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Abstract In past earthquakes, unreinforced masonry structures (URM) performed poorly 
because masonry elements were unable to withstand the tensile forces generated by 
earthquakes. Several techniques have been proposed for strengthening existing masonry 
structures. Recent experiments have demonstrated the benefits of fibre reinforced 
polymers (FRPs) to Increase the efficiency of masonry wall performance. In this study, 
models of masonry walls reinforced with FRP strips are used to simulate the behaviour of 
out-of-plane loads applied to unreinforced masonry walls. The masonry material is 
modelled based on concrete damaged plasticity approaches, and the FRP strips are 
modelled based on their materials type Lamina. ABAQUS, model-based software, 
simulates the behaviour of unreinforced masonry walls strengthened with and without FRP 
on six previously tested walls. FE models can accurately represent the key features of the 
performance of un-strengthened and strengthened walls, according to a comparison 
between numerically obtained moment-deflection curves with experimentally available 
data. Analysing parametric models of validated masonry walls, certain parameters, 
including the reinforcement surface area ratio and type of reinforcement materials, have 
been assessed for their influence on the out-of-plane behaviour of the FRP-strengthened 
walls. As a result, the FRP laminates could significantly increase the wind and earthquake 
resistance of URM walls, as the FRP laminates provide greater out-of-plane deformation 
capability. Furthermore, with increasing FRP reinforcement surface area ratio, the FRP 
laminate becomes less effective for moment and deformation capacities. 

Keywords: Earthquakes, URM, FRP, ABAQUS 
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1. Introduction  

Most of the countries still use block masonry as a construction material due to its good 
heat insulation properties, high compressive strength, easy availability, soundness, 
durability, and it is relatively inexpensive. Masonry structures are made up of bricks and 
mortar that are orthotropic, inelastic, and no homogeneous and arranged in a particular 
manner [1]. Generally, buildings made of unreinforced masonry (URM) do not perform well 
in earthquakes and strong winds. Typically, URM buildings subjected to seismic forces 
and wind load experience two types of failure. Firstly, the lateral load-resisting systems of 
the building failed due to in-plane shear. Another failure mechanism occurs when seismic 
inertial forces or heavy wind cause out-of-plane bending [2]. Research has been 
conducted over the last 50 years into strengthening unreinforced masonry walls (URM) 
and improving their ability to resist bending and shear force under out-of-plane action.  
The use of steel bars was one of the first techniques to emerge for strengthening masonry 
walls [3]. However, fibre-reinforced polymers (FRP) are considered to be sustainable 
materials characterised by a high strength to weight ratio. It is effective at improving the 
performance of masonry walls FRP does have disadvantages; it is more expensive and 
has a lower fire resistance [3]. Masonry walls can however be reinforced with FRP to 
significantly improve their shear and flexural resistance as well as increase their ductility. 
Strengthening URM by using FRP strips is one of the proposed techniques for enhancing 
URM flexural performance under out-of-plane action. Several experimental studies were 
conducted using carbon, glass and aramid fibres in different configurations (horizontal, 
vertical and diagonal) at the external surface of the walls to investigate the effect of the 
FRP-reinforced on URM performance [4; 5; 6]. These studies included different ratios of 
FRP reinforcement and various types of masonry walls, such as clay bricks, stone and 
concrete blocks. The outcomes of these studies indicate the impact of using FRP strips to 
enhance bending load capacity, flexural strength and ductility behaviour of URM. The 
studies were extended to investigate the different types of failure modes, namely flexural 
or shear failure, and the main parameter effect on the type of failure. Further, experimental 
and numerical studies were conducted to develop and propose a design guideline to predict 
the ultimate flexural, shear and deformation capacity based on the reinforcement ratio and 
FRP configuration. This study was designed to suggest and validate a numerical model 
that can estimate the flexural behaviour and deflection of concrete block masonry walls 
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reinforced with FRP strips. For this purpose, the finite element model was calibrated by 
means of a methodical process in order to evaluate the flexural and deformation 
performances. As a result, the validated model was used to investigate the impact of the 
FRP strips layout, FRP reinforced ratio, and the type of FRP on the load capacity, flexural 
capacity, and deformation of strengthened masonry walls under out-of-plane loading. The 
effect of these parameters on the gained bending capacity of masonry was evaluated and 
the uncertainty of the parameter used to simulate the walls is discussed.  
2. Literature Review 

Unreinforced masonry walls behaviour under out-of-plane action was analysed to 
investigate the bending behaviour. In addition, the techniques used to strengthen URM, 
namely using steel bars and FRP, to increase the flexural performance of masonry walls 
are also presented and discussed. Finally, previous research conducted on retrofitted and 
strengthened masonry walls to enhance the resistance of out-of-plane action due to 
earthquake or wind load were examined. URM building performs purely under out-of-
plane action. In fact, because of the low stiffness and strength of masonry walls in out-
of-plane directions, masonry structures are vulnerable since inertia forces are unrestrained 
due to the reduction of strength/mass ratio. Additionally, kinetic energy transmitted by an 
earthquake may result in overturning mechanisms [7]. Figure 1 shows examples of out-
of-plane failure, namely failure of mortar joints, failure of bricks and flexural bending failure 
[8]. The use of hollow concrete blocks is widespread throughout the world and the main 
benefit of hollow concrete block masonry is a significant reduction in the weight of walls 
compared with solid masonry. Hollow concrete block masonry walls have a brittle failure 
mechanism in case of flexural bending under out-of-plane loading with a low ductility 
level.  

 
Figure.1 URM failure modes under out-of-plane loading (Lönhoff and Sadegh-Azar, 

2018). 
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FRP is a high strength polymer containing long continuous fibres impregnated in a 

polymetric matrix, such as epoxy. The fibres provide stiffness and strength to the composite 
materials, while the matrix distributes the loads equally among the fibres. In civil 
engineering the common FRP composite reinforcement used to strengthen concrete 
structures are carbon fibre (CFRP), glass fibre (GFRP), basalt fibre (BFRP) and aramid 
fibre (AFRP). FRP composites are now implemented widely in construction. The FRP 
materials are identified and classified based on their mechanical properties. Flexural, 
shear, tensile strength, impact resistance, creep rupture and modulus of elasticity are the 
most common mechanical characteristics of FRP composites that are considered [9, 10]. 
FRP composites can be used in a variety of shapes to reinforce concrete, such as rebar, 
rod, tube, sheet, beam stirrup, plate, and textile and mesh fabric. Furthermore, masonry 
walls could be retrofitted and strengthened using most of the FRP composite shapes which 
have been mentioned (10). Several experimental studies have been conducted to 
investigate the behaviour of strengthened masonry walls under out-of-plane loading 
utilising various strengthening techniques with FRP composites. The most common finding 
is that FRP materials significantly increase the flexural capacity and ductility of 
strengthened masonry walls. [5] tested six full-scale hollow concrete block masonry walls, 
where five specimens were strengthened using GFRP sheets with different reinforcement 
ratios and stiffness and one URM wall was the control. The walls were subjected to uniform 
load of out-of-plane action until failure. The results of the study show that FRPs delays 
ultimate failure, in comparison with the URM control. Further, the FRP improved ductility 
capacity. Several types of failures were observed, and they were influenced by the FRP 
reinforcement layout and FRP reinforcement ratio. However, flexural failure due to FRP 
rupture occurred at the lowest FRP reinforcement ratio, where a failure due to debonding 
of the FRP laminate was observed at the higher FRP reinforcement ratio. Similarly, shear 
failure occurred at the highest reinforcement ratio. Research on the use of FRP to reinforce 
URM walls is extremely limited. Experimental studies should be improved to better 
understand how reinforced brick walls respond to lateral out-of-plane loads. However, 
these experiments are usually expensive, which means this procedure is not always the 
best choice. In this case, numerical analysis could be appropriate. Over the last two 
decades, a numerical approach has been used to estimate the behaviour of URM and 



First Topic: Planning and designing structures in the desert environment 

5 

 

FRP reinforced masonry walls, and an analytical model was developed. Several numerical 
studies have been conducted to investigate the effect of out-of-plane loading on the FRP 
strengthening masonry walls, and some of the studies are outlined in this section.  [11] 
Presented a finite element model that used layered shell elements to study the behaviour 
of masonry walls under out-of-plane loads. A masonry wall is analysed as a homogenised 
material with distinct directional properties calibrated from a wall's C-shape tested under 
application of pressure to its web. Validation of the layered shell model was done by using 
experiments reported in the literature that used out-of-plane datasets. In addition, the 
model was enhanced to accommodate reinforced masonry through a VUMAT subroutine 
suitable for the ABAQUS explicit algorithm. This model was used to analyse confined 
masonry as well as walls with high bond strength mortar joints. By extending the VUMAT 
algorithm to include shell elements in 3D, the in-plane behaviour of masonry walls can be 
simulated as well as out-of-plane behaviour. Study results revealed that the FE model 
successfully predicted out-of-plane behaviour for URM walls, and sensitivity analyses 
indicated that support conditions, aspect ratios, precompression, and opening had 
significant effects on wall ductility and strength. Alyavuz, Anil and [12] used a finite element 
model to model brick walls reinforced with CFRP strips to investigate the out-of-plane 
performance. ANSYS software is used to model six specimens, including one reference 
and five URM bricks walls reinforced with various configuration of CFRP strips. Multi-linear 
elastic material models were used to model brick and mortar masonry walls, while linear 
elastic material models were used to model CFRP strips.  In the case of brick walls/CFRP 
strips interface, surface to surface contact elements from the ANSYS library are used. In 
this study, finite element simulations of load–displacement behaviour, damage distribution, 
and stress distribution between CFRP strips and brick walls were compared with 
experimental results, which were generally in agreement. In addition, a finite element 
analysis reliably predicted brick failure regions based on the distribution of shear stress. 
[6] Numerically simulated the behaviour of a URM and reinforced masonry wall with CFRP 
strips under out-of-plane action with the concrete damage plasticity (CDP) model. The 
masonry was modelled with a linear-elastic model, while the mortar joint was modelled 
with a continuum brick element. Consequently, a single block is formed. The FRP strips 
were modelled with reduced integration and high strain, allowing transverse shear 
deformation. The numerical model corresponded with the results of the experimental study, 
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demonstrating that the overall flexural behaviour can be estimated using this model. The 
research also examined the properties of surface-to-surface contact for the FRP-masonry 
interface behaviour. This resulted in cohesive constitutive behaviour.  
3. Modelling approach 

Several modelling strategies using finite element modelling (FEM) were investigated to 
evaluate the behaviour of reinforced masonry walls with FRP under the impact of out-of-
plane action. In this section, the FEM scheme developed is thus discussed, along with the 
performance of the simulated walls.   
A. Modelling approach for unreinforced masonry walls  

Masonry walls can be modelled using different types of model approach depending on the 
required accuracy and time of analysis. The main available models are the detailed micro-
model, the simplified micro-model, and the macro-model, as shown in Figure 2  [13]. This 
study uses a simplified 3D micro-model to develop an analysis of reinforced masonry walls 
under out-of-plane loading. Masonry units are represented by continuum elements, 
whereas brick and mortar joints are represented by discontinuous elements. The numerical 
model was generated using the ABAQUS CAE user interface, which included all the parts, 
assembly, boundary conditions, meshing, applying loads, submitting jobs and examining 
the results. The block units were modelled using the solid element C3D8R of an eight-
node linear brick element with reduced integration. The masonry unit defined by its elastic 
behaviour, based on specifying the Young’s modulus and Poisson ratio. Nevertheless, A 
concrete damaged plasticity model (CDP) models the constitutive behaviour of concrete 
blocks based on continuous plasticity. It can be used to model brittle materials such as 
concrete masonry and other materials in any type of structure [14]. The CDP model deals 
with plastic behaviour, compressive behaviour, and tensile behaviour, in addition to 
incorporating the damage mechanism of concrete, which can thus be defined to increase 
the accuracy of the results as compared with other models.  Joint interfaces were modelled 
using a zero-thickness of surface-based cohesive approach, defining hard contact 
behaviour between adjacent masonry surfaces using a contact pressure-overclosure 
relationship. The hard contact model assumes that surfaces transmit pressure when they 
are in contact, but that penetration and tensile stress transfer between surfaces are 
prevented. Therefore, this is consistent with the behaviour of contacting surfaces within 
masonry units [13]. The simplified micro-models presented in this study were generated 
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in ABAQUS. The mesh generation of all models was conducted via global sizing, with 
dimensions of 100 mm for all block units. The steps adopted to conduct the numerical 
analysis then imposed either load or displacement on the model corresponding to the 
appropriate load control or displacement control. In both cases, actions were incrementally 
imposed. Thus, the models considered the large nonlinear displacement geometric impact. 
A general nonlinear static procedure was thus adopted, generating a Newton-Raphson 
algorithm solution which iteratively solved for equilibrium at each increment [13].  

 

 
Figure 2  Modelling approaches for masonry walls: (a) detailed Micro-model; (b) 
simplified Micro-model; (c) Macro-model (Abdulla, Cunningham and Gillie, 2017) 

 
B. Modelling approach for FRP strengthened masonry walls  

The FRP sheets demonstrated linear elastic behaviour prior to brittle failure at stress levels 
equal to the ultimate rupture stress under tensile loading. The FRP sheet was thus 
modelled as a shell element of four nodes, with reduced integration (S4R) used to 
discretise the FRP sheets. The FRP sheets demonstrate linear elastic behaviour, and they 
were thus defined using the material type Lamina. The mesh was generated to provide an 
accurate solution with the shortest feasible analysis time, taking on a global size control of 
50 mm. The FRP laminate is bonded to the external tension side of the masonry wall in 
order to distribute additional tensile stresses. In this way, the numerical model assumed 
full bonding between the FRP and the masonry wall, which prevented FRP failure modes, 
such as FRP debonding failures, from occurring. The orientation of the FRP was defined 
as a global coordinate system following the direction of the fibre.  
 
C. Numerical simulation of unreinforced masonry walls 

The elastic and inelastic behaviour of concrete blocks were both defined, the elastic 
behaviour directly by means of setting the Young's modulus of the concrete block equal to 
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30000 MPa and a Poisson ratio of 0.2, and the inelastic behaviour by means of the 
concrete damaged plasticity model (CDP) built into the ABAQUS software. The parameters 
required to define the plasticity model are the dilation angle (Ѱ), the plastic potential 
eccentricity of concrete (ε), the ratio of compressive stress in the biaxial state to 
compressive stress in the uniaxial state (fb0/fc0), the shape factor of the yielding surface in 
the deviatoric plane (K), and a viscosity parameter. These values were obtained from the 
literature and calibrated with the experimental study. The recommended values of the yield 
shape surface Kc and eccentricity ε for the CDP model were 0.667 and 0.1, respectively, 
while the ratio of compressive stresses (fb0/fc0) was set to 1.16, as specified by the 
ABAQUS user manual. The values of the dilation angle Ѱ and the viscosity parameter 
were set to 30 and 0.0001, respectively, identified from the literature and calibrated with 
the experimental study reported in [5].  The compressive behaviour of concrete in the CDP 
model was defined based on to stress-strain diagram for masonry concrete, as shown in 
Figure 3 [1]. Tensile behaviour was defined by the peak tensile strength for a masonry 
wall, giving a yield stress of 1.18 MPa and cracking strain equal to 0 [13].   

 
Figure 3. Compressive stress-strain curve for concrete block (Singh and Munjal, 2017) 

 
The masonry wall was constructed using the same method as in the experimental study, 

with bonds created by using a full block of 200 X 400 X 200 mm and a half block of 200 
X 200 X 200 mm to eliminate any effects of bond patterns. The wall was constructed with 
dimensions of 1600 X 1600 mm, with a width of one block (200 mm).  
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(a)                        (b)                           (c) 

 
(d)                          (e) 

Figure 4: A typical URM wall (a) geometry, (b) finite element meshing, (c) boundary 
condition, (d) applied distribution load; (e) numerical deformation results 

 
Two steel plates of 50 X 50 X 1600 mm were modelled to act as a support in the same 

direction as the bed joint and set at 100 mm distances from each edge of the wall to act 
as a roller supports to restrain vertical movement only during loading. The steel support 
was defined in terms of its elastic behaviour with a Young’s modulus and a Poisson ratio 
of 190 GPa and 0.3, respectively. In addition, the plastic behaviour was defined with a 
yield stress of 210 GPa and a plastic strain equal to zero. Both steel plates were modelled 
as fully bonded to the masonry wall. The out-of-plane distribution load, which was 
modelled to simulate the pressure load from the airbag seen in the experimental test, was 
applied to all the specimens and the ultimate load applied for each specimen was 
calculated based on the ultimate moment results from the experimental study. The URM 
wall which acts as a control specimen, denoted as WC in the experimental study, was 
tested without any reinforcement with a maximum load of 0.017 N/mm2: figure 4 illustrates 
the model geometry, finite element meshing, boundary condition, and applied loading for 
this URM wall. 
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D. Numerical simulation of GFRP strengthened masonry walls 

The elastic behaviour of material type Lamina, available natively in the ABAQUS software, 
was used to simulate the GFRP strengthened masonry walls. The modulus of elasticity E1 
in the hoop direction was specified as 16.9GPa based on the experimental study, with a 
thickness of 1.85mm, while E2, G12, G13 and G23 were defined with small values, 
specified as 7.5, 3.6, 3, and 3GPa, respectively, with a Poisson ratio of zero [15].  

Four GFRP reinforced masonry walls with different layouts were thus modelled to 
validate the numerical model with the available data from the experimental study (5). The 
W1 specimen with horizontal and Vertical FRP strips developed in the experimental study 
was ignored, however, due to its similarity with specimen W4, which has only vertical FRP 
strips (that is, strips in a perpendicular direction to the bed joint). This is sufficient, as the 
test only considers one-way bending behaviour such that horizontal strips will not have a 
significant effect on the observed behaviour. Specimen W2 has two vertical single layer 
GFRP sheets with widths of 300 mm, in the same layout as W4, which has three GFRP 
sheets with widths of 150 mm. W3 has symmetric diagonal GFRP strips, while W5 has a 
vertical GFRP sheet bonded across the full surface of the wall. The ultimate load applied 
for each specimen is illustrated in Table 1.  

The numerical modelling investigated the deflection behaviours for all specimens by 
observing the maximum deflection in the mid-span of the specimens. Furthermore, the 
masonry wall reinforced with GFRP sheets was shown to have enhanced bending moment 
capacity and deflection performance: Figure 5 illustrates the overall behaviour of reinforced 
masonry walls using GFRP strips. 

 
Table 1. Applied load in the numerical analysis for each specimen 

Wall identifier 
Experimental Ultimate moment 

(KN.m) 
Numerical load Applied calculated 

)2from maximum moment (N/mm 
WC 5.8 0.017 
W2 40.6 0.118 
W3 23.7 0.069 
W4 38.3 0.112 
W5 51.9 0.151 
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(W2)                                                   (W3) 

 
(W4)                                                      (W5) 

Figure 5. Numerical analysis results for GFRP sheet strengthened masonry walls 
 

4. Validation of the numerical model approach  

The numerical model results were validated using available data from the experimental 
test results discussed. The moment displacement relationships gathered from the 
numerical analysis for specimens WC, W2, W3, W4 and W5 were thus compared with the 
experimental results, as shown in figure 6. The URM control wall shows linear behaviour 
with sudden failure that is almost the same in both the experimental and numerical analysis 
cases; however, the numerical analysis offers a lower deflection value compared with the 
experimental study. The main reason for this is the uncertainties surrounding the 
parameters used to define the concrete block and joint interface; these details were not 
available from the experimental study and were thus taken from the literature, while the 
results suggest that more detailed calibration of each parameter is required to obtain more 
accurate result. Nevertheless, the numerical analysis for specimens W2 and W4 shows 
almost the same behaviours for the moment-deflection relationships between the 
numerical and experimental tests, although the maximum numerical deflection at mid-span 
is larger in the simulation than the experimental result, at 26.3 and 24.6mm, respectively 
for W2 and W4, while those in the experimental test were 20.8 mm for W2 and 20.2 mm 
for W4. These differences are likely to have arisen from the same parameter uncertainty 
noted previously.  
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The specimen W3, which is reinforced with symmetric diagonal GFRP, showed similar 
behaviours for the moment-deformation curve, with similar maximum deformations at mid 
span of 15.8 mm in the numerical analysis and around 17.6 mm in the experimental test. 
The specimen W5, reinforced with a GFRP covering across the full external wall surface, 
demonstrated high stiffness in the numerical analysis, with a lower deflection compared 
with the experimental result of 0.45 accuracy level. This significant high difference in the 
deflection relates to the difference in the frictional contact between the FRP and masonry 
walls, which is considered a specific node in the numerical model, while in the experimental 
test, friction applies across the full surface. The W5 specimen was thus omitted from the 
rest of the research, with only WC, W2, W3 and W4 having accuracy ratios of numerical 
deflection to experimental deflection between 0.89 and 1.3 considered.  

 

 
Figure 6. Compare of Moment-mid-span deflection behaviour for GFRP reinforced 

masonry wall in experimental and numerical study 
 

The moment-FRP strain obtained from the numerical analysis was also compared with the 
experimental results, as shown in figure 7. The moment-FRP strain relationships generally 
demonstrated the same behaviours between the experimental and numerical analysis for 
specimens W2, W4 and W5, though this again differed in the diagonal FRP specimen. 
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Figure 7. Compare of Moment-GFRP strain curve in the experimental and numerical 

study 
 

5. The effect of FRP reinforcement ratio on the flexural behaviour of masonry walls  

FRP reinforcement ratios were observed as having a clear impact on both the flexural 
performance of masonry walls and the ratio of increased flexural capacity when using 
GFRP and CFRP to strengthen masonry walls. The numerical analysis for the seven FRP 
reinforced masonry walls examined also illustrated various effects on the ductility 
performance of masonry walls. Figure 8 shows the effect of the FRP reinforcement surface 
area ratio on the bending moment capacity observed within the previous experimental 
study to investigate out-of-plane performance in strengthened masonry wall with GFRP 
by [5] and the numerical analysis of the use of both GFRP and CFRP on the validated 
model carried out in this study.  

The figure 8 illustrates good agreement between the experimental and numerical 
analysis for walls strengthened with GFRP materials. However, based on numerical 
analysis, GFRP and CFRP strengthening of masonry walls has a significant influence on 
the gain in out-of-plane capacity, by up to 27.3% of FRP surface ratio. The flexural 
capacity also shows dramatic increases, growing from 302% to 562% in the numerical 
model using GFRP as FRP surface area increases from 18.8% to 27.3%, while in the 
numerical model with CFRP reinforcement, it improves from 302% to 703% as the surface 
area increases similarly. Nevertheless, the influence of these increases in the FRP surface 
area ratio are reduced at higher levels: as the FRP surface area ratio increases from 
27.3% and 56.2%, the gained moment capacity increases from 562% and 722% using 
GFRP and from 703% and 958% using CFRP.  
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In terms of the influence of FRP materials on FRP reinforcement ratios and the gained 
moment capacity relationship, nether carbon nor glass FRP materials affect the gained 
moment capacity at surface area ratios of up to 18.8%. However, further increases in FRP 
surface area ratio result in a slight increase in gained flexural capacity for carbon 
strengthened masonry walls as compared with those using glass materials. Increases in 
carbon materials improve the moment capacity, by 25% at a 27.3% FRP surface area 
ratio and by up to 32% at a 56.2% FRP surface area ratio, as compared with using glass 
materials. This increase of moment capacity derived from using carbon materials to 
strengthen masonry walls is, however, not sufficiently significant to justify the high cost of 
CFRP in comparison with GFRP. Although using CFRP increases the gain in out-of-plane 
capacity more than GFRP, such increases are insignificant as compared with the overall 
improvement of moment capacity offered by URM. Moreover, the high cost of CFRP means 
that GFRP is a preferable option economically for use in strengthening masonry walls. 

The FRP surface area ratio was considered only in vertical FRP strips, as diagonal FRP 
strips provide different performance with regard to bending capacity; even a high surface 
ratio of diagonal strips at 51.4% results in increases of moment capacity of 307 and 314% 
using GFRP and CFRP, respectively. This demonstrates that the vertical strips have a 
significant influence on improving flexural behaviour using less FRP than diagonal strips.  

As illustrated in Figure 9, strengthening masonry walls with FRP offers significant 
improvement of the deflection for URM, which increases the ductility level for the relevant 
masonry. However, the FRP surface area ratios have less of an impact on deflection: 
where the FRP surface area ratio increases from 18.8% to 27.3%, the deflection changes 
from 9.7 to 22.7 mm for GFRP materials, and from 17.3 to 27.3 mm for CFRP materials. 
On increasing the FRP surface area ratio, the deflection thus remains mostly the same, 
being reduced only slightly when the FRP ratio rises over 40%; this applies to both types 
of FRP material. A high ratio of FRP materials, which will create high stiffness, will also 
impact on the ductility performance of the resulting masonry structure, affecting the failure 
mode of the masonry walls. 
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Figure 8.  Effect of FRP surface area ratio on gained bending moment capacity 

 

Figure 9.  Effect of FRP surface area ratio on deflection 
a. The effect of FRP reinforcement materials on the flexural behaviours of masonry 

walls  

FRP material type is one of the parameters that affect the bending moment performance 
of masonry walls under out-of-plane loading. The differences in the mechanical properties 
for each type of FRP thus have significant impacts on strengthening masonry walls 
behaviour, with CFRP offering high stiffness at high cost, causing GFRP to be generally 
preferred as a cheaper material than CFRP. In this section, the effects on flexural 
performance of masonry walls of reinforcement with GFRP and CFRP materials is thus 
discussed, based on the validated numerical model. 

Figures 10 and 11 show moment versus midspan deflection for all of the reinforced 
walls investigated. The curves show two distinct phases of response. During its first phase, 
the flexural response is almost linear, reaching a maximum of 1 to 2.5 mm midspan 
deflection. The tensile capacity of the mortar is reached during this phase, triggering crack 
initiation. When a joint is separated or the mortar-block is broken as a result of this, the 
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load is then transferred to the next joint, and this process continues until the joint in the 
maximum moment region of the wall separates completely. The second phase of response 
involves reduced flexural stiffness due to joint separation. At this point, the flexural stiffness 
of the specimen is dependent on the percentage of FRP reinforcement. The moment-
deflection curves thus show the influence of the FRP reinforcement and the type of FRP 
material used on masonry wall behaviours.  

Focusing on figure 10, which offers a comparison between the experimental and 
numerical analysis of two type of FRP for three masonry walls, W2, W3 and W4, good 
agreement between the test types can be observed for all walls in terms of deflection, 
although the numerical analysis in walls W2 and W4 offers slightly higher values than 
those found experimentally. However, wall W3, strengthened using diagonal FRP strips 
gives almost the same behaviour, with the moment capacity improved by just over a half, 
at 23 KN.m, compared to walls W2 and W4, despite the FRP surface area ratio in W3 
being much higher than in W2 and W4. Furthermore, the type of FRP reinforcement in 
masonry walls with diagonal configuration appears to have no effect on the flexural 
behaviour, as demonstrated in figure 10 (b). In the numerical analysis, walls W2 and W4 
showed similar behaviours, and figure 10 (a) and (c) illustrate that the using CFRP to 
strengthen masonry walls increases the maximum moment capacity while decreasing 
deflection as compared with strengthening masonry walls using GFRP.  

 
 
 
 
 
 
 



First Topic: Planning and designing structures in the desert environment 

17 

 

    
(a)                                                         (b) 

 
(c) 

Figure 10. Moment deflection curves for walls (a) W2, with vertical strips, (b) W3, with 
diagonal strips, and (c) W4, with vertical strips 

 
 

6. Conclusions 

In this study numerical studies are conducted on the linear, nonlinear, and flexural 
behaviour of unreinforced and reinforced masonry walls subjected to out-of-plane loading. 
Experimental results and materials property data are obtained from [5, 16] tests in order 
to validate numerical models. A 3D model simulates unreinforced and FRP-reinforced 
walls using finite element (FE)-based software (ABAQUS) utilizing nonlinear materials 
defined by concrete damaged plasticity (CDP) behaviour to model block units. The mortar 
joint is simulated using a zero-thickness interface with cohesive behaviour, while FRP 
strips are modelled using linear material type Lamina. The experimental results and 
numerical simulation comparisons indicate that the model is able to reproduce the 
experimental behaviour accurately in terms of the ultimate moment, initial stiffness, and 
mid- span deflection of the FRP- reinforced masonry walls with vertical strips. The 
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purpose of this study is to gain a better understanding of the effects of various parameters 
such as FRP reinforcement surface ratio and type of FRP materials on the out-of-plane 
performance of masonry walls reinforced with various FRP configurations. This study 
presents a detailed analysis of masonry walls that are reinforced with FRP to investigate 
a complex behaviour. 
Based on the findings of this numerical study, we can draw the following conclusions: 

 Externally bonded FRP composites can significantly increase the bending moment capacity 
of URMs under out-of-plane loads. Furthermore, the FRP laminates could substantially 
increase the out-of-plane deformation capability of URM walls, which indicates that FRP 
laminates could make an important contribution to enhancing wind and seismic resistance 
of masonry walls. 

 Increasing in FRP reinforcement surface area ratio reduces the effectiveness of FRP 
laminate in terms of improving the moment and deformation capacity of URM walls. 

 FRP diagonal strips have a smaller impact on the one-way moment capacity of masonry 
walls than vertical strips with the same reinforcement ratio. 

 Using high strength FRP, such as CFRP strips, has less influence on improving flexural 
capacity. In addition, the high stiffness of FRP also reduces the deflection capacity of 
masonry walls as compared to FRP, which has a lower stiffness. 

 
7. Recommendations of future research  

A current research project evaluates the numerical behaviour of unreinforced and 
reinforced masonry walls using FRP. Despite the lack of test data for some material 
properties, the material parameters needed to validate the numerical model were gathered 
from the literature. Likewise, In the absence of a bond test that could provide the behaviour 
of the FRP/masonry interface, the FRP/masonry interface has been modelled as fully 
bonded. However, the bond test should be done to determine the real behaviour of 
FRP/masonry interface. A static out-of-plane loading model was formulated in this 
proposed numerical model. Therefore, future research should investigate the performance 
of FRP-strengthened masonry walls under both cyclic and dynamic loading, as well as 
under in-plane and out-of-plane loading. Further, a wide range of FRP and model 
configurations can be tested in order to evaluate the performance of the wall, including or 
not including openings made in the masonry walls. In this study, one-way bending 



First Topic: Planning and designing structures in the desert environment 

19 

 

moments were evaluated. Therefore, two-way flexural behaviour can be examined in the 
future, in addition to evaluating the influence of horizontal and diagonal FRP strips. Finally, 
as an extension of the current study and to incorporate the new modelling scheme for FRP 
reinforced masonry walls, a parametric study can be conducted to examine the influence 
of aspect ratio, openings (doors or windows), type of FRP, and applied vertical loads, etc. 
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Abstract  

Recently there has been a strong demand for the use of jute geotextile for improving 

mechanical, in addition, and physical properties of cohesive less soil. The research aims to 

study the effect of applying jute geotextile on subsurface layer of sandy soil; additionally, 

this paper presents the results of laboratory load tests on model circular footings supported 

on reinforced sand beds. The experimental results showed that the most increase in ultimate 

bearing capacity (UBC) of footings on supported soil (by jute geotextile) is viewed as 

expanded by a variable of 2.02 when compared with soil without jute geotextile. Also to 

Verification of the experimental results of bearing capacity were compared with the 

theoretical bearing capacity that was determined by Meyerhof, Terzaghi, and Brinch. The 

experimental results are in good agreement with the Terzaghi equation by factor of 0.99, 

while Meyerhof equation and Brinch Hansen by a factor 0.89 and 0.91 respectively.  

Keywords— jute geotextile, improved, bearing capacity, circular footing, sand soil 

 
1. INTRODUCTION 

Structural damage is usually caused by laying the structure's foundation on top of a 

loose layer of soil. Structural loads cannot withstand the loose soil layers. The result is 
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subsidence and cracking of the structure, leading to collapse of the structure. Therefore, 

deep foundations are chosen when constructing structures in these loose soil layers. 

However, due to its enduring popularity, the design can be expensive to develop. Therefore, 

soil improvement is carried out to avoid the above problems. The most common method of 

soil amendment is the use of geosynthetics. These geosynthetics are used as constraints to 

build soil layers according to their thickness and strength (bearing capacity).  

"Reinforced soil" refers to soil that has been strengthened by embedding reinforcing 

material in the form of strips, bars, sheets, or grids (meshes) within the soil mass. These 

materials oppose the pliable burdens that foster inside the supported soil mass when burden 

is applied to it. It is possible for an element with a low tensile strength to break or yield, 

rendering it useless. If the soil's tensile strength is sufficient but its extension under stress is 

high, the soil may exhibit significant movement or settlement because of the soil-

reinforcement system's insufficient stiffness. 

The initial investigation into the effect of soil reinforcement on increasing the bearing 

capacity of footings was carried out by Binquet and Lee [1, 2]. what's more, was then sought 

after by various others. Guido and others According to Akinmusuru and Akinbolade [3] and 

Akinmusuru, the bearing capacity of a single reinforced footing does not significantly 

increase with the number of reinforcement layers above 3. However, Das and Omar [5] and 

Boushehrian and Hataf [6] reported that a single reinforced footing was the best design 

(N=4(. 

One sort of ground improvement includes implanting metallic geosynthetics in the soil to 

upgrade its designing way of behaving. Reinforcement is one specific method for improving 

the shear, compression, hydraulic conductivity, and density mechanical properties of the 

soil. The ground improvement by giving help was furthermore before long in a long time 

ago. Utilizing the idea of soil support, the Babylonians built ziggurats multiple a long time 

back. A portion of the Great Wall of China is also constructed using reinforced soil. The 

soil building up strategy was used by the Dutch and Romans to support willow creature 

stows away and embankments. France's Henry Vidal [7] explored the essentials of built up 

soil development inside and out, exhibiting its everywhere application and fostering the 

levelheaded plan strategy. The researchers who carried out experimental studies to develop 
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the subsequent modification to soil reinforcement are as follows: Abu-Farsakh et al. [ 8]; 

Chakraborty and Kumar [9]; for a built up soil structure, Abu El-Soud and Belal [10] 

proposed a bunch of plan boundaries. 

Ranganathan [11] reported that the biodegradability of jute does not pose a problem for this 

end use once a road has been fully constructed and is in use. He also discussed the 

development and potential of JCT. According to Rao and Balan [12], the tensile strength of 

JGT embedded in soil would be negligible after three to four months. Rao and Vensiri [13] 

detailed that a dike developed over delicate earth involving JGT as a building up layer at its 

base performed well. He reasoned that the general operation of a supported bed is affected 

by the maturing of the soil, even though the JGT's rigidity decreased. Sahu and colleagues 

[14] examined the performance of Geojute reinforced in a soil bed under cyclic loading. 

They saw that overall show of black-top isn't obstructed even after complete biodegradation 

of Geojute. Jadhav and Damgir [15] utilized jute geotextile JGT to support soil and 

increment its bearing limit with progress. 

The availability of land in urban areas is decreasing while the cost of land continues to rise 

in tandem with population growth. Subsequently, new offices can be added to lacking 

regions on account of metropolitan infill. Geotechnical engineers may encounter difficulties 

in this setting despite the possibility of weak foundation materials in undeveloped areas. It 

is fundamental to change the establishment soil or add a design fill to stay away from the 

significant expense of a profound establishment. In any case, the fundamental requirements 

of the concealed built-up soil have not been thoroughly investigated. Geojute support for 

expanding bearing limit has, no nether less, been the subject of not many investigations. 

Accordingly, the reason for the ongoing review is to explore the improvement of the bearing 

limit of soil (sand) with support as normally happening geo jute. 

2. OBJECTIVE OF PRESENT STUDY 

The present investigation aims to: 

 a) To examine the bearing capacity of a model circular footing resting on a reinforced 

sand bed under vertical load. 
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b) To conclude the store settlement lead without geotextile and with geo-jute geotextile. 

c) To see if the reinforced soil with geo-jute geotextiles has increased its bearing capacity.  

3. EXPERIMENTAL PROCEDURE 

3.1 The test tank  

According to Kiran and Nagraj Bacha [16], the failure zone should have a maximum 

expansion along the sides that is 2.5 times the width of the footing, and the foundation 

should have a depth that is three times the width of the footing below the base of the 

footing. To avoid disfigurement, the test tank was constructed of inflexible steel with a 

thickness of 3 millimeters and contained roundabout stiffeners inside. The inside diameter 

of the cylindrical tank was 150 mm, and its height was 178 mm. 140 mm high was the 

sand in the tank. As displayed in Fig (1). During the exploratory work, the extreme breadth 

of the circular footing was 68 mm, and its thickness was 10 mm. 

 

Fig. 1.  Setup of Circular Footing 

3.2 MODEL FOOTINGS 

For the purposes of the experiments, a mild steel model footing with a diameter of 68 

millimeters, a thickness of 22 millimeters, and a weight of 193.99 grams is used. A grove is 

cut into the center of the top face of the footing to place a rigid metallic ball that helps to 

apply a load between the footing and the bottom of the proving ring (Fig. 2). The footing is 

placed on the sand bed in such a way that it is rough, allowing for friction between the 

footing and the foundation soil when loads are applied. 
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Fig. 2.  Circular Footing 

3.3 Test Material 

The sand was brought from Libya's Al-Qatroun and oven-dried for one day. Then, at that 

point, it was sieved in strainers having breadths of 4.75 mm and 0.075 mm. This study's 

sand was filtered through a 4.75-mm sieve but retained in a 0.075-mm sieve. Fig. 3 depicts 

the distribution of grain sizes. The attributes of the sand utilized in the examination were 

acquired through research facility tests, and the grain size conveyance is recorded in Fig.3 

and table 1 separately. 

 

 
Fig. 3. The distribution of sand particle sizes 
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3.4 Geojute-geotextile 

Geojute is the subject of this study (Fig. 4) functions as a geotextile. The jute gunny bags 

that are available in the local market are used to make this geojute. The geojute is cut to the 

required size from the jute gunny bags. The thickness of each strand of jute string utilized 

in the texture is roughly 1.0 mm, Elongation 3.5% and Modulus of Elasticity 20.4 kg/cm2. 

 

Fig. 4. Geo-jute geotextile 

Table.  1. Geotechnical Property of Sand 

Value/ Description Properties 

Physical properties 

67% Moisture Content (W) 

1.98 % Water adsorption 

2.536 Specific gravity 

1. 17 Permeability(cm/sec) 

1.843 Bulk Unit Weight (g/cm3) 

26% Relative Density(Dr) 

19 Residual effective angle of internal friction (φ') 

2.004 Maximum dry unit weight (g/cm3) 

1.74 Minimum dry unit weight (g/cm3 ) 

Grain size distribution and classification 

0.068 D10(mm) 

0.12 D30(mm) 

0.359 D60(mm) 

5.28 Uniformity coefficient (Cu) 

0.59 ( the soil is gap-graded soil Curvature Coefficient (Cc) 

Loose Sand USCS 
 

There are three categories for the failure mechanism: failure due to punching, general, and 

local shear. Likewise, it was accounted for that the idea of the failure in the soil for a 

definitive burden relies upon the compressibility of the soil and the proportion between the 
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depth of the foundation and the footing width [17]. The punching shear was the failure 

mechanism, as depicted in Figure (5), which is in line with the results of [17]. 

 

Fig. 5.  Failure shape of the footing with a 68mm diameter 

 Additionally, the footing was not bulging; consequently, the results were unaffected by the 

dimension of the model. The results of the test showed that there was a good amount of 

repeatability, which increased confidence in the preparation of the sand sample and the 

performance of the equipment. Subsequently, it was feasible to deduce that the exploratory 

information upheld the hypothetical expectation and could be utilized to assess the upsides 

of utilizing roundabout balance on geo-jute supported soil. 

4. RESULTS AND DISCUSSION 

4.1 Verification of experimental result 

Terzaghi [18] extended earlier equations to account for the weight of soil and the 

bearing capacity effect of soil above the foundation base. Terzaghi’s equation has many 

assumptions: 1) The soil is semi­infinite, homogeneous and isotropic; 2) The problem is 

two­dimensional; 3) The base of the footing is rough; 4) Mohr­Coloumb criteria; 5) The 

ground surface is horizontal; 6) The failure is caused by general shear; 7) The overburden 

pressure at foundation level is equal to a surcharge load (γDf, where γ is the effective 

unit weight of soil, and Df is the depth of foundation less than the width B of the 

foundation). Terzaghi’s equation is: 

𝑞𝑢 = 1.3𝐶𝑁𝑐 + 𝛾𝐷𝑓𝑁𝑞 + 0.3𝐵𝛾𝑁𝛾                                                                              (1) 

Meyerhof [19] proposed a general bearing capacity equation that takes into account 

the shape and inclination of the load because Terzaghi's method only works with circular 

footing. The general form of equation suggested by Meyerhof for bearing capacity is 

𝑞𝑢 = 𝐶𝑁𝑐𝑆𝑐𝑑𝑐𝑖𝑐 + 𝛾𝐷𝑓𝑁𝑞𝑆𝑞𝑑𝑞𝑖𝑞 + 0.5𝐵𝛾𝑁𝛾𝑆𝛾𝑑𝛾𝑖𝛾                                                  (2) 
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Meyerhof's equation [20] was extended by Hansen [17]. The equations used by two 

researchers to calculate the values of Nc and Nq were distinct from those used to 

calculate the values of Nγ. 

Nγ=(Nq−1) tan (1.4Ф) (Meyerhof)                                                                  (3) 

Nγ=l.5(Nq−1) tanФ (Hansen)                                                                  (4) 

As a result, the shape and Nγ factors are the primary contributors to variation in results. 

Table 2 provides a summary of the outcomes of the three methods. 

Table 4 Comparison of different methods in bearing capacity calculation 

Method Nc Nγ qu/(kN∙m−2) 

TERZAGHI 16.56 3.07 272.4 

MEYERHOF 13.93 2.4 246.29 

BRINCH HANSEN 13.93 2.48 249.4 

Our study — — ≈ 275 

The ultimate load (qu) for each test was considered. The load corresponding to S/B= 5% can 

be taken as the given (Fig 6). 

   

Fig.6.  Bearing capacity calculation 

The theoretical bearing capacity determined by Meyerhof, Terzaghi, and Brinch Hansen 

and the measurements of our study are compared in Figure 7. The experimental results are 

in good agreement with the Terzaghi equation, Since the load corresponding to S/B= 5% 

value is (0.99). on the other hand, the Meyerhof equation and Brinch Hansen measurements 

underestimate the bearing capacity determined by the experimental results. the 
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overestimated factor was determined by The method used to predict the ultimate bearing 

capacity. the over prediction rate is (0.89) for the Meyerhof equation and (0.91) for the 

Brinch Hansen equation.  

 

Fig.7. Comparisons between the theoretical bearing capacity and the Experimental value. 

4.2 Effect of reinforcement on Bearing Capacity Ratio(BCR) 

Load- settlement characteristics were obtained from various tests. The tests were conducted 

till failure and corresponding load and settlement were recorded. The terms Bearing 

Capacity Ratio (BCR) and Settlement Reduction Factor (SRF) are used for convenience to 

interpret the test data. The tests were conducted for four different values of H such as 

0.25cm, 0.5cm, 0.75 and 1.0cm. 

     𝐵𝐶𝑅 =
𝑞𝑟

𝑞0
                                                                                                                               (5) 

    𝑆𝑅𝐹 = (
𝑆

𝐵
)𝑟/(

𝑆

𝐵
)0                                                                                                                   (6) 

The load-settlement behavior of footings on reinforced sand at various depths of geo-jute 

geotextile reinforcement i.e. 0.25cm to 1.0cm is compared with that of unreinforced sand. 

The results are reported in Figs. 8. 
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Fig.8. Variation of load-settlement of circular footing on reinforced sand. 

4.3 Effect of depth of reinforcement on Bearing Capacity Ratio(BCR) 

Figure 9 depicts the relationship between the bearing capacity ratio and the reinforcement 

depth. The most effective reinforcement zone is found between the depths of 0.25cm and 

0.75cm, where the bearing capacity ratio of reinforced soil increases until it reaches the 

depth of 0.5 and gradually decreases until it reaches the depth of 1.0cm. As a result, the best 

depth was found to be 0.5cm. Geo-jute geotextile increases the UBC by a factor of 1.50 and 

2.02 at the optimal reinforcement depth. The increase and decrease of bearing capacity ratio 

with respect to increase of depth may be due to the stress distribution theory. When a load 

is act on the foundation depth, the load is distributed within the influence zone of 1.0cm 

depth. The load intensity is high at the mid height of the influence zone i.e., 1.0cm. But in 

the present study, the load intensity is high within the zone of 0.25cm to 0.75cm and 

obtained maximum value at 0.75 by the application of reinforcement. 

 



First Topic: Planning and designing structures in the desert environment 

31 

 

Fig. 9. The variation of BCR with H. 

4.4 Effect of reinforcement on settlement 

Settlement was also studied in relation to the effect of reinforcement. SRF decreases with 

increasing H values for all reinforcements when H = 0.5 is observed. SRF values, on the 

other hand, increase with increasing at H = 0.75, and at H=1.0, SRF values for all 

reinforcements are at their lowest. The variation of SRF with H values are depicted in Figure 

10. This result can be explained by the fact that an increase in the depth of the geo-jute 

geotextile reinforcement layer greatly increases the bearing capacity of the unreinforced 

footing compared with that of the reinforced footing. The critical embedment depth-to-

failure depth ratio H is approximately 0.5. On the two sides of the critical H ratio, the 

efficiency of the reinforcement seems to decrease significantly (as indicated by the 

reduction in settlement values). When H = 1.0, the performance of the reinforced sand 

becomes minimal. When the restraining force exerted by the reinforcement is imposed on 

soil elements, a re-orientation of the strain characteristics associated with the restraint of the 

minor principal strain of the soil elements occurs near the reinforcement [22]. A part of the 

reinforced zone with relatively large reinforcement force behaves like a part of a rigid 

footing and transfers a major part of the footing load to the deep zone. This load transfer 

mechanism seems to reach the optimum when the reinforcement embedment depth-to-

failure depth ratio H is approximately 0.5. At large embedment depths, the contribution to 

the load transfer mechanism caused by the presence of the reinforcement reduces 

significantly. 

 

Fig. 10. The variation of SFR with H/B ratios. 
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5. CONCLUSION 

The final bearing capacity of a circular footing supported by a single layer of geo-jute 

(for reinforcement) beneath a 68 mm circular footing in a sand bed subjected to a 

vertical centric load was determined through laboratory model tests. Loose sand has 

been the subject of tests. 

1. The maximum gain in ultimate bearing capacity is observed when 

the reinforcement is placed at a depth of 0.75cm. 

2. The most effective zone of reinforcement lies between depths of 0.25cm to 0.75cm. 

3. At a distance of 0.75 centimeters from the failure depth, the soil's bearing capacity 

doubles. 

4. The experimental results are in good agreement with the Terzaghi equation, as the 

load corresponding to S/B= 5% value is (0.99). 

5. Meyerhof equation and Brinch Hansen overestimated the ultimate bearing capacity of 

experimental results. The overestimated factor depended upon the method used for 

predicting the ultimate bearing capacity. In Meyerhof equation the over pridicting rate 

(0.89), in Brinch Hansen is (0.91). 

6. BCR also increased by a factor of 1.50 to 2.02. 
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List of notations 

B, L: width and length of footing 

C: Cohesion of soil 

Cu : Uniformity coefficient  

D10 :  Effective diameter  

D60: 60% of the soils particular are finer than this size. 

D30 : 30% of the soil particular are finer than this size. 

Df: the depth of footing 

: the effective unit weight of soil 

H: Thickness of geo-jute layer of surface of failure

Kp = tan2(45+/2), passive pressure coefficient. 

(S/B)o: Settlement ratio for unreinforced soil and at failure 

qo: Average contact pressure of footing for unreinforced soil at failure 

qult: the ultimate load per unit length of footing;  

q: Average contact pressure for reinforced soil at failure 

(S/B)r: Settlement ratio for reinforced soil and at failure 

dc, dγ and dq: the depth factors;  

Sc, Sq and Sγ: the shape factors;  

ic, iq and iγ : the load inclination factors. 

Nc, Nq and Nγ: the bearing capacity factors. They are functions of the angle of friction, Ф. 

Ф :the angle of internal friction` of the soil 

http://civilengineeringbible.com/subtopics.php?i=7
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Abstract _ Every year, a significant amount of construction trash is produced as a result of the modernisation 

of cities and the growth of human civilization. These building wastes may produce 4 billion tons of garbage 

annually, and the volume is rising. Since very little of these building wastes are recycled and the majority are 

immediately disposed of or landfilled, environmental contamination is becoming a severe problem. 

It has been a popular issue for scholars in many nations and areas of the world to figure out how to utilize this 

portion of recycled materials to efficiently transform trash into treasure. 

Some researchers have looked at the idea of performance loss in items made from recycled materials. When 

recycled aggregate is prepared as recycled concrete, the mortar adhesion rate of the secondary recycled aggregate 

recovered from the recycled concrete can be more than twice that of the primary recycled aggregate. They found 

that the mortar attached to the recycled aggregate is the main factor affecting the performance degradation of the 

aggregate. Numerous studies have revealed that recycled concrete's mechanical qualities can still satisfy design 

specifications. 

The author of this work will focus on the microstructural at the Scanning Electron Microscopic (SEM) of a few 

selected studies in order to investigate the relationship between the concrete and recycled aggregate. SEM was 

used to evaluate the contact bond between concrete and waste materials such waste paper, waste glass, crushed 

glass sand, various industrial solid wastes, and PVC waste powder. The interfacial transition zone (ITZ) is still to 

be a contentious topic. Additional ideas include microstructural research on rubber concrete or the use of used auto 

tires in concrete. Concrete with modified asphalt and crumb rubber is another. The results contradict claims made 

in the literature about the weak connection between tire rubber particles and the matrix of cement paste. Scanning 

Electron Microscopy (SEM) tests showed a denser microstructure of recycled aggregate concrete depends on 

percentage of replacement, corroborating the general finding that the microstructure characteristics of concrete 

rely on a range of percentages of waste materials. 

 
Keywords: Waste Materials, Concrete, Interfacial transition zone, Scanning Electron Microscopic, 

Microstructure. 

1. Introduction  

The sustainable benefits of solid waste usage in concrete include the possibility of reducing 

solid waste and greenhouse gas emission and preservation of raw materials. This current study 

examines the effect of recycled solid waste as aggregate, glass and rubber as a partial and 

complete substitute for natural aggregate or sand in producing eco-friendly concrete. The solid 

waste were divided to physical (arises from construction content all materials as: sand, steel, 

paper…etc.); and non physical which occurs during la construction process and doesn’t add any 

value to construction [1]. Recycled concrete aggregate (RCA) leads to a possible solution to the 

environmental problem caused by concrete waste, and reduce the negative environmental 

impact of the aggregate extraction from natural resources [2]. Additionally, adding glass or 

crumb rubber to concrete characteristics has many benefits. This paper presents a 

comprehensive review on the use of RCA, glass powder and crumb rubber in concrete, based 

on the experimental data available in the published researches. The most important physical, 

and mechanical, properties of these wastes are discussed in this paper. However, more emphasis 

mailto:hana.aljewifi@omu.edu.ly
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has been given to discuss the effects of recycled waste on the fresh and hardened properties, 

and durability of concrete.  

2. Problem statement 

Because the concrete primarily depend on mixing ratios, resistance types, and environmental 

conditions for the introduction of solid waste as basic materials from one country to another, it 

is now difficult to count them because there are no standards from the current research in the 

introduction of various waste types. 

3. Objective  

An investigation of how solid waste concrete affects the advent of reality and utility in a 

contemporary building. And study of these works from a theoretical perspective, and their 

assessment. 

4. Waste solid types 

4.1. Waste of recycle coarse aggregate  

 

According to Awoyera et al., 2022 [3], the RCA's quality would be ascribed to the need for 

water, which distinguishes it from the NCA in terms of unit weight, absorbency, mechanical 

strength, and chemical durability. The performance of the obtained datum indicates that the 

water requirement of the RCA varies and declines as the quality of the RCA stack improves. 

The straight relationship between the RCA stack's water needs and its physical, mechanical, 

and chemical qualities determines how RCA concrete is designed to be mixed. 

Simple-crushed coarse aggregate (SCRCA) and simple-crushed fine aggregate (SCRFA) were 

produced by simply crushing building solid refuse in order to address the issues of a large 

quantity of waste generated during construction and a lack of natural material (coarse and fine 

aggregates). To acquire particle-shaping coarse aggregate (PSRCA) and particle-shaping fine 

aggregate (PSRFA) using this methodology, SCRCA and SCRFA were subjected to particle-

shaping, and the recovered powder (RP) generated during the particle-shaping process was 

assembled. 

4.1.1. Influence RCA on mechanical performance  

Several academics have studied the performance of concrete mixed with recycled aggregate to 

assure the performance of recycled concrete products, see Table 1,2. 

Table 1 : Comparison of mechanical properties between RCA and NA. 

Ref Compressive strength RCA Remarks 

[ 4 ] 

0 to 24% lower than that of NCA for coarse RCA only. 

15-40% lower than that of NCA for coarse and fin RCA. 

 

Concrete containing coarse and/or fine  RCA 

can be produced with adequate levels of 
compressive and -flexural strength for paving 

and other applications, sometimes even with 
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100% replacement of virgin aggregate with 

RCA 

[5] [ 6 ] [ 7 ] [ 8 ] decreased up to 25% depending upon the quality of RCA  

[9] 
The higher air content normally found in the concrete 

mixes containing RCA may also lead to lower strength 

values. 

RCA concrete may have the similar and 
sometimes higher compressive strength than 

NCA concrete if the RCA is derived from a 

source of old concrete, which was originally 
produced with a lower water to cement ratio 

than the new concrete. 

[10] [11] 
high-performance concrete: 20 to 30% reduction in 

compressive strength 
Due to the use of RCA 

[6 ] [ 12 ] [13] 
Self compacting concrete of NCA and RCA: the difference 

in compressive strength at the same age was not significant. 

The fine RCA can also affect the compressive 

strength of concrete. 

[14] [15] Remplacement N.A in Concret , Mortar. 

The mortar attached to the recycled aggregate 
is the main factor affecting the performance 

degradation of the aggregate. The mortar 

adhesion rate of the secondary recycled 

aggregate recovered from the recycled 

concrete can be more than twice that of the 

primary recycled aggregate. 

[ 16 ] 
RS, recycled self-compacting concrete, 25, 50; 75 and 100 

ratio 

the use of RFA instead of RS had little effect 

on the performance of recycled self-

compacting concrete. 

[17] 
Concrete a gradient of 7%, 14%, 21%, and 28% using RCA 

rather than NCA 

The mechanical properties of recycled 

concrete could still meet the design 

requirements. 

[18] Recycled concrete: SFRFA by using steel fiber 

a significant performance improvement 

compared with the concrete prepared with 

RFA. 

[19] Recycled concrete: RS; Different % 
RFA substitution rate was 60%, the strength 

of recycled concrete reached its peak. 

[20] 

Dry-mixed masonry mortar contain: 

RP ; SCRFA;  PSRFA ; river sand (RS); the ratio 0, 10, 20, 

and 30; 100; 100 and 100 respectively. C/S ratio is 1:4. 

The replacement rate of RP is less than 20%, 

it has little effect on the properties of 

products.. 

[21] 
The strength was lower at the age of 28 days, the NCA 

concrete gained strength gradually 
 

[22] 

Compressive strength decreases when NA is replaced by 

RCA. Total concrete porosity increases when NA are 

replaced by RCA.However, mechanical strength further 

decreases ∼11% with incorporation of silica fume (SF) 
(either 5 or 10%). This suggests that removing the effect of 

RC, performance reduction attributable to SF is only 

around 4%. 

Overall, mechanical performance decreases 
with increasing content of coarse RCA and 

increases with concrete age (because of 

hydration progress), including for reference 
mixes.  the higher strength decrease in non-

structural concrete appears to 

be due to failure at the ITZ and to crack 
propagation through the cement paste itself 

Table 2 : Comparison of mechanical properties between RCA and NA. 

Ref Flexural strength RCA Remarks 

 [4] 
The flexural strength of RCA concrete is typically 0 to 

10% lower than that of NCA concrete 
 
 

 [21] 
the 3-day flexural strength of RCA concrete was higher 
than that of NCA concrete. 

 

The strength was lower at the age of 28 days, 

the NCA concrete gained strength gradually 

and had a higher flexural strength than RCA 
concrete at later age. 

 [23] [24]  

RCA did not produce any significant negative impact on 

the flexural strength of concrete. Nevertheless, the RCA 

concrete with adequate flexural strength can be produced 
for different applications, sometimes even with 100% 

replacement of NCA 

 

4.1.2. RCA durability 

Concrete's durability refers to its ability to resist insensitive service conditions such as abrasion, 

chemical assault, and weathering. If the mixture proportioning is done correctly and good 
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quality is maintained during construction, RCA concrete may be exceptionally durable even 

when the RCA is made from concrete that has durability, [2].  

4.1.3. RCA Microstrucutre  

The SEM microstructure of RCA concrete was porous, and, the ITZ of RCA was composed of 

micro cracks, and fissures, which relatively weakened the surrounding hardened mortar matrix, 

[22], [25]. The ability to withstand compressive strength, the crush resistance of aggregate, is 

determined by aggregate crushing value [26]. Recycled aggregate has a relatively higher value 

due to weak interfacial transition zone (ITZ) and adhered mortar, which is not observed in 

natural aggregate. High value indicates the weakness of aggregate. The carbonation treatment 

such as carbonated recycled concrete aggregates (CRCA) improved the original ITZ together 

with the adherent mortar in the RCA, see Figure 1. Thus ITZ with hydration products CaCO3, 

which improved its microhardness [27].   

 

Figure 1: SEM images: ITZ in RCA before (left) and after (right) treatment [27]. 

The basic and mechanical properties and microstructure of hydration products of dry-mixed 

mortar were analyzed, and the maximum substitution rate of RP was determined.  

The performance of recycled concrete prepared with PSRCA and PSRFA is also very close to 

that of products prepared with NCA and RS. The failure morphology of PSRCA and RSRFA 

concrete is also similar to that of NCA and RS concrete. D. Pedro, 2019 et al.,[22] have 

demonstrated that higher concrete porosity contributes to decreased compressive strength, since 

distance between hydration products prevents them from forming strong bonds. On the other 

hand, the use of higher quality coarse RCA probably favored the creation of stronger 

matrix/aggregate bond as shown in Figure 2, and fracture takes place mainly throughout NA.  
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           Figure 2: BSE image: dense matrix and strong ITZ bond (left). SE image: dense matrix and scarcity of 

ettringite, CH (right) [22]. 

The mixes produced by replacing all NA with coarse and fine present more heterogeneous 

cement matrix and with the presence of SF, showing agglomerates poorly bonded to the 

remaining structure. 

4.2. Waste glass as partial 

 

4.2.1. Classification of waste glass 

The physical properties of the crushed waste glass (WG), sand and gravel aggregate materials. 

The particle size gradation for the glass sand, natural sand and gravel aggregate were carried 

out using sieve analysis, Tables 3 and 4 are showed the properties and composition of WG. 

Table 3 : Chemical composition and physical properties of waste glass [28]. 
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[28] [29] 64.31 19.98 6.25 10.61 0.63 0.25 0.74 12.52 0.61 0.02 2.99 2.5 0.4 1680 

Table  4 : Composition of manufactured glass waste by weight. 

Ref. 

Fin waste glass by 

weight to substitute sand 

in the concrete (%) 

Cement 

(%) 

Natural sand 

(4.75 mm) 

(%) 

Natural 

granite  

(19 

mm) 

(%) 

Concrete 

type 
W/C Remarks 

[28] 

[29] 

0 
25 

50 

75 
100 

100 

100 

100 

100 

100 

 

100 
75 

50 

25 
0 

100 
100 

100 

100 
100 

OC 

 
0.5 

However, concrete containing 
25% and 50% waste 

glass contents showed 

significant enhancement in 
strength, but it is 

recommended that the 

optimum glass content should 
be 25% for the production of 

sustainable eco-concrete. 

Light gray glass,  In USA 
[29] 

[30] 

White (WG):25-50-75-

100 

Green (GG): 25-50-75-
100 Brown (BG): 25-50-

75-100 

 
 

100 

100 

100 
 

Natural sand: 
1. non-

reactive 

aggregate 2. 
Glass Cullet 

(GC) the 

reactive 
aggregate for 

ASR 

 

 

Mortar  bars 

(25x25x285) 
0.47 

1. The increment in GC 

content reduces resistance 
against ASR due to the 

reactive silica content 

2. The glass color also has an 
effect on ASR resistance. 3. 

GG aggregate shows the best 

performance for 25% glass 
content regarding ASR 

resistance. 
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[31] 

[32] 

8mm glass cullet of 

different colours: clear 

(i.e. uncoloured): 50% 
,100% 

green and amber: 50% or 

100% 

100 
0.3 mm 

quartz, sand 
 

70 x 70 x 

280 mm 

mortar, C/S 
1:3 with fly 

ash 

 

The water 

content of 
each 

mortar was 

set to 
achieve the 

same 

consistence 
(125 ± 10 

mm). 

The use of clear, green and 

amber glass cullet, 100% of 

replacement, slightly 

compromised the mechanical 
performance of mortars, in 

particular flexural strength, 

due to the bad grain size 
distribution of the glass. 

A considerable expansion due 

to ASR was detected by using 
clear glass cullet. 

Usage of FA or Li2CO3 (Lithium carbonate), increases resistance against ASR; 20% FA or 2% 

Li2CO3 provide enough ASR resistance for 25% GC replacement ratio in all glass colors. 

Furthermore, it can be concluded that usage of more than 20% FA or 2% Li2CO3 is required. 

4.2.2. Influence waste glass on mechanical performance  

Waste glass has influence on mechanical properties of concrete with limit percentage as 

indicated in Table 5. 

Table  5 : Mechanical properties of waste glass concrete. 

Ref. 

Mechanical tests 

Code 
 

Remarks 
N. Specimens Slump test 

Treatment 
ages (days) 

Compressiv

e strength 

(MPa) 

Flexural 
test 

Expansion 
test (%) 

[28]  60 √ 

3 

7 

28 

90 

20    

In USA 

ASTM 

C136 

(2014) 

The 

workability and 

the mechanical 
strength of the 

concrete 

produced 

decreased 

withincreasing 

waste glass 
content. 

[30]  
 

  

3 
9 

14 

21 
 

 

 
 

   

˂ 0.20 
˂ 0.10 

˂ 0.10 

˂ 0.10 
 

 

 
 

ASTM C 
1260 

The expansion 

increases with 
an increase in 

amount of 

glass. 
However, 

usages of these 

admixtures 
reduce 

expansions 

occurring 
because of 

ASR. 

[31] 

3 (50% by 

weight of 

quartz sand); 

(clear GC, 

green  and 
amber mix) 

3 (100 % by 

weight of 
sand); (clear 

GC, green  and 

amber mix 
glass powder 

50% by weight 
of quartz sand 

(mix GP-50%, 

added to the 
mortar 

mixtures). 

125 ± 10 mm 

W/C ratio is 
60-65% 

higher in 

order to reach 
the same 

fresh mortar 

workability 
(due to the 

greater water 

absorption of 
glass powder 

with respect 
to quartz 

sand). 

3 

28 
180 

GC (50%) 

(30-40 

MPa) 

GC (100%) 
(25-30 

MPa) 

GP-50% 
(25-40 

MPa) 

in the case 
of glass 

powder used 
together 

with fly ash 

replacing 
cement. 

GC (50%) 

(6 MPa) 

GC 

(100%) 

(4-5 MPa) 
GP-50% 

(5-6 MPa) 

According 
to ASTM 

C 1260, 

expansion 
larger than 

0.2% at 14 
days is 

considere

d 
potentially 

deleteriou. 

 
EN 

1015-3 

Loss of 

resistance 

could be the 

presence of 

widespread 
cracking in 

1.The 

specimens 
made of 100% 

clear waste 

glass that was 
detected by 

visual 
inspection. 

2. color is less 

evident than in 
clear cullet 

mixtures 

4.2.3. Waste Glass Microstrucutre  

https://en.wikipedia.org/wiki/Lithium_carbonate
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The microstructural examination of selected samples was conducted to analyze the bond 

between the concrete aggregate and cement paste at the microscopic level. The bonding 

between the aggregate and binder is considered fundamental for better transfer of stresses 

between the binder and aggregates especially at the interfacial zone, which influences the 

concrete strength [33]. As well as developed aggregate–cement paste interface, and the 

hydration product having a structure with no pores and cracks. The SEM view of concrete 

containing 25% FWG shows compact microstructure like the control; however, very few voids 

can be seen but no cracks. But the SEM micrograph for the 100% FWG clearly shows a 

microstructure with many pores, which may be as a result of the angular grain shape and smooth 

surface of the waste glass sand particles resulting in poor bond formation especially at the 

interfacial zone. 

According to [33] [34], they mentioned that the concrete strength at the interfacial zone is 

significantly influenced by factors like the surface roughness of the aggregate, using inert 

micro-fillers and chemical reaction between the cement paste and aggregate, see figure 3. The 

SEM result also shows a non homogeneous concrete paste owing to the glassy texture of the 

glass particles surface. This explains the low results recorded for both the compressive and 

tensile strengths at 28 days especially at higher replacement dosages of glass sand. The green, 

brown color glass would be the least reactive in ASR due to its high content of Cr2O3, [35]. The 

different alkali resistance of colored glasses is attributed to the manufacturing process more 

than to the chemical content, which differs only slightly, [36]. The ASR expansion in glass 

concrete due to the expansion of concrete caused ASR expansion, and Na+ and Ca2+ are firstly 

dissolved from glass, when the OH in pore solution attacks the glass surface, then the silicate 

network depolymerizes, [37]. The reaction occurs to form ASR gel of C–N–S–H, as shown in 

Eq (1):  

                                            Ca²+ + Na+ + [SiO(OH)3] → C- N- S- H                                     (1) 

 

Figure 3: Pictures of a specimen with 100% uncolored glass cullet (left), SEM (right) [31]. 

4.3. Crumb rubber waste  
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The use of tire rubber particles as aggregate in concrete showed promising results in producing 

a new type of concrete that has relatively enhanced energy absorption and fracture criteria 

compared with normal concrete. The crumb rubber (CR), which is the recycled rubber from 

tires, has become a common additive in hot mix asphalt mixture due to its improvement of the 

mechanical performances of asphalt mixtures, see Table 6. Incorporating tire rubber particles 

in the concrete matrix as replacement of coarse or fine aggregate resulted in a decrease in the 

fresh concrete slump and unit weight and an increase in air content. While the compressive 

strength of the rubber concrete was significantly reduced as the tire rubber particles replacement 

level increases, significant enhancements in the impact resistance and fracture toughness of 

concrete were observed, [38].  

Table 6 : Comparison of various treatment methods of rubber waste on concrete. 

Treatment method Mechanism Advantage Disadvantage 

Pre-treating with NaOH [39] 

Remove zinc stearate from 

rubber particle surface, make 

rubber surface hydrophilic. 

High efficiency, widely used 

and synergy with other 

methods. 

The compressive strength isn’t 

improved, even slightly 

reduced. 

Pre-treating with Potassium 

Permanganate (KMnO4) [40] 

Oxidize rubber surface to make 

the surface hydrophilic. 

High efficiency, cheap, and 

alternative chlorinated oxidizer. 

Complicated operation and 

time consuming. 

Pre-coating with  limestone 

powder ( LP) [41] 

Make the rubber surface 

hydrophilic and rough. 

Cheap and easy access to raw 

materials. 

The void content and water 

absorption increase. 

Pre-coating with cement  [42] 
Make rubber hydrophilic and 

strengthen the elastic modulus. 

High efficiency and easy access 

to raw materials. 

Excessive cement coating isn’t 

of conductive to the  increase 

of density. 

Pre-treating with mortar  [43]   

Facilitate the bonding between 

rubber and cement., mortar 

more rough than cement paste 

Increasing compressive 

strength and flexural strength 
Control the workability values.  

 

4.3.1. Classification of Rubber Particles 

Main waste from automobile and truck tyres are rubber. The rubber composition of the tyre is shown in Table 7 

and Figure 4. 

Table 7: Classification of the rubber particles according to [43]. 

Name Particle size range Replacement type 

Shredded tyre 
100-230 mm in width, 

300-460 mm in length. 
Coarse aggregate 

Chipped tyre 13-76 mm. Coarse aggregate 

Fiber rubber 
2-5 mm in width, 

10-22 mm in length. 
Fine aggregate 

Crumb rubber 0.425-4.75 mm. Fine aggregate or cement 

Granulated crumb rubber 0.5 – 9.5 mm Coarse aggregate or fine aggregate 

Rubber powder/ rubber ash ≤ 0.425 mm Cement 
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Figure 4: Various sizes of tire particles, according to [38]. 

4.3.2. Waste crumb rubber durability 

L. Yang et al., 2022 [38] Discuss and analyze the influence of solid waste replacement rates, 

replacement patterns, particle size and treatment methods. Results show that an increase in 

rubber content can improve the chloride penetration resistance, acid and sulphate attack 

resistance, freeze–thaw resistance, and alkali–silica reaction damage resistance of concrete, and 

the content of 5–20% has a significant improvement effect. Rubber replacing fine aggregate is 

the best scheme for durability, followed by cement and coarse aggregate. In addition, the 

recommended rubber particle size is 0–3 mm. However, the rubber particle has adverse effects 

on abrasion resistance, impermeability, water absorption resistance and carbonation resistance. 

The pre-treatment of rubber or the additions of supplementary cementitious materials are 

effective and viable ways of improving the durability of RC. Further research is needed on the 

long-term durability of RC, as well as on ductility, energy absorption, and thermal and corrosion 

resistance. 

4.3.3. Waste crumb rubber microstructure  

Chipped and crumbed tire rubber particles were used to replace coarse and fine aggregate with 

different volume replacement levels. By using the Environmental Scanning Electron 

Microscope (ESEM), the results showed that crumb rubber is well dispersed in the asphalt 

mixture when the conditioning time is increased. The extensive micro cracking in the tire 

particle vicinity and indentations in the cement matrix at locations where tire particles were 

pulled out. These indentations actually play a role on enhancing the bond strength between the 

tire particles and the cement paste, and existing internal tension cracking in a tire rubber particle 

matrix itself. And the stress transfer between the two phase composites exists and the tire rubber 

particles experienced tensile strains prior to failure [38] [44]. In the rubberized concrete, it is 

obvious that no interface bonding between cement paste and rubber tire has been maintained, 
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see Figure 5, 6. Without an interface bonding, stress transfer between fibers and cement paste 

is possible owing to a mechanical interlocking [45].  

 

Figure 5: Microstructure of CR concrete (left); microstructure of RC containing 20% rubber ash (right) [38]. 

 
(a) Specimen with 2% CE contient.   (b) Specimen with 4% CE contient. 

Figure 6: SEM of foamed concrete incorporated with RC, [38]. 

5. Review of the authors' main views 

Water requirement and its effect on the properties of RCA are very necessary at the stage of 

mixing design of RCA concrete as the RCA properties affect the target properties of RCA 

concrete before its implementation in-situ. The lower coarse to fine aggregate ratio leads to a 

higher quantity of mortar attached to coarse RCA particles, and thus results in a reduction in 

the strength of RCA concrete [According to Tavakoli and Soroushian (1996)], [46] [47].  

The compressive strength was lower than that of conventional concrete when the coarse 

aggregate is replaced by 100% RCA. It recommended no more than 50% of replacement, [47]. 

The workability and the mechanical strength of the concrete produced decreased with 

increasing waste glass content. It is recommended that the optimum glass content should be 

25% for the production of sustainable eco-concrete [28], since, concrete containing 25% and 

50% waste glass contents showed significant enhancement in strength. In general, all the 

mixtures with 100% glass cullet, are less resistant in bending with 50% replacement, due to the 

grain size distribution of aggregate particles, which is close to that optimized according to the 

suggestions of [48], only if 50% sand is replaced by glass cullet; while is too poor of fine 

particles if only glass cullet is used. Also in the case of flexural strength, the use of glass powder 

confirmed its evident pozzolanic effect, [31]. Rubberized concrete shows ductile behavior and 
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a plastic failure mode. The choice of the optimal replacement ratio of the tire rubber particles 

can yield concretes with desirable strength and fracture toughness criteria for different 

applications [44]. The rubberized concrete has to confirm certain requirements for mechanical 

properties; these values are considerably decreased with the addition of waste tire pieces [49].  

Moreover, the extensive microcracking observed at the particle vicinity supports the hypothesis 

that the soft aggregate-like behavior of the tire particles generates tensile strains at the tire 

rubber particle surface which thereafter results in microcracking in the cement paste vicinity. 

Microstructural investigation of the rubber concrete supported the view that the major reduction 

of strength might be attributed to the behavior of the tire rubber particles as a soft aggregate 

rather than to the reduction of bond between the tire particles and the cement paste.  

6. Conclusions and Recommendation 

Researchers have developed a more ecologically friendly form of concrete that uses solid waste 

in place of cement, sand, or coarse aggregate. Additionally, the authors assert that recycled 

concrete may be an ideal replacement for non-structural purposes. They have shown that it is 

possible to use any readily available material as trash as long as it is taken into consideration 

while adding it to concrete. Any ingredient added to concrete will not result in the same 

behavior as plain concrete. These studies' findings in the areas of chemistry, physics, and 

mechanics enable us to use solid waste to either eliminate or reduce garbage from landfills. 

Future researchers frequently get recommendations for alternative test protocols or ambient 

circumstances because to the lack of standardized durability test methodologies. 
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Abstract  

Rapid population growth coupled with an increase in the consumption rate has led to a poor 
state of solid waste management that depends on burying or burning waste for disposal at 
alarming rates in Libya, despite the dominance of recyclable materials in the composition of 
these wastes. Within the framework of efforts to stimulate the use of sustainable development 
towards integrating solid waste as renewable materials, paving the way for a sustainable future 
for the manufacture of asphalt mixtures and an environmentally friendly and cost-effective 
alternative Therefore, the use of solid waste, whether as coarse or fine aggregate or as fillers 
in the form of powder, ash, or fibre, as an additive is considered one of the intelligent solutions 
for sustainable development in road paving. This systematic review aims to provide insights 
into the potential for incorporating solid residues into asphalt mixtures based on the pioneering 
efforts of researchers over the past decade. The results indicated that the incorporation of 
several types of solid residues improved the penetration index, which led to a decrease in the 
sensitivity to temperature and significantly increased the viscosity, which could improve the 
engineering properties of the binder in addition to being effective in enhancing the hardness, 
rutting resistance, and moisture sensitivity of the modified asphalt mixtures compared to 
reference mixes. We also recommend developing regulations and specifications for regular 
recycling of waste and by-products as an incentive to reduce demand for natural resources 
and preserve the environment in Libya. 
Keywords: Sustainable Development, Penetration Index, Viscosity, Waste Incorporation, Environment. 

Introduction  

The amendment of producing asphalt mixes with waste materials serves as an avenue to limit 
the enormous volume of waste produced from various sources. This also reduces the 
consumption of naturally mined materials, therefore minimising the carbon footprint and the 
pavement industry's impact on the environment [1]. The overall objective of the manuscript is 
to review the recycling of waste materials generated from various sources, such as household, 
agricultural, and industrial, to minimise natural resource exploitation, lower energy demand, 
and enhance overall pavement performance. In recent decades, many pavement engineers 
and researchers have focused on modifying asphalt using waste materials. Accelerated 
urbanisation and civilization have generated enormous amounts of waste, leading to significant 
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disposal issues and negatively impacting the environment. Asphalt pavement industries have 
converted solid waste materials from landfills into binders or mixtures as mineral filler, 
aggregate, or fibre asphalt modifiers [2]. Transportation infrastructure plays a crucial role in 
this context, as any new construction or rehabilitation consumes considerable natural 
materials. Most paved road networks consist of asphalt pavements whose maintenance and 
further expansion depend upon the continual and frequent availability of natural resources like 
aggregates and asphalt binders. Various additives and modifiers have been used to improve 
the performance of conventional bitumen under different loading and temperature conditions 
generated from various sources, such as (a) Agricultural waste like biomass wastes; (b) 
Industrial wastes such as fly ash, slag, and cellulose waste; (c) Domestic wastes such as 
incinerator residue, polymers, chemical modifiers, antistripping agents, waste glass, and scrap 
rubber; (d) mining wastes such as coal mine refuse; and (e) construction and demolition 
wastes such as recycled fine concrete aggregates and brick dust, as shown in Table 1 [3]. 
According to Global Waste Generation Statistics and Facts (2020), the amount of municipal 
solid waste (MSW) is foreseen to escalate by 70% to 3.4 billion metric tons in 2050 as a 
result of urbanisation, modernization, and population growth [4]. Fig. 1a demonstrates that the 
areas of East Asia and the Pacific and Europe and Central Asia generate the most waste, 
which consists of 43% of the world waste generated, while regions of the Middle East and 
North Africa generate the least waste, about 129 million tons, as shown in Fig. 1b [5]. 

Table 1. Wastes production quantity and highest contribution country [3] 
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Figure 1. Waste Generation by Region [5]. 

The circular economy represents an alternative to the linear economic model of "take, make, 
consume, and dispose of" that still prevails. It aims to maintain the usefulness of products, 
components, and materials for as long as possible while preserving their value. The principal 
phases of a circular economy model are presented in Fig. 2. Each of these phases offers 
different opportunities to decrease costs and dependence on natural resources, boost new 
business models, and reduce the production of waste and emissions for the environment [6]. 

 

 
Figure 2. The main phases of a circular economy model [6]. 

The emergence of the asphalt pavement industry had been revolving around conventional Hot 
Mix Asphalt (HMA), which involved the mixing of natural mineral aggregates as a structural 
skeleton and asphalt binder while applying high discharge temperature requirements to provide 
driving comfort, stability, durability, and water resistance, which consume a high amount of 
fossil fuels and contribute to greenhouse gas emissions [7]. Given escalating sustainability 
concerns and the need for cleaner production, the asphalt technologies that contribute to 
temperature and harmful emission reduction as compared to HMA, namely Warm Mix Asphalt 
(WMA) and Cold Mix Asphalt (CMA), are developed to ensure the sustainability of the asphalt 
pavement industry [8]. Furthermore, Stone Matrix Asphalt (SMA) and porous asphalt mixtures 
justify the applicability of solid waste in diversified fields of asphalt pavement for specific 
usability. 
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 As presented in Table 2, the origin and type of solid waste play a significant role in 
predetermining the options before incorporating solid waste into asphalt binder and asphalt 
mixture, respectively. 

Table 2. Options to Incorporate of Wastes Materials into Asphalt Binder [3]. 

 
As such, the option selection process for solid waste can be simplified by mimicking the 
conventional asphalt mixture composition, whereby solid waste resembles fine and coarse 
aggregates or mineral fillers in the form of powder, ash, and fibre. To fully harness its potential, 
solid waste resembling coarse aggregate should be further crushed into finer aggregate or 
even ground to be used as mineral filler in powder form. In addition, solid waste on asphalt 
pavement can be classified into two main categories: wet-processed and dry-processed. In 
the wet process, solid waste is added directly into the asphalt binder at high temperatures, 
where mechanical mixing is required to achieve a homogeneous waste-modified binder blend. 
The mixing temperature and mixing time depend on the nature of the solid waste source and 
asphalt binder. In the dry process, solid waste is added directly to the asphalt mixture, either 
as a replacement for a portion of the aggregates or as a replacement for the aggregates 
themselves [9]. Waste production is increasing significantly in Libya due to the increasing 
population and rapid urbanisation. Currently, recycling waste processes are very limited, 
resulting in all of it being disposed of in landfills, automatically affecting human health and the 
living environment. There are major gaps concerning differences in waste production in Libya, 
including different construction materials and systems, standards, practises, and economic 
considerations [10]. The results of the studies showed that the average quantities generated 
(0.3–1.0) at the rate of 0.64 kg per person per day, the percentage of organic materials was 
36.3%, and 32.5% of recyclable solid waste such as glass, paper, plastic, and metal, and 
these percentages are close to those of other studies in African and Arab countries [11]. 
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A simple solution and the most practical way to recycle is to utilise it in the construction of 
flexible pavements. The highways in Libya show distress during the initial period of service 
due to heavy vehicular loading and severely high temperatures in the summer. There are 
many types of local waste materials that can be successfully used as mineral fillers in hot 
asphalt concrete mixtures instead of ordinary Portland cement and limestone powder. The 
reason behind the utilisation of conventional bitumen 60/70, which does not satisfy the 
performance requirements at high temperatures, is because of the required high-performance 
grade (PG) in hot and arid climates [12]. Several recent studies have suggested that using 
reclaim, reuse, recycling, and fillers of waste in place of virgin materials in optimum proportion 
would lead to the production of sustainable asphalt mixes with satisfactory engineering 
performance in an environmentally friendly and cost-effective manner [13]. 

Asphalt modifications   

Various overlapping options from respective industries are proven to be tricky prior to 
pondering upon the available options and, more so, the usage percentage of solid waste. 
Hence, it is imperative for researchers to have comprehensive guidelines for addressing the 
incorporation options of solid waste into asphalt binder and asphalt mixture, respectively, as 
shown in Fig. 3. The main prerequisite property tests are grade, flakesiness, and elongation 
(%), Size (mm), and Water absorption (%), with options focusing on aggregates and fillers, 
namely powder, ash, or fibre [14]. Even though there are various prerequisite properties to be 
tested before incorporating solid waste into asphalt mixtures, the justification for these tests is 
to address the main engineering limitations while empowering solid waste application as an 
alternative to solid waste management and sustaining an eco-oriented pavement industry.  

 
Figure 3. The main phases of incorporation of solid waste into the asphalt binder [3]. 

The dynamic properties and durability of conventional asphalt, however, are deficient in 
resisting pavement distress. Hence, the task of current asphalt researchers and engineers is 
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to look for different kinds of waste that can be modified into asphalt. The agriculture sector is 
one of the primary waste-producing industries and generates large amounts of biomass. The 
processing of agricultural products (milling, oil extraction) also creates substantial byproducts 
that become waste when left unutilized. Many biomass wastes with high fuel values, such as 
rice husk, palm oil ash, sugarcane bagasse, and waste wood, can be recycled as fuel for 
electricity generation. Studies have suggested that ashes produced after controlled burning of 
agricultural biomass could be readily utilised in asphalt technology, as shown in Fig. 4. 
 

 
Figure 4. Solid waste from the agriculture industry. 

Extensive programmes of investigations have been carried out to evaluate the suitability of 
many types of mineral fillers to substitute the costly common fillers used, such as ordinary 
Portland cement and limestone powder; meanwhile, there are many types of local waste 
materials (recycle) that can be used successfully as a mineral filler in hot asphalt concrete 
mixtures, such as waste of glass, ceramic, bricks, biomass ash, coal fly ash, electric arc 
furnace dust, glass powder, marble dust, and other similar byproducts from various processes, 
when added to their optimum proportion, have displayed promising results in various aspects 
of asphalt mix performances. Mineral fillers play a dual role in asphalt mixtures: first, they act 
as a part of the mineral aggregate by filling the voids between the coarser particles in the 
mixtures and thereby strengthening the asphalt mixture; second, when mixed with asphalt, 
fillers form mastic, a high-consistency binder or matrix that cements lager binder particles 
together; most likely, a major portion of the filler remains suspended in the binder while a 
smaller portion becomes part of the load-bearing framework [15]. The type and amount of 
filler used in hot asphalt mixtures would affect the properties of the mixes. The use of industrial 
and by-product wastes as replacements for mineral fillers in asphalt mixtures to enhance the 
properties and performance of asphalt concrete pavements by reducing the binder's inherent 
temperature susceptibility. Despite being used in limited concentration, the inclusion of filler in 
asphalt mixes has significant influences on the properties of mixes, such as (i) filler satisfying 
the aggregate gradation specification and influencing the strength and volumetric requirements 
of the mix [16]. (ii) filler extends the bitumen to increase the bitumen volume in the mixture 
and reduce the optimum bitumen content and material cost of the mix [17]; (iii) filler stiffens 
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the bitumen to improve the mechanical properties of the mixture and not only influences the 
ability of mixes to resist permanent deformation at high temperatures but also cracking 
resistance at low temperatures and fatigue life at intermediate temperatures [18]; (iv) influence 
‘‘bond" in the aggregate-bitumen system, which further effects moisture sensitivity of mix [19]; 
(v) fillers also influence the ageing process of asphalt mixes by either catalysing oxidation or 
by hindering the diffusion of oxygen in mastic [20]; (vii) influence the thermal performance of 
asphalt mixes [21]; (vii) influence the constructability of mix by influencing its mixing and 
compaction temperature [22]. All these effects are ultimately linked to the physical and 
chemical characteristics of the chosen filler, its interaction with bitumen, and its volumetric 
concentration in the mix. According to Larsen et al., the bitumen modification provides binders 
with (i) a sufficient increase in consistency at the highest temperature in pavements to prevent 
plastic deformation, (ii) an increase in flexibility and elasticity of binders at low temperatures 
to avoid crack deformations and loss of chippings, (iii) an improvement of adhesion to the 
bitumen into aggregates, (iv) improved homogeneity, high thermal stability, and ageing 
resistance, which helps reduce the hardening and initial ageing of the binders during mixing 
and construction [23]. Hence, the choice of suitable filler is a primary concern among field 
engineers. The term reinforced pavements refer to the use of one or more reinforcing layers 
within the pavement structure. Another application of pavement reinforcement is the use of 
reinforcement elements in asphalt overlays to provide adequate tensile strength to the asphalt 
layer and to prevent failures of the pavement such as reflection cracking [24]. Among the 
many kinds of research, Various forms of waste plastic are used as modifiers for the bitumen, 
as shown in Fig. 5 [25]. The waste plastics contain various polymers, such as Thermoplastic 
polymers and crumb rubber. 
 

 
Figure 5. Various forms of waste plastics used as modifiers [25]. 

It proved effective in improving some of the bitumen's specifications, such as the hardness at 
high temperatures, crack resistance at low temperatures, and moisture-induced damage [26]. 
In different studies, the binder was replaced by polyethylene plastics, tire rubber, coal fly ash, 
and straw composite fibres to improve the performance of asphalt mixtures against rutting and 
fatigue [27]. Additionally, the use of different types of construction and demolition waste as 
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recycled materials, including recycled concrete aggregates (RCA), recycled masonry 
aggregates (RMA), mixed recycled aggregates (MRA), and reclaimed asphalt pavement 
(RAP), in the base layers of transportation infrastructure can be seen as a viable alternative 
to natural aggregates without significant compromise on infrastructure performance and 
represents social, economic, and environmental benefits [6]. Microcosmic traits, namely 
surface morphology, mineralogical composition, and chemical composition, by innovative 
utilisation of SEM, XRD, and XRF, respectively, are to fortify the mechanistic performance. 
Several research efforts have been established to reiterate fibre influence on tensile strength 
and resilience modulus of SMA incorporating coconut, sisal, cellulose, and polyester fibres to 
demonstrate the good mechanical performance of tensile strength and modulus resilience, 
thus preventing asphalt binder from draining [28]. Several techniques exist for the production 
of WMA. The three generally accepted are those using (i) organic additives; (ii) chemical 
additives; and (iii) foaming techniques [29]. Organic additives are usually waxing and fatty 
amides, which can reduce the viscosity of the binder above the melting point of the binder. 
Common waxes used in the production of WMA are Sasobit and Asphaltan B. On the other 
hand, chemical additives are usually emulsifiers and surfactants that do not reduce the binder 
viscosity but improve the coating of aggregates by reducing the surface energy of the 
aggregate/binder interface and/or the inner friction. Products such as Rediset and Evotherm 
are often used [30]. In order to improve the moisture resistance of asphalt mixtures, the use 
of antistrip agents (ASA) is the most common method of improving the moisture susceptibility 
of asphalt mixes. The primary goal of an antistrip additive is to eliminate the moisture sensitivity 
of the HMA mixture by improving the bond between the asphalt binder and the aggregate. 
Typical antistrip agents used today are fatty amines and fatty amidoamines. It should be noted 
that an effective additive must improve both the unconditioned and moisture conditioned 
properties in order to ensure good long-term performance, nanomaterials (Zycosoil), lime, and 
SBS were used in different studies [31]. Nanomaterials were found to be very effective in 
making the asphalt mixture less susceptible to moisture damage, and the rheological properties 
of bitumen are enhanced because of the very high surface area to volume ratio of 
nanoparticles [32].  
On the other hand, the use of recycled asphalt materials in the foundation and auxiliary layers 
can reduce global warming by 20%, energy consumption by 16%, water consumption by 11%, 
and hazardous waste generation by 11%. In Green design, 40% of global primary energy 
consumption and CO2 emissions are related to material production [33]. Research and 
development into the ability of roads and roadside infrastructure to harness solar energy to 
power roadside lighting and adjacent buildings is currently being undertaken by businesses, 
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academic institutions, and research agencies around the world. Projects related to pavements 
include solar collector systems embedded into the pavement layers or solar collector panels 
placed over, or next to, the road, as shown in Fig. 6. [34]. 

 

 
(a) 

 
(b) 

Figure 6.  Solar Energy (a) Solar Roadways, (b) SolaRoad bicycle path 

Conclusions  

The staggering accretion of solid waste requires a global effort to strive for efficient waste 
management and outsourcing ecological treatments. The asphalt pavement industry consumes 
a gigantic scale of natural resources while contributing to thermal and greenhouse emissions 
and is viewed as a high-potential alternative for the application of solid waste as an asphalt 
modifier and waste reduction. In efforts to urge cleaner and greener asphalt production, a 
growing trend towards the usage of solid waste as a renewable material is paving the way for 
a sustainable future for the asphalt pavement industry. The concise options of incorporating 
solid waste into asphalt mixtures, coupled with proven performance, are a green and cost-
effective alternative to mitigate various pavement distresses. Different options as coarse or 
fine aggregates and as fillers in powder, ash, or fibre form stimulate further research interest 
in incorporating a diversified range of solid waste into the asphalt binder and asphalt mixture. 
Solid waste as a secondary raw material enables industries to reduce landfill disposal and 
diversify profitable ventures while cultivating impactful economic and sustainable ecological 
benefits. Moreover, in most cases, using solid wastes improves the engineering characteristics 
of asphalt, such as resistance against rutting, ageing resistance, water damage resistance, 
stiffness, flow value, and indirect tensile strength. Inducing sustainable novel additives that 
enhance service and bonding characteristics in asphalt mixtures will significantly reduce the 
cost of future asphalt mixture production and maintenance.  

Recommendations 

In order to increase the commercial viability of solid waste and pave the way for the creation 
of environmentally friendly and green asphalt pavement, it is my recommendation that the 
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supply and demand factors of solid waste be taken advantage of. This will result in significant 
cost savings, effective waste management alternatives, and new profitable ventures. I also 
recommend developing regulations and specifications for regular recycling of waste and by-
products for road construction as an incentive to reduce demand for natural resources and 
preserve the environment in Libya. 

References 
[1]. Choudhary, Jayvant, Brind Kumar, and Ankit Gupta. "Utilization of solid waste materials as 

alternative fillers in asphalt mixes: A review." Construction and building Materials 234 (2020): 
117271. 

[2]. Wong, Tracy Leh Xin, Mohd Rosli Mohd Hasan, and Leo Choe Peng. "Recent development, 
utilization, treatment and performance of solid wastes additives in asphaltic concrete worldwide: 
A review." Journal of Traffic and Transportation Engineering (English Edition) (2022). 

[3]. Hasan, M. R. M., Chew, J. W., Jamshidi, A., Yang, X., and Hamzah, M. O. "Review of 
sustainability, pretreatment, and engineering considerations of asphalt modifiers from the industrial 
solid wastes." Journal of Traffic and Transportation Engineering, 6(3), (2019): 209-244. 

[4]. Cayumil, Romina, et al. "An overview on solid waste generation and management: Current status 
in chile." Sustainability 13.21 (2021): 11644. 

[5]. Kaza, Silpa, et al. "What a waste 2.0: a global snapshot of solid waste management to 2050." 
World Bank Publications, (2018). 

[6].  Pereira, P. M., and Vieira, C. S. A. "Literature Review on the Use of Recycled Construction and 
Demolition Materials in Unbound Pavement Applications." Sustainability, 14(21), (2022):13918. 

[7]. Kowalski, K. J., Król, J., Radziszewski, P., and Wayman, M. "Eco-friendly materials for a new 
concept of asphalt pavement." Transportation Research Procedia, 14, (2016):3582-3591. 

[8]. Hasan, Mohd Rosli Mohd, Shu Wei Goh, and Zhanping You. "Comparative study on the properties 
of WMA mixture using foamed admixture and free water system." Construction and Building 
Materials 48, (2013): 45-50.  

[9]. You, L., Long, Z., You, Z., Ge, D., and Diab. "A. Review of recycling waste plastics in asphalt 
paving materials." Journal of Traffic and Transportation Engineering. (2022). 

[10]. Ali, A. "Development of a framework for sustainable construction waste management." A case 
study of three major Libyan cities. The (PhD) thesis, Wolverhampton university, (2018).   

[11]. Moftah, W. A., Marković, D., and Moftah, O. A. "Characterization of household solid waste and 
management in Tripoli City-Libya". Open Journal of Ecology, 6(07), (2016):435. 

[12]. Khedr, S., and Saudy, M. "Development of superpave regional implementation framework in 
developing countries with hot and arid climates: Egyptian case study." Case Studies in 
Construction Materials, 18, (2023): e01772. 

[13]. Xu, F., Zhao, Y., and Li, K. "Using waste plastics as asphalt modifier: A review." Materials, 15(1), 
(2022): 110.  



Second Topic: Construction materials suitable for the desert environment 

58 

 

[14]. AL-Saffar, N. A. "The Effect of Filler Type and Content on Hot Asphalt Concrete Mixtures 
Properties." Al-Rafadain Engineering Journal, 21(6), (2013). 

[15]. Singh, S., Khairandish, M. I., Razahi, M. M., and Kumar. "Preference Index of Sustainable Natural 
Fibers in Stone Matrix Asphalt Mixture Using Waste Marble." Materials, 15(8), (2022): 2729. 

 [16]. Zulkati, A., Diew, W. Y., and Delai, D. S. "Effects of fillers on properties of asphalt-concrete 
mixture." Journal of transportation engineering, 138(7), (2012): 902-910. 

[17]. Choudhary, J., Kumar, B., and Gupta, A. "Laboratory evaluation on recycling waste industrial 
glass powder as mineral filler in hot mix asphalt." In Proceedings of the Civil Engineering 
Conference—Innovation for Sustainability, Hamirpur, India, (2016): pp. 9-10.  

 [18]. Wang, H., Al-Qadi, I. L., Faheem, A. F., Bahia, H. U., and Reinke, G. H. "Effect of mineral filler 
characteristics on asphalt mastic and mixture rutting potential." Transportation Research 
Record, 2208(1), (2011): 33-39. 

 [19]. Modarres, A., and Alinia Bengar, P."Investigating the indirect tensile stiffness, toughness and 
fatigue life of hot mix asphalt containing copper slag powder." International Journal of Pavement 
Engineering, 20(8), (2019): 977-985. 

[20]. Recasens, R. M., Martínez, A., Jiménez, F. P., and Bianchetto, H. "Effect of filler on the aging 
potential of asphalt mixtures." Transportation Research Record, 1901(1), (2005):10-17. 

[21]. Chen, M. Z., Lin, J. T., Wu, S. P., and Liu, C. H. "Utilization of recycled brick powder as 
alternative filler in asphalt mixture." Construction and Building Materials, 25(4), (2011): 1532-
1536. 

[22]. Matos, P., Micaelo, R., Duarte, C., and Quaresma, L. "Influence of bitumen and filler on the 
selection of appropriate mixing and compaction temperatures." International Journal of Pavement 
Research and Technology, 7(4), (2014): 237-246. 

[23]. Sidikova, T., Barxanadjyan, A., Hakimov, R., Sabirova, D., and Mirsaatov, R. "The impact that 
crushed rubber can have on the quality of bitumen and asphalt concrete." In IOP Conference 
Series: Materials Science and Engineering, Vol. 883, No. 1, (2020):12198.  

[24].  Mashaan, N. S., Ali, A. H., Karim, M. R., and Abdelaziz, M. "A review on using crumb rubber 
in reinforcement of asphalt pavement " The Scientific World Journal, (2023). 

[25]. Choudhary, J., Kumar, B., and Gupta, A. "Utilization of waste glass powder and glass composite 
fillers in asphalt pavements." Advances in Civil Engineering, (2021):1-17. 

[26]. Oda, S., Fernandes Jr, J. L., and Ildefonso, J. S. "Analysis of use of natural fibers and asphalt 
rubber binder in discontinuous asphalt mixtures." Construction and Building Materials, 26(1), 
(2012): 13-20. 

[27]. Nejad, F. M., Azarhoosh, A. R., Hamedi, G. H., and Azarhoosh, M. J. "Influence of using 
nonmaterial to reduce the moisture susceptibility of hot mix asphalt." Construction and Building 
Materials, 31, (2012): 384-388. 



Second Topic: Construction materials suitable for the desert environment 

59 

 

 [28]. Chen, Z., Wu, S., Xiao, Y., Zhao, M., and Xie, J. "Feasibility study of BOF slag containing 
honeycomb particles in asphalt mixture." Construction and Building Materials, 124, (2016):550-
557. 

[29]. Hamzah, M. O., Golchin, B., Jamshidi, A., and Chailleux, E. "Evaluation of Rediset for use in 
warm-mix asphalt: A review of the literatures." International Journal of Pavement Engineering, 16 
(9), (2015): 809-831. 

 [30]. Caputo, P., Abe, A. A., Loise, V., Porto, M., and Oliviero Rossi, C. "The role of additives in 
warm mix asphalt technology: An insight into their mechanisms of improving an emerging 
technology." Nanomaterials, 10 (6), (2020):1202. 

[31]. Nejad, F. M., Azarhoosh, A. R., Hamedi, G. H., and Azarhoosh, M. J. "Influence of using 
nonmaterial to reduce the moisture susceptibility of hot mix asphalt." Construction and Building 
Materials, 31, (2012):384-388. 

[32]. Yang, J., and Tighe, S. "A review of advances of nanotechnology in asphalt mixtures." Procedia-
Social and Behavioral Sciences, 96, (2013):1269-1276. 

[33]. Jamshidi, A., Hamzah, M. O., and Shahadan, Z. "Selection of reclaimed asphalt pavement 
sources and contents for asphalt mix production based on asphalt binder rheological properties, 
fuel requirements and greenhouse gas emissions." Journal of Cleaner Production, 23 (1), (2012): 
20-27.  

[34]. Sharp, K., Ralston, K., Bogumil, K., Asadi, H., and Latter, L. "Review of future pavement 
technologies." Port Melbourne, VIC, Australia: Australian Road Research Board, (2017). 

  



Second Topic: Construction materials suitable for the desert environment 

60 

 

DESIGN AND PROPERTIES OF CRUMB RUBBER AGGREGATES 

ADDITIVE IN HOT MIXTURE ASPHALT CONCRETE 

 

Abdallh, A.A. Lhwaint* 

Department of Mining Engineering/Faculty of Natural Resources /Aljufra University. Libya 

*cross-bonding author:Abdallhlhwaint@gmail.com 

 

**Mohammed A. Al Madani 

Department of Materials & Corrosion Eng./Engineering Faculty /Sebha University / Libya 

**Cross-bonding author: Moh.ibrahim@sebhau.edu.ly 

A.A.Lashlem*** 

Department of Mining Engineering/Faculty of Natural Resources /Aljufra University. Libya 

***Cross-bonding author: a.b.lashlem@gmail.com 

ABSTRACT 

This research aims to establish the design and properties of crumb rubber aggregates additive in hot 

mixture asphalt concrete. Rubber crumb is rubber waste which is processed through mechanical 

grinding or tire milling into small splinters.  The objective of this research is to have high durability of 

flexible pavement with different percentages of crumb rubber. The experiment was done respectively 

through several phases as follows: preparation, quality examination of materials such as aggregate and 

asphalt, mixed-planning, and specimen testing implementation with Marshall Test. Properties of crumb 

rubber-like type stability and flow of durability can affect the different stability and flexibility of 

pavement. The data collected from the laboratory experiments were presented in different forms like 

tables, charts, diagrams, etc. The results from the crumb rubber asphalt mixture show that there is an 

increase in the amount of crumb rubber in a mixture of hot mix concrete asphalt. This mixture can 

increase the Marshall stability by 2.5 % crumb rubber higher than the other mixtures with crumb rubber. 

 
Keywords: Tire wastes, HMA, Marshall test, stability, Flow, MQ and VMA. 

1-Introduction  

Roadways are an important part of the infrastructure for transportation in many 

countries. Road construction engineers should take into account both the safety requirements 

of Vehicle drivers and the economic considerations of road construction. In general, to achieve 

safe and economical road design road designers have to implement the safety and economy into 

three basic requirements for designing good roads, which are: environmental factors, traffic 

flow conditions, and pavement mixtures quality (Peralta, 2009).  

A properly designed road will endure to the end of the road designed life without so 

much maintenance. However, due to certain distress such as fatigue failure, rutting, and other 

pavement deteriorations, the pavement performance will be greatly affected by time, the 

pavement characteristics change with time, and this may lead to pavement cracking (Mahrez, 

1999). The discomforts on the pavement surface generally are more associated with the 

properties of pavement binder and pavement mixture, in which an asphaltic binder of the 

flexible pavement is the most common in causing poor pavement performance. Rutting, fatigue 

cracking, and water-related damages are among the main distress that causes the pavement 

surface to fail permanently. 
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The purpose of this analysis is to realize the feasibility of using crumb rubber as an 

additive in modified hot mix asphalt with some contrast to improve the quality of asphalt and 

learn the properties of crumb rubber asphalt. Comparing the two types of properties of the hot 

mix asphalt (without and with crumb rubber). Comparing the two types of the hot mix asphalt 

materials (without and with crumb rubber) to the Marshall properties (stability, flow, Marshall 

Quotient (MQ), Void in Total Mix (VITM), Void Filled with Asphalt (VFWA), and air void 

for optimum asphalt contact (Mashaan, 2013).  

2 Materials and properties 

The primary materials used in this analysis are: coarse aggregate asphalt AC 60/70, 

fine aggregate, and CR All the key properties of the materials used were tested for further 

research; multiple experiments were carried out to determine their properties in compliance 

with the AASHTO, and Bina Marga 2014, Britsh standard conditions referred to as standard 

AASHTO and Bina Marga specifications (Bina Marga, 2014) . 

.2.1. Asphalt 

Asphalt Properties Test AC 60/70 produced by CO. PERTAMINA. The table presents 

the results of properties test asphalt AC 60/70, Table.1 shows some properties of the bitumen 

60/70. This test was conducted according to (Bina Marga, 2010) presents the properties test 

results for each form of 60/70 asphalt. 

Table.1 Result of properties test of asphalt  60/70  

No Characteristics Result 
Specification (Bina 

Marga |2014) 

1 The Specific gravity of asphalt 1.035 Min.1 

2 Penetration (mm) 64.3 60-79 

3 Ductility (cm) 142 Min. 100 

4 Flashpoint and fire point (OC) 328 -399 Min. 200 

5 Softening point (OC) 52.5 48 - 58 

6 
Asphalt solubility in TCE (tri chlore 

enthelyn )/CCL 
99.115 MIN.99 

.2.2. Aggregate 

The mixture used as the ingredients for the hot mix asphalt. The analysis as a Table is 

based on the properties testing of coarse aggregate and fine aggregate. 

 

1. A.Properties of Aggregates. 

 At the preliminary stage, the aggregate was sieved following Indonesian standards 

and separated on the selected aggregate gradation according to the size of sieves. The total 

weight needed for aggregates was 1200 grams. Table.2 and Figure.1 show the aggregate 

gradation specification for HMAand the gradation used in this study. 

Based on Figure.1, it can be concluded that the selected aggregate gradation used in 

this study can meet Bina Marga's graduation requirement. (2014). Similar to hot mix asphalt, 
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aggregate products need to be tested to determine whether the requirements are met by their 

properties. In this analysis, many aggregate properties have been evaluated, specific gravity, 

abrasion, flakiness and elongation indices, and so on, to ensure that the aggregates used in 

asphalt mixtures can be used.  

 
Figure.1 Gradation limit for Hot Mix Asphalt Concrete 

Table.2 Properties of coarse aggregate 

No Properties Result 

Specification  

(Bina 

Marga2014) 

1 
The Bulk specific gravity of coarse aggregate 

OC 
2.64 ≥ 2.5 

2 SSD specific gravity of coarse aggregate OC 2.67 ≥ 2.5 

3 
Apparent specific gravity of coarse aggregate 

OC  
2.714 ≥ 2.5 

4 Water absorption of coarse aggregate OC 1.02 ≤ 3 

5 Abrasion OC 24.08 ≤ 40 

6 Adhesiveness OC 92.15 ≥ 95 

Table.3 Properties of fine aggregate 

No Properties 
Result from Fine 

aggregate 

Specification 

(Bina Marga 

2014) 

1 
The Bulk specific gravity of fine aggregate 

OC 
 2.52 ≥ 2.5 

2 SSD specific gravity of fine aggregate OC 2.59 ≥ 2.5 

3 
Apparent specific gravity of fine aggregate 

OC 
2.723 ≥ 2.5 

4 Water absorption of fine aggregate OC 2.94 ≤ 3 

.3     Marshall Properties Test Results. 

Aggregates are inert granular materials such as sand, gravel, or crushed stone that, along 

with water and Portland cement, are an essential ingredient in concrete. Aggregate is used in 

this study consist of course and fine aggregates, coarse aggregate is characterized as the 

aggregate that exceeds the sieve size of 4.75 mm. Where fine aggregate is the aggregate, whose 

size is less than 4.75 mm, for example, sand is used as a fine aggregate in the preparation of 

HMA. Fine aggregates generally consist of natural sand or crushed stone with most particles 

passing through a 3/8-inch sieve. 
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 The test is conducted to have the optimum results of the hot mix asphalt with crumb 

rubber. The tests here were performed for various types of mix with CR composition of 0% 

(without CR), 2.5%, 4.5%, 6.5%, and 8.5% CR. In every CR content, the results from Marshall 

Stability tests are presented. The test results include the following Marshall Properties, which 

are: Marshall Stability (in Kg), Flow (in mm), Void (containing air) in Mix, VIM (in %), 

Marshall Quotient, MQ (in Kg/mm), (Total) Void in Mineral Aggregates, VMA (in %), and 

Void Filled with Asphalt, VFWA (in %).  

For the gradation of aggregates used in this study, the following specification is used to 

determine the optimum bitumen content to be used in the field (Bina Marga, Indonesia, 2017): 

- Marshall Stability, minimum value = 800 Kg. 

- Marshall Flow, minimum value = 3 mm to maximum value = 5 mm. 

- MQ, minimum value =250 Kg/mm to maximum value = 350 Kg/mm. 

- VIM, minimum value = 3.5% to maximum value = 6%. 

- VMA, minimum value = 15%, no maximum value. 

- VFWA, minimum value = 65%, no maximum value.  

The above specification will determine the optimum asphalt content to be prescribed for the 

actual design AC mixture in the field.  

.3.1. Mixture without Crumb Rubber Content (0% CR) 

 Summary of the results of complete Marshall Tests for hot AC mixture with 0% CR can 

be given in Table.4, while the Stability correlations are given in Figure 5.2 

Table.4 Results of Marshall Properties of Hot Mix Asphaltic Concrete without crumb rubber (0% CR)* 

AC 

(%) 

Stablity 

(Kg) 

Flow 

(mm) 

VIM 

(%) 

Mq 

(kg/mm) 

VMA 

(%) 

VFWA 

(%) 

5.0 1685.49 4.45 1.06 378.76 9.24 52.67 

5.5 1813.50 4.90 7.67 370.10 17.28 55.63 

6.0 1621.48 4.92 5.22 329.57 17.01 66.43 

6.5 1173.44 4.97 4.99 236.10 16.95 70.58 

7.0 803.63 5.73 1.05 140.25 16.57 93.64 

 

The minimum value of VMA ,in this case, is 16%, which primarily depends on the 

maximum diameter of the aggregate used in the mixtures. In this study, the maximum diameter 

of the aggregate is 1 inch (= 2.5 cm). 

In Figure 2 by plotting only the asphalt contents that are meeting the specification of 

each Marshall parameters. The range of asphalt contents that are meeting all the parameters are 

those between 5.9 % - 6.30 %, and this narrow percentage of the range is the number of asphalt 

contents to be specified for application of AC mixture with 0% CR. 
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Figure 2. Summary of Optimum Bitument Content, OBM, for Marshall Properties for AC mixtures with 0% CR. 

(CR = crumb rubber). 

     .3.2.  Mixtures with Crumb Rubber Content of 2.5%. 

The results of the complete Marshall Test for hot AC mixture with 2.5% CR can be 

given in Table.5, while the Stability correlation is given in Figure 3 The percentage of crumb 

rubber here is a percentage of weight. Therefore, for each hot mix specimen with a total weight 

of 1200 grams, the 2.5% CR represents the weight of a 30-gram crumb rubber. 

Table.5. Results of Marshall Properties of Hot Mix AC with 2.5% CR*  

Table 5. Hot Mix Asphalt Concrete of crumb rubber at 2.5 % 

AC 

(%) 

Stability 

(kg) 

Flow 

(mm) 

VIM 

(%) 

Mq 

(kg/mm) 

VMA 

(%) 

VFWA 

(%) 

5.0 576.05 3.00 4.34 192.02 15.23 66.53 

5.5 917.42 3.15 4.94 291.24 15.84 68.80 

6.0 1322.79 3.80 4.83 348.10 16.78 71.22 

6.5 960.09 4.20 3.15 228.59 17.95 82.43 

7.0 853.41 4.90 2.07 174.17 18.05 88.52 

  

Marshall Properties test are analyzed in Table 5 were obtained the following 

observations that the OBC when added 2.5% crumb rubber is 6.20% bitumen, which is shown 

in Figure 3. 

OBC 6.10%
Stablity

Flow

VIM

MQ

VMA

VFWA
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Figure 3 Summary of Optimum Bitumen Content, OBM, for Marshall Properties for AC mixtures with 2.5% CR. 

(CR = crumb rubber). 

.3.3. Mixtures with Crumb Rubber Content of 4.5%.  

The results of the complete Marshall Test for hot AC mixture with 4.5% CR can be 

given in Table 5.6 and the Stability correlations are given in Figure 5.16. The percentage of 

crumb rubber here is by weight. Therefore, for each hot mix specimen with a  total weight of 

1200 grams, the 4.5% CR represents the weight of 54-gram crumb rubber. 

Table.6. Results of Marshall Properties of Hot Mix AC with 4.5% CR* 

AC(%) 

Stability 

(Kg) 

 

Flow 

(mm) 

VIM 

(%) 

Mq 

(Kg/mm) 

VMA 

(%) 

VFWA 

(%) 

5.0 426.71 3.10 4.30 137.65 13.20 67.42 

5.5 533.38 3.20 3.48 166.68 13.52 74.30 

6.0 746.73 3.35 4.63 222.91 24.45 73.18 

6.5 1066.76 3.40 5.36 313.75 21.64 67.14 

7.0 917.42 3.45 7.60 265.92 22.22 65.78 

  

The data can be summarized in Figure 4 by plotting only the asphalt contents that are meeting 

the specification of each Marshall parameters. The range of asphalt contents meeting all the 

parameters is those between 6.1 % - 6.40%. with the OBC = 6.25%. This is the asphalt content 

specified for application of AC mixture with 4.5% CR 
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Figure 4 Summary of Optimum Bitumen Content, OBM, for Marshall Properties for AC mixtures with 4.5% CR. 

(CR = crumb rubber). 

.3.4. Mixtures with Crumb Rubber Content of 6.5%.  

The results of the complete Marshall Test for hot AC mixture with 6.5% CR can be 

given in Table.7. and the Stability correlations are given in Figure 5.23. The percentage of 

crumb rubber here is by weight. Therefore, for each hot mix specimen with a total weight of 

1200 grams, the 6.5% CR represents the weight of 78-gram crumb rubber. 

Table.7. Results of Marshall Properties of Hot Mix AC with 6.5% CR*  

AC(%) 

Stability 

(Kg) 

Flow 

(mm) 

VIM 

(%) 

MQ 

(kg/mm) 

VMA 

(%) 

VFWA 

(%) 

5.0 1280.12 3.20 5.23 400.04 14.04 62.77 

5.5 1429.46 3.45 5.03 414.34 14.91 66.29 

6.0 1280.12 3.66 5.42 349.76 16.31 66.74 

6.5 960.09 3.70 5.77 259.48 17.63 67.29 

7.0 746.73 3.80 3.66 196.51 18.82 80.54 
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Figure 5. Summary of Optimum Bitumen Content, OBM, for Marshall Properties for AC mixtures with 6.5% 

CR. (CR = crumb rubber). 

.3.5. Mixtures with Crumb Rubber Content of 8.5%.   

The results of the complete Marshall Test for hot AC mixture with 8.5% CR can be 

given in Table 8. and the Stability correlations are given in. The percentage of crumb rubber 

here is by weight. Therefore, for each hot mix specimen with a total weight of 1200 grams, the 

8.5% CR represents the weight of 102-gram crumb rubber. 

Table 8. Results of Marshall Properties of Hot Mix AC with 8.5% CR*. 

.  

.4. 

Analysis of the Marshall Properties for Different CR content. 

 The analysis here is performed by comparing the results of the Marshall Properties in 

Section 5.3.1 to 5.3.5. to find the best CR content based on for the following rationales: 

1. Marshall Stability  

    Marshall Stability represents the strength of the AC mixture against compressive and shear 

stresses caused by the repetition of vehicle tire passing, especially for heavy truck tires. The 

higher Stability means the stronger the AC mixture against damages due to heavy truck traffic. 

 

2. Flow 

    The flow values represent the resistance of asphaltic pavement against permanent 

deformation under the repetitive load of heavy truck traffic. The higher flow means the 
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Asphalt Content 

(%) 

Stability 

Kg 

Flow 

mm 
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VMA 

(%) 

 

MQ 

(kg/mm) 

 

VIM 

(%) 

5.0 810.74 3.35 34.97 11.84 242.01 14.74 

5.5 1216.11 3.70 48.14 11.46 328.68 11.05 

6.0 597.39 3.90 42.58 9.77 153.18 11.60 

6.5 469.38 4.10 52.31 10.10 114.48 12.42 

7.0 256.02 4.20 50.06 11.02 60.96 14.27 
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pavement is more vulnerable to rutting, while lower flow means the pavement is more rigid and 

less vulnerable to permanent deformation or rutting. However, the flow values are limited to 

certain upper and lower limits (in this case is 5% and 3%, respectively). Too high value of flow 

means softer asphaltic pavement that is more easily to undergo permanent deformation; yet, too 

low value of flow means the pavement is too brittle. Therefore, the better AC mixtures are those 

with lower flow, providing that the values are still within the corridor of the specified upper 

and lower limits.  

3. Marshall Quotient (MQ) 

  Marshall Quotient (MQ), also represents the strength of asphaltic mixture against tire-

induced stresses, especially heavy truck traffic. The higher MQ also means the stronger 

pavement against tire stresses. Yet, the MQ values are restricted to certain upper and lower 

limits (in this case is 350 Kg/mm and 250 Kg/mm, respectively). Too high MQ also means the 

pavement is too rigid and too brittle, so that it may be more prone to cracking. Whereas, too 

low MQ means the pavement is more easily to undergo permanent deformation under repetitive 

loading of heavy truck traffic. Therefore, MQ is the reflection of the toughness and resilience 

of the mixture against stress and deformation. Because MQ = Stability/flow, the same Stability 

of specimen tested but with the lower flow will yield higher MQ. This means, even if the 

Stability values are the same, the AC pavement with higher MQ will have more resistance to 

deformation after subjected to repetitive loading than those with lower MQ. Therefore, higher 

MQ values mean better AC mixtures, providing that the values are still within the corridors of 

the specified upper and lower limits. 

4. VIM 

  VIM represents the amount of air still remains inside the AC mixture after the mixture 

is compacted to become pavement. The amount, in this case, is limited to 3.5% to 6%. The 

lower limit, 3.5%. is the minimum air still needed inside the mix so that bleeding will not occur 

in the pavement after the pavement is subjected to many years of repetitive heavy truck traffic. 

Repetition of truck traffic will cause the pavement will become further densified, so that when 

no more enough void of air remaining inside the pavement, bitumen binder will be forced to 

flow outside to the surface of the pavement and to cause bleeding. Bleeding is not permitted in 

the asphaltic pavement because it may cause the pavement more slippery and hazardous to the 

traffic. On the opposite side, the higher limit of VIM, 6%, is the limit for the pavement not to 

become too porous so that water may enter the pavement and dwell inside the pavement. This 

condition has been known to cause the pavement to deteriorate and crumble more easily so that 

the pavement is more likely to be damaged prematurely. Therefore, the better quality of AC 

mixtures are those with VIM values closer to the average value of the specification, which is 

(3.5 + 6)/2 = 4.75%.  

 To find the better quality of the AC mixtures with different content of CR, each of the 

results of the Marshall Properties should be given scores. The score is 1 for the best one, 2 for 

the second one, 3 for the third, etc. The scores are finally accumulated by just simple addition 

and the CR content with the least value is chosen as the best AC mixtures for all the Marshall 

properties describes above. 

 It should be noted here that the VMA and the VFWA are not included in the qualitative 

analysis, because the VMA and VFWA are only for the initial condition for the aggregates and 

gradation; they are not related to the asphalt content or CR content. Therefore, as long as the 
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VMA and VFWA specifications are already met according to the specification, the other 

Marshall properties should be used as the determining factors. 

Table..9 Comparison of Marshall tests of HMA with CR and without CR 

 %Crumb Rubber content in mix 

%CR 2.5%CR 4.5%CR 6.5%CR 

 (OBC) 6.10 6.20 6.25 6.35 

Stability (kg) 1621.48 1322.79 1066.76 1280.12 

Flow (mm) 4.92 3.80 3.40 3.66 

Marshall Quotient 

(kg/mm) 

329.56 377.94 313.75 349.76 

VIM (%) 5.22 4.83 5.36 5.42 

VMA (%) 17.01 16.78 21.64 16.31 

VFWA (%) 66.43 71.22 67.14 66.54 

 

    
Figure 6. Comparison of cases Stability test for HMA with and without CR 

5.4.1 The Marshall Stability  

When comparing the test results for Stability in Table.9 and Figure 6 optimal stability. 

The results in stability tests respectively without CR at AC 6.0% was 1621.48 kg, with 2,5% 

CR at AC 6% was 1322.79kg, with 4.5%CR at AC 6.0% was 1066.76kg, with 6.5%CR at AC6 

% was 1280.12kg. 

 Factor since extensive crumb rubber application reduces the coarse aggregate point of 

contact within the mixture. The use of crumb rubber can result in higher density or more porous 

bitumen. Consequently, the mixture becomes more flaccid to lead to a drop in the stability 

value. The resilience of aggregates reduces as the crumb rubber content increases (Mashaan et 

al. 2013). Increasing crumb rubber has been found to reduce HMA stability, with a higher 

percentage of crumb rubber yielding the lowest stability value.  
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Table. 10  Comparison of Flow (mm) of Hot Mix Asphalt Concrete with CR and  

 
 

Figure .7 Comparison of cases flow test for HMA with and without CR  

5.4.2 The Marshall Flow 

Comparing the outcome of the Flows check-in Table 7 Figure 5.37, the hot mix asphalt 

concrete flow test volume improved as the CR quality rose from 5% to 7%. Higher flow values 

can be associated with increased air void (more compaction required) by using more CR in the 

mixture, resulting in a more versatile mix. Therefore, it can be inferred that the lower amount 

of crumb rubber increases the flow but the higher volume of asphalt reduces the flow. The 

mixtures are more stable with the inclusion of asphalt content; while the resistance to 

deformation decreases, it can result in a high flow value (Mashaan et al. 2013). It has been 

stated that applying crumb rubber additive to asphalt concrete increases the mixture flow before 

maximum crumb rubber content is obtained. Crumb rubber with additional content is good at 

higher temperatures with high flow. while very low permeability and more rigidity in small 

flow. Asphalt content with additional crumb rubber can lead to high flow value, This means 

that good against rutting, and permeability. 
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Figure. 8 Comparison of cases of MQ test for HMA with and without CR 

5.4.3 Marshall Quotient (MQ ) 

The MQ test results evaluated in Figure 8 show that HMA   without crumb rubber, 

2.5%, 4.5%, and 6.5% CR have maximum MQ values of 303.01, 348.10, 313.75, and 349.76 

kg/mm, accordingly at AC 6%. Therefore, it can be inferred that MQ can improve by increasing 

the percentage of crumb rubber content. This is because voids have space within the compacted 

mix to transfer the HMA. The combination of asphalt construction and rubberized HMA 

mixtures is a trade-off in high binder quality to boost long-term longevity and efficiency. 

Moreover, enough space in place can prevent rutting, instability, flushing, and bleeding. The 

details can be seen in Table.9 the MQ. 

 
Figure .9 Comparison of cases VIM test for HMA with and without CR 

5.4.4 Void in Mix (VIM)  

             The VIM test results analyzed in Figure 9 showed that HMA without crumb 

rubber,2.5%, 4.5%,6.5%, CR have maximum. The VIM has the values of 5.22, 4.83, 6.36,  and 

5.77 respectively. Therefore, it can be inferred that an increase in the amount of crumb rubber 

content can increase the VIM. 
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Al-Azri et al. (2006) concluded that The use of petroleum asphalt as a pavement mixture 

although it meets the requirements of the specification, often shows a decrease in service 

behavior due to rutting, fracture, and other forms of damage. Fractures from or on the sidewalk 

make water easy to enter so that it can damage the paving structure due to the movement of air 

and water on the sidewalk, causing oxidation and evaporation to occur in the binder. As a result, 

sidewalks have relatively low durability. There is strong evidence that asphalt oxidation 

happens in the whole depth of pavement, dramatically affecting pavement durability. Shu and 

Huang (2014) stated that an increased amount of crumb rubber in the mixture of asphalt 

concrete would reduce the strength of Marshall. Nevertheless, this was not always accompanied 

by enough flow; thus, as expressed by the Marshall Quotient parameter, it resulted in less 

versatility. Waste tires pose significant health and environmental concerns if not recycled 

and/or discarded properly. Over the years, recycling waste tires into civil engineering 

applications, especially into asphalt paving mixtures. Crumb rubber or waste rubber is a mixture 

of natural rubber synthetic rubber, black carbon, antioxidants, fillers and extender form of oils 

that are soluble in warm paving grade.  

 Scores for quality of Marshall properties 

%CR 2.5%CR 4.5%CR 6.5%CR 

Marshall stability (kg) 1 2 4 3 

Flow (mm) 4 2 1 3 

Marshall Quotient (kg/mm) 3 1 4 2 

VIM (%) 2 1 3 4 

 score 10 6 12 12 

Ranking of overall quality 2 1 4 3* 

*  Having total scores = 12 similar to 4.5% CR, but it selected as no.3 because of the more 

amount of CR used as more desirable for environmental concern. 

 

Conclusion  

 Several measurable chemical properties are believed to be associated with the 

mechanical or organizational resistance of a pavement. From the result, the comparative outputs of 

the elastic and viscous behavior differed with the structure. The conclusion as follows: the best 

CRMA mixture for overall condition according to the criteria of the Marshall Test is the one 

with the CR content = 2.5%. This 2.5% CR will exhibit the best mixture for hot mix asphalt 

concrete against fatigue cracking and rutting.  
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Abstract 

Hot and arid regions characterized by its high normal maximum temperature and low 

precipitation rate. North Africa and Middle East are a typical example of this climate. 

The performance of Asphaltic Concrete Pavement in such region showed a unique phenomenon 

of distress and early hardening and deterioration. The main distress modes are premature 

surface cracking, Research devoted to this region showed that, the main fatal factor contributing 

to this problem was the increase of applied thermal and traffic tensile stress compared with the 

own bitumen tensile strength. 

Tensile strength is probably one of the main properties which bitumen must possess to perform 

successfully in pavement structural composites. Bitumen forms thin films between the 

aggregate surfaces. The physical properties of thin films of most materials are different from 

those of materials in bulk. Because tensile strength is very important to ensure adequate 

performance, it is desirable to evaluate the tensile strength of bitumen thin films in the range of 

thickness expected to be encountered in bituminous composites.  

All tests were carried out using a Howden Universal Testing Machine, with a load capacity of 

50kN. The output of the machine is connected to an X -Y  plotter, where y-axis represents the 

load in (kN) and the X-axis represents the displacement in (mm). The variables studied in this 

investigation were selected from the available information related to the general behavior of 

material in thin films. These variables were film thickness over a range from 30 to 200 microns, 

testing temperature used were (0, 20, and 60 °C) and two different types of binders one base 

bitumen of 100 penetration and one polymer modified binders. The polymer  was Acrylic 

(ACR). ACR was incorporated into 100 penetration bitumen.  All experiments were carried out 

at a constant rate of extension 100 mm/min.  

Keywords:  Hot and arid regions, premature surface cracking, bitumen tensile strength, 

Howden Universal Testing Machine, polymer modified binders, and Statistical analysis 

1. Introduction 

In recent years, there have been numerous reported complaints about the quality of bituminous 

pavements because of premature aging problems in different parts of the world[1,2,3, 4 and 5].  
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The problem comes from the fact that bitumen hardening increases the mix stiffness and lowers 

the cracking strain making the pavement surface vulnerable to cracking [6].   

Most of the research (1,9) in this subject has concentrated on the hardening which takes place 

during the time of construction, see Figures 1 and 2.  Those efforts resulted in a number of 

specifications and standard testing procedures like the Thin Film Oven Test (TFOT) which aims 

to control the quality of bitumen binders to be used in paving mixes. Aging of the binder in 

service, has not received the required attention yet. 

In this study special consideration is given to the behavior of thin film of bitumen binders in 

hot arid climates.  Binder normally coated the aggregate in asphaltic concrete mixes by a thin 

film of bitumen with a thickness range from 8 t0 14 micron the tensile strength of the binder 

decreases with the increase of the film thickness. Most of the tensile strength determined using 

bulk binder thickness which not simulated the real continuation of the tensile strength of the 

bitumen in thin films. In this study we will measure the bitumen Tensile strength in thin films 

ranges from 10 micron to 100 micron. Due to the fact that the rate of hardening in service 

depends, to a large extent, on the pavement temperature system we will determine the bitumen 

tensile strength at different temperatures.  Hardening of the surface is generally greater due to 

the higher temperature and ultraviolet radiation [6,7, and 8].   
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Figure 2 Chromatograms for the heptane fraction of 0 and 8 years (9) 

Figure1 Percentage of extract against age (9) 
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 2. Testing Procedure 

2.1 General  

Energy of adhesion and cohesion is an important characteristic of bituminous materials when 

used as binder on bitumen aggregate composites. Most of tests used to assess the properties of 

bituminous materials are designed to test bitumen in bulk and therefore do not simulate actual 

conditions in a bituminous composite subjected to complex stresses in the field. Tensile strength 

is probably one of the main properties which bitumen must possess to perform successfully in 

pavement structure [9].  

Ali (10) reported that: cracking and subsequent failure of bituminous surfaces can often be 

attributed to excessive tensile stress induced in pavement by various cases. When the tensile 

stresses exceed the tensile strength of the bitumen present in thin films between the aggregates, 

the pavement will fail. Thus, an understanding of mechanism of failure and rheological 

behavior of bitumen in simple tension is required for the final selection of bitumen to be used 

in composite. 

2.2 Devolving of Testing Procedure 

The testing procedure developing during this investigation is divided in three stages as follows:  

Stage one: Preparation of thin films of bitumen, stage two: testing of the prepared thin films, 

and stage three: examination of the resulting fracture surfaces of thin films of bitumen by using 

the scanning Electron Microscope 

2.2.1 Preparation of thin film of bitumen 

Stainless-steel test blocks with a diameter equal to 25 mm were manufactured for this study to 

be used instead of aggregate for the tensile stress. The stainless-steel test blocks have the quality 

of ease of machining, ability to retain quality of surface finish, and have similar thermal 

coefficient to the mineral aggregates used in bituminous mixtures [11]. Figure 3 shows a 

photograph of the stain-less steel test blocks. The surface of test blocks which were to receive 

had been polished to get surface roughness such that maximum difference between the peaks 

and valleys were less than 0,038µm 

2.2.2Testing Procedure 

Figure 4 shows a schematic diagrammed of the testing machine. The machine named a Howden 

Universal Testing Machine with a load capacity of 50 kN. The output of the machine is 

connected to an X-Y plotter, where Y-axis represents the load in (kN) and X-axis represents 

the displacement in (mm). 

2.2.3 Bituminous Binders 
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Two types of binders were used in this investigation, one is 100 penetration base bitumen 

another one is polymer modified bitumen named Acrylic (ACR), ACR were incorporated in 

100 penetration bitumen. Table 1 represents the binder types, their designation, and properties. 

 

Table 1 The properties of bituminous binders 

Properties Binder Type 

Base Bitumen (BB100) ACR modified Bitumen (ACR) 

Penetration, 100g, 5 sec 

4 ºC 

10 ºC 

15 ºC 

25 ºC 

35 ºC 

45 ºC 

 

11 

22 

35 

98 

199 

­ 

 

­ 

18 

30 

44 

70 

150 

Softening Point, ºC 45 81 

Specific Gravity @25 ºC 1.020 1.025 

Penetration Index ­0.55 4.05 

Stiffness Modulus Pa 2.5 x108 @­10 ºC, and 

5x105@40 ºC 

1.0 x109 @­10 ºC, and 2x106@40 ºC 

2.2.4 Placing bitumen between test blocks 

The test blocks were heated to 100 ºC and a thin layer of a measured quantity of liquid bitumen 

was placed on the surface of heated test block. The exact thickness of resultant film thickness 

was calculated by a weight difference technique. That is, by measuring the mass of test blocks 

before and after bitumen was placed to find the mass of bitumen and knowing the specific 

gravity of bitumen and they are of the test block surface the film thickness could be calculated. 

Figure 3 Stainless Steel Test Blocks   
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2.2.5 Temperature Control 

To control the temperature of the specimen during the test a small water bath was especially 

manufactured for this test and placed on the lower platform on the testing machine as shown in 

Figure 4. 

2.2.6 Electronic Microscopy 

A Camscan Series3 scanning electronic microscope was used foe examining the tested samples 

in this investigation. It can be used to generate images of the surface of an object or specimen 

at magnification in the range of 20X to 20000X and upwards. The specimen is bombarded by 

electrons in the microscope it must be conducted. An Emscope Sc500 gold coater was used to 

coat the surface of the sample to be examined. A 200 µm thick gold layer was spread on the 

fractured bitumen surface without any apparently altering the surface topography. 

3. Discussion of Experimental Results 

3.1 General 

The variables studied in this investigation were selected from the available information related 

to the general behavior of materials in thin films [10]. These variables were film thickness over 

a range from 30 µm to 200 µm, testing temperature used were (0, 20 and 60 ºC) and two  types 

of binders one base bitumen of 100 penetration and ACR polymer modified Bitumen, their 

characteristics as presented in Table 1. 

3.2 Load Deformation and Tensile Strength Characteristics 

Figure 4 Schematic Diagram of the Testing Machine 
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The load deformation characteristics of visco-eleastic materials such as bitumen depends on the 

rate of loading and temperature (10,11, and 12). When this bitumen tested in thin films, the load 

deformation characteristics are also significantly influenced by the variation of testing 

temperature.  

3.3 Regression Analysis 

A correlation between the tensile strength, film thickness, and temperature can be numerically 

expressed by an equation of the following form: 

:    Y =
𝐴

𝑋
+ (

𝑍

𝐵
)𝑛 + 𝐶………………………………………………………………. (1) 

Where: 

Y = tensile Strength (MPa) 

x = Film Thickness (µm) 

Z = Testing Temperature (ºC) 

A, B, C, and n = constants indicate the sensitivity of the binder to variation of bitumen film 

thickness and temperature. 

Statistical analysis of the results allowed to obtain regression equation which gives numerical 

values between tensile strength, temperature, and bitumen film thickness. These equations are 

as follows: 

 

For BB100 Bitumen:    S =
115.72

𝐻
+ (

𝑇

20
)𝑜.85 + 2.65……………………………………. (2) 

For ACR Modified Bitumen: S =
140.25

𝐻
+ (

𝑇

18
)0.63 + 3.00…………………    ………… (3) 

Where 

S = Tensile Strength in (MPa) 

H = Film Thickness in (µm) 

T = Temperature (ºC) 

Comparison is made between the tensile strength values obtained in the laboratory design 

process with those predicted from the above numerical equations. The statistical data and the 

obtained Multiple coefficients of Determination (MCD) and Multiple Correlation coefficient 

(MCC) = √𝑀𝐶𝐷 are presented in Table 2. The predicted values for MCD and MCC from the 

equation are reasonable.  
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Table 2 Tensile Strength curve regression analysis 

Binder A B C n Multiple coefficients of 

Determination (MCD) 

Multiple Correlation coefficient 

(MCC) = √𝑀𝐶𝐷 

BB100 115.72 20 2.65 0.85 0.9450 0.9720 

ACR 140.25 18 3.0 0.65 0.7462 0.8640 

 3.4 The effect of ACR Polymer  

Figures 5 and 6 represents the relation between bitumen film thickness in (µm) and bitumen 

tensile strength in (MPa).  The influence of ACR polymer on tensile strength of the binder at 

different testing temperature is illustrated in Figure 6. The addition of ACR polymer increases 

the tensile strength of the binder. The maximum tensile strength values increase by 20% at low 

temperature (0.0 ºC) and 4.62% at high temperature equal to 60 ºC, also the stiffness modulus 

values are significantly influenced by the addition of ACR polymer. 

Figure 3  Tensile strength of ACR polymer modified 
bitumen
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Figure 2  Tensile strength of base bitumen BB 100
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Figure 5 tensile strength of base bitumen BB100 

Figure 6 tensile strength of ACR polymer modified bitumen 
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3.5 Modes of failure 

Three modes of failure were observed in the test specimen depending upon the film thickness, 

temperature, and type of binder.  These three modes of failure are: Flow failure, normally 

related to high temperature, intermediate failure take place at temperature equal to 20 ºC and 

brittle failure at low temperature. Figures 7 and 8 show a photograph of these types of failure 

for BB100 and ACR polymer modified bitumen.  

3.6 Fracture Surface Topography 

A limited study to observe the surface of the fractured specimen was carried out using a 

Scanning Electronic Microscope (SEM). Immediately after failure the blocks were coated with 

200 µm thin film of gold-palladium and placed in the SEM chamber. The test blocks were 

exactly the same size and geometry of the sample holders use in the SEM. This facilitated the 

rapid transferee of specimens from the vacuum coating unit to the SEM. Figure 7 shows random 

distribution of points, these points are the origin of the initiation of cracks which grow as the 

materials is stressed and reach a critical length at which failure occurs. 

 

Figure 7 Scanning Electronic Micrograph for BB100 Bitumen 
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Figure 8 Failure Modes for BB100 and ACR modified bitumen 

4. Conclusions and Recommendation 

This experimental work has resulted in the following conclusions: 

4.1 The tensile strength of bitumen thin films decreases as film thickness increases, and 

finally a approaches a constant value close to the cohesion value of bitumen in bulk. Bitumen 

films of the same thickness have higher tensile strength at lower temperature. As the 

temperature increases the tensile strength of bitumen in thin films decreases. 

4.2 The addition of ACR polymer to base bitumen BB100 increases the tensile strength of the 

binder. This increase is more pronounced at low temperature 

4.3 The mathematical models which were developed using regression analysis may be used to 

predict the tensile strength of a bitumen as a function of film thickness and temperature.  For 

BB100 Bitumen:    S =
115.72

𝐻
+ (

𝑇

20
)𝑜.85 + 2.65 and 

 For ACR Modified Bitumen:  S =
140.25

𝐻
+ (

𝑇

18
)0.63 + 3.00,  

 S = Tensile Strength in (MPa), H = Film Thickness in (µm), and T = Temperature (ºC) 
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4.4 Based on the results of thin film tests, The ACR polymer modified binder improved the 

performance of dense bituminous mixes in hot and arid regions. Considerable increase in 

tensile strength, and softening point is achieved by the addition of ACR polymer additive to 

base bitumen BB!00. 

5. Recommendations 

5.1 This laboratory investigation presented the influence of incorporating ACR polymer 

additive to predict the tensile strength of binders in thin films its recommended to use more 

polymer additives such as Styrene – Butadiene -styrene (SBS) polymers. 

5.2 Since in this present work only Tensile strength of bitumen were tested. More research 

work is needed to use ACR modified binder in Dense Bituminous Mixes (DBM). 

5.3 Field trials in hot and arid regions are recommended to be investigated using ACR 

polymer modified binder 
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Abstract 
Minimizing of energy consuming associated with cement industrialization operation could be a great opportunity 

to decrease CO2 emission. Therefore, utilization such of agricultural waste in construction material has shown a 

good engineering method to reduce emission of CO2. It considers another solution instead of disposal agricultural 

waste to landfill. Wood ash (WA) is one of agricultural waste and pozzolanic materials have shown a significant 

advantage when it used as constituent material in during the production of structural grade concrete. The aim of 

this study is to investigate the effect of Metakaolin (MK) on compressive strength developments of concrete 

containing WA. To attain the objectives, a normal strength concrete is designed as control mix. Total 5 batches of 

concrete mix were formulated: which includes of cement proportion in comparison to control mixture. Water-to-

binder ratio of 0.45 and 0.50 were used in this study. Wood ash (WA) was replacement by 20% or 30% to cement 

and Metakaolin (MK) was constant at 10%. It was observed that wood ash decrease workability and water demand. 

Increased 30% WA showed reduction in strength. However, the presences of Metakaolin enhance properties of 

WA blended cement concrete in term of compressive strength. Wood ash 20% replacement in binary mixture 

shows slightly reduction in comparison to net OPC but, achieved target strength of 40Mpa. For ternary mix with 

20% WA shows slightly improved strength than net OPC at 28 days. All binary and ternary mix by 20% WA 

achieved target strength of 40 MPa.  

emission 2Keywords: Wood ash, Metakaolin, Compressive strength, CO 

1- Introduction 

Utilization of concrete since a long time became the most extensive all over the world. It used as construction 

material which drives to environmental concern in term of operation of raw material and emission of CO2. 

Portland cements are the more common hydraulic cements and the most important in construction. On the 

other hand, the development of technology and countries led to require more and more tons of concrete to be 

used in their construction industry. The production of cement manufacture emits roughly one ton of CO2 for 

each ton of cement produced, therefore, it makes up 7% of all CO2 release to the atmosphere [1]. To solve this 

issue is to reduce cement production with interaction waste material. Utilization of waste materials has become 

efficient sources to replace as partial cement in concrete, for the time being utilization of such wood ash and 

Metakaolin and other pozzolanic is a promising material and favorite research in cement and concrete field. 

In this regard, few researches have been published utilization of wood ash in presence of Metakaolin as blend 

to cement concrete. 

1.1 Wood ash 

Wood ash as by-product is generated during the combustion of wood products of energy production at pulp, paper 

mills, sawmills and wood product industrial facilities. Wood ash is classified under combustion temperature 

approximately more than 8500C into two major forms bottom ash and fly ash. Bottom ash collected from the 
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bottom of the burner whereas fly ash accumulates in the smoke stack filter. Both of them have different physical 

and chemical characteristics [2] 

1.2 Metakaolin 

MK is pozzolanic material used as an admixture to increase the strength and durability of structural concrete as 

well as to reduce the shrinkage and creep [3] 

2 .Research Methodology 

The experimental programme was planned to study properties of the materials used such as the maxing procedure 

and the test methods followed in conducting different experimental investigation for this research. The 

compressive strength characteristic of blended cement concrete includes Metakaolin (MK) and wood ash (WA) is 

the main parts of this study to identify the optimum mix proportion and present the mixing as well as test 

procedures for the blended cement concrete specimens with WA and MK.  

 To achieve the main goals of this study, a normal strength concrete of grade 40 with the specified characteristic 

strength of 40 MPa at 28 days is formulated as the main control mix. A total of 18 mixtures were prepared; which 

include of cement combination comprising Ordinary Portland Cement (OPC) Class CEM 1 42.5N with various 

percentage replacement of Wood Ash (WA) at 20% and 30% by weight. A third component is MK, which is 

further, used to replace to cement at constant percentage of 10% by weight, Chemical and Physical Characteristics 

of OPC, MK and Ternary Wood Ash  as shown in Table 1.Coarse and fine aggregate are different weight at 

different water to cement ratio. Water to cement ratio are different at 0.35, 0.45 and 0.50. Superplasticizer dosage 

is utilized with varying percentages to achieve targeted slump of (50- 90 mm). Compressive strength for 3,7 and 

28 days age cubes. 

2.1 Cementations Material 

2.1.1 Ordinary Portland Cement  

OPC type 1 class 42.5N as classified according to the ASTM C 150 is used [4].  

2.1.2 Wood Ash  

Raw wood ash (WA) use for this study was collected from Excel Potry (M) Sdn Bhd, Pusat Industri Seramik, 

Chemor Perak, Ipoh, Malaysia  after burn at temperature approximately 800 0 C. 

2.1.3 Metakolin  

MK powder is used in this study supplied by local industry. 

2.1.4 Superplasticizer 

Superplasticizer a Master GLENIUM ACE 8109 as was used in this study to improve the workability of blended 

concrete. 

 

2.1.5 Aggregate 

Fine aggregate used is natural sand and the coarse is crushed aggregate, the aggregates are conducted according to 

BS 812 part (103) [5]. All aggregate were air dried in the laboratory prior to use in concrete. 
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Table 1. Chemical and Physical Characteristics of OPC, MK and Ternary Wood Ash 

Property aOPC bWA cMK 

CaO% 56 29.53 0.08 

% 2SiO 20.5 28.11 50.08 

% 3O2F 4 2.91 1.62 

% 3O2Al 6.6 5.14 34.03 

% 3SO 2.28 0.97 2.8 

% O2Na 0.14 0.32 0.09 

MgO % 3.9 5.14 3.9 

% O2K 0.69 9.64 2.79 

Cl % - 0.10 - 

LOI % 1.63 1.87 0.08 

SG 3.15 2.40 2.45 

/g)2Specific surface (m 0.778 0.538 1.6 

 

2.2 Mix proportion 

 The concrete mix is conducted using (DoE) method. (DoE is British method used for the design of 

concrete, using cement and aggregate which conform to relevant British Standard)[1].The control 

mix design is based on characteristic strength of 40 MPa at 28 days with target slump of class S2 of (50-90mm) 

according to BS EN 12350-2 [6] water to cement binder is not fixed are 0.35, 0.45 and 0.50 and their 

corresponding of cement contents are 633Kg/m3, 422 Kg/m3 and 390 Kg/m3  respectively. A total of 18 mixtures 

are prepared. Three of them are prepared as control mixtures with content of cement. The mixing phase is 

conducted according to BS EN2390-3 [7] at engineering material laboratory of concrete at University of Putra 

Malaysia. Electrical rotary drum mixture is used for this study. Concrete cubes of 150 mm × 150 mm × 150 mm 

are used. The mould is assembled before mixing and properly fixed also lubricant for easy removal of hardened 

concrete specimens. Concrete cubes are prepared in percentage replacement by weight of cement to WA and MK 

as showed in Table 2. 

 

Table 2: Concrete Mix Proportion 

Name Cementation materials Water 

 

 

 
3Kg/m 

Aggregate 

OPC WA MK CA FA 

% 3Kg/m % 3Kg/m % 3Kg/m 3Kg/m 3Kg/m 

W/C 0.35 

1M.C - 543 - - - - 190 987 808 

1M 80 434.4 20 108.6 - - 190 987 808 

2M 70 380.1 30 162.9 - - 190 987 808 

3M 70 380.1 20 108.6 10 54.3 190 987 808 

4M 60 325.8 30 162.9 10 54.3 190 987 808 
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W/C 0.45 

2M.C - 422 - - - - 190 987 808 

5M 80 337.6 20 84.4 - - 190 987 808 

6M 70 295.4 30 126.6 - - 190 987 808 

7M 70 295.4 20 84.4 10 42.2 190 987 808 

8M 60 253.2 30 126.6 10 42.2 190 987 808 

W/C 0. 50 

3M.C - 390 - - - - 190 987 808 

9M 80 312 20 78 - - 190 987 808 

10M 70 273 30 117 - - 190 987 808 

11M 70 273 20 78 10 39 190 987 808 

12M 60 234 30 117 10 39 190 987 808 

 

2.3 Test on Fresh Concrete 

Slump Test 

The slump test is evaluating the matchmaking of fresh concrete. The test is conducted according to BS EN 12350-

2:2002[6] 

2.4 Test on Hardened Concrete 

Compressive Strength Test 

The compression test is conducted according to BS 1881-116:1983 [8]. These specimens are tested by compression 

testing machine after 3, 7 and 28 days. From every batch there were three specimens tested and the average strength 

is recorded. 



Second Topic: Construction materials suitable for the desert environment 

90 

 

3. Result and Discussion 

Chemical property of wood ash is important criteria governing its appropriateness for utilize as Pozzolanic material 

in blended cement and concrete. ASTM C618, (1998) defines Pozzolanic as a siliceous and aluminums material 

which operates little or no cementitious characteristics. However, in finely it may react with Portlandite from 

hydration of cement. Therefore, the presence of significant quantity of silica, aluminum and iron oxide compounds 

in wood ash of finely divided powder is compulsory in order to qualify as Pozzolanic. From XRF analysis results 

that the total content of silicon dioxide (SiO2), aluminum oxide (Al2O3) and iron oxide (Fe2O3) was approximately 

36.16% which was less then minimum of 50% specified in ASTM C 618, (1998) class- C. The main oxide phases 

of wood ash in decreasing in comparison of Metakaolin were the sum of SiO2, Fe2O3 and Al2O3 compounds was 

approximately 85.65% which is greater than the minimum of 70% specified in ASTM C 618, (1998). Thus, 

confirming that the Metakaolin was more reactive. Table 3 is shown the sum of main components of WA in 

comparison to other finding. 

 

Table 3: Sum of Main Components of Wood Ash 

Researches Sum of Main Components Percentage % 

Current Research  )3O2+ Fe3O2+ Al2OiS( 36.16 

Elinwa et al. 2005 )3O2+ Fe3O2+ Al2OiS( 85.65 

Rajamma et al. 2009 )3O2+ Fe3O2+ Al2OiS( 52.9 

Elinwa & Mahmood, 2002 )3O2+ Fe3O2+ Al2OiS( 73.55 

Udoeyo & Dashibil, 2002 )3O2+ Fe3O2+ Al2OiS( 80.66 

Elinwa & Ejeh, 2004 )3O2+ Fe3O2+ Al2OiS( 73.55 

Abdullahi, 2006 )3O2+ Fe3O2+ Al2OiS( 62.14 

 

Wood ash is reported to consist of a heterogeneous mixture of variable size particles which are generally angular 

in nature. These particles were unburned or partially burned. In terms of fineness, average amount of wood ash 

passing sieve (75um) and retained on sieve (45um) was 60%. The specific gravity of wood ash specimen was 

investigated to be 2.40.  

Particular size distribution (PSD) is done to evaluate the distribution of particles and determinate the fineness of 

each material is used in this study. Material finesse include of distribution curve of particles over range of size, 

median size of particle and specific surface area. Table 4 is epitomizes the specific surface area (SSA) in (m2/g) 

and median size in (um) of Ordinary Portland cement OPC, WA and MK. 

Table 4: Specific Surface Area (SSA) and Median size of OPC, Wood ash and Metakaolin 

Material OPC WA MK 

/g)2SSA (m 0.778 0.538 1.6 

Median size (um) 22.5 48.146 5.645 

 

Comparison in distribution curve of particles over range of size material for ternary WA were shown in figure 1. 

Commonly, most of material shows to have wide distribution of particular and consider between (< 3μm) and 

oversized particular (> 100 μm).  This is fact due to the material has subjected commination operation of crushing 

or grinding mechanism increase the finesses of material. Moreover, these materials also are desired to have good 

reactivity to hydration process and reversed in good fresh concrete workability and good in compressive strength 
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development. Finesses material led to increase water demand due to higher surface area. Perceiving the particular 

size distribution is essential to come up with good understanding the reactivity of these material and packing effect 

that could occur as result of non-homogeneous behavior inside concrete matrix. 

 

Figure 1: Particular Size Distribution for OPC, Wood Ash and Metakaolin 

Also Figure 1 shows the results of sieve analysis of WA, OPC and MK. The result shows that wood ash include 

48.146 um which is less than 75um (No.200 sieve) whereas OPC and MK slightly less than WA includes 22.520 

um and 5.612 um respectively which is less than 25um (No.500 sieve). The corresponding surface area of WA 

investigates to be relatively is less than OPC and MK which includes 0.538, 0.778 and 1.6 m2/g respectively. Thus, 

results demonstrate that wood ash particles are large in comparison to OPC and MK due to in generally is an 

angular in natural. On the other hand, SSA of WA relatively is less than OPC and MK the possible concluded that 

WA particles depend on wood type and temperature effect where carbon is less or large on surface area. Moreover, 

beside on distribution curve of particular over range of size material, specific surface area and porosity of WA 

shows significantly less than other finding whereby [9][10][11] in common concluded that wood ash consists of 

particles which are highly irregular in shape with a highly porous surface area. And also they concluded that 

although the biomass is burnt under sufficiently high temperature between 750◦C to 1000 ◦C in the furnace, there 

is always some inefficiency on carbon conversion due to kinetic and mass transfer limitations. Their corresponding 

of results of specific surface area of WA is listed on table 5 in comparison to current research. 

Table 5: Result of Specific Surface Area of Wood Ash Compare to Other Research 

Researches  /g2Specific Surface Area m 

Current research 0.538 

Nike et al. 2003 150 

Rajamma et al. 2009 40.29 - 7.92 

Based on the results shown in figure 2, Binary WA mix by 30% cement replacement indicates the reduction in 

strength in comparison to net OPC. The reduction value of 30% WA was 43% at 28 days curing time. The 

corresponding compressive strength obtained was 26 MPa, while control mix has compressive strength by 45.49 

Mpa at same curing; when water to cement binder was 0.50. It is observing that at early ages, WA blended concrete 

shows lower strength than control. This reduction is due to the lower cement content of the binary WA concrete 

in comparison to control which generates less secondary calcium silicate hydrate (C-S-H) gel. Also, due to slow 

reactivity of pozzolanic which requires more curing time to react and improve compressive strength of binary 

mixture at later ages.  
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A common finding whereby wood ash decrease strength when increase WA content was reported by [12]. They 

also concluded that due to the mechanism that wood ash particles act more like filler material within the cement 

paste matrix than as binder cement. In addition, [13][14][15] in common concluded that wood ash as a partial 

cement replacement material in concrete at level of cement replacement by 30% WA it reduced the compressive 

strength of the concrete mix produced relative to control OPC concrete for all ages time. On the other hand, binary 

WA mix by 20% cement replacement demonstrates decline in compressive strength by 13% in comparison to net 

OPC value for 28 curing time. WA20% has compressive strength of 39.79 MPa when water to cement ratio is 

0.50. Despite of the reduction of WA 20%, however, it achieves target design strength of 40MPa at 28 curing time. 

This achievement in the compressive strength of concrete with WA 20% content as early as 28 days was attributed 

to the micro filler effect of the super fine particles of wood ash which contributed to the denser packing of the 

concrete matrix. Hence, binary 20% WA observed to achieve target strength of 40 MPa and had a higher rate of 

compressive strength gain for concrete mix with wood ash content when binder to cement ratio is 0.50 and similar 

trend of strength was found when cement to water ratio were 0.35 and 0.45. 

Figure 2: Compressive Strength Development of Binary Wood Ash 

Ternary wood ash mix by 30% and 10% Metakaolin cement replacement shows the reduction in strength in 

comparison to net OPC. The reduction value was 22% at 28 days curing time. The corresponding compressive 

strength obtained was 35.40 MPa, while control mix has compressive strength by 45.49 MPa at same curing; when 

water to cement binder was 0.50. The increment in strength of ternary WA 30% in comparison to binary 30% WA 

was 36%. Thus, results demonstrate that Metakaolin increased the early strength of the concrete than early-age 

loss of strength due to the slow process of hydration when WA alone. A common finding whereby [16] endeavored 
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to enhance compressive strength of wood ash concrete by the including trace amount of MK as an additive in the 

concrete mixes. Results indicated that the inclusion of Metakaolin though at small trace, contributed to enhance of 

an early rate of compressive strength gain of wood ash concrete. 

Ternary WA mix by 20% WA cement replacement shows slightly enhancement in strength in comparison to net 

OPC. The compressive strength obtained was 46.73 MPa, while control mix has compressive strength by 45.49 

MPa at same curing; when water to cement ratio was 0.50. This improvement is due to the silica provided by 20% 

WA and 10% MK was adequate to react with the calcium hydroxide Ca(OH)2 produced by the hydration of cement 

[17]. Hence, ternary 20% WA observed to achieve target strength of 40 MPa and significantly had a higher rate of 

compressive strength gain than net OPC and 30% ternary WA for all concrete mix when binder to cement ratio is 

0.50 and similar trend of strength was found when cement to water ratio were 0.35 and 0.45as shown in figure 3. 

Figure 3:  Strength Development of Ternary WA blended Cement Concrete. 

4 .Conclusion  

As indicated to the results obtained throughout the laboratory investigation, the following conclusions can be 

derived:  

1) Loss of ignition results of wood ash was found to be 1.87% which is less carbon compare to other research. 

 

2) Particle size distribution of wood ash (WA) is basically coarser in comparison to ordinary Portland cement 

(OPC) but, specific surface area of wood ash is relatively less than OPC and MK and was found to be 0.538 

m2/g.  
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3) Wood ash has higher water demands to achieve a given level of mix workability as compared to equivalent 

neat OPC mixtures whereas SP dosage requirement increase to enhance favorable workability level. 

4) In general, compressive strength development of binary WA 30% blended cement concrete demonstrated 

decline in comparison to the net OPC 100% was found to be 43% whereas binary 20% WA showed slight 

reduction in comparison to the blank OPC was found to be 13% where water to cement ratio was 0.50 at 

curing 28 days, however, it achieves target design strength of. Thus, wood ash content of about 20% can 

suitable to be used in structural application.  

5) Compressive strength development of ternary WA 30% blended cement concrete demonstrated slightly 

reduction in comparison to the net OPC was found to be 22% where water to cement ratio was 0.50 at curing 

28 days whereas ternary WA 20% reveal slight improvement than blank OPC. This improvement was due to 

Pozzolanic reactivity and filler impacts of superfine of Metakaolin which enhances the concrete at early age. 

Furthermore, the silica provided by 20% WA and 10% MK had good reaction with the calcium hydroxide 

produced by the hydration of cement. Thus, the optimum strength obtained by ternary WA 20% can suitable 

to be used in structural application as well. 

5. Recommendation 

 Further investigation on this research can improve recent laboratory works in future study 

1) Wood ash used in this study is a slightly pozzolanic in comparison to other research, therefore, it is of interest 

for future study to investigate WA has higher pozzolanic to evaluate the chemical and physical properties of 

wood ash. 

2) Finding suitable mix proportion of the ternary blended concrete that could improve strength development in 

comparison to net OPC.  
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Abstract 

Landfills have long been used for final disposal of municipal solid waste. They show efficient 

performance in waste containment assuming proper design and construction procedure of their 

elements. Compacted clay liner (CCLs) is one element that is widely utilized as a hydraulic barrier 

in landfills. CCL isolates the contaminants from the surrounding environment and regulates the 

migration of chemical leachate to the substrata. Prior to waste placement in landfills, CCLs are 

often exposed to temperature fluctuations inherited from the phenomena of daily thermal cycles. 

After waste placement, waste biodegradation takes place and is often accompanied with the 

production of chemical leachate and the release of high temperatures. Daily thermal cycles and the 

combined thermo-chemical exposures can both affect the hydraulic performance of the CCLs in 

the landfills in the short and the long term. In the region of southern Libya, the effects of daily 

thermal cycles and the combined thermo-chemical exposures can be multiple times higher than 

what can be experienced in temperate regions. The experimental results summarized in this paper 

showed that hydraulic conductivity of CCLs with low plasticity indices can be 8 times higher than 

the initial after exposure to 30 daily thermal cycles, while the CCLs with plasticity indices ranging 

from 25% to 37% showed minimal change in their hydraulic performance under the effects of 

thermal cycle effects. The exposure to chemical leachate was preferable by reducing the hydraulic 

conductivity by an order of magnitude. The rate of reduction due to leachate exposure, however, 

was less at higher internal landfill temperature.  

Keywords: Compacted Clay Liner; Hydraulic conductivity; Temperature; Leachate; Landfill 

 

 

 

 



Third Topic: Construction and maintenance of structures in the desert environment 

97 

 

1. Introduction  

Compacted Clay Liners (CCLs) are hydraulic barriers featured with low permeability for 

applications where control upon flow of fluids is desired. Municipal solid waste landfills is one 

example where CCLs are used to minimize the migration of liquid contaminants to the surrounding 

such that a chemical pollution of soil and underground water is mitigated. Therefore, the functional 

integrity of landfills depends substantially on the hydraulic performance of the CCL barrier 

systems. The later, however, is prone to performance alteration due to exposure to environmental 

factors and/or functional conditions.  

Prior to waste placement in landfills, CCL might be exposed to daily thermal cycles induced by 

solar radiation. The impact of solar radiation is multiple times higher when overlaying the CCL 

with geomembrane layer such as in the composite barrier systems. [12] recorded temperature 

readings underneath the geomembrane as high as 60°C. Therefore, CCLs in both barrier systems 

may experience desiccation cracking, volume shrinkage, and subsequently changes in hydraulic 

performance. High-temperature exposure leads to desiccation due to water evaporation, thus, 

generating voids within the soil matrix and increasing soil suction ([8], [11]). As a result, a 

reduction in the soil matrix volume, known as shrinkage, occurs. This shrinkage could induce 

volumetric change and crack formation in the soil matrix that may lead to a considerable increase 

in permeability of the CCL (e.g., [7], [9]).  

After waste placement in landfills, chances of exposure to climatic factors are less; however, CCLs 

may still be exposed to elevated temperatures and chemical leachate from within the landfill. 

Landfill leachate is generated from the expulsion of waste moisture, percolation of surface water 

into the landfill, and decomposition of organic waste. On the other hand, biodegradation of the 

organic waste is often accompanied with significant heat release. Temperatures of 60 °C and 70 °C 

were recorded in landfills in Germany [3] and Japan [14] 10 years and 6 years post-closure 

respectively. Previous case studies in North America have also shown temperatures higher than 55 

°C at the bottom of the landfill close to the liner (e.g., [5], [10], and [13]). These temperature 

conditions may affect the hydraulic conductivity of the CCLs by decreasing the leachate viscosity 

and inducing micro-cracks.  

Landfill leachate exposure may also cause changes in the soils’ chemical composition ([1], [2], 

[4]), mineral composition, and physical properties (i.e. Atterberg limits) of clay liners ([6], [4]). 
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Following these changes, the hydraulic performance of the treated clay might change. Cation 

Exchange Capacity (CEC), thickness of the double layer, and mineral composition were the 

parameters used to assess the effect of landfill leachate on the hydraulic performance of clay 

barriers.  

This study is devoted to evaluating the effects of daily thermal cycles and thermo-chemical 

exposures on the hydraulic performance of CCLs simulating field conditions of landfills before 

and after waste placement respectively.  

2. Soil and leachate properties 

2.1 Soil properties 

Two native clayey soils and two clayey soil mixtures were used in this study for constructing CCLs 

samples. The native soils are marine clay know as Leda clay, and a clay till known as Halton till.  

The two mixtures, on the other hand, were achieved by mixing Leda clay with 5% sodium bentonite 

and Halton till with 10 % sodium bentonite to attain variety in the plasticity index of the soil 

specimens. The basic geotechnical properties of the four clayey soils including particle size 

distribution, Atterberg limits, metric suction potential and the optimum water content were 

determined and presented in Table 1.  

A chemical analysis was performed on the extracted pore waters obtained by squeezing the soil 

samples under high pressure. Cation concentrations including potassium, calcium, and magnesium 

ions were determined in the pore water (mg/l), while sodium concentration was measured based 

on acid extractable sodium ions (mg/kg). Cation exchange capacities (CEC) were determined and 

the results presented in Table 1. 

Table 1. Physical and chemical properties of the test soils. 

Characteristics (%) Halton till Leda clay Halton + Bent. Leda + Bent. 

Soil classification CL CH CL CH 

Liquid limit 23.5 50.8 43.5 60.0 

Plasticity index 9.5 23.3 25 37.2 

qd (Max.), kg/m3 1700 1410 1560 1270 

Gravimetric water 

content 

13.5 30 17 34.5 

Shrinkage limit 16.0 22.5 18.1 24.4 

Shrinkage index 7.5 28.3 25.4 35.6 
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Clay content 24 71 34.0 76 

Activity 0.4 0.33 0.83 0.5 

Sodium (mg/kg) 160.0 1700 - - 

Potassium (mg/l) 6.0 15.0 - - 

Calcium (mg/l) 721.0 83.0 - - 

Magnesium (mg/l) 25.0 40.0 - - 

(CEC)a meq/100 g 67.0 18.0 - - 

 

2.2 Soil Leachate properties 

 The chemical composition of the synthetic leachate used in this study is summarized in Table 2. 

This synthetic leachate was made based on the chemical analysis of a leachate sample extracted 

from the Keele Valley Landfill in Ontario, Canada.  

Table 2. Composition of synthetic leachate and trace metal solution. 

Leachate component (mg/l) Leachate component (mg/l) 

Acetic acid (ml/l) 7 NaNO3 50 

Propionic acid (ml/l) 5 K2CO3 324 

Butyric acid (ml/l) 1 KHCO3 312 

NaHCO3 3012 K2HPO4 30 

CaCl2 2882 Trace metal solution⁄ (ml/l) 1 

MgCl2.6H2O 3114 Surfactant, Igepal CA720 (ml/l) 5 

MgSO4.7H2O 319 pH (adjusted by adding either NaOH or H2SO4) (–) 6 

NH4HCO3 2439 Eh (adjusted by adding 3% w/v Na2S_9H2O) (mV) -120 

CO(NH2)2 695  

 

3. Experimental program 

3.1 Experimental cells and specimen preparation 

Cylindrical Plexiglas cells were used to prepare compacted soil specimens with dimensions of 140 

mm in diameter and 150 mm in height simulating a typical CCL profile in landfills. Prior to soil 

compaction, rubber membranes were stretched inside the cells to eliminate the effect of side-wall 

leakage during saturation and leachate permeation (Fig. 1). Bulk samples of Halton till and Leda 

clays were oven-dried at 105 °C for 24 h and pulverized to pass through a No. 4 sieve. Leda clay 

+ 5% bentonite and Halton clay + 10% bentonite mixtures were obtained by adding 5% and 10% 

sodium bentonite to Leda and Halton clay powders respectively. All four soil types were then 
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hydrated up to 2% above their optimum moisture contents. A water sprinkler and a mechanical 

mixer were used for mixing and hydration of the soils to achieve uniform mixtures and eliminate 

water heterogeneity. The hydrated soils were then allowed to cure in airtight plastic bags for at 

least 48 h to ensure uniform moisture distribution. The hydrated soils were then compacted into 

the test cells in three layers to obtain at least 95% of their maximum dry densities. At each 

compaction layer a sample of soil was obtained to measure the moisture content of the soil 

throughout the cell. Non-woven geotextile fabrics were placed on the top and bottom of the soil 

specimens for uniform permeant distribution. The specimens were eventually sealed using upper 

and lower aluminium lids (Fig. 1).  

  

Fig. 1.  Rigid-wall permeameter cross section and dimensions of test cells. 

 

The upper lids were manufactured with influent and venting ports, whereas the lower lids featured 

effluent ports in order to enable the permeant to move throughout the soil columns. Upon 

saturation, the falling head method was adopted to conduct saturated hydraulic conductivity tests 

using a rigid-wall permeameter based on the ASTM standard (ASTM D5856, 2007). Saturated 

hydraulic conductivity tests were performed on the test samples initially and after exposure daily 

thermal cycles as well as after exposure to combined thermos-chemical effect. Each exposure 

condition had dedicated set of soil samples.  

3.2 Application of exposure conditions 

CCL forms the foundation of the landfills and often is constructed over a wide area of the landfill, 

relatively, wider than the area that will initially receive the waste. Thus, its lift exposed to weather 

conditions for a good time before being covered with waste. In the composite linear system, CCLs 

are covered with a layer of geomembrane during this time. In both cases, however, CCLs will be 

exposed to heat-cool cycles inherited from the successive sunlight and nighttime. Heating period 

is longer and more intense during summer time, particularly in areas with desert climate such as 
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the southern part of Libya.  In this experiment, the heat waves were imposed onto the CCLs samples 

to study the change in their hydraulic performance.  A heating blanket has been used to generate 

the temperature on top of the test samples. The blanket was connected to a temperature controller 

to apply 55 °C (± 1 °C) on the soil surface for 8 h simulating the daylight period. The heater was 

then shutdown for 16 h to simulate overnight cooling. The test samples were removed from the 

heat-cool system for volume measurements and saturated hydraulic conductivity testing after 

different exposure periods (15, 30, 45, and 60 days). The experiment considered both scenarios 

namely CCL with geomembrane cover and CCL without geomembrane cover as shown in Fig. 

2a&b. 

 

  

Fig. 2. a) Thermal cycles on CCL samples without simulated geomembrane. b) Thermal cycles on CCL 

samples with simulated geomembrane, c) Thermo-chemical exposure and hydraulic conductivity 

measurement setup. 

 

After waste placement in landfill, CCL will be entering another stage of exposure resulted from 

waste biodegradation and moisture migration into and from within the landfill. This combination 

of thermo-chemical exposure has been simulated by simultaneously exposing the CCLs samples 

to chemical leachate and temperature in the lab as illustrated in Fig. 2c. 

 

4. Results and discussion 

4.1 Effect of daily thermal cycles on CCLs hydraulic conductivity 

Heat-cool cycles have induced volumetric shrinkage to all test samples causing reduction in 

samples’ heights and diameters and forming cracks. The volumetric shrinkage and crack 
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dimensions was directly proportional to the number of thermal cycles and plasticity index, where 

increasing plasticity index and number of thermal cycles have increased the percentage of the 

volumetric shrinkage. For high plasticity soil (PI =37.2), volumetric shrinkage recorded 19.5% and 

23.8% after 15 and 30 thermal cycles respectively. The medium plasticity soil recorded 14.1% and 

19% volumetric shrinkage after 15 and 30 thermal cycles respectively. The low plastic soil 

recorded 7.4% and 13.6% volumetric shrinkage after 15 and 30 thermal cycles respectively. The 

soil with higher plasticity index contains higher optimum moisture content and a thicker double 

layer around the particles. Therefore, higher plasticity soil will lose greater amount of water upon 

dehydration, thus, showing higher volumetric shrinkage. Nevertheless, the soil with higher 

plasticity index experienced less change in their saturated hydraulic conductivity after exposure to 

heat-cool cycles. The initial saturated hydraulic conductivity as well as the saturated hydraulic 

conductivity after exposure to 15 and 30 daily thermal cycles are presented in Fig. 3. The saturated 

hydraulic conductivity after daily thermal exposure was generally higher than the initial value for 

all test samples. The change in hydraulic conductivity due to thermal exposure is expressed by the 

normalized hydraulic conductivity (Kr), where the measured hydraulic conductivities at set 

intervals of thermal exposure were normalized by their initial values (Fig. 4). The hydraulic 

conductivity value for Halton clay (PI = 9.5%) increased from 8.3 x10-10 m/sec to 4.7 x10-09 m/s 

after exposure to 15 daily thermal cycles. The normalized hydraulic conductivity (kr) was 5.8 

representing more than half an order of magnitude increase in the hydraulic conductivity at the end 

of 15 thermal cycles for this soil. Further increase in hydraulic conductivity was recorded after 30 

daily thermal cycles reaching approximately one order of magnitude with a kr value of 8. 

  

Fig. 3. Changes in hydraulic conductivity under thermal 

cycles 
Fig. 4. Normalized hydraulic conductivity (kr) 
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However, such deterioration in hydraulic performance was not observed in medium and high 

plasticity soils even after exposure to 30 thermal cycles. Leda clay + bentonite and Halton clay + 

bentonite maintained almost constant hydraulic performance even though they underwent greater 

volume deformations. Their normalized hydraulic conductivity values after exposure to 30 thermal 

cycles were 2.58 and 1.47 for medium and high plasticity soils respectively (Fig. 3b). Their steady 

hydraulic performance against thermal cycles could be related to their self-healing that is often 

manifested in clays with higher plasticity indices. Such clay soils contain expandable interlayers 

that have the ability to absorb large quantities of water, increase their volume, and seal most of the 

cracks and fissures upon wetting. Clays with medium or high plasticity may not be always available 

for landfill liner and clays with low plasticity could be prevalent at the area of construction. The 

question in this case: Can low plasticity clays be used for landfill liners and ensuring better 

performance against thermal cycles? The answer is "yes" and the evidences are presented in Fig 5. 

The use of geomembrane layer on top of the CCL samples have shown to provide good protection 

against desiccation and deterioration of hydraulic conductivity. After 30 thermal cycles, Halton 

clay (low plasticity clay) experienced about one order of magnitude increase in its hydraulic 

conductivity when geomembrane was not used. However, when geomembrane overlaid the CCL, 

Halton clay showed significantly lower variation in hydraulic conductivity and maintained constant 

hydraulic performance even after exposure to 60 thermal cycles. Similar behaviour was recorded 

for the CCL made of Leda clay + Bentonite. 

  

Fig. 5. Reduction of thermal cycles effects on CCLs by geomembrane installation. 

0

1

2

3

4

5

6

7

8

9

0 20 40 60 80

N
o

rm
al

iz
ed

 h
y
d

ra
u
li

c 
co

n
d

u
ct

iv
it

y
 (

k
r)

Number of thermal cycles (Days)

Halton clay without geomembrane

Halton clay with geomembrane

0

1

2

3

4

0 20 40 60 80

N
o

rm
al

iz
ed

 h
y
d

ra
u
li

c 
co

n
d

u
ct

iv
it

y
 (

k
r)

Number of thermal cycles (Days)

Leda clay +Bento without geomembrane

Leda clay +Bento with geomembrane



Third Topic: Construction and maintenance of structures in the desert environment 

104 

 

When geomembrane installed on top of CCL, daily thermal cycles are found not to have any 

significant impact on the hydraulic performance of the CCL. These results underscore the 

importance of geomembrane installation in providing protection and sealing from weathering 

effects on CCLs. Geomembrane seemed to guarantee a lower moisture loss from the underline 

CCL. The atmosphere applies suction force in order to reach humidity equilibrium with the soil 

matrix. However, when a geomembrane overlays the CCL, there would not be an immediate 

exposure to the atmosphere, thereby diminishing the role of suction, preventing water movement 

out of the soil, and minimizing the risk of volume shrinkage and crack generation.  

 

4.2 Change in hydraulic conductivity of CCLs due to thermo-chemical exposure  

 

After waste placement in landfills, biodegradation of organic waste components would produce 

gases, liquid (landfill leachate), and heat (landfill temperature). CCLs as a part of the barrier system 

at the bottom of the landfill might be exposed to the combined effects of landfill leachate and 

elevated temperature, both of which could impact the hydraulic performance of the CCLs. Elevated 

temperature has been shown to increase CCLs hydraulic conductivities. In contrast, the landfill 

leachate has led to decreases in the CCLs hydraulic conductivities. However, the effects of 

simultaneous leachate and temperature exposure, which is more relevant to the actual field 

conditions, are not well understood. The combined effects of landfill leachate and temperature were 

investigated using 12 soil specimens exposed to three different temperature conditions (22 °C, 40 

°C, 55 °C) while permeated with leachate. This combined thermo-chemical exposure was 

maintained for up to 75 days, with hydraulic conductivity readings recorded every 15 days for all 

specimens. Normalized hydraulic conductivity for each specimen was obtained by dividing the 

hydraulic conductivity reading at every set interval and certain exposure condition by the initial 

hydraulic conductivity of the specimen (Fig. 6). All trend lines in Fig 6 show a decrease in hydraulic 

conductivity over time due to exposure to the combined thermo-chemical effects. However, the 

hydraulic conductivity reduction exhibits an inverse relationship with temperature. 
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Fig. 6. Effect of thermo-chemical exposure on hydraulic performance of CCLs. 

 

For all soil specimens, the rate of reduction in hydraulic conductivity decreases as the temperature 

increases from 22 °C toward 55 °C. The highest reductions in hydraulic conductivity occurred at 

lower exposure temperature (room temperature), while the lowest hydraulic conductivity 

reductions corresponded to the higher exposure temperature (55 °C). In other words, as the 

temperature increases, the final hydraulic conductivity of the soil specimens increases. This 

behaviour can be attributed to the decrease in permeant viscosity as the temperature increases, 

which leads to higher hydraulic conductivity at higher temperature. In addition, a visual inspection 

after test termination showed a decrease in biofilm generation as the exposure temperature 

increased (Fig. 7). Intense biofilm generation due to bacterial growth was observed on the surface 

and within the soil specimens exposed to leachate permeation at room temperature. However, the 

tendency for biofilm formation decreased as the temperature increased toward 55 °C. Thus, lower 

biological clogging may occur at higher temperature, which, along with decreased viscosity, could 

lead to higher hydraulic conductivity at higher temperature when combined thermo-chemical 

conditions are applied. 
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Fig. 7. Effect of temperature on biofilm formation during leachate permeation. 

 

5. Conclusions 

Compacted Clay Liners (CCLs) with plasticity indices ranging from 25% to 37% showed reliable 

hydraulic performance and withstood the thermal cycle effects. Hydraulic performance of low 

plasticity CCLs can be improved against thermal cycles by overlaying the CCLs with a layer of 

geomembrane right after construction to minimize the moisture loss and crack formation. The 

thermo-chemical exposure led to reduction in hydraulic conductivity of the CCL samples that 

sometimes reached an order of magnitude. The decrease in the CCLs hydraulic conductivities was 

attributed to chemical precipitation and clogging of pore voids within the soils. The rate of 

reduction in hydraulic conductivity due to leachate permeation was smaller at temperatures higher 

than room temperature. Thus, better CCL hydraulic performance would be expected at lower 

landfill temperature due to the higher clogging potential. 
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Abstract: The surrounding environment of massive concrete structure such as dams and retaining 

wall structures play a significant role in the temperature distribution and stress fields variation 

within the structure. High temperatures are generated in concrete due to the hydration process and 

the effect of surrounding environment. All these factors induce thermal tensile stresses. These 

stresses must be controlled to eliminate the creation of cracks in mass concrete structures. The 

thermal analysis has to be performed accurately to avoid this problem. Therefore, in this study, a 

two dimensional (2D) mathematical model based on finite element method is developed with the 

aim of improving predictions of the temperature profile of large concrete elements during the 

hydration process at early ages and during its lifetime under hot climate. The factors considered in 

this study are the thermal adiabatic rise of temperature with age and the change of air temperature. 

The study suggested deferent techniques to control the temperature in the massive concrete 

structure during the construction. The suggested  techniques should be helpful to control the 

thermal tensile stresses.   

Keywords: FEM, Mass concrete, Thermal stress, Numerical method 

 

1 Introduction  

The temperature control of massive concrete structures plays an important role in their design and 

construction. It is of great importance to the thermal control to properly determine the lowest quasi-

stationary temperature which serves as the base point of the controlling temperature variation 

range. Simulation of the heat exchanges between the concrete and surrounding environment will 

finally lead to realistic temperature distribution profile. This will be helpful in determining the 

accurate structural response where the thermal loads are the predominant loads in these types of 

dams (roller compacted concrete dams). 

Noorzaei et al. developed a three-dimensional finite element code for coupled thermal and 

structural analysis of concrete dams. The actual climatic conditions and thermal properties of the 
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materials were considered in the analysis. The structural stress analysis was performed using the 

elasto-plastic stress analysis. The studies concluded that, the elasto-plastic analysis can redistribute 

the state of stresses and produce a more realistic profile of stresses in the dam. But the time 

dependent deformations such as; creep and shrinkage have not been considered by the authors [1]. 

Temperature and stress fields of the Mianhuatan RCC gravity dam in China was simulated by 

Zhang and Zhu [2]. In the presented study several factors of RCC affecting temperature distribution 

and stress field were taken into account in the numerical simulation such as placing process, creep, 

heat of hydration, and effects caused by surrounding temperature. The main annual air temperature 

and mean annual river water temperature are used to predict the temperature and stress fields for 

long-term operation period [2]. Xie et al. and Zhang et al. used a three-dimensional finite element 

relocating mesh method to simulate construction process and compute temperature field. In their 

work, many factors have also been considered, such as thermal adiabatic rise of temperature with 

age, the process of placement by layer, creep, work suspension in summer and the change of air 

temperature. However, the studies were limited for thermal analysis only. In addition, further 

studied to select the proper relocating age of concrete is essential [3], [4]. Penghui et al. determined 

creep values for thermal analysis of Dahuashui RCC arch dam, applied time and stress dependent 

coefficient, in a multi-term expression, whereby certain constants were apparently derived through 

experimental study to an accuracy of six decimal places.  In the presented work, the variation of 

the RCC mechanical properties with time was not been considered and fixed values were used 

during the analysis [5]. 

 

2 Numerical Modelling 

The Fourier equation governed the thermal generation and temperature distribution, is expressed 

by the following formula [6]: 
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where T is the concrete temperature, kx and  ky are the concrete conductivity coefficients in x and 

y directions respectively, Q  is the rate of heat of hydration introduced per volume, 


is the 

material density, and c is the specific heat.  
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Two main types of boundary conditions are Drichlet and Cauchy boundary, which can be written 

respectively as : 

 T=Tp 

              

                                                                               (2) 

where Tp is the known values of the nodal points of the temperatures on the boundaries; q is flowing 

heat from surface; h is the film coefficient; Ts is unknown temperatures at the boundary nodal 

points; Tf  is the ambient temperature; lx and ly are the direction cosines of the normal to the surface 

under consideration .   

3 Computation of Thermal Field 

The Numerical solution scheme used in this study is based on the Taylor–Galerkin approach. Upon 

applying this approach, the following system of differential equations is obtained [7] 
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where,  eC  is the capacitance matrix;  tK is the heat stiffness matrix;  F  is the total load heat 

vector due to hydration and convection actions.   

The finite difference approximation was used to solve Eq. (1) in the time domain numerically 
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where  bT  and  
btF   are {T} and {Ft} at time (b) and  aT  and  

atF   are {T} and {Ft} at time 

(a),  is a scalar (0    1) which is equal to 2/3 in the Galerkin method [1]. 

4 Initial Conditions  

The temperature distributions in the foundation (rock ground) as well as the concrete placing 

temperature are the two initial conditions that need to be considered in the analysis.  

 

4.1 Evaluation of the Foundation Temperature 
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The determination of the foundation initial temperature is usually performed by assigning the main 

annual air temperature as initial temperatures for the ground rock. Then, perform the thermal 

analysis of the block foundation for a period of two or three years prior to the dam construction 

time [8].  

 

4.2 Concrete Placing Temperature 

In thermal analysis of concrete, the placing temperature can be taken as the surroundings 

temperature unless there is any restriction taken in the design. These restrictions for example are 

to lower the placing temperature to a certain limit by apply some control techniques such as adding 

ice cubes or cooling the ingredients. Thus in this case, this limit will be used for this specified lift 

[9].  

5 Heat Hydration  

Isothermal or adiabatic hydration heat test is usually performed in laboratory, and then analytic 

models are used to describe the hydration heat development at various temperature regimes. The 

adiabatic model is the well-establish model used for the simulation of the heat of hydration in 

massive concrete structures. The adiabatic temperature rise of concrete based on the 

aforementioned model is given by [10]: 

)(max
t

adj e1TT                                                                                        

(5) 

where;  

maxT  is the maximum temperature rise of concrete under an adiabatic condition and   is a 

parameter which represents the heat generation rate and t is the time (days). The cumulative heat 

generated due hydration up to time t is given by; 

adjTcQ                                                                                                                       (6)      



Third Topic: Construction and maintenance of structures in the desert environment 

112 

 

Substituting Eq. (5) in Eq. (6) and differentiating with respect to time t, the expression for the rate 

of heat of hydrationQ  can be expressed as: 

teTcQ   max
                                                                                                    (7) 

The values of maxT  and  are usually determined from tests on concrete samples that will be used 

in the construction [6].  

6 Problem Definition 

The example presented in this study is  to be constructed in south-east of Libya (Kufra City ) (Fig. 

1) in a hot dry climate area (maximum temperature rises above 41 oC). According to the proposed 

schedule, the concrete will be casted in August and this is to simulate the worst casting schedule 

where the temperature will reach its peak at this time of the year.  

 

Figure 1: Vicinity Map and construction Site Location 

6.1 Material Properties and Site Conditions 

The material properties for the concrete and the rock foundation are tabulated in Table 1.  These 

values were chosen based on values reported in the literature for concrete materials which is used 

in proposed example [11]. In addition, the average monthly air temperatures at the project site are 

plotted in Fig. 2. 

Site Location 
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Table 1: Thermal and Structural Properties of Trial Segment [8] 
 

 

 

 

 

 

 

 

 

 

 

Figure 2: Monthly air Temperature at Kufra City 

7 Finite Element Modeling 

The geometrical details of the trial segment are shown in Fig 3. It is placed in 80 cm horizontal 

layers of concrete. The 2-D finite element model of the concrete block is shown in Fig.4. Eight 

noded isoparametric elements are used in the analysis.  
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Figure 3: Typical Cross Section of Proposed  Segment 

 

Figure 4: 2D Finite Element Mesh of Proposed Segment 

8 Result and Discussion 

In order to study the temperature variation with time, the temperature has been plotted for four 

different location along the Segment as shown in Fig. 5. 

 

Figure 5: Location of Predicted Temperature  

Fig. 6 shows the temperature at different location along the concrete block. The temperature 

increases due to the heat produced by hydration, then reaches a maximum point about 7 days after 
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casting. Then the block starts to cool down due to the interaction with ambient temperature. It is 

obvious from this plot that, the higher temperature zone is at the center of the block (T2) with 

maximum predicted temperature of 44 0C, which gradually reduced to reach approximately the air 

temperature at the boundaries (T4). 

 

Figure 6: Temperature Variation at different location along the concrete block 

 

In the present study alternative casting  schedule has been examined to evaluate the influence of 

the ambient temperature in the overall thermal response of the structure. According to the proposed 

schedule, casting of the concrete will be started on January. Fig. 7 shows the temperature at 

different location along the concrete block. Similar to the pervious schedule,  It is obvious from 

this plot that, the higher temperature zone is at the center of the block (T2) with maximum predicted 

temperature of 38 0C, which gradually reduced to reach approximately the air temperature at the 

boundaries (T4). However, point 1 and 4 (boundary) are greatly affected by the surroundings 

temperature.   

 

25

27

29

31

33

35

37

39

41

43

45

0 50 100 150 200 250 300 350

T
em

p
er

a
tu

er
 (

o
C

)

Time (Houre)

T1 T2

T3 T4



Third Topic: Construction and maintenance of structures in the desert environment 

116 

 

 

Figure 7: Temperature Variation at different location along the concrete block (January 

casting schedule) 

9 Conclusions  

In mass concrete works the temperature difference between the interior and surface of the concrete 

should not exceed 20 ºC [12]. This limitation is based on the allowable  tensile strain capacity of 

the concrete at given age. Hence, the boundaries are possessing air temperature and 

the average annual temperature is 11 0C, so the temperature inside the concrete 

should not rise to more than 31 ºC. There are several techniques to control the 

temperature in RCC dam during the construction such as; 

i. Cooling concrete with ice flicks. 

ii. Reducing  the cement content, just to support the required mechanical and 

elastic efforts. This technique  decreases  the hydration temperature [13]. 

iii. Stoppage between the lefts.  Stoppage (delay) in casting schedule is essential 

for such hot- dry climate, the main reason is to cool the hydration heat and avoid 

the work in very hot weather. 
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  Abstract : Construction and building in desert areas is considered a big challenge in turn due 

to the hot weather in these areas, when the average temperature in these areas reaches 45 degrees 

Celsius (°C) or a little more during the day, and decreases significantly at night. Comparison 

between materials used in thermal insulation and choosing the best and least expensive so that 

they are effective in isolating buildings from external heat in summer and keep buildings warm 

in winter. Fourier’s law of thermal conductivity was relied on in this study to know the 

resistance of materials to heat, taking into account the type of material used and from The 

materials that were used in this study (polystyrene, fiberglass, and thermal wool) 

 

Keywords—thermal insulation, thermal insulation materials, Fourier's law 

 

INTRODUCTION 

       The desert areas of our beloved country are characterized by a hot climate in summer and 

very cold in winter, and the average temperatures throughout the year in desert areas range from 

40-50 degrees Celsius [2,1]. High temperatures to this extent may affect the building and 

construction operations in those areas. regions due to the exorbitant cost of cooling operations 

for homes and human dependence heavily on air conditioners in cooling operations in the 

summer and also the use of sources of heating in the winter, all of these devices used need a 

large amount of electrical energy as air conditioning consumes approximately 60% of 

household electrical energy, heat Which seeps into our homes and facilities through the walls 

in the summer, represents the bulk of the heat that needs to be removed by air-conditioning [3], 

and to support the idea of building and reconstructing desert areas and encouraging the reverse 

migration of these areas, we must think about building materials that are in line with the existing 

climate, and also use materials that resist the surrounding conditions From heat, humidity, 

winds and other environmental conditions in those areas. From here, the importance of studying 

thermal insulation emerges as one of the most important necessary elements in the architecture 
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of the desert and hot areas. Thermal, which greatly reduces the costs of cooling and heating. In 

order to avoid these problems, the insulating materials used in thermal insulation have been 

studied and compared [4]. 

Heat insulating materials have been used for a long time in order to provide appropriate 

conditions for human life in housing and residence. Man has known from ancient times ways 

to limit the spread of heat, as he used rocks and stones as a barrier in front of fire to keep it hot 

for a long time, providing it with warmth after the fire is extinguished [5]. 

Thermal insulation materials appeared at the beginning of this century. Thermal insulation of 

the facilities began in an organized and studied manner for the purpose of reducing heat loss 

and gain, in addition to achieving thermal comfort for the person inside his house. Heat-

insulating stone wools appeared in the field of industry and construction. With the beginning 

of the thirties of this century, glass wool appeared, and in the mid-forties, the manufacture of 

both types of polystyrene and polyurethane appeared. Urethane and in the fifties, foamed vinyl 

appeared [6]. 

2.  Heat Insulation: 

Thermal insulation is the use of materials that have properties that help limit the leakage and 

transfer of heat from outside the building to its interior in summer, and from inside to outside 

in winter. 

1- The heat that penetrates walls, ceilings and floors. 

2- The heat that penetrates windows, doors and other openings 

3- The heat that is transmitted through the ventilation holes [7,6]. 

The heat that penetrates the walls and ceilings in the summer days is estimated at 60-70% of 

the heat to be displaced by air conditioning. As for the rest, it comes from windows and 

ventilation openings[3]. percentage of electrical energy consumed in the summer to cool the 

building is estimated at about 60% of the total electrical energy consumed. Hence the 

importance of thermal insulation to reduce the consumption of electrical energy used for air 

conditioning purposes; This is to reduce heat leakage through the walls and ceilings to achieve 

the appropriate functional goal for the dwelling and reduce the cost [4,3]. 

It expresses the time rate of the passage of thermal current in watts (W) through the structural 

elements inside and outside the building and the value of the thermal transfer coefficient is 

necessary to know the efficiency of the insulating materials and according to Fourier’s law of 
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thermal conductivity, which directly affects the efficiency of the insulating materials so that the 

lower the value of the thermal coefficient, the greater the efficiency of the insulating material 

The mathematical relationship of Fourier's law illustrates this [8]. 

]8[ )1(………………
𝑑𝑄

𝑑𝑡
= 𝐾. 𝐴.

𝑑𝑇

𝑑𝑋
… 

Where: 

         dQ/dt = time rate of heat flow (W) 

        A = Surface crossed by thermal current (m2) 

  K = coefficient of thermal conductivity or    thermal conductivity (W/m.oc) 

dT/dX = magnitude of the temperature gradient (oC/M) 

2.1 heat transfer methods 

Heat is transmitted through materials and mediums through the three known means of 

transmission, which are conduction, convection, and radiation, which can be defined as follows: 

1- Heat transfer by conduction 

It is the transfer of heat through the hotter (higher temperature) solid body particles to its cooler 

(lower heat) particles in contact with the hot particles in it. 

2- Heat transfer by convection 

It is the transfer of heat in liquids as well as moving gases. It takes place as a result of the 

movement of the hot particles of the liquid or gas. This movement forms convection currents, 

which in turn work to balance the temperature of the liquid or gas. In a gas such as air, heat 

transfer is by convection in the air surrounding the heat source, so the air molecules in contact 

with the heat source rise up due to their expansion and light weight, and are replaced by 

molecules of cold air that is also being heated to rise to the top, transferring heat through its 

molecules. 

3- Heat transfer by Radiation 

and he. The conversion of thermal energy in a body into radiant thermal energy (energy 

radiating outwards) and transferring it to another body. It, in turn, converts it into thermal 

energy. Thermal rays are electromagnetic waves that are similar to light waves and differ from 

them in wavelength. They are called ultraviolet rays, and therefore they need a material medium 

to be transmitted through them. Thus, the transfer of thermal energy occurs radially in a in the 

void [8]. 



Third Topic: Construction and maintenance of structures in the desert environment 

122 

 

2.2 Thermal bridges: 

They are the areas through which heat leaks from the outside to the inside and vice versa. For 

example, the heat that leaks from areas that are not thermally insulated, such as home building 

structures. There are also bridges consisting of the same building materials as in cement and 

pottery bricks [5]. 

3. benefits of thermal insulation 

1- Rationalizing the consumption of electrical energy during cooling and heating operations, 

by a rate that may reach 30-40%. 

2- Protecting the structural elements of the building and preserving the furniture from 

temperature changes 

3- Raising the level of comfort and health safety for the building's residents 

 4-Reducing the costs of purchasing air-conditioning and heating equipment by reducing their 

capacity 

 5-Reducing environmental pollution, heat emissions and noise [7] 

3.1 Guidelines for choosing the best thermal insulation materials 

 1- One requirement is that the insulating material have a low heat conductivity coefficient. 

2- It must have a high level of resistance to permeability by water and water vapor. 

3- Overall expense of utilizing the insulator to achieve the necessary thermal insulation. 

 4- To be extremely resilient to stressors brought on by significant temperature changes that 

cause ongoing, reciprocal expansion and contraction. which results in the thermal insulation 

material losing some significant mechanical properties. 

5- It need to have strong mechanical qualities, such as a high coefficient of compressive 

resistance and a coefficient of fracture resistance. 

6- It must be resistant to fire, chemical reactions, and alterations. 

7- It should not cause health damage, and it should be resistant to bacteria and mold and not 

susceptible to the growth of insects. 

8 - Operational life of the insulating material. 

9- It should be easy to install and conform to standard specifications [9]. 

3.2 Thermal insulation materials 

Their sources classify thermal insulation materials into the following four groups: 
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1- Insulating materials of animal origin: such as wool, animal hair and felt, and their use as 

insulating materials is limited. 

2 Insulating materials of inanimate origin: such as glass wool, concrete and light concrete. 

3- Industrial insulating materials: These include rubber and foamed plastics such as polystyrene 

and foamed polyurethane, as well as types of light concrete. 

4-Insulating materials of plant origin: These include fibers or cellulosic materials such as reeds, 

cotton, etc [10].  

Table (1): Thermal insulation materials[9.10] 

 
3.3 Types of insulating materials and their uses: 
Insulating materials can exist in several forms as shown in the previous table, and we take some 

of them as examples used as follows: 

1. Felt (fibers that are not metallic). 

Long rolls of various thicknesses are available, and the majority of the felt is covered in paper 

or metal foil with a frame on both sides to hold the sides. The metal foil can be on one side of 

these rolls, and one of the sides can be coated with paper covered in asphalt or bitumen to act 

as a vapor barrier or moisture barrier, or a layer of perforated thin paper on the other side, which 

is currently of limited use. Felt is often made of organic materials that include glass fibers. 

Cellulose fibers can also be provided in the form of felt. The felt is placed on the inner wall of 

the building, and is often used to insulate ceilings and walls. 

2. Light filler granules (natural porous materials). This insulating material consists of small 

granules, and when the granules are isolated, the suction equipment in the conveyors carrying 

this insulating material suctions the granules and directs them to the place to be isolated, where 

they are extruded. 
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3. Extruded foamy liquid (organic cellular materials). 

This material is available in two types: one: inorganic fibers of the adhesive type, and the 

second: it is extruded, as it hardens shortly after extrusion, and the inorganic type is composed 

of mineral wool fibers. And it is installed by special machines designed for this purpose. As for 

the second type, it consists of two packages suitable for spraying (extrusion) purposes. 

4. Solid boards or slats (inorganic foam materials). 

It is widely used in buildings to insulate roofs and walls. 

Insulating materials are made as follows: 

1- Fiberglass: 

The raw materials for fiberglass, which is also called glass wool or fiberglass, consist of sand, 

soda, and some other additives that are mixed and then melted in an oven at a temperature of 

(1400°C), after which they are transferred to the spinning apparatus to convert them by 

centrifugation into fine metal fibers. Then the fibers are treated with a resin binder, and 

fiberglass is produced with different thicknesses, densities, and shapes similar to rock wool as 

shown in the figure (1). Fiber glass is characterized by its great resistance to combustion and 

its ability to insulate sound, and it is recommended to use it in steel buildings. It is a material 

similar to rock wool, as it has a fair water and moisture absorption coefficient, and its pressure   

tolerance is very low. 

 
Fiberglass :figure 1 

2. Rock wool: 

Rock wool is made from natural rocks, and it can also be made from iron, copper or lead slag 

instead of natural rocks as a raw material. The slag is melted using coal as fuel, and the rock 

wool is spun into fibers by pouring the molten material into a rotating vessel 
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figure 2: Rock wool 

3 -polystyrene 

It is a light and rigid cellular plastic material characterized by poor heat conduction and 

excellent insulation. Resistant to pressure, impermeable to water, recyclable. It is globally 

classified as one of the best types of thermal insulation see figure 3 . It is found in many forms 

and is used in many building applications. This material is made by heating polystyrene with 

steam inside molds to form solid white cubes. These cubes can be cut to obtain solid panels of 

different thicknesses. 

 
figure 3: polystyrene 

4- Polyurethane 
It is a sticky material characterized by having a very low thermal conductivity coefficient and 

little absorption of water or water vapor. It is also light in weight and resistant to compression. 

It comes in the form of ready-made panels. Polyurethane is commonly used as a thermal 

insulator, especially in ceiling insulation. 
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figure 4: Polyurethane 

5- Perlite 
They are glassy volcanic rocks that have a low thermal conductivity coefficient, are solid and 

do not burn, and perlite, which is known for its usefulness, is used in insulation and for inclined 

ceilings and wall insulation. 
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It is a cellular and structural concrete material that is heat-insulating and fire-resistant. It is 

widely used to insulate external walls and roofs, and to insulate foam concrete [6, 10, 11]. In 

Table No (2),  the different values of the thermal conductivity of some insulation materials, in 

which some other characteristics are also noted, which help in choosing the appropriate type of 

insulator> 

 

Table2: General properties of thermal insulation materials 

4. Systems used in thermal insulation 

There are several systems used in insulation techniques for external walls, ceilings and floors 

4.1 Wall insulation: 

  4.1.1 Building a wall of thermally insulated bricks: This method is one of the currently prevailing 

methods in the process of thermal insulation of walls, where a wall with a width of (20-25 cm) 

is built of thermally insulated blocks or bricks or lacquer, insulated cement and insulated red 

bricks , as there is an inside of this type The blocks or bricks consist of several strips of thermal 

insulation made of expanded polystyrene or rock wool and other thermal insulation materials 

see figure (5) , but this method or system does not completely isolate, as the heat is transmitted 

to the buildings through thermal bridges, which are represented in the cement mixture that is 

used In the construction process, which represents about (10%) of the wall in the template, in 

addition to the thermal bridges that connect the two ends of the blocks. 

 
figure (5): Building a wall of thermally insulated brick 

 

4.1.2 Building a wall of thermally insulated blocks next to the white blocks of aerated concrete: wall is 

built of thermally insulated blocks or blocks with a thickness of (20-25 cm) as shown in figure 

(6). In addition to white blocks of aerated concrete, however, this system does not completely 

isolate the heat, but it is better than the previous method in semi-insulation, as the bridges that 

transmit heat remain in this system, which work to connect it to the inside of the building 

represented by the cement mixtures used in construction. 
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figure (6) 

 

4.1.3 Building a wall between them thermal insulation panels: 

In this method, the building is isolated from the outside, as some may wish to clad the building 

from the outside with marble, stone, granite, metal panels, and other types of materials that can 

be installed or installed, provided that this is done before installing these materials of stone, 

granite, and others see figure (7). 

 
figure (7): Building a wall between them thermal insulation panels 

Adding a thermal insulation material such as polystyrene panels or rock wool and other thermal 

insulation materials, this is the ideal method in the thermal insulation process, as the entire walls 

and concrete columns are covered, which does not allow the presence of bridges to transfer heat 

to the interior, and this method is considered suitable for buildings, whether they are existing 

or under construction [11,7,6]  

4.1.4 External insulation system: Where thermal insulators are installed on the external walls of the 

building so that it is completely encapsulated 

Then external finishes such as glass or STB materials are installed from the outside, and in this 

system all thermal bridges are overcome, and it is the only system that isolates columns and 

bridges and cancels their work as thermal bridges, but consideration must be taken to review 

the method of installing external ventilation materials for the building and the total cost of this 

system [11]. 
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figure (8): External insulation system 

4.2 Thermal insulation of the floors: The floors are isolated from moisture and salts, as well 

as they can be thermally isolated. The method of insulation, as well as the insulation materials 

for the floors, is very similar to the method of insulation for the ceilings. Soil temperatures at a 

depth of 3 meters may reach approximately (33 OC), and therefore the insulation of the floors 

is important The process of good floor insulation reduces the flow of heat from the floors in air-

conditioned buildings, and the thermal insulation material for the floors must meet basic 

conditions, which are: 

1- It should have high compressive strength 

2-To be resistant to water and moisture absorption 

3-It should have a low coefficient of thermal conductivity, that is, it must provide the minimum 

required level of thermal insulation [7]. 

4.3 Surface insulation: 

Roofs can be insulated by applying one of the two systems: 

4.3.1  The traditional roof system 

The waterproofing layer is placed on top of the thermal insulating layer to protect the thermal 

insulator from water, especially the thermal insulation materials as shown in figure ( 9a). 

In which the water absorption rate is relatively high, and in this system the waterproofing 

membrane (waterproofing) is exposed to continuous thermal stresses resulting from the large 

difference in temperatures between night and day and between the different seasons of the year, 

which leads to the expansion and contraction of this membrane, which leads to its loss. Its 

flexibility and to mechanical stresses during or after installation as a result of the presence of 

some air-conditioning devices, and others and maintenance work on the roof of the building, 

and thus the life span of the waterproofing is reduced and maintenance costs increase. 
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figure ( 9a): Roof insulation with the traditional system 

 

 4.3.2  Inverted surface system 

In which the thermal insulation is above the waterproofing layer, and the thermal insulator 

protects the waterproofing from thermal stress and exposure to ultraviolet radiation, as well as 

mechanical stress during and after installation, and thus increases the life as shown in figure ( 

9b). 

Default for waterproofing membrane, thus maintenance costs are greatly reduced. 

In order for the inverted roof system to be used, the thermal insulation material must have a 

high resistance to water and moisture absorption [11,12] 
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figure ( 9b): Roof insulation with Inverted surface system 

5. Conclusion : 

1. The application of thermal insulation systems in buildings reduces the consumption of 

electrical energy if applied on a sound scientific and technical basis. 

2. Thermal insulation works to protect and protect the building from temperatures, weather 

changes, and weather fluctuations. 

3. Choosing the correct heat insulating material gives an economic return. 

4. The thermally insulated building saves the energy expended in heating or cooling. 

5. Polystyrene is considered one of the best materials for insulation due to its ease of obtaining 

and its efficiency in thermal insulation 

6. Providing thermal stability for the building significantly reduces the exorbitant maintenance 

expenses of the building. 

7. Heat insulating materials bear the pressures they are exposed to during their operational life. 

8. The quality of thermal insulation materials is achieved when they have a low thermal 

conductivity coefficient. 

 

6. Recommendations: 

* Work on manufacturing heat and moisture insulation materials locally with high quality so 

that they conform to the specifications and compete with the materials that are imported. 

* Identifying the chemical composition of the thermal insulator to prevent skin allergy or the 

damage it may cause to humans. 
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* Insulating materials must be selected in construction operations by engineers specialized in 

thermal insulation systems 

Giving courses and workshops on how to choose and install insulating materials that are in line 

with the nature of the building and the surrounding conditions. 

* Planting trees and plants around buildings and creating green spaces helps reduce the rise in 

temperatures and climate fluctuations and provides a kind of environmental relief. 
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Abstract: 

      Nowadays, studying the possibility of getting the benefits as much as possible from 

available energy in our natural resources is one of the most important concerns of scientists and 

researchers, because this energy contributes well to reducing pollution that may result from 

using fossil fuels. In countries with a temperate and arid climate, such as the climate of the 

Libyan state, the energy consumption for cooling homes is large, so it is important to reduce 

this energy by following the appropriate method of insulation against the heat gained from 

insolation. This work presents a study on finite element modeling (FEA) of the temperature 

distribution in a one­story building and how this structure gains heat from its surroundings 

during a day of solarization. In this model the building envelop is thermally insulated and that 

the roof and the opining are not insulated, ANSYS 2020 R2 is used to model (thermal­structural 

analysis) a 3­D concrete building which is 3.20 m in floor height and has a footprint area of 40 

m2. Due to the large size of this model for such an analysis type, using the FEM is a bit 

challenging and may be a little complicated, but FEM is widely prevalent in most other fields 

because of the high effectiveness of this method on simulation. The results of the analysis 

showed how the heat gained from insolation is distributed, as well as how the building elements 

vary at different rates in the heat transfer through them to the building interior. Moreover, the 

results clearly showed that the insulation of the walls only of the building is not sufficient to 

avoid overheating of the building. This gives us a good enough idea of the priorities for 

implementing the insulation layers of the building in temperate and arid climates (the climate 

of the Libyan state), which will make the building more sufficient and more sustainable. 

 Keywords: Sustainability, Morphology, Radiation, Insulation, Ambient, Insolation 

Introduction 

      One of the most important factors in promoting environmental sustainability is improving 

buildings' energy efficiency. In the fields of construction, civil engineering, and architecture, 

many ideas have been introduced in the field of energy and natural resources, which are related 

to the shape of the structures, the locations and distribution of elements necessary to provide 

ventilation and capture the sun's rays, such as the windows, building aspect ratio, directing of 

mailto:omgaon2x@yahoo.com&
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the block, the position of vertical cores, and the structural system . Often, these variables 

directly depend on the climatic zone in which the building will be built [1]. 

       Generally, in a temperate and arid climate, such as the climate of the Libyan state [2], the 

energy consumed in cooling is the highest for HVAC systems (Heating, Ventilating, and Air 

Conditioning). Therefore, the design of residential buildings must take into account how to take 

advantage of the natural factors in which climate zone the house is located; where the 

characteristics of the building morphology can be manipulated to adapt to these features or to 

avoid their unwanted effects. The characteristics of the structural system and the proper building 

configuration contribute to reducing the energy consumed for cooling and heating by up to 

30%, depending on the climatic zone [3]. Also, the implementation of the thermal insulation 

layers for the building has a great role in conditioning the houses, but the thermal insulation 

layers for the building envelope must be implemented in a successive manner by knowing the 

parts of the building that cause the temperature to rise inside the building.     

      Concrete, wooden, or steel buildings, as the air temperature is different between the exterior 

and interior, the heat transfers through the walls, ceilings, floors, and openings, part of the heat 

transferred is stored in the building components, and the rest goes to the rooms of the building. 

Thus, the heat transfer rate depends on the thermal resistance of the material components of the 

building. The common ways that a building gains heat are first by convection, which is heat 

transferred through walls, ceilings, floors, and openings (windows and doors) as a result of the 

temperature difference between the air inside the rooms and outside. Second by radiation which 

is heat transferred through the external walls of the building, roofing, and the openings exposed 

to the sunlight. Third by heat that is from internal sources, lighting of rooms, equipment, heat 

inside the rooms, and occupants of the rooms. Fourth, by heat that is from air leakage through 

the cracks in the openings [4].   

       In previous studies, Cheung et al. showed that a reduction in energy consumption for 

cooling load of 31.4% can be obtained as a result of modifying the building envelope to match 

the local climate [5]. Anderson & Silman [6] and Webster [7] identify how the structural 

engineer may work with an integrated design team of architects, civil engineers, builders, and 

owners to make the structure sustainable. The Structural Engineering Institute of the American 

Society of Civil Engineers published Sustainability Guidelines for the Structural Engineer [8], 

which emphasizes material selection and life cycle cost analysis as the basis for structural 

sustainability. Australia's guide to environmentally sustainable homes [9] and TecEco 

sustainable technologies [10] show that concrete in its basic form has relatively low embodied 

energy, but its high usage in construction results in higher total embodied energy than any other 
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material. Jones et al. [11] developed a method for the optimum mix of energy conservation and 

solar energy. He emphasized that the designer's decision should always involve the "trade-off 

between the cost of the improvement versus the increased performance." 

      However, during this decade in the Libyan state, It has been noticed a lot of promotion 

by some companies and factories for materials and products that are used in the thermal 

insulation of homes. Citizens are also frequently asked about what materials are suitable for 

insulation as well as how to isolate buildings, especially after not obtaining good results in some 

cases in which the external thermal insulation layers were implemented for the homes of some 

citizens. It has been noticed that in most cases, insulating layers were implemented for the 

external walls, and the thermal insulation layers were neglected or not implemented for the 

roofs and the openings. 

      Therefore, this paper studies the rates of heat gain for the building from various external 

elements, such as walls, roofs, opening, which will give us an idea of which parts of the building 

should be given more thermal insulation as needed. Taking into account the summer climate of 

the Libyan state, the results of the analysis revealed how the heat generated by insolation is 

distributed to the surface of the structures, as well as how the rate of heat transfer from the 

building elements to the interior varies. In addition, the results showed that it is quite clear that 

the insulation only the walls of the building are simply insufficient to prevent the room from 

overheating. This provides us with a decent enough concept of how to implement insulation 

layers for buildings in a temperate and arid climate (such as that of Libya State), which increases 

the building's sustainability and self­sufficiency. 

1. Problem Statement 

     In this study, the efficiency of the building envelope heat insulation was explored, and how 

the absence of thermal insulation of the roof and the openings might cause the temperature 

inside the building to increase. Note that using the thermal insulation just for the building 

external walls is the most common way these days in Libya State. Based on the results of this 

study, the answer to the following question can be found. Why is the building temperature still 

high in the summer even after thermally insulating the building envelop except for the roof and 

the openings? 

2. Concepts and Methodology  

     The thermal energy that a room may absorb from both internal and external sources is known 

as heat gain. Heat is transferred to the interior from the exterior due to the temperature 

difference between the interior and the exterior. This gain happens as a result of air leakage and 
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the building envelope's walls, ceiling, windows, and ventilation systems. However, this analysis 

is a bit complicated and there is no room here to do so, so this study focuses on modeling the 

heat gain from the building envelope. 

2.1. Heat Transfer 

Heat transfer is the flow of heat energy from a high­temperature body to a lower­

temperature body, which is fundamental to the second law of thermodynamics. Calculating the 

resistance to heat transfer (R­value) of each material in the building assembly will yield the 

overall quantity of heat transported via the building's components. The three main methods of 

transferring heat are conduction, convection, and radiation (see Figure 1). The definition of 

conduction is the transmission of heat energy from a source of higher temperature to a source 

of lower temperature through physical contact. Conductive heat transfer is described as 

occurring in stationary materials (solid bodies and immobile fluids). Convection is a mix of 

conduction and fluid movement that transfers heat whenever a surface comes into contact with 

a fluid that has a temperature that is different from its own. Electromagnetic waves that are 

emitted from a hot body and travel to a cold body are what cause heat transfer by radiation. 

     Basically, this study shows that heat will transfer from the heated side of the material to the 

cooler side of the wall when one side is warmer than the other. The slope of the temperature 

gradient for a homogeneous wall is proportional to the thermal resistances (R­values) of the 

individual layers making up the composite wall, and the gradient is linear between the two 

surfaces. Resistance to heat flow, or R­value, is the reciprocal of thermal conductance, or U­

value, which measures the rate at which heat flows through a material: R = 1/U. Substances 

with a strong resistance to heat flow can be used as insulation (high R­value and low U­value) 

[12]. 
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Figure 1. Heat exchange configurations 

      Nevertheless, this work is focused on heat gained by convection and radiation as boundary 

conditions, while conduction heat transfer depends on the properties of the materials used for 

the model envelope. The basic equations are as follows [8, 13]: 

(Conduction )     𝑄𝑘 = 𝑘 𝐴 
𝜕𝑇

𝜕𝑥
  … … … … … … … … … … … … … … … … … … . … … … … … … . (1) 

(Convection)         𝑄𝑐 = ℎ 𝐴(∆𝑇) … … … … … … … … … … … … … … … … … . … … … . . … … … . (2) 

(Radiation)     𝑄𝑅 =  𝐴 ε   (𝑇surface
4 − 𝑇ambient

4 ) … … … … … … … … … … … … … … … . . . … . (3) 

Qk: the rate of heat flux by conduction (Watts) 

k: the thermal conductivity (W/m k) 

∂T/∂x: change of temperature with respect to x which is wall thickness (k/m) 

Qc:  heat flux by convection (watt) 

A:  the surface area (m2) 

h:  heat transfer coefficient difference (w/m2 oc) 

∆T: difference in the surface temperature T surface & ambient temperature T ambient 

QR: heat flux by radiation (watt) 

 σ: Stefan­Boltzmann constant (5.6696E­8 W/m2.0k4) 

 ε: Emissivity unit less 
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3. Building and Material 

The building is a typical sized room in the geometry of a warm climate zone. The plan view 

and cross section are shown in figure 2. The walls of the building (thermally insulated walls) 

consist of concrete masonry with a thickness of 20 cm, the uninsulated roof consists of 

reinforced concrete of 15 cm in thickness, the uninsulated windows are made up of single­layer 

standard glass, and the uninsulated door is made up of oak wood. In table 1, the thermal 

properties of the material are presented. Figure 3 shows the temperature of July 21 [14], which 

is a typical summer design day for calculating cooling and heating load for a temperate climate 

zone, such as Libya state. 

Table 1. Thermal properties of the material at ambient temperature 22oc [15] 

Material type Density Kg/m3 
Thermal 

conductivity w/m oc 

Specific 

Heat J/kg oc 

Convection 

coefficient 

c2 ow/m 

Concrete slabs 2400 0.75 666 2.37  

Concrete masonry 2000 0.7 836 2.74 

Glass 2300 1.05 836 3.83 

Wood oak 825 0.21 2385 1.55 

4. Modeling 

      Using ANSYS 2020 R2 to run thermal finite element analysis, this FEA considers the 

thermal behaviors of both types of material: structural and non­structural, in the room’s 

envelope. Moreover, the room is modeled in three dimensions as a scale model. Since the model 

consists of materials that differ in thermal properties, the element type is selected to be a solid 

element because all of the components of this structure are solid in reality except the inside air. 

It means there are fewer assumptions, which leads to more accuracy. 
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Figure 2. Room floor plan view & cross sections  

 

.of July 21typical summer day design temperature  .Figure 3 

4.1. Steady-State Analysis  

     At an initial room temperature of 20 oC. The steady-state thermal analysis is provided to 

study the static heat transfer between different building components due to the change in the 

surrounding temperature, which corresponds to the daylight hours. In other words, in the 

analysis settings, the number of steps is 24 steps. Each step has a different magnitude of the 

temperature, so here it does not matter the duration of loading. "Time is used for steady state 

multi-step and transient analysis" [3]. 
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       Thermal boundary conditions. Since the walls are thermally insulated, radiation boundary 

conditions are applied to all of the openings and the roof. while the convection boundary applied 

to all interior surfaces. Meshing size is controlled by a conversion study of maximum 

temperature as shown in figure 4. 

 
Figure 4. Conversion study of maximum temperature 

5. Results 

      The results of the FEM analysis showed the behavior of the temperature distribution in the 

different parts of the room, where the highest temperatures are observed in the roof (45oc) and 

windows (40oc), and this behavior is expected because the roof and the openings are not 

thermally insulated, but it can also be seen that the walls gain heat even though they are 

thermally insulated (average of 31 oc) See figure 5. 

 
Figure 5. Temperature distribution on the room envelop  
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As the heat resulting from room insolation was transferred through the ceiling and the openings 

at different rates according to the thermal conductivity characteristic of each material. Also, this 

heat will be distributed through the air molecules inside the room due to the characteristic of 

convection heat transfer (see figure 6). This leads to a gradual rise in the room temperature 

during the day, as the room temperature increased from 20 oC to 45 oC near the ceiling and also 

led to the walls gaining heat from 20 oC to 31 oC, as well as 40 at the openings. This causes the 

room temperature to rise by 70%.. Figure 7 shows the total heat flux emitted by unit area from 

the parts of the building that are not thermally insulated; and since the walls are thermally 

insulated for the external fabric, they act as a retainer for the heat gained from the roof and 

windows through their inner surface and through their mass connected to heat sources. 

 
Figure 6. Section shows the distribution on envelop and inside the room   
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Figure 7. Section shows heat flux from elements that are not thermally insulated 

6. Conclusions  

      In the context of improving the construction system of the building to improve energy 

efficiency, this research considered the method of reducing the energy consumption needed to 

cool residential buildings, as it is most often insulating the building envelope without insulating 

the roof and the openings. This technique of thermal insulation of buildings is a commercial 

process is somehow not subject to a precise scientific methodology that takes into account the 

local climatic conditions and the materials used in addition to the method of implementation. 

Where neglecting the thermal insulation of the roof of the building and the openings leads to a 

rise in the building temperature by approximately 70%  

      The results of the thermal study showed that the desired result would not be obtained from 

insulating the building envelope only and neglecting the roof and openings. Moreover, in the 

presence of the external insulation layer, and due to the thermal mass property of building 

materials, will cause the building’s temperature to rise even at night. Therefore, in order to avoid 

a high temperature inside the building as a result of the high summer temperature, this study 

recommends that thermal insulation work be done for the entire building envelope (walls and 

roof). Also recommends the use of glass for windows which has higher thermal insulation 

properties. Correspondingly, this study recommends focusing on the proper selection of 

insulation method and materials (it is known that the best insulator is the dead air). Finally, this 

study recommends that even in the case of a multi­story building, the thermal insulation of the 

upper floor surface must be implemented because due to the thermal mass characteristic of the 
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building materials, the temperature accumulates in the elements and over time affects the lower 

floors gradually. 
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