exhibited the highest peak 
load when compared to all other mixes, with increased 
ratios of 16.58, 19.81, 17.05, and 10.13% compared 
with NC-1, SDC-1, SDC-E, and SDC-11A, respectively. 
Fig. 7 illustrates another indicator of the flexural resist-
ance capacity, which was the specimen’s energy absorp-
tion (the area enclosed under the load–deflection 
curves). The inclusion of SD in the beam has reduced 
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the SDC-1 beam’s energy absorption by 14.5% com-
pared with NC-1. The first strengthening scheme (i.e., 
SDC-E) exhibited lower energy absorption; the reduc-
tion ratio reached 39.4, 29.1, 50.1, and 0.9% compared 
with NC-1, SDC-1, SDC-2A, and SDC-11A, respec-
tively. Moreover, the second strengthening scheme (i.e., 
SDC-2A) exhibited the highest energy absorption; the 
increased ratio reached 17.64, 29.6, 50.1, and 49.6% 
compared with NC-1, SDC-1, SDC-E, and SDC-11A, 
respectively. The use of eleven steel angles in the SDC-
11A led to a negative effect by recording a reduction in 
the beam’s energy absorption by 49.6% compared with 
the use of two steel angles in the second strengthening 
scheme (i.e., SDC-2A). Therefore, the SDC-2A demon-
strates superior deformation properties compared with 
all other beams. Fig.  8 shows the load-strain curves 
based on the readings from the PI displacement trans-
ducers used to measure strains in concrete surfaces and 
wooden plates. The strain curves exhibit a few inter-
ruptions, which may be the result of the cracks’ sudden 
formation near PI gauges. As expected, the readings of 
the PI gauges on the upper concrete surfaces showed 
compressive and tensile strains in the measurements 
on the lower concrete surfaces as well as on wooden 
plates. The compression strain values of the concrete 
surface were higher in the SDC-1 beam than in the 
NC-1 beam, as shown in Fig. 8a, b. This demonstrated 
unequivocally that the SDC-1 beam showed more 
cracks (concrete crushing) at the compression zone 
than those of the NC-1 beam, as also shown in Fig. 5b. 
As shown in Fig.  8a, c, the compression strain values 
of the concrete surface in the SDC-E beam were nearly 
identical to those in the NC-1 beam. Unfortunately, the 
readings of the PI gauges in the tension zone did not 
continue to measure the strains in the SDC-E, SDC-2A, 
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and SDC-11A beams (see Fig. 8c, d, e), as the PI gauges 
were separated from the concrete surfaces and wooden 
plates. However, the PI gauges in the compression 
zones in the SDC-2A and SDC-11A beams recorded 
small strain values compared with the NC-1, SDC-1, 
and SDC-E beams, which indicated a brittle failure in 
the SDC-2A and SDC-11A beams.

3.6  Ultimate Load Capacity
The deformability factors (DF), normalized strength fac-
tors (SF), and overall structural performance factors (PF), 
which illustrate a structural element’s ability to withstand 
plastic deformation after reaching peak load capaci-
ties, were used to evaluate the effectiveness of the inclu-
sion of SD and the strengthening schemes (Abdal et al., 
2023; Abdullah et  al., 2022; Al-Rousan, 2017; Fayed & 
Mansour, 2020; Mansour & Fayed, 2021; Mansour et al., 
2022). Table 9 shows the tested specimens’ performance 
factors. Table  9 demonstrates that the inclusion of SD 
in the beam has reduced the SDC-1 beam’s deforma-
tion and strength by 10% and 4%, respectively, as well as 
the overall structural performance factors by 14%. It can 
be observed that, despite the application of strengthen-
ing schemes using only wooden plates (i.e., SDC-E), 
the SDC-E beam’s deformation and strength have been 

reduced by 39% and 1%, respectively, as well as the over-
all structural performance factors by 40%. Despite the 
inclusion of SD, the application of strengthening schemes 
by a wooden plate and two steel angles (i.e., SDC-2A) can 
totally restore the DF, SF, and PF with ratios up to 100, 
120, and 120%, respectively. Regarding the application 
of strengthening schemes by a wooden plate and eleven 
steel angles (i.e., SDC-11A), this has reduced the SDC-
11A beam’s deformation and the overall structural per-
formance factor by 40% and 35%, respectively. However, 
the beam’s strength factor increased by 8% compared 
with NC-1 (i.e., the control specimen). Additionally, if we 
take into account the combined strength (i.e., SF) and the 
deformation performance (i.e., PF), the inclusion of SD 
and the strengthening schemes used in this study give a 
highly promising result.

3.7  Effectiveness of Strengthening Scheme
The peak load capacity of the tested specimens is repre-
sented graphically in Fig. 9a as a bar chart. Fig. 9b pro-
vides the beam’s mid-span deflection at maximum load. 
Among all the beams, the SDC-2A beam shows the 
highest load-carrying capacity (due to enhanced flexural 
strength) compared with all other beams. Additionally, 
the SDC-2A beam outperformed all strengthening beams 
in terms of post-peak performance in strength deteriora-
tion (Fig. 6). The early stiffness properties of all strength-
ening beams (i.e., SDC-E, SDC-2A, and SDC-11A) were 
improved compared with unstrengthening beams (i.e., 
NC-1 and SDC-1), as shown in Fig.  6. The SDC-E and 
SDC-11A beams’ deflection abruptly stopped; these find-
ings demonstrate a brittle failure mode. Moreover, the 
peak loads of SDC-E and SDC-11A beams were reached 
at 8.36 and 8.35 mm, respectively, which prevented fur-
ther deformation and energy absorption by the beams, 

Table 9 Tested specimens’ performance variables

Specimen ID NC-1 SDC-1 SDC-E SDC-2A SDC-11A

Max. deflection Δu (mm) 26.89 24.19 16.51 26.92 16.01

DF = Δu/Δu (NC-1 control) – 0.90 0.61 1.00 0.60

Ultimate load Pu (kN) 64.62 62.12 64.26 77.47 69.62

SF = Pu/Pu (NC-1 control) – 0.96 0.99 1.20 1.08

PF = DF*SF – 0.86 0.60 1.20 0.65
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as shown in Fig.  9b. It can be observed that the imple-
mentation of strengthening schemes by increasing the 
steel angles (i.e., SDC-11A) had the opposite effect on 
post-peak performance in terms of strength deteriora-
tion compared with SDC-2A (see Fig. 6). The peak load 
capacities of NC-1, SDC-1, and SDC-E were nearly the 
same. In addition to preventing post-peak strength loss, 
the application of strengthening schemes using a wooden 
plate and two steel angles enhanced the flexural strength 
and ductility capabilities of beams. The increased ductil-
ity of the beams may be advantageous for seismic resist-
ance. The SDC-11A strengthening plan increased peak 
load. However, compared to the control specimen (i.e., 
NC-1), the beam’s deflection capacity was not improved 
(see Fig. 6). Moreover, the strengthening scheme used in 
SDC-E showed a slight reduction in the peak load, and 
the beam’s deflection capacity was not improved com-
pared to the control specimen.

4  Comparison of Current Research Findings 
with Previous Studies

Table  10 shows the concrete mixture design of normal 
concrete as well as sawdust concrete for current research 
and compares their results in terms of compressive and 
tensile strengths with the previous results available in 
the literature. In general, all investigations concurred 
with the current research findings that the compres-
sive and tensile strengths decreased as the sawdust ratio 
in the concrete mixture increased. Therefore, designers 
must take caution and carefully select the sawdust ratio 
within the concrete mixture when employing such design 
mixtures in real engineering applications to prevent the 
employed concrete from losing the majority of its resist-
ance to compression or tension. Siddique et  al. (2020) 
explained in their study that the compressive resistance 
of concrete decreased from 26 to 10  MPa when 20% of 
the volume of sand was replaced with sawdust instead 
of 10%, and the tensile resistance decreased from 2.8 
to 1.3  MPa at the same replacement ratios. Moreover, 
the highest compressive-to-tensile ratio was recorded 
at a 10% replacement rate. The compressive and tensile 
strengths of sawdust concrete entirely destroyed when 
a high sawdust ratio was used, as Batool et  al. (2021) 
concluded. When compared to the results of the refer-
ence sample, which contains no sawdust, the compres-
sive resistance reduced by 93% and the tensile resistance 
decreased by 88% at a 60% replacement ratio.

Specifically, the findings demonstrate that the compres-
sive and tensile strengths of sawdust concrete depend not 
only on the proportion of sawdust to sand but also on the 
cement content and aggregate content, whether coarse or 
fine, within the concrete mixture. Table 10 shows how a 
larger cement and aggregate content reduces the loss in 

compressive and tensile strengths at the same replace-
ment ratio. At a 15% replacement ratio, the reduction in 
compressive strength was 50, 12, 9, and 39% at cement 
content of 394, 416, 400, and 400 kg/m3 and coarse aggre-
gate content of 970, 1041, 1141, and 1300 kg/m3, respec-
tively. The current analysis comes to the conclusion that 
the compressive and tensile strengths of sawdust con-
crete are greatly influenced by the amount of cement and 
aggregate in the concrete mixture. Therefore, additional 
experimental studies are required to comprehend the 
relationship between compressive and tensile resistance 
when the cement and aggregate content of the concrete 
mixture changes while maintaining a constant sawdust 
ratio.

5  Conclusion
The following are the main conclusions made from the 
experimental findings of this study:

1. Sawdust concrete can be employed in construc-
tion projects to reduce environmental degradation 
as a result of excessive use of natural aggregates and 
improper disposal of these wastes.

2. The concrete’s workability, compressive, and splitting 
tensile strengths were reduced with the addition of 
SD as a substitute for fine aggregates. The reduction 
ratios reached 10%, 62%, and 30% for workability, 
compressive, and splitting tensile strengths, respec-
tively, compared with the control mixture.

3. The failure mode and crack pattern of the NC-1 and 
SDC-1 specimens were nearly similar. The failure 
mode for the NC-1 and SDC-1 beams was a flexural 
failure. On the contrary, the failure mode for all the 
strengthened beam specimens (i.e., SDC-E, SDC-2A, 
and SDC-11A) was shear failure.

4. According to the load–deflection curves, the NC-1, 
SDC-1, and SDC-2A beams demonstrated duc-
tile failure, while the SDC-E and SDC-11A beams 
showed a brittle failure mode.

5. The inclusion of SD in the beam has reduced the 
SDC-1 beam’s DF and SF by 10% and 4%, respec-
tively, as well as PF by 14%.

6. The application of strengthening schemes with a 
wooden plate and two steel angles (i.e., SDC-2A) 
can totally restore the DF, SF, and PF with ratios up 
to 100%, 120%, and 120%, respectively. While the 
remaining strengthening schemes have reduced the 
overall structural performance factor.

7. The SDC-2A strengthening plan outperformed 
all strengthening beams in terms of load-carrying 
capacity and post-peak performance in strength 
deterioration.



Page 13 of 15Maglad et al. Int J Concr Struct Mater  (2023)17:49 

Ta
bl

e 
10

 M
ix

 d
es

ig
n,

 c
om

pr
es

si
ve

, a
nd

 te
ns

ile
 s

tr
en

gt
h 

of
 S

D
C

 w
ith

 re
sp

ec
t t

o 
pr

ev
io

us
ly

 p
ub

lis
he

d 
re

su
lts

Re
fe

re
nc

es
ID

Ce
m

en
t 

(k
g/

m
3 )

A
gg

re
ga

te
SD

W
at

er
Co

m
pr

es
si

ve
 

st
re

ng
th

, C
 (M

Pa
)

Te
ns

ile
 s

tr
en

gt
h,

 T
 (M

Pa
)

C/
T

Co
ar

se
 (k

g/
m

3 )
Fi

ne
 (k

g/
m

3 )
W

ei
gh

t (
kg

/m
3 )

Ra
tio

 b
y 

vo
lu

m
e

Si
dd

iq
ue

 e
t a

l. 
(2

02
0)

C
A

39
4

97
0

81
8

0
0

19
7

28
2.

9
9.

7

AW
5

77
7

41
5

26
2.

8
9.

3

AW
10

73
6

82
10

20
2.

0
10

AW
15

69
5

12
3

15
14

1.
7

8.
2

AW
20

65
4

16
4

20
10

1.
3

7.
7

A
hm

ed
 e

t a
l. 

(2
01

8)
N

W
C

41
6

10
41

62
5

0
0

20
8

38
.8

N
ot

 p
ro

vi
de

d
N

ot
 p

ro
vi

de
d

05
SD

59
4

5.
25

5
37

.8

10
SD

56
2

10
.5

0
10

36

15
SD

53
1

15
.7

5
15

34
.2

D
ia

s 
et

 a
l. 

(2
02

2)
RE

F
40

0
11

41
69

0
0

0
16

2
64

N
ot

 p
ro

vi
de

d
N

ot
 p

ro
vi

de
d

SD
5

59
8

60
5

63

SD
10

50
7

12
1

10
59

SD
15

41
5

18
1

15
58

Ba
to

ol
 e

t a
l. 

(2
02

1)
SD

0
42

0
12

60
84

0
0

0
18

9
27

2.
5

10
.8

SD
10

75
6

84
10

23
2.

4
9.

6

SD
20

67
2

16
8

20
18

1.
7

10
.6

SD
30

58
8

25
2

30
7

0.
8

8.
8

SD
40

50
4

33
6

40
5.

5
0.

5
11

SD
50

42
0

42
0

50
3.

5
0.

4
8.

8

SD
60

33
6

50
4

60
1.

9
0.

3
6.

3

Cu
rr

en
t s

tu
dy

N
C

40
0

13
00

65
0

0
0

24
0

31
4

7.
8

SD
C

40
0

13
00

55
2.

5
10

.9
15

24
0

19
2

9.
5



Page 14 of 15Maglad et al. Int J Concr Struct Mater (2023)17:49

8. The study’s findings offered useful information for 
developing eco-friendly sawdust concrete beams 
with efficient strengthening techniques for potential 
future uses.

6  Future Work and Recommendations
Chemical compositions of hydration products and 
thermo mechanical properties in SDC mixtures, as well 
as EDS analysis of cracked SDC mixtures, should all be 
investigated in further research.
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