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A r t i c l e  h i s t o r y  A B S T R A C T  

3D-Printed Concrete (3DPC) can reduce the consumption of materials, construction 
costs, and implementation time, as well as increase sustainability. Seismic safety is 
one of the necessities of any structure in a high earthquake hazard zone. The lack 
of scientific and engineering studies in this area would highlight the importance of 
studying seismic safety in 3DPC building structures. This paper is focused on the 
basic specifications of 3DPC buildings under earthquake excitations. The authors 
conducted a thorough theoretical study due to the pilot nature of the research. A 
prescriptive evaluation was conducted based on the existing seismic regulations for 
similar structures. The main goal of the research was to create the necessary 
platform for applied studies, which was achieved through theoretical investigations 
and prescriptive evaluations. For this purpose, the finite element modeling of a 
3DPC building with an arch roofing system was implemented and analyzed using 
ABAQUS software. Based on the main results, the most remarkable weakness of 
such a structure was the material's poor tension behavior. The arrangement of the 
internal partitions (infill walls), the shear performance of the walls, and the relative 
displacement of the components were other effective factors of the 3DPC building 
under seismic loads. The results showed that the truss-like performance of the arch 
roof in the considered 3DPC building probably caused the undesirable structural 
responses under the seismic loads.  
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1 Introduction 

Using 3D-Printed Concrete (3DPC) in buildings can 
reduce the use of materials, costs, and construction time and 
increase the sustainability of the building. This technology 
has other futuristic advantages, such as the ease of 
transferring the building even to other planets [1-3]. Due to 
the on-site construction and use of local materials, 3D 
printing of the buildings significantly reduces transportation 
costs [4]. This method also substantially reduces adverse 
environmental effects such as high energy use, greenhouse 
gas emissions, water use, and waste production in the 
construction process [5]. The other significant advantage of 
this technology is the construction of structures with free 
forms, which requires complex, heavy, and expensive 
molding systems in ordinary construction methods [6, 7]. 

Contour Crafting (CC) technology was developed for the 
first time by Khoshnevis [8], which was among the first 
examples of 3D printing using concrete materials. 3D printing 
technology is a set of sciences that includes the disciplines 
of material, architectural, structural, mechanical, and 
software engineering and was created to print structures and 
pieces on a real scale [9]. 3D printing technology is used in 
most industries, including aerospace, automotive, medicine, 
weaponry, and the construction industry [10]. 

 
*  Corresponding author: 

 E-mail address: s.mollaei@ubonab.ac.ir&ehsan.noroozinejad@westernsydney.edu.au 

Concrete is the most popular material used in 3D-printed 
buildings. The essential characteristics of concrete materials 
used in 3D printing construction include the rheological or 
fresh properties as well as the hardened properties of the 
concrete [11, 12]. Most of the materials used in the 3DPC 
mixture are locally available materials, and the desired 
properties are achieved by chemical additives. However, 
most common mortars in 3D-printed buildings consist of 
microsilica, ordinary Portland cement, fly ash, river sand (up 
to 2 mm grain size), and polypropylene microfibers [4]. 

In previous studies, factors affecting the rheological 
properties of the printed concrete material have been 
studied, such as time interval, extrusion rate, layer thickness, 
material composition, fibers, nozzle tip geometry, etc., [3, 6, 
7, 12, 13, 14]. Ahmed Saleh [3] evaluated the feasibility of 
concrete in 3D printing construction. He concluded that 3D 
concrete printing has a promising future in construction. 
Jeong et al. [6] proposed a model to derive the rheological 
properties of the 3D-printed concrete material. It was proven 
that using sisal fibers in printed mortar led to a higher yield 
stress and cohesiveness of the mix [7]. Bukvić et al. [12] 
reviewed the pumpability and printability properties of fresh 
printable concrete in past research.  

https://doi.org/10.5937/GRMK2300014P


Numerical Analysis of Seismic Behavior of an Arched-Roof 3D-Printed Building 

 

2  Building Materials and Structures 67 (2024) 2300014P 

Khoshnevis [8] reviewed the basic concepts in the 
construction of a 3D-printed building. The study results 
showed that the increasing voids in the layers, the lightness 
of the material, as well as the use of a layered dome form 
inspired by traditional methods in the bed of modern 
materials,could be helpful in practical applications [8]. Van et 
al. [13] studied the interlayer bonding in printed construction. 
They found that the application of a robust system for 3D 
concrete printing was as vital as the material properties [13]. 
Also, Bos et al. [15] conducted a study to reinforce printed 
concrete using steel cables. They showed that steel 
reinforcement was a feasible method to achieve improved 
material behavior. 

Martens et al. [16] conducted a study to optimize the 
material mixture and topology of the structure for 3D-printed 
buildings. Also, Hojati et al. [17] conducted studies on 
different mixtures of printed materials, including native 
materials on Mars. Their studies showed that native 
materials on Mars have a high potential for printing buildings 
there. Also, using long fibers can increase the structure's 
efficiency [17]. Daniel et al. [18] studied the possibility of 
improving the strength of layers. Their studies showed that 
shorter time intervals and increased contact area were 
helpful in improving interlayer bonding [18]. Skibicki et al. [19] 
tested some novel compositions for printed building 
materials at different temperatures. Their proposed methods 
had enhancing effects on the curing time of the printed 
materials and led to a higher speed of the construction 
process. Padnis and Shariff [20] proposed a numerical 
method to calculate the critical buckling height of the 3D-
printed walls. They validated the proposed method using test 
results. Li et al. [14] reviewed the experimental testing on the 
fresh-state and hardened properties of the materials in 3D-
printed concrete. 

Pudjisuryadi et al. [1] studied the weaknesses of printed 
structural beams. They concluded that the use of small-scale 
samples may not be suitable to predict the behavior of the 
printed structures. Federowicz et al. [21] investigated the 
shrinkage of 3D-printed cement materials and the 
deformations caused by this shrinkage at different time 
intervals. They showed that the application of anti-shrinkage 
admixtures did not change the compressive strength of the 
hardened material. Olobokola [22] investigated the 
difference between the results of finite element analysis 
(FEA) and analytical models for 3D-printed components. The 
study showed a close correlation between manual 
calculations and computer analyses. Pekuss et al. [23] 
studied 3D-printed columns with different geometrical 
complexities. Wang et al. [24] studied the interface properties 
of the printed concrete layers. The ultimate tensile strength 
and shear strength of 3D-printed concrete were increased by 
using steel rebars and fiber reinforcement in the printed 
material. 

Chang et al. [25] proposed a model with a new failure 
criterion for numerical modeling of 3D-printed concrete. 
Licciardello et al. [26] conducted experimental studies on the 
hardening behavior of printed concrete walls. Gebhard et al. 
[11] investigated the bending behavior of printed beams. 
Duarte et al. [27] investigated the geometric form of printed 
buildings. They showed that load-bearing wall systems with 
shell and arch forms were desirable geometries [27]. Pan et 
al. [28] investigated the effects of raw material properties on 
the interlayer bond of printed concrete at different time 
intervals. Xiao et al. [29] proposed the idea of using recycled 
materials in 3D-printed buildings. 

Recently, Xiao et al. [30] reviewed the literature on 
appropriate geometric forms and structures for 3DPC 

buildings. Essebyty et al. [31] investigated the sustainability 
of 3D-printed buildings in a case study. They showed that the 
seismic performance of the building was similar to that of an 
unreinforced masonry building. In another study, Zhang et al. 
[32] investigated the 3D-printed walls under Gaussian-static 
loading conditions. Their study proved that the 3DCP 
building reinforced with FRP textile had desirable mechanical 
properties. One study on the structural design of printed 
buildings subject to dynamic loadings is that by Aghajani 
Delavar et al. [33], who studied the design, modeling, and 
analysis of 3D-printed walls under dynamic horizontal loads. 
They proposed analytical equations to forecast the behavior 
of 3D-printed walls under in-plane seismic loading, which 
OpenSees numerical results validated. 

Reviewing the literature on 3DPC buildings proved that 
the seismic performance and nonlinear behavior of those 
buildings have not been widely studied. Most previous 
studies in this field have focused on the mixture plans and 
construction methods of 3DPC structures. While seismic 
safety is one of the basic needs of any structure located in 
an earthquake-prone environment, printed structures are no 
exception to this. 

Investigating the seismic safety of 3D-printed buildings 
could be helpful to expand the practical applications of those 
structures. This issue was considered in this study. This 
research attempted to determine the basic needs and 
characteristics of earthquake engineering in 3D-printed 
structures. Here, defining a prescriptive evaluation process 
for the seismic safety of printed structures and providing a 
practical model for a detailed evaluation of the seismic safety 
of these structures were pursued. For this purpose, an 
extensive theoretical study was conducted using technical 
literature related to printed structures. In the following, the 
existing seismic regulations were used for loading, analysis, 
and modeling of the considered 3DPC building. Then, a 
practical phenomenological model was proposed for a 3D-
printed structure using ABAQUS finite element software. 

2 Materials and methods 

The initial hypothesis in this study was that the basic 
needs of earthquake engineering in printed structures mainly 
include control of accelerations. Also, another hypothesis of 
the authors was that a prescriptive evaluation process of 
printed buildings can be defined based on the existing 
building seismic criteria. The research process and results 
are described and discussed in the following parts. 

 
2.1 3D-printed structure considered in the study 

 
As shown in Figure 1a, the considered model was a 

barrel vault structure with dimensions of 10 × 6 m and a wall 
height of 3 m with an arch roofing form. The geometric and 
material properties of the considered building were selected 
with minimum discontinuity. Therefore, any reinforcements 
or different material types were not taken into account. The 
existing 3D printing technologies can guarantee the 
implementation of the whole building, from the foundation to 
the rooftop, without human intervention. Hence, the 
considered 3D-printed structure can be implemented without 
any human intervention and in all directions, even on other 
planets. According to previous studies, the arching system is 
one of the recommended forms for 3D-printed structures [8, 
27]. As shown in Figure 1b, on each of the longitudinal 
perimeter walls (y direction), two openings were considered 
as windows, and one opening was created as a door at the 
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transverse end of the building. Also, two inner infill walls were 
modeled in the considered building. The layers of the walls 
and roof of the model had a truss-like structure with a 20 cm 
width. As shown in Figures 1c to 1e, the cross-section of the 
walls and arch was a two-row truss-like form with a width of 
6cm in each row and a distance of 8 cm from each other. The 
rows were connected by zigzagged grids with a width of 2.5 
cm. A cross-section with parallel filaments and a grid pattern 
between them is widely used for 3D-printed structures [34]. 
The thickness of every printing layer was assumed to be 4 
cm. The specific weight of the printing concrete was 2100 
kg/cm³. 

The maximum height of the arch at the highest point was 
3 m. The dimensions of the foundation were 10 × 6 m, with a 
thickness of 30 cm. The 3D-printed perimeter walls were 
assumed to be the lateral and gravitational load-bearing 
systems of the studied structure. Also, it was assumed that 
3D printing technology without human intervention was used 
in the construction process. Therefore, all the rheological 
properties of the concrete material were assumed to be 
isotropic and homogenous. During the construction of the 
structure, no additional stresses had been applied to the 
structure due to the movement of the nozzle or its vibrations, 
so no stress reduction had been considered in the material 
model. 

 

2.2  Loading of the structure 
 
The regulations used in this study included National 

Building Regulations of Iran parts 6, 8, and 9 [35-37], which 
are dedicated to seismic loading and the design and 
execution requirements of masonry and reinforced concrete 
buildings, respectively. Also, the Organization of Strategic 
Planning and Supervision of Iran publications No. 740 and 
360 [38, 39] were used in this study, which includes 
guidelines for seismic evaluation and rehabilitation of 
buildings. It should be noted that the lack of specialized 
regulations was the most essential and fundamental 
limitation of this study. Also, the lack of previous studies on 
the behavior of 3D-printed structures under the conditions of 
natural disasters was another limitation. 

Here, a residential building was investigated, which was 
located in Tabriz city, Iran, and on the third soil type. 
Therefore, according to Iranian seismic standard criteria No. 
2800 [40], its experimental period of vibration can be 
obtained using Equation 1. Based on the mentioned criteria, 
the equivalent lateral force is the most commonly used 
technique for seismic analysis. 

𝑇 = 0.08𝐻0.75 (1) 

 

 

 

 
(a) (b) 

 

 
(c) (d) 

 

 

(e) (f) 

Figure 1. Finite element model of the considered building in this study: a)3D-printed building; b) building plan; c) cross-
section of the arch and walls; d) a layer of the modeled arch roof; e) a layer of the modeled walls; f) schematic printing 

process of the parallel filament with internal grids 
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Where T is the main period of vibration(s), and H is the 
height of the building (m). 

The reflection coefficient of the building is a parameter 
that is used for calculating the seismic coefficient of the 
building, and it can be calculated by Equation (2). 

𝐵 = 𝐵1𝑁 (2) 

Where B₁ is the spectral shape factor (SSF) and N is the 
spectral correction factor. B₁ is also calculated by Equation 
(3). 

  𝐵1 =

{
 
 

 
 𝑆𝑜 + (𝑆 − 𝑆𝑜 + 1) (

𝑇

𝑇𝑜
)  ;    0 < 𝑇 < 𝑇𝑜

𝑆 + 1   ;     𝑇𝑜 < 𝑇 < 𝑇𝑜

(𝑆 + 1) (
𝑇

𝑇𝑜
)  ;   𝑇 > 𝑇𝑂

             (3)            

Where T is the main period of the building (s), and𝑇𝑜, 𝑇𝑠, 
S, and 𝑆𝑜 are parameters that depend on the soil type and 
the seismic zone of the region. 

Considering that 3D-printed buildings are not part of any 
structural systems classified in the existing seismic 
regulations, and given that this research is a pilot study, the 
behavior factor of R can be considered equal to 1. This is a 
conservative assumption.  

Given the values of A, B, and R, the seismic coefficient 
of the building can be obtained from Equation (4). 

𝐶 = 𝐴𝐵𝐼/𝑅 (4) 

Where A is the design acceleration, B is the reflection 
coefficient, I is the importance coefficient, and R is the 
coefficient of the behavior of the building. The seismic 
characteristics of the considered building are tabulated in 
Table 1. 

 
Table 1. Seismic characteristics of the building (based on 

the regulations [38-40]) 

W C R I B A 

55784𝑘𝑔 0.9625 1 1 2.75 0.35 

 
Snow loading, as a live load on the arched roof, was 

calculated according to the National Building Regulations of 
Iran Part 6 [33] by Equation (5). 

𝑃𝑟 = 0.7𝐶𝑠𝐶𝑡𝐶𝑒𝐼𝑃𝑔 (5) 

Where 𝑃𝑟 is the snow load on the arch per square 
centimeter of the horizontal projection of the surface, 𝐶𝑒 is 
the snow removal coefficient, 𝐶𝑡is the temperature condition 
coefficient, 𝑃𝑔 is the weight of the snow layer on the 
horizontal projection of the ground, and 𝐶𝑠 is the slope 
coefficient of the roof. 

The ultimate limit state load combinations were applied 
according to Equation (6) [35]. 

𝐷 + 1.5𝐿 + 1.2(𝐿𝑟 or𝑆or𝑅𝑟) + 1.2(𝑤or 0.7E) (6) 

Where D is the dead load of the building, L is the live load 
on the floors, 𝐿𝑟 is the live load on the arch, S is the snow 
load, 𝑅𝑟is the rain load, E is the design earthquake load, and 
𝑤 is the maximum wind load. 

The foundation shear force caused by the earthquake 
refers to the sum of the lateral forces of the earthquake, 
which is applied to the foundation of the building according 
to Equation (7). 

𝑉 = 𝐶𝑊 (7) 

Where V is the floor shear force and W is the effective 
seismic weight (including the dead load and the weight of 
facilities and infill walls as well as a percentage of the live 
and snow loads) [38-40]. 

The foundation shear force is distributed by the height of 
the building by Equation (8). 

𝐹𝑖 =
𝑤ℎ

𝑊ℎ
𝑉 (8) 

Where 𝐹𝑖 is the lateral force at the level of the floor, w is 
the weight of the floor, including the weight of the arch and 
half of the weight of the walls and columns above and below 
the roof, and h is the height of the roof from the base level. 

 
2.3  Shear resistance force of the wall [10] 

 
The shear stress in 3D-printed structures can be defined 

as  Equation (9) using Mohr–Coulomb theory. 

𝜏 = 𝜎TAN(∅) + 𝐶𝑐 (9) 

Where 𝜏 is the resistant shear stress in the wall, 𝜎 is the 
normal stress due to the weight of the upper layers, ∅ is the 
internal friction angle, and CC is cohesion. The value of 𝜎is 
calculated by Equation (10). 

𝜎 = 𝜌ℎ                                                                                                    (10) 

Where 𝜌 is the concrete density, and h is the height of the 
wall. 

To obtain the shear stress, the value of CC should be 
determined by Equation (11). 

𝐶𝑐 =
(1 − K𝗒) + (1 + K𝗒)sin (Φ)

2cos (𝛷)
𝜎 (11) 

The value of 𝑲y is equal to the Poisson ratio of the 
material. 

 
2.3.1   The friction force [10] 

 
The maximum frictional stress is obtained from Equation 

(12). 

𝐹𝑐𝑟(𝑖) =
𝜇𝑉𝑔

𝐿𝑏𝑖
 (12) 

Where 𝐹𝑐𝑟(𝑖) is the maximum interlayer frictional stress, 
𝜇 is the coefficient of internal friction, 𝑉𝑔 is the gravity load 
caused by dead and live loads on the wall, L is the length of 
the multilayer beam or wall, and bi is the inner surface of the 
wall or multilayer beam. 

 
2.4 FEA 

 
The dynamic analysis of the structure under earthquake 

excitation was performed using the finite element software 
by introducing the ground displacement time history at the 
base level of the building. In this analysis, the damping ratio 
can be assumed to be 5%, unless it can be shown that other 
values are more suitable for the structure [40]. Currently, 
there is no consensus about how to select and scale the 
earthquake motions for code-based design and evaluation of 
the seismic performance of buildings using nonlinear 
response history analysis [41]. 

The finite element modeling of the 3D-printed structure 
was implemented using ABAQUS software following the 
criteria discussed in the National Building Regulations of 
Iran, Part 8 [36]. In the following, the loading of the structure 
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and the ultimate state load combination were defined. Tabas 
earthquake records were used as the design earthquake in 
this study. Finally, non-linear time history analysis of the 
structure was done, and the results were evaluated. 
 
2.4.1  ABAQUS software [42] 

 
ABAQUS is a commercial package for computer-aided 

FEA of structures. The Explicit solver is one of several 
multipurpose solvers in ABAQUS that uses the explicit 
integration method to solve problems with a high degree of 
nonlinearity, such as complex contact interactions and 
severe transient loads. In this study, the explicit solver of 
ABAQUS is used to analyze the considered 3D-printed 
building under seismic loads. 

 
2.4.2  Material model 

 
In the previous studies, no special constitutive model for 

3DPC has been introduced yet [43]. According to past 
studies, the numerical simulation methods for masonry and 
other layered structures can be considered for 3DPC [44]. 
The material model used in this study was plain cement 
concrete (PCC) (not reinforced). Therefore, the Concrete 
Damage Plasticity (CDP) model was used to define the non-
linear behavior of the material, which is available in the 
material library of ABAQUS. In order to obtain the inelastic 
behavior of the material, damaged elasticity, and isotropic 
tensile, and compressive plasticity can be used in the CDP 

model. According to Equation (13), the total strain tensor ε 
consists of two elastic and plastic parts. 

𝜀 = ε𝑒𝑙 + 𝜀𝑝𝑙 (13) 

Where ε is the total strain tensor, 𝜀𝑒𝑙 is the strain tensor 
of the elastic region, and 𝜀𝑝𝑙 is the plastic strain tensor. 

In this model, isotropic hardening variables are 
expressed by inelastic compressive strain, cracking strain, 
including plastic hardening strain, and residual strain due to 
the damage. Hardening variables are used to control the 
crack development or failure level. Figure 2 shows the 
uniaxial compressive and tensile behaviors of the concrete 
material in the CDP model. 

In Figure 2, 𝜎𝑐𝑢 is the ultimate compressive strength, 𝜎𝑐𝑜 
is the compressive strength, 𝜀𝑖𝑛  is the inelastic strain, and 
𝜎𝑐is the compressive strength of concrete. 𝜎𝑡 is the tensile 
stress, 𝜎𝑡𝑜 is the tensile strength, 𝜀𝑝is the plastic strain 

tensor, and 𝜀𝑡 is the tensile strain. The compressive and 
tensile behavior of the unconfined concrete can be 
calculated based on the formulas presented in the literature 
[45].  

Table 2 shows the specifications of the concrete material 
used in the 3D-printed structure model in this study. In this 
model, the results of previous studies on the behavior of 
unconfined plain concrete [45] have been used, which were 
assumed to be similar to the material behavior of the 3D-
printed concrete considered here. In Table 2, fc0 is the initial 
uniaxial compressive yield stress, K is the shape parameter, 
and 𝜌 is the mass density of the material. 

 

  
(a) (b) 

Figure 2. Concrete behavior: a) incompression; b) intension [45] 

 
Table 2. Specifications of the concrete material model 

plasticity parameters Elasticity parameters 

30 dilation    angle (º) 250000 
Young's 

modulus(kg/cm2) 

0.1 eccentricity 234 fc0 

1.16 fb0/fc0 0.24 Poisson ratio 

0.67 K 1.94 Friction coefficient 

0 viscosity    parameter 
20 𝜑 

2100 𝜌 (kg/𝑚3) 

Compressive damage compressive behavior 

inelastic strain damage parameter inelastic strain yield stress (kg/cm2) 

0 0 0 104.2 

0.000077 0 0.000077 130.52 

0.00017 0 0.00017 152.9 

0.00028 0 0.00028 171.03 

0.00042 0 0.00042 185.58 
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0.00057 0 0.00057 195.78 

0.00074 0 0.00074 201.9 

0.00093 0 0.00093 203.94 
0.0011 0.01 0.0011 200 

0.0013 0.04 0.0013 195 

0.0016 0.09 0.0016 185 

0.0018 0.16 0.0018 170 

0.0021 0.25 0.0021 152 

0.0024 0.36 0.0024 130.5 

0.0028 0.49 0.0028 104 

0.0031 0.64 0.0031 73.42 

0.0035 0.81 0.0035 32.6 

tension damage tensile behavior 

cracking strain damage parameter cracking strain yield stress (kg/cm2) 

0 0 0 20 
0.00094 0.99 0.00094 0.02 

 

 
Interfacial forces between the printed layers were 

introduced to the model using Equations (9)-(12). As 
mentioned before, each printing layer with a 4 cm thickness 
was subject to the bonding resistance of the face and the 
weight of the upper layers. FE modeling of the printing layers 
is illustrated in Figure 3.  

 

 

Figure 3. FE modeling of the consecutive printed layers 
 

2.4.3 Boundary conditions and meshing 
 
The nodes of the foundation floor were fully restrained 

against displacement and rotation in all directions. In the 
STEP of the earthquake excitation, the time history record of 
the earthquake was applied to the foundation nodes as 
boundary conditions (BCs). At the same time, the other 
degrees of freedom were still restrained. In order to avoid 
convergence problems in the software, three-dimensional 
HEX (8-node brick) elements with average dimensions of 
30×30×30 cm were used to model the solid layers of the 
cross section. Also, the zigzagged grids between the two 
were modeled using 4-noded shell elements. Figure 4 shows 
the meshing of the FE model as well as the BCs defined in 
the analysis steps. 
 
 

 
 

  
(a) (b) 
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(c) 

Figure 4. FE modeling of the considered building: a) meshing of the model; b) BCs for earthquake load step; c) BCs for initial 
and gravity load step.  

 
 

In the analysis procedure of the model, a separate static 
general STEP was defined for gravity loads. A dynamic load 
STEP was assigned to the seismic loads as well, and the 
multi-step analysis was implemented. The results of the 
analyses were summarized and discussed in the following.   
 
2.4.4 Seismic excitation 

 
To put the earthquake loads on the building, the 

horizontal part of the earthquake accelerogram close to the 
Tabas fault, which has the details shown in Table 3 and 
Figure 5, was used. It came from a peer site [46]. Due to the 
time-consuming explicit analysis procedure in ABAQUS as 
well as the large number of elements in the considered 
model, only the records of severe ground motions from the 
earthquake were used here (Figure 6). 
 
 
 

Table 3. Characteristics of the Tabas earthquake records 

Mag 
Mechanism 

station year event 
Spectral 
ordinate 

7.3 Bajestan 1978 Tabas,iran SRSS 
7.3 Boshrooyeh 1978 Tabas,iran SRSS 
7.3 Dayhook 1978 Tabas,iran SRSS 
7.3 Ferdows 1978 Tabas,iran SRSS 
7.3 Kashmar 1978 Tabas,iran SRSS 
7.3 Sedeh 1978 Tabas,iran SRSS 
7.3 tabas 1978 Tabas,iran SRSS 

3 Results and Discussion 

This section reviews the study findings regarding how 
seismic excitation affected the behavior of the 3D-printed 
structure. Here, the horizontal seismic excitation was applied 
once along the x-axis (transverse direction of the building) 
and the y-axis (longitudinal direction). The effects of external 
loading, cracks propagation, and the severity of damage to 
the structure during the earthquake were evaluated. In the 
following, the failure pattern of the structure was 
investigated. Finally, possible solutions to deal with the 
structural damages were presented according to the 
regulations and previous studies. 

In this study, due to the lack of facilities to construct the 
3D-printed structure as well as the lack of results of 
experimental studies on this type of structure, it was not 
possible to validate FEA results compared to the laboratory 
data. Hence, the results of all analyses were interpreted 
theoretically according to scientific principles and theoretical 
engineering considerations. Also, according to the design of 
the research model following the Iranian National Building 
Regulations, all the responses of the structure were 
controlled by those regulations. 

FEA performed by Tahmasebinia et al. [47] on a model 
of a 3D-printed structure with arch roofing showed that the 
joints between the arch and walls and the foot of the arches 
were always the most critical positions under gravitational 
loads. These results are consistent with the results of the 
upcoming research. In the following parts, those results will 
be provided and discussed. 

 

 
Figure 5. The Tabas earthquake accelerogram 

 

 
Figure 6. Strong ground movements of the Tabas earthquake records 
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3.1  Deformations and displacements 
 
Figure 7 shows the structural elements before and after 

the seismic excitation along the x-axis (transverse direction 
of the building). Therefore, the undeformed shape of the 
elements is visible behind the deformed shape, as shown in 
Figure 7. The largest deformation occurred in the elements 
of the arch (the connection points to the wall) and in the 
connection points of the base of the walls to the foundation, 
where there is a sudden change in the geometry of the layers. 

 
3.2  Deformation and stress in the arch system 

 
Under seismic excitation along the x-axis, the von Mises 

stress quantities in the arch of the building along the path, as 
shown in Figure 8a, are drawn in Figure 8b. Due to symmetry 
in the structure and seismic excitation, only half of the arch 
span has been checked. Figure 8b shows that the von Mises 
stress has increased significantly in both halves of the arch. 
This result is rational because a shallow arch behaves like a 
beam under uniform loading conditions [48]. 

Figure 8c illustrates the variations in von Mises stress in 
the arch along the considered path in the z-direction (height 

of the structure). As shown in Figure 9c, the stress at the 
arc's beginning shows a higher value. But gradually, from the 
edge to the end of the first third of the arch, the stress 
reduces significantly. Then, in the middle third of the arch, a 
significant increase is observed again. Given that von Mises 
stress is used for normal, shear, and combined stress, as 
shown in Figure 8, it is concluded that the behavior of the 
arch corresponds to the behavior of a beam under a uniform 
load. 

Figure 9a illustrates the variations in the displacement of 
the arch elements in the x-direction proportional to the 
distance along the arc, drawn along the same path as 
demonstrated in Figure 9a. The displacement shown in 
Figures 9a and b demonstrates that the failure occurred 
almost at the beginning of the arch. Also, the amount and 
trend of displacement in the x- and z-directions are very 
similar. So, at the beginning of the arc, the slope of 
displacement changes in the x-direction is much steeper 
than the displacement slope in the z-direction. This 
difference is due to the presence of a support in the z-
direction. In the x direction, due to being in alignment with the 
lateral force as well as the gap space between the two faces 
of the truss section of the wall, higher displacement occurs. 

 

  
(a) (b) 

Figure 7. Deformed and undeformed elements of: a) thearch; b) thebody of the structure 

 

 

 
(a) (b) 

 
(c) 

Figure 8. a) The considered path on the arch; b) von Mises stress variations in the x-direction; c) von Mises stress variations 
in the z-direction 

0

50

100

150

200

250

300

0 5 23 52 92 141 198 260 321

St
re

ss
 (k

g/
cm

2
)

X distance along path (cm)

0

50

100

150

200

250

300

0 67 128 184 233 272 300 315 322

St
re

ss
 (

kg
/c

m
2

)

Z distance along path (cm)



Numerical Analysis of Seismic Behavior of an Arched-Roof 3D-Printed Building 

 

Building Materials and Structures 67 (2024) 2300014P   9 

 
 

(a) (b) 

Figure 9. Displacement variations in the arch proportional to the distance from the beginning of the arch in the: a) x-direction; 
b) z-direction 

 
 

By comparing Figures 8 and 9, it can be said that the 
stresses increase significantly in the middle of the arch. On 
the other hand, the high amount of displacement at the 
beginning of the arch has led to failure at this point. 
Therefore, at the beginning of the arch, i.e., at the 
connections of the arch and the wall of the building, there is 
a need to strengthen and/or replace the geometry or 
materials. In order to solve this problem, it is better to 
combine different arc radii in the arch or other roofing forms 
with a uniform change in the connection to the walls. In 
previous studies, other geometric shapes have been 
proposed for the roof of 3D-printed buildings [8, 49]. 

The maximum response value of the support reactions, 
as demonstrated in Figure 10a, is equal to 1.102 × 105 kgf 
(1.081 × 106 N). This was recorded in one of the middle 
nodes of the building's foundation, which has reached the 

point of yielding and failure in terms of resistance. On the 
other hand, the maximum plastic strain occurred in one of the 
middle nodes at the joint of the internal partition to the 
perimeter wall of the building (Figure 10b). The place where 
the maximum deformations occurred was on the edge of the 
partition wall connected to the perimeter wall. This reveals 
the critical effect of partition walls and their connection to the 
structure. Observations revealed that the highest stress in 
the structure occurred in the middle part of the longitudinal 
wall, perpendicular to seismic excitation. This point is 
precisely where the interior partition is connected to the 
perimeter wall of the building. Therefore, this also indicates 
the importance of placement and the existence of partitions 
in 3-D printed structures. 

 

 

 

 

(a) (b) 

 
(c) 

Figure 10. Extreme values of: a) support reactions; b) plastic strains; c) displacements 
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Figure 10c shows that the highest displacement in the 
structure is related to the grids located between the two 
layers of the arch. Most of the time, components of truss-like 
sections undergo buckling and instability issues before 
reaching the yield point. These large deformations cause 
structural collapse in the truss-like section components 
before reaching the yield condition. The walls of the model in 
this study also follow the pattern of truss behavior. In most 
cases, the arch is vulnerable due to the large displacement 
of the structure. This can be seen more clearly if the 
deformation is magnified, as shown in Figure 11. 

 

 

Figure 11. Maximum damage to the structure (magnified 
deformations) 

 

3.2  Stress and displacement in the foundation 
 
Under seismic excitation along the x-axis (transverse 

direction of the building), as shown in Figure 12a, a path was 
considered in the structure foundation in the direction of the 
y-axis for the changes in stress and reactions in the support 
(building foundation). Figures 12b, c, and d show the 
variations in von Mises stress, plastic strain, and support 
reaction forces in the considered path, respectively. Figure 
11c shows that approximately 800 cm from the beginning of 
the path, along the length of the structure, the stress has the 
highest value. Also, at the beginning and end of the path, the 
amount of stress is found to be very large in the structure's 
foundation. 

As shown in Figure 12d, the support force in the structure 
foundation near the distance of 800 centimeters from the 
beginning of the path has the highest value, as shown in the 
stress diagram. The presence of internal infill walls and their 
connection to the external walls on this side of the building 
can be the main cause of asymmetries in the stress and 
strain responses as well as the reactions in the foundation. 

In the printing process of 3D structures, all the building 
components are executed layer by layer. Therefore, the 
partitions inside the building cannot be considered 
separately from the (lateral or gravitational) load-bearing 
system. This internal partitioning affects the behavior of the 
structure. Therefore, the thickness of the partition walls, their 
location, and their length are very significant issues. 
 

 

 

  

(a) (b) 

 
 

(c) (d) 

Figure 12. a) The considered path on the support; b) stress in the y direction; c) plastic strain, d) support reactions 
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3.3  Stress and displacement in the longitudinal direction of 
the structure 

 
Under seismic excitation along the x-axis (the transverse 

direction of the building), Figure 13a shows the considered 
path in the arch. The diagram of the variations of the von 
Mises stress in the radial direction is drawn in Figure 13b. 
According to Figure 13b, in the middle part of the diagram, 
the value of the stress has reached zero in some elements. 
In the displacement diagram (Figure 13c), at the same point, 
the displacement response is at its peak value. As shown in 
Figure 13d, collapse has occurred at this point, indicating 
that failure (instability) has occurred due to large 
deformations. Therefore, it can be concluded that the 
structure needs to control displacement and strengthen the 
materials or sections used at the maximum displacement 
points. 

It was observed that the highest base reaction was 
created at the beginning of the wall, i.e., at the connection 
zone of two external perpendicular walls. The reason for this 
is probably related to the shear behavior of the wall parallel 
to the direction of seismic excitation. 

 

3.4  Seismic excitation in the longitudinal direction 
 
In the case where the horizontal seismic excitation is 

defined along the y-axis (longitudinal direction of the 
building), as shown in Figure 14a, the damage to the roof of 
the structure is significant. Therefore, there are human life 
risks for the users of 3D-printed structures with truss-like 
sections. Therefore, if these structures are used in areas with 
very high seismic hazards, the necessary measures should 
be taken into account. As shown in Figure 14b, the roof of 
the structure has broken, and most of the zigzagged grids 
between the two layers of the arch are separated. As shown 
in Figure 14c, despite applying a high friction coefficient 
among the layers of the model, the sliding of the arch is 
evident on its supports. The sliding of the arch on the 
supports causes damage to the walls located in the inner part 
of the arch. Therefore, concentrated bending occurs in the 
arch, depending on the number of separating walls located 
in the internal parts of it. 

 
 

 

  
(a) (b) 

 
 

(c) (d) 

Figure 13. a) The considered path on the arch; b) von Mises stress; c) displacement; d) strain in the radial direction 
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(a) (b) 

 
 

(c) 

Figure 14. Seismic excitation on the length of the building, a. damage to the arch, b. damage to the grids between the 
windows, c. slipping of the arch over the living room 

 

 
Adding rebars is one of the ways to increase the tensile 

strength and thus improve the behavior of the roof of 3D-
printed buildings [15]. Although several studies have been 
conducted in this field, the practical application of this 
method requires complex technologies and expensive 
machinery, which leads to an increase in the total price of the 
printed structures. Another way is by adding fibers, 
especially long fibers, to the mixture of printing materials [14, 
17]. It should be noted that excess use of those fibers can 
cause problems in the extrusion process. Therefore, some 
limitations should be considered when adding fibers to the 
mix [7]. 

Studies have shown that using smaller components and 
elements increases the load-bearing strength and reduces 
the stress concentration in 3DPC structures [1]. One of the 
cases that can improve the structural roof resistance is the 

reduction in the density of the concrete, which causes a 
lighter structure and thus reduces the seismic loads. 

 
3.5  Shear force in the longitudinal direction 

 
As shown in Figures 15a and b, the wall, which is 

considered the gravitational and lateral load-bearing system, 
is removed from the system, and the building faces complete 
collapse. Therefore, in the case of using this type of 3D-
printed structure in areas with high and very high seismic 
risks, the necessary measures should be taken into account. 
For this purpose, the shear resistance of the walls should be 
increased, especially at the connection points to the 
foundation. 

 

  
(a) (b) 

Figure 15. Shear damage to the foot of the walls under earthquake loading in the longitudinal direction of the structure: a) 
damage contours; b) magnified image of the wall'sdamage 
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One of the factors affecting the shear force applied to 3D-
printed structures is the bond at the layer's interface. One of 
the critical solutions to the insufficient interface shear 
resistance is using steel rebars or fasteners [24]. As well, 
more suitable geometric shapes for the layers, for example, 
V-shaped forms that are placed inside each other, can be 
utilized [49]. Also, the design of short shear walls can be very 
effective. 

4 Conclusion 

Seismic safety is one of the basic needs of any structure 
located in an earthquake-prone environment. Printed 
structures are no exception to this rule. In this study, the 
behavior of a 3DPC building was investigated. The structure 
has a truss-like cross-section and is located in an area with 
very high relative risk. The Tabas earthquake records were 
selected as seismic excitations here. First, the basic needs 
of earthquake engineering for 3D-printed buildings were 
determined by extensive theoretical studies. Given the pilot 
nature of this study, a large part of the work included the 
same theoretical studies. Then, a prescriptive evaluation was 
done based on the regulations of similar structures. In the 
following, the safety methods of 3DPC buildings were 
discussed, and seismic evaluation was done using the 
results of explicit FEA by ABAQUS software. 

According to the results, the displacement response 
played the most critical role in the structural failure. Most of 
the parts of the structure suffered damage and buckling due 
to local displacements before reaching the yield stress. The 
reason for this was the truss-like sections. In the state of 
seismic excitation along the length of the structure, tensile 
performance was dominant in the components. Due to the 
inherent weakness of concrete material in tension, the failure 
was higher than in the state where the seismic excitation was 
along the width of the structure. When the force of the 
earthquake was applied along the width of the structure, the 
arch roof of the structure had compressive behavior. The 
results of the analysis showed that the location of load-
bearing and non-load-bearing walls (infill walls) was very 
significant. The presence of walls was very influential on the 
performance of the supports (building foundation). According 
to the results, the following can be suggested regarding the 
seismic behavior of 3DPC buildings: 

− According to the hypotheses of this study, the 
structural components had a very low displacement and 
deformation capacity due to the functional properties of the 
materials. As a result, limiting and controlling displacements 
and rotations is a necessity. 

− Using shear walls, 3D-printed structures can be 
secured against earthquake loads. 

− Existing finite element software can be used to 
achieve a detailed and practical evaluation of 3D-printed 
structures to some extent. 

For further studies and to complete this research, the 
authors decided to address materials with better tensile 
capacity and other types of 3D-printed structural models, 
such as printed buildings with limited human intervention 
under seismic loads. 
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This paper investigates enhancing the mechanical properties and crack resistance 
of earth-sand building materials by incorporating Alfa fibers, derived from the Alfa 
plant. Earth-based construction materials, known for their sustainability, face 
challenges in mechanical performance and cracking. The study explores a 
composite of earth (60 wt%) and sand (40 wt%) reinforced with Alfa fibers of varying 
lengths and rates. Tensile strength and water absorption of the fibers were 
assessed, and prismatic specimens (40x40x160 mm3) with different cutting lengths 
were tested. Results inform the potential of Alfa fibers for improving earth-based 
material performance. 
Incorporating 2% wt of Alfa fibers reduced the unit weight of the composite from 
1849 kg/m3 to 1632 kg/m3, resulting in a slight material weight decrease. Compared 
to unreinforced adobe specimens, fibrous samples exhibited lower linear shrinkage 
rates and improved mechanical behavior, with 2% wt of 3 cm fibers showing optimal 
performance. The fibers effectively impeded crack propagation, with both length and 
content influencing crack attenuation. However, microstructural observation 
revealed poor fiber/matrix adhesion, negatively impacting adobe specimen 
compactness despite enhanced mechanical properties. 
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1 Introduction 

Around the world, buildings are constructed from a wide 
variety of materials. When access to concrete, timber, and 
crushed stone is limited, the most commonly used material 
is soil. For thousands of years, earthen houses have been 
built around the globe [1]. 

In recent years, there has been a lot of interest in the use 
of vegetable fibers as a possible reinforcement in adobe as 
a building material. Several fibers [2]–[7]  have been 
incorporated to improve the properties of bricks [8] and also 
to gradually change out conventional construction materials 
in an attempt to decrease building large carbon footprints. 
The addition of this kind of material negatively impacts the 
compressive strength characteristics of the composite. 
Nevertheless, the incorporation of a minor quantity of fibers 
with short lengths could be used as reinforcement and 
effectively address this shortcoming with a significant 
increase in strength [9], [10]. 

Given the fact that natural soil is the most eco-friendly 
material that is typically used to produce bricks, combining 
vegetable fibers with it could be deemed one of the most 
promising methods for greening the construction sector. 
Several researchers around the globe are inspired to try 
creating intelligent, lightweight, and alternative materials with 
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this basic mixture because it takes advantage of the earth´s 
high thermal mass and the substantial influence of agro-
aggregates on the hygrothermal efficiency of adobe bricks 
[11]. Additionally, the utilization of vegetable fibers is more 
advantageous in developing countries, where they are 
available at a low cost and their manufacture requires a small 
amount of energy. Besides, they do not contribute to 
pollution. 

A series of experimental studies have been conducted on 
the physical and mechanical properties of earth brick 
composite. They have shown the benefits of the 
incorporation of vegetable fibers (coconut, straw, jute, flax, 
bamboo, cane, etc.) [2], [3], [5]–[7], [9], [12]–[15]. Also, in 
order to create theoretical analytical models for earth 
composites [16], [17], the impact of synthetic fibers on the 
soil matrix has also been investigated [18]–[20]. The primary 
factors that significantly impact the properties of earth 
composites are the kind, durability, water absorption, and 
tensile strength of the fibers, in addition to their length and 
weight percentage replacement in the composite [2]. 

The type of fiber has a significant impact on the 
impermeability of the bricks, which depends on the 
percentage of lignin in the fiber. The impermeability of 
vegetable fiber increases with its lignin content. The brick 
shrinkage that occurs during the drying process of adobe 
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samples could vary greatly depending on the earth mixture 
and the addition of fibers to the soil matrix to prevent the 
formation of shrinkage cracks [21]. Less shrinkage occurs 
when fibers with higher bonds are more resistant [8]. 
Furthermore, the crack resistance of earth reinforced with 
fibers is directly related to the tensile strength of the fibers 
[22]. This paper does not address the long-term stability of 
this aspect, but it does investigate the physical and 
mechanical properties of adobe bricks reinforced with Alfa 
fibers. The length of the fiber directly influences the 
reinforcement force, which is equal to or less than the fiber 
tensile strength, by determining the pullout resistance of the 
incorporated fiber in the earth matrix.  Several studies 
support this statement. A study by Mustapha et al. used both 
experiments and computer simulations to look into how 
natural fibers pull away from an earth-based matrix. They 
discovered that the interfacial crack driving force is equal to 
the interfacial fracture toughness, which changes non-
linearly with the internal crack lengths and the elastic 
properties of the materials. This means that the fiber pull-out 
loads probably won't depend linearly on the fiber embedment 
length [23]. The total weight ratio of fibers controls the 
reinforcement’s intensity; for small quantities, the 
reinforcement’s strength goes up as the number of fibers 
increases. However, as the fibers become so widespread 
randomly they weaken the matrix, decreasing the strength of 
reinforced adobe composites [2], [3]. Finally, other studies 
have highlighted that incorporating natural fiber increases 
the ductility, fracture resistance, and energy absorption 
properties of earthen materials [24], [25]. The fiber length 
was also found to have a notable influence on ductility and 
the post-fracture response of the material for large deflection 
levels of the material [24]. 

The motivation for this research stems from the need to 
develop construction materials that not only align with 
sustainable building practices but also exhibit improved 
mechanical strength and durability. By exploring the potential 
benefits of Alfa fiber reinforcement, we aim to contribute to 
the evolution of earth-based building materials into high-
performance, environmentally friendly alternatives. 

This experimental investigation involves a systematic 
exploration of the mechanical properties and crack 

resistance of earth-sand composites reinforced with Alfa 
fibers. The study encompasses evaluations of fiber 
characteristics, such as tensile strength and water 
absorption, to gain insights into their behavior within the 
composite matrix. Additionally, prismatic specimens with 
varying fiber lengths and content ratios undergo rigorous 
testing to assess the impact of Alfa fibers on the overall 
performance of the material. 

The outcomes of this research are anticipated to provide 
valuable insights into the feasibility and effectiveness of Alfa 
fiber reinforcement in earth-sand building materials. Such 
advancements hold the potential to reshape construction 
practices by offering sustainable alternatives with enhanced 
structural attributes. As we delve into this experimental 
investigation, we anticipate uncovering new possibilities for 
the development of resilient, environmentally conscious 
building materials. 

2 Experimental: 

2.1 Characterization of raw materials 

2.1.1 Alfa fibers 
 
The Alfa fibers, from the StippaTenacissima L [26], 

thrived in the dry regions of North Africa and the South of 
Europe. It belongs to the graminaceous family and grows to 
a height of about 1m in Morocco. The Alfa plant grew in 
abundance in many regions, primarily in the north-eastern 
part of the country. The fibers used in this study were 
harvested from the region of “Oujda”. Before their use in the 
composite, the fibers were cleaned to remove any dust and 
impurities deposited on the surface, then they were cut at 

different lengths (1, 2, and 3 cm). Fig. 1 shows the cut Alfa 

fiber studied in this paper.  
According to Ajouguim [26], and A.B. Mabrouk [27], Alfa 

fibers are mainly composed of cellulose, hemicellulose, 
lignin, and extractible elements. The chemical composition 
of used Alfa fiber is given in Table 1, and its properties are 
presented in Table 2. Fig. 2 shows the structure of the Alfa 
plant  observed  through  scanning  electronic microscopy

 

Figure 1. Cut Alfa fiber 
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(SEM). Based on longitudinal stem observation, the SEM 
observations show that Alfa stems have a hairless and soft 
appearance with numerous dusts and impurities (wax, fat, 
etc.) that are located on the surface (Fig. 2b). Additionally, 
the SEM of the fiber cross section indicates that this plant 
has a cellular structure with pores (Fig. 2a). This type of 
vegetal fiber's void network morphology provides promise for 
creating Adobe composites with improved thermal 
performance and low unit weight. Beyond surface 
visualization, the SEM analysis allows us to measure the 
diameter as well. 

The earth used in this study was collected from the 
‘AitOurir’ (31° 33′ 54″ nord, 7° 40′ 05″ ouest) located in Al 
Haouz Province, at the foot of the Atlas Mountains, around 
40 km east of the city of Marrakesh. This soil was used in the 
past by local builders to manufacture Adobe bricks, and it is 
characterized by its abundance and availability in the area. 

The mineralogical composition reveals that the soil contains 
dominant quartz, with other constituents including illite, 
augite, and plagioclase. The soil was sieved to obtain 
elements less than 2 mm in size. The granulometric size 
distribution of the soil, which was obtained by sieving and 
hydrometer analyses carried out following ASTM standard 
D422 [28], is given in Table 3a. Concerning ASTM particle 
size limits, the soil has 23% clay, 40.3% silt, and 36.70% 
sand. Table 3a reports the Density and Atterberg limits of the 
used soil. The soil might be classified as CL, i.e., inorganic 
clay with medium plasticity and medium liquid limit, in the 
Unified Soil Classification System [29]. Table 3b. presents 
the properties of crushed sand brought from a local quarry 
near Marrakesh city and tested according to AFNORD 
standard [28]. The diffractograph of the used sand reveals 
the dominance of quartz, together with other constituents 
including plagioclase and tridymite. 

(a)                                                           (b) 

 

 

 

 

 

 

 

 

 

Figure 2. Structure of Alfa fiber :(a) Cross-section (b) External surface 
 
 

Table 1. Chemical components of Alfa fibers [26], [27] 

Cellulose (%) Hemicellulose (%) Lignin (%) 

39.50 27.60 19.50 

 

Table 2. Properties of Alfa fibers 

Density (g/cm3) Young’smodulus (GPa) Stress at break (MPa) Strain at break (%) 

1.40 21.5 247 1.96 

 
Table 3a. Geotechnical characteristics of studied earth. 

Grain size distribution Consistencylimits Methylene Blue Value 

Clay <2µm: 23% 
Silt (2-63 µm):40.3% 

Fine Sand (0.063-0.2 mm): 36.7% 

Liquid limit, LL=38% 
The plastic limit, PL=20% 
Plasticity Index, PI=18% 

  

MBV(g/100g)= 3 

 
Table 3b. Physical characteristics of crushed sand 

Apparent density  Specificdensity Water content (%) Sand equivalent 

1.50 2.60 1.1 85 
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2.2 Sample preparation 
 
Different compositions of adobe prismatic samples were 

prepared by varying the content and length of the fibers. The 
adobe sample dimensions of 40x40x160 mm3 justify the 
addition of fiber cut up to 3 cm. Additionally, previous 
research on the critical length and interfacial strength of 
fibers incorporated into an epoxy matrix also emphasized the 
importance of acknowledging the influence of fiber length on 
the interfacial strength and mechanical properties of the 
composite material [30]. Therefore, it is essential to address 
the pronounced wall effect and preferential orientation of 
fibers due to the specific fiber length and mold size, as this 
can have a substantial impact on the behavior and 
mechanical performance of the reinforced material. The 
inclusion of Alfa fibers increased from 1 wt % to 1.5 and 2 
wt% (weight percentage), allowing us to compare reinforced 
to unreinforced specimens. 

 
 
Samples were manufactured using various mix 

compositions, as summarized in Table 4, by first mixing the 
dry fibers and sand manually. The composite was then mixed 
with slowly added earth until a homogeneous mixture was 
obtained. This process allowed for a homogenous dispersion 
of fibers in the mixture. After mixing all the ingredients, the 
mixture was manually compacted in a wooden mold, as 
shown in Fig. 3a. This mold was first scattered inside with 
sand and wet with water to facilitate the removal of 
specimens. The moist soil was compacted into four layers 
and discharged when they started to gain consistency. The 
drying of the samples took place in normal laboratory 
conditions at 20 ± 2 °C with a relative humidity of 98% for 
approximately 28 days until constant weight. The shapes of 
different samples after demolding are shown in Fig. 3. 

 
 

Table 4. The proportion of mixtures 

a: Fiber weight fraction is evaluated on the total weight of the clay-sand mix. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           

 
 

 

(a)                                                                              (b) 

Figure 3. Sample after demolding (a), three-point bending flexural-tests (b) 
 

 
 
  

Mixture designation Earth (%) Sand (%) Water/Soil 
weight ratio 

fraction Fiber length (cm) 

U (Control 
Specimen) 

60 40 0.20 – – 

R1-1 60 40 0.20 1% 1 

R1.5-1 60 40 0.20 1.5% 1 

R2-1 60 40 0.20 2% 1 

R1-2 60 40 0.20 1% 2 

R1.5-2 60 40 0.20 1.5% 2 

R2-2 60 40 0.20 2% 2 

R1-3 60 40 0.20 1% 3 

R1.5-3 60 40 0.20 1.5% 3 

R2-3 60 40 0.20 2% 3 
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2.3 Experimental testing 

2.3.1 Tensile strength and water absorption of Alfa fibers 
 
Firstly, to be knowledgeable of certain properties of Alfa 

fibers and to exploit their highest potential, the fibers were 
evaluated in terms of tensile strength and water absorption. 

 The tensile strength of the long fibers was determined 
experimentally according to ASTM C1557 [31]. This standard 
test method covers the preparation, mounting, and testing of 
single fibers obtained either from a fiber bundle or a spool. 
The fibers were situated straight inside the equipment grips 
that produced the fiber failure. ASTM C1557 is the standard 
test method for determining the tensile strength and elastic 
modulus of fibers at ambient temperature. Therefore, the use 
of ASTM C1557 for determining the tensile strength of the 
long fibers is well-established and provides a reliable basis 

for the experimental determination of the fiber's tensile 

strength. Figure 4 presents the equipment used for this 
purpose. The properties of Alfa fibers are presented in Table 
2. Fundamentally, vegetable fibers are characterized by their 
sensitivity to water [32] because of their chemical 
composition, as shown below. The water absorption capacity 
of the fibers under study was established using equation (1). 

  𝑊 =
𝑃ℎ − 𝑃𝑑

𝑃𝑑
 (1) 

Where Pd is the weight of air-dried fibers and Ph is the 
weight of soaked fibers in drinking water. The measurement 
was carried out at 24-hour intervals for 18 days. The average 
percentages of water absorption for Alfa fibers are given in 
Fig 5.  

 
 

 

Figure 4. Tensile testing of Alfa fiber 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 5. Water absorption of Alfa fiber 
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2.3.2 Unit weight and shrinkage 
 
The next step after the drying process of the samples 

consisted of measuring the average mass and density as 
well as the rate of linear shrinkage. Dry density was 
calculated using the analytical balance. On the other hand, 
linear drying shrinkage was obtained by decreasing the 
percentage of the dried sample lengths compared with the 
initial length of the mold (160 mm). The reduction in the 
length of the specimen after drying is measured and 
expressed as a percentage of the original length to give the 
linear shrinkage, and its value is determined according to 
equation (2):  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑙𝑖𝑛𝑒𝑎𝑟 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
1 − 𝐿𝑑
𝐿𝑜

 

Where Ld is the new length of the dry specimen in mm 
and Lo is the original length of the specimen in mm. 

2.3.3 Flexural and compressive strength 

The flexural and compressive properties of the hardened 
specimens were measured after curing, according to the 
European Standard EN 196-1 [33]. For flexural strength, 
three specimens from each mix were prepared and tested 
with three-point bending, as shown in Fig. 3b. All tests were 
carried out at a controlled rate of 0.4 mm/min with the use of 
a closed-loop-servo-electric 5 kN tension-compression 
machine. Flexural strength was calculated by Equation (2): 

σf =
1,5 ∗ Ff ∗ Lf

bd2
 (2) 

Where: σf (MPa) is the strength of the prism at the failure 
plan, Ff(N) is the maximum load recorded by the testing 
machine, b(mm) is the width of the specimen in the direction 
transversal to the applied force, d(mm) is the thickness of the 
specimen in the direction parallel to the applied force, 
and Lf (mm) is the distance between the holders. 

The compressive tests have been done on each half 
specimen obtained after failure with the flexural test and 
calculated according to Equation (3). Tests were carried out 
in displacement control at a velocity rate of 4 mm/min 

         Rc =
Fc
S

 (3) 

Where Rc (N/mm2), Fc (N), and S (1600 mm2) are the 
compressive strength, the maximum failure force, and the 
contact surface between the adobe element and plates used 
in the test, respectively. 

3 Results and discussion 

3.1 Apparent density of dry composite 
 
The apparent density of an adobe brick is considered a 

fundamental step for building materials and engineering 
because it impacts material selection, structural design, 
safety, and serves several important purposes in the 
construction and building sectors. 

The apparent density of an adobe brick holds paramount 
significance in material selection, structural design, safety, 
and various aspects of construction and engineering. In Fig. 
6, the apparent density of composites, featuring different 
fiber lengths and addition ratios, is presented. The results 
show that increasing the fiber percentage results in a 

decrease in apparent density. For instance, adding 2% wt of 
3 cm Alfa plant cutting reduced the density from 1849 kg/m3 
(unreinforced sample, U) to 1632 kg/m3 for the R2-3 
specimen, indicating a reduction of approximately 12%. This 
reduction could be attributed to the lower density of fibers 
compared to soil-sand materials. The increase in fiber 
quantity leads to a decrease in earth-sand content, 
consequently lowering the composite's apparent density. 
The lightening of the adobe brick can also be explained by 
the fibers' higher water absorption capacity, which in turn 
increases porosity during the drying process. Hence, the 
primary advantage of using vegetable fibers is the lightweight 
nature of the samples, aligning with findings from previous 
studies [15], [34]–[36]. However, a slight impact of fiber 
length variation is observed in the results. 

 

 

Figure 6. Apparent density of dry composite 

3.2 Effect of Alfa fiber on linear shrinkage 

The dimensional variation of the material due to water 
evaporation post-manufacture, known as linear shrinkage, 
was measured for all samples. In Fig. 7, the variation in linear 
shrinkage with different reinforcement levels is depicted. The 
results confirm that Alfa fibers effectively reduce shrinkage, 
with a 2% fiber content leading to a 68% decrease. The 
unreinforced samples exhibit higher shrinkage, while 
reinforced soil specimens resist deformation and limit 
contraction, which is consistent with previous studies [3], [5], 
and [34] . Additionally, Fig. 7 illustrates the impact of 
increasing fiber length to 30 mm, showing that the minimum 
shrinkage rate is associated with the higher fiber content of 
30mm length, possibly due to long bonding between the Alfa 
fiber and the matrix. 

The disparity in shrinkage between the reinforced and 
unreinforced composites can be attributed to the superior 
water absorption capacity of Alfa fiber and its gradual water-
releasing ability. As depicted in Fig. 5, during the initial 48 
hours of the drying process, the fibers absorb water and 
expand. This swelling action displaces the soil, and as the 
fibers lose humidity towards the end of drying, they contract 
back to their original size, leaving pores around themselves. 
This dynamic process during mixing and drying contributes 
to the observed difference in shrinkage between the 
reinforced and unreinforced composite materials. 
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Figure 7. Average value of linear shrinkage for unreinforced 
and reinforced samples. 

3.3 Flexural strength 

Table 5 provides a summary of flexural strength results 
at 28 days in relation to fiber content and lengths (10, 20, and 
30 mm). The finding indicates that increasing the fiber 
content up to 2% leads to a notable enhancement in flexural 
strength, ranging from 25% to 60%, depending on the 
specific fiber content. Additionally, it is worth mentioning that 
all reinforced formulations demonstrated higher flexural 

strength values compared to unreinforced specimens. 
Moreover, as illustrated in Fig. 8, it is observed that 
increasing fiber length from 1 to 2 cm did not significantly 
increase the flexural strength. However, for the 3 cm fiber 
length, a slight increase in flexural strength is noticeable 
between 1% wt and 1.50% wt. The difference becomes more 
prominent between 1.5% wt and 2% wt fractions, resulting in 
an approximately 28% increase in flexural strength. This 
observation indicates that, for each fiber length, higher 
quantities of Alfa fiber correspond to greater flexural 
strength. This result affirms that both increasing fiber length 
and addition rate have a significant impact on flexural 
strength. The observed findings might be attributed to the 
substantial contact surface between longer fibers and the 
matrix, enhancing adhesion forces and subsequently 
improving load transfer capability. The observed rise in 
flexural strength with the inclusion of a high fiber fraction, 
especially with the longest fibers, aligns with findings 
reported by other researchers [5], [24], and [37]. 

In the flexural tests, fibrous and nonfibrous samples 
display distinct mechanical behavior. In unreinforced 
samples, when a crack initiates, the fracture rapidly extends 
towards the upper part of the prismatic adobe, resulting in 
the splitting of the sample into two halves. Contrastingly, a 
bridging phenomenon was noted in the reinforced samples, 
effectively delaying the propagation of cracks. Fig. 9 
illustrates the U-sample compared to the R2-3 specimen 
after failure, showcasing the impact of this bridging effect. It 
can be observed that the introduction of Alfa fibers allows 
better control of crack propagation, which delays the rupture 
phase. This behavior of the incorporation of plant fibers in 
composites has been highlighted by other authors [15], [24], 
and [38],  and it could be explained by the increased 
toughness and because the fibers at the crack zone bear the 
tensile stress transferred from the ruptured section. 

 
 

Table 5.Results of the mechanical properties testing. 
* In italics the standard deviation 

Material 
mix 

Fibre 
content 

Length 
(cm) 

Density 
(g/cm3)* 

Compressive 
strength (MPa)* 

Flexuralstrength 
(MPa)* 

Ultimate 
deflection (mm) 

U 0% – 1,849 (0.03) 2.012 (0.0221) 0.305 (0.0032) 1.719 (0.021) 

R1-1 

1%  

1 1.763 (0.01) 2.051 (0.017) 0.341 (0.005) 3.025 (0.050) 

R1-2 2 1.761 (0.017) 2.102 (0.0231) 0.352 (0.0052) 3.005 (0.042) 

R1-3 3 1.757 (0.013) 2.808 (0.0271) 0.361 (0.0032) 3.186 (0.023) 

R1.5-1 

1.5% 
 

1 1.709 (0.011) 2.106 (0.0143) 0.372 (0.0057) 3.252 (0.031) 

R1.5-2 2 1.703 (0.019) 2.304 (0.0278) 0.369 (0.0082) 3.205 (0.024) 

R1.5-3 3 1.696 (0.021) 2.900 (0.022) 0.371 (0.0037) 3.365 (0.055) 

R2-1 

2% 

1 1.647 (0.007) 2.250 (0.0381) 0.388 (0.002) 3.687 (0.072) 

R2-2 2 1.633 (0.007) 2.300 (0.0157) 0.381 (0.0031) 3.438 (0.024) 

R2-3 3 1.632 (0.014) 3.250(0.0413) 0.488 (0.0021) 4.347 (0.031) 
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Figure 8. Flexural strength of reinforced samples with cut fibers at 28 days of curing in a laboratory environment 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. From left to right, unreinforced and reinforced sample after breaking 
 
 
3.4 Compressive Strength 

The effect of Alfa fiber length and quantities on the 
compressive strength of composites is given in Table 5. It is 
immediately possible to note that the highest value of 
compressive strength belongs to the R2-3 mixture that 
reached 3.25 MPa, coinciding with the mix exhibiting the 
highest flexural strength and the lowest shrinkage rate, thus 
confirming that the optimal formulation is related to 2 % wt of 
fiber of 3 cm length. The unreinforced samples exhibited the 
lowest compressive strength, barely reaching 2.012 MPa. It 
is noteworthy that this value aligns well with recommenda-

tions by Houben and Guillaud [39] or Binici et al. [6], which 
suggest a target compressive strength superior to or equal 
to 2 MPa. However, it is noted that all samples tested in the 
present study are much higher, namely 2-3.25 MPa. On the 
contrary, as depicted in Fig.10, it can be observed that the 
lengths of 10mm and 20mm did not strongly influence the 
compressive strength, regardless of fiber content. 
Nevertheless, for 3 cm of length, R1-3, R1.5-3, and R2-3 
exhibit compressive strengths of 2.80 MPa, 2.90 MPa, and 
3.25 MPa, respectively. These values represent higher 
strengths compared to other lengths by approximately 30%. 
This increase in compressive strength with the incorporation 
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of plant fibers has been previously reported by other authors 
[6], [9], and [35]. 

In the case of U-samples (control specimens), the final 
failure occurs almost immediately after reaching the ultimate 
load, demonstrating a brittle behavior with large cracks, as 
expected. However, the presence of Alfa fiber allows for 
plastic deformation, which characterizes the enhancement of 
composite elasticity. Breaking manners were similar for all 
fibrous mixtures, so they do not seem to depend on fiber 
length and fraction. It's important to highlight that the addition 
of fibers results in an increase in the ultimate deflection of the 
material. At maximum load, the deflection ranged from 1.719 
mm for the control specimen to 4.347 mm for composite 
materials with a higher fiber content of 2% wt of 30mm 
length, as indicated in Table 5. 

 

Figure 10. Compressive strength of reinforced samples with 
cut fibers at 28 days of curing in a laboratory environment 

3.5 SEM micrographs 

Fig. 11 illustrates the microscope observation of the 
fractured surfaces of the unreinforced composite (U). It can 
be observed as a heterogeneous composite, less 

compacted, with some apparent cracks and large voids. The 
structure's lower compactness might be the cause of the 
presence of large pores. Likewise, the interfacial zone 
between Alfa fiber and matrix of a higher content 2% wt of 3 
cm length fibers is shown in Fig. 12. As was expected in 
terms of bonding, the microscope observation indicated 
insufficient fiber/matrix adhesion. As observed in Fig. 2, the 
external surface of Alfa fiber is characterized by a thick layer 
of dust. This finding could be attributed to the non-treatment 
of fibers before their addition to the mixture. Alvarez and 
Vázquez [40] showed that a 1 h acetylation reaction leads to 
better fiber/matrix adhesion. According to the authors, this 
better adhesion is due to the change in the morphology of 
fibers and the production of fibrillation. Conversely, 
alternative treatments, such as immersion in boiling water, 
decrease adhesion due to the removal of spine fibers 
.Moreover, these modification methods could increase the 
risk of chain degradation and increase production costs [15] 
and [41]. 

 

 Figure 11. Microscope observation of the reference 
material (U) 

 

 

Figure 12. Microscope observation of the composite material with 2% wt Alfa fibers and length of 3 cm (R2-3) 
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4 Conclusion 

In conclusion, this comprehensive experimental 
investigation has demonstrated the potential of Alfa fibers to 
significantly enhance the mechanical properties and crack 
resistance of earth-sand building materials. The 
incorporation of Alfa fibers, derived from the Alfa plant, into 
the earth-sand composite proved effective in addressing the 
inherent challenges associated with the mechanical 
performance and susceptibility to cracking of traditional 
earth-based construction materials. Based on the results of 
this experimental study, the following conclusions could be 
drawn: 

• The study demonstrated the potential of Alfa fibers to 
enhance the mechanical properties and crack resistance of 
earth-sand building materials. 

• The addition of 2% wt of Alfa fibers led to a reduction in 
unit weight and superior mechanical behavior compared to 
unreinforced adobe specimens. 

• The research findings highlighted the role of Alfa fibers 
in preventing and delaying crack propagation, underscoring 
the importance of fiber length and content in attenuating 
cracks. 

• Microstructural observations indicated poor fiber/matrix 
adhesion, adversely affecting the compactness of the adobe 
specimens. 

• Further research is needed to optimize fiber-matrix 
adhesion and enhance the overall performance of earth-
sand building composites. 

• The identified optimal conditions for mechanical 
behavior and crack resistance pave the way for future 
advancements in the utilization of Alfa fibers to create 
environmentally friendly, resilient, and structurally sound 
construction materials. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

Buried pipes are used mainly for water supply and drainage, among many other 
applications such as oil, liquefied natural gas, coal slurries, and mine tailings. The 
pipes used may be rigid (reinforced concrete, vitrified clay, and ductile iron) or 
flexible (steel, UPVC, aluminum, fiberglass, and high-density polyethylene), 
although the distinction between them is blurring. Deflection or buckling determines 
the design of flexible pipes. HDPE pipes are preferred due to their light weight, long 
term chemical stability and cost efficiency. This project aims to design and fabricate 
an experimental setup of the model trench as a steel tank filled with the desired type 
of soil and flexible pipe with the required depth and loading provisions to simulate 
uniform loading and record the behavior, i.e., deflection of the flexible plastic pipe, 
compare the observation with the theoretical results, and infer the findings. The 
deflection characteristics were to be measured with the help of a dial gauge fixed 
inside the pipe. Additionally, the objective is to study the load deformation behavior 
of the buried pipe and stress variation across the cross section of the pipe under 
static loading, along with the influence of depth of embedment and density of backfill 
on the deformation and stresses in the pipe and the deformation behavior of the 
buried pipe when soil is reinforced with geogrid reinforcement, and evaluate the 
structural performance of the pipe. Based on the conclusions, various 
recommendations can be made in terms of the application of buried flexible HDPE 
pipes in place of conventional pipes and thereby reducing the  risk of leakage and 
damage and also compensating the cost of pipe systems economically. 
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1 Introduction 

Pipes are used widely in different walks of life. They are           
mostly used as service conduits for the transport of natural 
gas, petroleum, chemicals, and many other fluids. The pipes 
may be installed above the ground, such as in building 
service systems, or may be buried underground. For 
thousands of years, pipelines have been constructed in 
various parts of the world to convey water for drinking and 
irrigation. This includes the ancient use in China of pipes 
made of hollow bamboo and the use of aqueducts by the 
Romans and Persians. The Chinese even used bamboo 
pipes to transmit natural gas to light their capital, Peking, as 
early as 400 B.C. 

A significant improvement in pipeline technology took 
place in the 18th century, when cast-iron pipes were used 
commercially. Another major milestone was the advent of 
steel pipe in the 19th century, which greatly increased the 
strength of pipes of all sizes. The development of high-
strength steel pipes made it possible to transport natural gas 
and oil over long distances. Initially, all steel pipes had to be 
threaded together. This was difficult to do for large pipes, and 
they were apt to leak under high pressure [1] . 

 
*  Corresponding author: 

 E-mail address: rajkumarr@ssn.edu.in 

 
The application of welding to join pipes in the 1920s 

made it possible to construct leak-proof, high-pressure, 
large-diameter pipelines. Today, most high-pressure piping 
consists of steel pipe with welded joints. 

Major innovations since 1950 include the introduction of 
ductile iron, the use of high-density polyethylene (HDPE) 
pipe for sewers, and many more. These plastic pipes offer a 
wide range of benefits over conventional steel and cast-iron 
pipes. Plastic pipes offer a tremendous weight advantage 
over alternative piping materials. Less weight also means 
cheaper transport and, ultimately, a lower transportation 
cost. This also enables larger payloads (more pipes) to be 
loaded. Plastic pipe's resistance to fracture is an extremely 
important performance advantage. While plastic pipes are 
made from rigid PVC compound, these pipes themselves 
have the ability to yield under loading without fracturing and 
can successfully be used where the surface will be subject 
to external loading, such as road traffic. 

A major requirement for all piping applications is joint 
tightness. Plastic pipes are available with deep-insertion, 
push-together gasketed, or solvent-cement joints. These 
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pipes provide smoother wall surfaces that reduce fluid friction 
and resistance to flow. This hydraulic smoothness inhibits 
slime buildup in sewers and virtually eliminates tuberculation 
and encrustation in water distribution mains. The end results  
are significantly lower maintenance costs, more efficient 
initial pipeline design, and superior performance over the 
lifetime. 

1.1 Greenwood and Lang classical theory 
 
Greenwood and Lang [2] found out that the non-

uniformity of earth pressure is a function of soil type, degree 
of compaction, depth of embedment, and pipe stiffness. 
Greenwood and Lang also presented a modified formula that 
is more complete than the original formula of Watkins. The 
modified formula includes the work of Leonhardt (1972-79) 
[3], who developed a factor to consider the soil resistance of 
the native soil. The factor that is used to find the soil 
resistance in Watkins' modified Iowa formula is based on the 
ratio of the trench width to the pipe diameter and the modulus 
of the backfill soil around the pipe to the modulus of the 
native soil. A pipe-soil interaction coefficient, which is an 
empirical factor, is added to the soil resistance term to reflect 
the behavior of flexible pipes in the field. The modified 
formula of Greenwood and Lang [2] is as follows: 

  𝛥𝑋 =
𝐾.  𝛾.  𝐻

𝐸𝐼
𝑟3
+ 0.061 𝜍 𝐶𝐼𝐸′

 − 𝛿𝑉0 (1) 

 – horizontal deformation 

-  bedding factor 

 –  unit weight of the backfill 

-  height of the backfill above the pipe 

-  elongation due to compaction of the side fills 

 modulus of elasticity of pipe material 

–   moment of inertia of the pipe wall per unit length of 

pipe  
r –  mean radius of pipe  

 Leonhardt relationship 

– Pipe soil interaction coefficient defined by 

Greenwood and Lang 

 watkins modulus of soil reaction  

1.2 Failures in pipes 
 
Performance limits and potential failures must be 

identified for buried pipe design. Chief among those are 
excessive deformations of the pipe, wall buckling, and 
collapse. Maximum allowable pipe deflection is usually not 
determined by structural failure but by conditions such as 
clearance for pipe-cleaning equipment, special sections, and 
pipe appurtenances (attachments).  

Pipeline designers classify pipes as “flexible” or “rigid,” 
depending on how they perform after installation. Flexible 
pipe can move, or deflect, under loads without structural 
damage, while rigid pipe cannot deflect significantly without 
structural distress, such as cracking. In 1930, Marston 
classified pipes according to their rigidity [4]. 

In reality, the behavior of a buried pipeline will depend on 
how its stiffness compares with the stiffness of the soil in 
which it is to be buried. The soil-pipe system is statistically 
indeterminate. As a result, using statics alone is not capable 
of calculating the interface pressure between the soil and 
pipe. 

As soil and surface loads are placed over a buried pipe, 
the ring tends to deflect, primarily into an ellipse with a 
decrease in vertical diameter and an almost equal (slightly 
less) increase in horizontal diameter, leading to collapse as 
shown in Figure 1. The increase in horizontal diameter 
develops lateral soil support, which increases the load-
carrying capacity of the pipe. The decrease in vertical 
diameter partially relieves the ring of load since the soil 
above the pipe takes more of the load in arching action over 
the pipe. 

 

 

Figure 1. Failure due to deflection 

1.3 Scope of study 
 

In the future, flexible pipes will almost entirely take the 
place of concrete and clay pipes in buried piping systems 
that are already in use. This is due to the cheaper costs of 
flexible plastic pipes and their favorable characteristics, such 
as ease of replacement, high deflection capacity, etc. 
Therefore, to predict the behavior and performance of the 
buried flexible plastic pipes that would be widely used in 
underground piping systems and to prevent failures of these 
pipes, this study becomes essential and of prime importance. 

2 Objectives 

• To study the performance of flexible HDPE pipe buried 
in a M-Sand backfill subjected to static load. 

• The response of the pipes is studied for the influence of 
deflection on the pipe material. 

• To study the performance of flexible HDPE pipe when 
soil is reinforced with geogrid reinforcement. 

• To compare the deflection characteristics with the 
classical theory devised by Greenwood and Lang. 

• However, this study is limited to the pipe material, depth 
of embedment, pipe without flow, and static loading 
conditions. 

3 Literature review 

Arokiaswamy et al. [5] performed a field test subjecting 
high-density polyethylene (HDPE), PVC, and metal large-
diameter pipes to a design truck loading. The finite element 
method was used to determine how the pipe soil system 
responded to live load application. The above results were 
taken for comparison. Good performance was demonstrated 
by using buried flexible pipes embedded with highly 
compacted graded sand and silt. Under shallow burial 
conditions, the specified deflection limit for the installation of 
flexible pipes was found to be 5%, and for vertical deflection, 
was found to be 2%, according to the AASHTO specification. 

Mohammed Hoosseini and Moghaddas Tafreshi [6] 
studied the behavior of buried pipes under cyclic loading 
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conditions experimentally; a physical model of the buried 
pipe trench condition was developed. The steel flexible 
model pipes were placed inside a soil trench of medium silica 
sand. The trench was prepared by the raining technique at 
three different relative densities inside the testing tank. The 
depth of the pipes in the trench was changed, and cyclic 
loads with different amplitudes were applied to the trench 
surface centrally and eccentrically. From the experimental 
investigation, the deflection and the failure condition were 
determined.  

Neelam and Vipulanandan [7] investigated the behavior 
of flexible PVC pipes with sand and controlled low-strength 
materials (CLSM) as backfill materials in the soil box. Pipe 
deflections were compared against the modified Iowa 
formula, and an appropriate modification factor was 
introduced in the modified Iowa formula to better represent 
the test data.  

Babu et al. [8] presented a critical appraisal of the 
mechanical behavior of buried flexible pipes and proposed a 
design methodology for the prediction of the performance of 
buried flexible pipes using finite element analysis for simple 
loading and boundary conditions.  

Suleiman et al. [9] modeled the pipe-soil system using 
ANSYS. Small and larger deflection theories of ANSYS were 
used in the analysis, and the results were compared with 
CANDE, one of the most commonly used programs for 
buried pipe analysis, and found to be satisfactory.  

Zhan and Rajani [10] carried out a non-linear finite 
element analysis to assess the effects of different trench 
backfill materials, pipe burial depths, and pipe materials on 
the amount of traffic load transferred to buried pipe and found 
that the results were in good agreement with those obtained 
from field truck load tests.  

4 Materials 

4.1 M-sand 
 
The M-sand as shown in Figure 2 used for this particular 

project is homogenous in nature. The sand is made to attain 
a density of around 18 kN/m3 by means of controlled tamping 
using a plunger for preparing the dense sand bed. The sand 
above the bedding is of ordinary loose density, around 13.5 
kN/m3 and the properties of used M-Sand are given in Table 1. 

 

 

Figure 2. M-Sand 
 

Table 1. Properties of M-sand 

Parameter Value 

Density of dense bed (kN/m3) 18.036 

Density of loose backfill (kN/m3) 13.5 

Specific gravity [11] 2.730 

Angle of internal friction [12] 29.89⁰ 
  

4.2  HDPE Pipe: 
 
HDPE pipes of 200 mm outer diameter and 6 mm 

thickness as shown in Figure 3, were used in the study. The 
pipes used conform to the Indian standard IS 14333 (1996) 
[11] and are characterized by a black color. The 
specifications of the pipe are listed below in Table 2. 

 

 

Figure 3. HDPE pipe 
 

 

Table 2. Properties of HDPE pipes 

Properties Values 

Diameter 200.00 mm 

Young's modulus 800.00 MPa 

Thickness 6.00 mm 

Moment of inertia 18.00 mm3 

D/T ratio 33.33 

EI 14400.00 N.mm 

4.3 Geogrid 

The geogrid, as shown in Figure 4, is used to effectively 
reduce the stress on the pipes. These geogrids are black in 
color. The properties of the geogrid obtained from the 
manufacturer are listed below in Table 3. 
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Figure 4. Geogrid 
Table 3. Properties of geogrid 

Properties Values 

Ultimate tensile strength 30 kN/m 

Aperture dimension 40 mm 

Rib thickness 1.5 mm 

Rib width 2.3 mm 

Junction efficiency 95% 

Resistance to UV 
degradation 

100% 

4.4 Specially fabricated tank 
 
The steel tank of dimension 600 mm x 800 mm x 1200 

mm shown in Figure 5 was fabricated with side plates 
consisting of holes of diameter 200mm with suitable 
tolerance for the pipe to fit. The steel tank is fabricated with 
a manual loading arrangement that produces a uniform load 
on the soil, which is dispersed to the pipe, which in turn gives 
the deflection reading. 

 

 

Figure 5. Front and side view of tank 

 

4.5  Dial Gauge 
 
The dial gauges are used to record the amount of 

deflection which are placed both in crown and spring line 
direction at 300 mm from the center on either side. 

4.6 Proving Ring 
 
The proving arrangement shown in Figure 6 is facilitated 

to find the amount of load applied on the soil. 
The line diagram of the proposed steel tank with 

appropriate dimensions to be specially fabricated, used as a 

reference in the fabrication process is shown below in Figure 
7. 

 

 

Figure 6. Proving Ring 
 

 

Figure 7. Line diagram of steel tank 

5 Experimental Procedure 

The basic concept behind the experiment involves 
measuring the deflection values of the pipe for different loads 
in the presence and absence of geogrids. The sequence and 
process to be followed are explained below: 

• The steel tank with loading arrangement and the pipe 
hole were fabricated. The dimensions of the tank are 600 mm 
x 800 mm x 1200 mm. 

• A dense bed with M-Sand was prepared up to 400 mm 
(the height of the fixed plates), and thereby the bulk density 
was maintained to a dense level by suitable compaction.  
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• The HDPE pipe of diameter 200 mm was fitted with two 
dial gauges, one for the crown deflection and the other for 
the springing line deflection. 

• The HDPE pipe was inserted through the sand test tank 
through the plates with the hole. 

• The loose backfill was prepared by pouring M-Sand by 
raining technique into the tank without any alterations. This 
backfill was prepared up to the height of the hollow plates. 

• The deflection in the crown was recorded for every 
increment of 15 kg of load above the crown level of the HDPE 
pipe. 

• The side plates were then placed, and the loose backfill 
was filled simultaneously, taking the readings of deflection 
for the corresponding sand load. Thus, values for the plot 
load vs. deflection graph for the self-weight condition were 
obtained. 

• The tension-proving ring, along with the magnetic base, 
was attached to the loading frame in order to determine the 
load corresponding to the downward movement of the 
loading plate. 

• The lever arm was rotated to provide loading for the 
loose bed. As the lever turned, the loading plate moved 
downwards by a thread rod mechanism, and loading was 
applied to the loose backfill. 

• The load value was determined from the proving ring 
dial gauge, and the deflection value both for the springing 
line and the crown was determined using the deflection dial 
gauge. 

• The values were tabulated in order to obtain the load 
vs. deflection graph without a geogrid reinforcement case. 

• The same procedure was repeated after placing the 
geogrid, and the deflection readings were observed for the 
reinforcement case as well. 

• The values are tabulated, and graphical results are 
plotted. 

• The experimental values were correlated with the 
theoretical reviews, and thereby a comparison study was 
obtained. 

6 Preparation of a dense bed 

• The sand was filled in layers and compacted using the 
rammers to a depth of 400 mm, as shown in figure 8. 

• The density of the dense bed is maintained within the 
range of 17 kN/m3 to 20 kN/m3. 

 

 

Figure 8. Compacted a dense M-Sand bed 

 
 

Observation: 

Volume of sand used = 0.192 m3 

Mass of the sand          = 353 kg 

Achieved density         = 
353 ∗10−3∗9.81

0.192
  = 18.036 kN/m3 

7 Preparation of loose backfill 

The sand was filled in a loose condition using the raining 
technique to a depth of 800 mm, including the pipe material, 
as shown in Figure 9. 

The density of the loose soil is maintained within the 
range of 12 kN/m3 to 15 kN/m3  

 
Observation: 

Volume of sand            = 0.359 m3 

Mass of sand               = 495 kg 

Achieved density         =   = 13.5 kN/m 

 
 

 

Figure 9. Filling of loose M-Sand bed 

8 Orientation of HDPE pipe 

The geogrid is placed in a parabolic shape above the 
circumference of the pipe, extending along the spring line as 
shown in Figure 10. 

This orientation of the geogrid facilitates the pipe´s ability 
to transfer the load along the spring line and increases its 
ability to resist deflection. 
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Figure 10. Orientation and placement of geo-grid over 

HDPE Pipe 
 
 

 

Figure 11. Load vs Crown Deflection Comparison 

 

 

Figure 12. Load vs spring line deflection comparison 

9 Results and discussion 

• The deflections obtained at the crown and spring lines 
of the pipe with and without the presence of geogrid 
reinforcement are presented graphically in figures 11 and 12, 
respectively, and the following results are discussed.  

• The deflection on the pipe due to the filling of M-sand 
up to the crown of the pipe was found to be insignificant, and 
therefore, the values were neglected. 

• The M-sand was filled above the crown level of the pipe 
in increasing amounts of 15 kg, the deflection readings were 
recorded for each increment of sand filling.  

• In the case of pipe without geogrid reinforcement, the 
deflection due to self-weight was found to be 1.18 mm. 

• In the case of pipe with geogrid reinforcement, the 
deflection due to self-weight was found to be 0.50 mm. 

• In the case of pipe without geogrid reinforcement, the 
applied uniform load of 1.50 kN yielded a crown deflection of 
0.72 mm and a spring-line deflection of 0.46 mm. 

• In the case of pipe with geogrid reinforcement, the 
applied uniform load of 1.50 kN yielded a crown deflection of 
0.70 mm and a spring-line deflection of 0.68 mm. 

• The load-versus-deflection characteristics of the HDPE 
pipe were computed using the theoretical equation derived 
by Greenwood and Lang.  

• In the case of theoretical computation, the application 
of a uniform load of 1.50 kN yielded a crown deflection of 
1.38 mm and a spring-line deflection of 1.26 mm. 
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10 Conclusion 

• The introduction of Geogrid Reinforcement exhibited an 
improvement in the characteristics of HDPE pipe in loose M-
sand backfill, i.e., the deflection due to the load imposed by 
the self-weight of M-sand applied to the pipe was 
considerably reduced by 0.68 mm, i.e., a 58 % decrease. 

• Similarly, the crown deflection due to the application of 
a uniform load was reduced by 35 % due to the introduction 
of Geogrid reinforcement.  

• The spring line deflection characteristics did not show 
satisfactory behavior, which suggests that this specific 
orientation of geogrid reinforcement is not suitable for 
reducing of spring-line deflection. 

• The Greenwood and Lang theoretical computation of 
the load vs deflection characteristics of HDPE pipe in loose 
M-sand backfill under uniform load overestimates the 
experimental findings. 

• Therefore, the results suggest that this orientation of 
geogrid reinforcement is best suited for reducing the crown 
deflection of HDPE pipe in loose M-sand backfill under 
uniform loading and self-weight. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

The assessment of surface cracks in concrete structures plays a pivotal role in 
determining structural integrity. However, current diagnostic technologies suffer 
from drawbacks such as being time-consuming, subjective, and reliant on 
inspectors' experience, resulting in low detection accuracy. This paper seeks to 
address these issues by proposing an automated, vision-based method for 
identifying the surface condition of concrete structures. The method integrates 
advanced pre-trained convolutional neural networks (CNNs), transfer learning, and 
decision-level image fusion. To develop and validate this approach, a total of 6,500 
image patches from diverse concrete surfaces were generated. Each pre-trained 
CNN establishes a predictive model for the initial diagnosis of surface conditions 
through transfer learning. Given the potential for conflicting results among different 
CNNs due to architectural differences, a modified Deep Belief CNN algorithm is 
crafted, thereby enhancing crack detection accuracy.  The effectiveness of the 
proposed method is confirmed through a comparison with other CNN models. 
Robustness is tested by subjecting the method to images with various types and 
intensities of noise, yielding satisfactory outcomes. In practical scenarios, the 
hybridised approach is applied to analyse field-captured images of concrete 
structures using an exhaustive search-based scanning window. Results showcase 
the method's capacity to accurately identify crack profiles, with minimal areas of 
incorrect predictions underscoring its potential for practical applications. 
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1 Introduction 

Cracks in concrete are a common phenomenon that may 
occur due to moisture movement, temperature variation, 
elastic deformation, creep, chemical reactions, foundation 
movement, and the settlement of soil. But unforeseen cracks 
may affect the durability and serviceability of the structure 
which in turn may affect its service life. Cracks in concrete 
occur when the strain exceeds the tensile strain capacity of 
the concrete [1]. For flexural members, the crack occurs on 
the top and bottom surfaces of the flexural member. The 
cracks start from the tension face and propagate to the 
compression zone perpendicular to the axis of the member. 
Widening of cracks may lead to corrosion of the 
reinforcement and ultimately lead to the failure of the 
structure [2]. Various parameters that influence the width of 
cracks are tensile stress in the longitudinal bars, thickness of 
the concrete cover, diameter and spacing of the longitudinal 
bars, depth of the member and location of the neutral axis, 
bond strength, and tensile strength of the concrete [3]. The 
crack width in a structural member is calculated to satisfy the 
limit state of serviceability. Different patterns of cracks 
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developed in beams and columns are shown in Figures 1 
and 2 respectively. Adding fibres to the concrete helps to 
increase the tensile strength, impact strength, strain 
capacity, and crack width and shrinkage. Previous research 
has demonstrated that adding fibres to concrete helps 
improve the properties of concrete in the post-cracking 
behaviour [4]. Fibres added to the concrete matrix improve 
the fracture energy, post-cracking stiffness, and ductility of 
the concrete rather than its strength. The tensile strength of 
fibres contributes mainly to improving the crack arresting 
mechanism of concrete in pre-cracking as well as in the post-
peak region [5]. Once cracks develop in concrete, the fibres 
share the stress and distribute the stress across the cross 
section, which reduces the stress concentration and 
prevents the formation of wider Cracks, as shown in Figure 
3. The strain redistribution across the cracks in plain 
concrete is achieved through bridging actions in the form of 
aggregate interlock. In FRC, the fibre stretching and pull-out 
help with crack bridging in addition to the aggregate interlock 
[6]. An experimentally tested specimen showing the crack 
width behaviours for plain concrete and fibre-reinforced 
concrete is shown in Figure. 4. 
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Figure 1. Cracks in structural beam member with flexural shear crack 

 

 

Figure 2. Cracks in column members(a) Diagonal Cracks (b) Splitting Cracks 

 

 

Figure 3. Crack pattern in masonry unit without fibre and with natural fibre 

 

 

Figure 4. Crack width of concrete (a) without fibres and (b) bridging of crack in fibre-reinforced concrete 
 
 

Emperical formulas and equations were suggested by 
many codal standars, such as IS 456-2000 (equation 1-4), 
BS-Euro code - BS EN1992-1-1-2004 (equation 5-9), 
Egyptian code (equation 10-13) and American Concrete 
Institute ACI-code (equation 14-16). In addition, many 
researchers have developed an emperical model to calculate 
the crack width in concrete. The formulas suggested by 
different codes are given below.   

The crack width (𝑊𝑐𝑟) formula suggested by IS 456-
2000: 

 𝑊𝑐𝑟 =
3𝑎𝑐𝑟𝜀𝑚

1+
2(𝑎𝑐𝑟−𝑐𝑚𝑖𝑛)

ℎ−𝑥

 (1) 

 𝜀𝑚 = 𝜀1
𝑏(ℎ−𝑥)(𝑎−𝑥)

3𝐸𝑠𝐴𝑠(𝑑−𝑥)
 (2) 

𝜀1 =
𝑀𝑥

𝐼𝐶(0.5𝐸𝑐)
 (3) 

     

(a) (b) 

(a) (b) 
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𝐼 =
𝑏𝑥

3
+ (𝑚𝐴𝑠𝑡(𝑑 − 𝑥)

2) (4) 

The equation for crack width as per EURO code: 

𝑤𝑘 = 𝑆𝑟,𝑚𝑎𝑥(𝜀𝑠𝑚 − 𝜀𝑐𝑚) (5) 

(𝜀𝑠𝑚 − 𝜀𝑐𝑚) =  

(𝑓𝑠 − 𝑘𝑡(
𝑐𝑡, 𝑒𝑓𝑓(1 + 𝑛𝜌𝑒𝑓𝑓)

𝜌𝑒𝑓𝑓
)

𝐸𝑠
≥ 0.6

𝑓𝑠
𝐸𝑠

 
(6) 

𝑛 =
𝐸𝑠
𝐸𝑐

 (7) 

𝜌 =
𝐴𝑠

𝐴𝑐,𝑒𝑓𝑓
 (8) 

𝑆𝑟,𝑚𝑎𝑥 = 3.4𝐶 +
0.425𝑘1𝑘2∅

𝜌𝑒𝑓𝑓
 (9) 

The equation of crack width as per Egyptian code: 

𝑊𝑘 = 𝛽𝜀𝑠𝑚𝑆𝑟𝑚 (10) 

𝜀𝑠𝑚 =
𝑓𝑠
𝐸𝑠
(1− 𝛽1𝛽2(

𝑓𝑠𝑐𝑟
𝑓𝑠
))2 (11) 

𝑆𝑟𝑚 = 50 + 0.25𝑘1𝑘2∅𝜌𝑒𝑓𝑓 (12) 

𝑓𝑠𝑐𝑟 =
𝑚𝑀𝑑𝑐
𝐼𝑐𝑟

 (13) 

The equation suggested by ACI 318-95 code: 

𝑊𝑚𝑎𝑥 = 0.011𝛽𝑓𝑠√𝑑𝑐𝐴𝑜
3 10−3𝑚𝑚 (14) 

𝐴𝑜 =
2𝑑𝑐𝑏

3
 (15) 

𝛽 =
ℎ − 𝑥

𝑑 − 𝑥
 (16) 

In addressing the importance of identifying structural 
surface cracks and recognising the limitations of existing 
inspection methods, both academia and industry are actively 
pursuing the automation of crack diagnosis with high 
accuracy and real-time capability. The rapid advancement of 
computer vision and machine learning (ML) technologies in 
recent years has led to the proposal of numerous automatic 
approaches as powerful tools to tackle the challenges of 
crack detection in practical applications [7]. Early research in 
vision-based automated crack detection primarily focused on 
developing algorithms for crack edge detection using image 
processing methods. For example, Abdel-Qader et al. 
conducted a performance comparison of four edge detection 
filters—fast Fourier transform, fast Haar transform, Canny, 
and Sobel—for crack detection, with results based on fifty 
images of a concrete bridge showing that the fast Haar 
transform outperformed the other three filters, demonstrating 
the highest accuracy in crack detection. Kim et al. 
investigated the parameter optimization of current 
binarization methods for crack detection by reducing errors 

between real crack widths and estimated ones [8]. Rabah et 
al. proposed a three-step approach, involving shade 
rectification, crack detection, and mapping, for detecting and 
mapping cracks based on terrestrial laser scanning (TLS) 
point cloud data [9]. In another study, Yamaguchi et al. 
introduced a novel percolation model to extract concrete 
surface cracks by considering percolated area shape and 
brightness connectivity [10]. The primary limitation of existing 
image processing-based approaches is their tendency to 
emphasise local patterns more than global features, despite 
cracks being global properties of the image. Some cracks in 
an image may be neglected when more attention is given to 
local patterns. To address this issue, several studies have 
started integrating image processing methods with ML 
technologies to enhance detection accuracy. Lee et al. 
initiated the utilisation of artificial neural networks to identify 
the length, width, and orientation of concrete surface cracks 
[11]. Li et al. created a new way to find concrete that uses an 
active contour model along with the Canny filter and support 
vector machine (SVM) [12]. Jahanshahi et al. utilised linear 
discriminant analysis (LDA) to extract features sensitive to 
cracks, which were then used as inputs to train three 
classifiers, including SVM, ANN, and nearest-neighbour [13]. 
In [14,15] CNN model is trained to discern the crack patterns, 
allowing it to forecast stress-crack correlations. Initially 
tailored to specific air-void configurations, it possesses the 
flexibility to accommodate a wider array of microstructures, 
thereby incorporating a broader spectrum of pore-related 
data. Although the combination of ML and image processing-
based feature extraction has demonstrated the ability to 
improve crack detection accuracy, it may still encounter 
challenges in identifying cracks in images with complex 
background characteristics and noise. The main reason for 
this issue is that crack feature extraction is typically 
performed manually. While hand-crafted crack features may 
offer an optimal solution for a specific dataset, they may 
struggle to consistently perform well on a set of new crack 
images captured in a more intricate environment. 

2 Literature review 

In recent years, deep learning (DL), as a subset of 
machine learning (ML), has experienced rapid development, 
leveraging the advantage of seamlessly integrating 
automatic feature extraction and nonlinear classification [16]. 
A plethora of predictive models featuring deeper network 
architectures have emerged for the purpose of concrete 
surface crack detection. For instance, Xu et al. introduced a 
deep learning model comprising multiple layers of restricted 
Boltzmann machines for abstract feature learning, effectively 
identifying fatigue cracks within images featuring complex 
backgrounds [17]. Modarres et al. applied convolutional 
neural networks (CNN) to classify structural surface cracks 
of varying shapes and sizes, demonstrating that the 
performance of the trained model remains robust across 
different locations and pixel resolutions in images [18]. 
Additionally, Jo and Jadidi devised an autonomous crack 
classification system based on a deep belief network, trained 
using 15,000 infrared and RGB images with and without 
cracks [19]. Li and Zhao modified AlexNet to create a deep 
CNN model tailored for concrete crack detection, 
successfully incorporating it into a smartphone for practical 
applications [20]. Chen and Jahanshahi fused CNN with a 
data fusion algorithm to analyse video frames for crack 
detection. The proposed fusion framework aggregates 
features from each frame, enhancing the robustness and 
accuracy of the system [21]. Similar endeavours are 
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documented in Ref. [22], where a hybrid model comprising 
fully connected CNN and naive Bayes fusion was employed 
to recognise cracks in a concrete bridge. 

In general, image-based deep learning (DL) approaches 
for crack identification can be classified into three groups: 
Region-Based Detection: Focuses on localising cracks 
within an image by generating image patches and 
determining whether each patch contains a crack. Preferred 
for automatically diagnosing the localised crack area on the 
surface of concrete structures. Object Detection: Aims to 
distinguish cracks from other objects using DL-based 
detectors. Segmentation Methods: Conducts pixel-level 
crack detection by classifying whether each pixel contains a 
crack or not. Each category of method has its own 
advantages and drawbacks. For example, while crack 
segmentation methods require significant computational 
power, region-based methods are preferred for localising 
crack areas on concrete structures for automatic diagnosis. 
Current approaches for crack region detection often utilise 
convolutional neural networks (CNNs) to handle image 
patches with pixel resolutions of 512 × 512 or 256 × 256, 
detecting cracks in images with larger pixel sizes. However, 
a limitation of this method is that the developed CNNs can 
only detect cracks of similar sizes as the patches. In cases 
where a crack has a pixel size of 32 × 32 in an image with a 
pixel size of 256 × 256, the trained model will consider the 
entire patch containing the crack, resulting in a coarse 
detection result. Consequently, these CNN models need to 
be retrained based on many image patches with smaller pixel 
sizes, which is computationally expensive. Figure 5 depicts 
the architecture of a basic CNN model.  

To overcome the challenges outlined above, this 
research proposes an integrated method for detecting 
surface cracks in concrete structures with greater precision. 
This approach incorporates a sliding window based on an 
exhaustive search, pre-trained Convolutional Neural 
Networks (CNNs) with more complex architectures, transfer 
learning, and data fusion techniques. Initially, a sliding 
window is applied to divide the original image into smaller 
patches with reduced pixel resolution for crack detection. 
Subsequently, CNN-based classification models are 
established to determine whether each crack contains the 
defect or not. It is well recognised that the efficacy of the 
developed model is contingent on the quality and quantity of 
the training data. However, obtaining a large number of 
image samples with diverse crack patterns for training a 
deep network architecture is impractical in real-world 
scenarios. Alternatively, models for crack patch detection 
can be derived by retraining CNN models originally 
developed for distinct but related tasks using transfer 

learning. In this context, 15 pre-trained CNNs initially 
designed for classifying images into 1000 object categories 
are repurposed as models for crack patch detection. As 
these pre-trained CNNs exhibit varying performances due to 
distinct network architectures, the predictive outcomes from 
different models may conflict, making it challenging for the 
system to reach a final decision. To address this issue, a new 
Deep Belief CNN algorithm is devised to amalgamate the 
detection results from various CNN models, yielding a 
comprehensive assessment of the surface condition of 
concrete structures. 

The capacity of CNNs to generalise effectively is widely 
acknowledged, primarily contingent on having a substantial 
volume of training data, especially data with clear labels. 
When there's a reduction in the quantity of training data, the 
ensuing decline in classification accuracy can lead to the 
challenge of overfitting. The exceptional performance of 
CNNs in image recognition is fundamentally linked to their 
training on extensive datasets. However, researchers in the 
engineering domain often encounter difficulties in acquiring 
a satisfactory amount of meaningful data. In response to this 
challenge, transfer learning (TL) has emerged as a robust 
technique. It not only diminishes the dependence of networks 
on the magnitude of training data but also maximises the 
utilisation of existing data. In contrast to conventional 
machine learning methods, TL categorises the dataset into 
source and target domains. The central tenet of TL involves 
applying knowledge gleaned from the source domain to 
address pertinent tasks in the target domain, effectively 
resolving issues specific to the target [23]. 

3 Proposed method  

A Deep Belief Network (DBN) is proposed in this work, 
shown in Figure 6. It is a type of artificial neural network 
architecture.  DBN consists of multiple layers of stochastic, 
latent variables. It belongs to the broader family of deep 
learning models and is particularly associated with 
unsupervised learning tasks. DBNs are notable for their 
ability to learn hierarchical representations of data and have 
been used in various applications, including feature learning, 
dimensionality reduction, and generative modelling. A typical 
DBN is structured as a stack of Restricted Boltzmann 
Machines (RBMs). An RBM is a type of probabilistic 
graphical model with two layers: a visible layer representing 
the input data and a hidden layer capturing learned features. 
Training a DBN involves a two-step process: pre-training and 
fine-tuning. Pre-training: Each RBM in the stack is trained in 
an unsupervised manner to capture hierarchical features.  

 

 

Figure 5. Architecture of a basic Convolutional Neural Network 



Concrete crack analysis using a deep belief convolutional neural network 

Building Materials and Structures 67 (2024) 2300017R   41 

 

Figure 6. Deep Belief Network  
 
 
This layer-wise pre-training initialises the weights of the 
network. Fine-tuning: The entire network is fine-tuned using 
supervised learning, typically using back propagation and 
gradient descent. DBNs can be used as generative models, 
capable of generating new samples similar to the training 
data. The RBM's capacity to learn a probability distribution 
over the input data facilitates this. Lower layers capture 
simple and local features, while higher layers represent more 
complex and global features, thanks to the hierarchical 
representation that DBNs learn. Dimensionality Reduction: 
DBNs can be used to reduce the dimensionality of data while 
retaining important features. Feature Extraction: Extracting 
meaningful features from raw data in an unsupervised 
manner. Generative Tasks: Generating new samples like the 
training data. Training deep networks can be computationally 
intensive, and fine-tuning requires labelled data for 
supervised learning. DBNs share similarities with deep 
autoencoders and deep neural networks. However, the 
layer-wise training of RBMs distinguishes them from some 
other deep learning architectures. It is important to note that 
while DBNs have been influential, more recent 
advancements in deep learning, such as deep neural 

networks (DNNs) and convolutional neural networks (CNNs), 
have gained more prominence due to their scalability and 
performance on a wide range of tasks. The dataset, 
comprising images of cracks along with their associated 
depth information, is inputted into a Convolutional Neural 
Network (CNN). Within the CNN model, the feature 
extraction layer processes the images, extracting pertinent 
features. Subsequently, these extracted features serve as 
input for training and testing the regression models. The 
integrated CNN model is employed to predict the depth of the 
cracks. Figure 7. depicts the flow of the developed CNN 
model to predict the cracks. 
 
3.1 Boundary 

 
DBNs are generative models and can generate new 

samples from the learned probability distribution. This 
property allows them to be used for tasks such as generating 
synthetic data or filling in missing values. DBNs are adept at 
learning hierarchical representations of the input data, 
capturing both low-level and high-level features in a 
distributed manner across the layers. 

 

 

Figure 7. Integrated CNN model for crack prediction 
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3.2 Assumptions 
 

DBN assumes that the hidden units within each layer are 
conditionally independent of the visible units. This 
assumption simplifies the modelling and learning process. 
DBN assumes the statistical properties of the data, and they 
remain constant across the layers. The assumptions may not 
always hold true, but even then, they simplify the learning 
process and enable effective feature learning. 

Mathematically, the key equations governing the 
behaviour of a DBN involve the energy function and the 
conditional probabilities associated with each layer in an 
RBM. The joint probability distribution over visible units (v) 
and hidden units (h) is given by: 

𝑃(𝑣, ℎ) =
1

𝑧
𝑒−𝐸(𝑣,ℎ) 

where, Z is the normalisation constant 

𝐸(𝑣, ℎ) is the energy function defined as −𝑣𝑇𝑊𝑎− 𝑏𝑇𝑣 −
𝑐𝑇ℎ, where W is the weight matrix connecting visible and 
hidden units, a, b, and c are the biases for visible units, 
visible-to-hidden connections, and hidden units respectively. 

The conditional probabilities are then calculated as: 

𝑃(ℎ|𝑣) = 
1

1 + 𝑒−(𝑊𝑣+𝑐)
 

𝑃(𝑣|ℎ) = 
1

1 + 𝑒(𝑊
𝑇
ℎ+𝑐)

 

These equations govern the learning and inference 
processes in DBN. 

Initially, the concrete surface images undergo 
segmentation, with each original image sliced into smaller 
patches using a sliding window. These patches, 
characterised by reduced pixel sizes, are then classified 
based on the actual surface conditions, distinguishing 
between intact and cracked areas. Following this, training 
and validation samples are randomly drawn from these 
categorised patches. These samples are then inputted into 
various CNN models, including AlexNet, DarkNet-19, 
DarkNet-53, DenseNet-201, EfficientNet-b0, GoogLeNet, 
Inception-v3, MobileNet-v2, ResNet-18, ResNet-50, ResNet-
101, ShuffleNet, SqueezeNet, VGG-16, and VGG-19, for the 
initial recognition of surface conditions. These chosen CNNs 
are pretrained on the ImageNet dataset, with contains over 
a million images used for classifying a thousand objects. The 
Kaggle images [24] used in this experiment relate to 
structural engineering elements such as buildings, bridges, 
beams, columns, and walls, specifically focused on concrete 
crack images. Then, these CNNs that have already been 
trained on different deeper architectures are fine-tuned on 
new concrete surface image patches to turn them into 
models for finding crack patches. 

 

 
(a)                                                                        (b) 

 

 

                                                                   (c) 

Figure 8. a) Training and validation accuracy b) Training and validation loss c) ROC curve 
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Differing from traditional networks that provide hard 
decisions, the CNNs in this study generate soft decisions, 
presenting probability values for all potential categories. As 
different network architectures exhibit varying capabilities for 
diagnosing concrete cracks, results from different CNN 
models may present conflicts. To address this, the proposed 
framework adopts a hierarchical configuration where the 
outputs of prior operations serve as inputs for subsequent 
operations. This approach significantly bolsters crack 
detection accuracy with a high level of confidence, 
leveraging multi-level information processing. 

4 Results and discussion 

To validate the effectiveness of the concrete crack 
prediction method utilising the deep belief network in real-
world scenarios, a simulation experiment is conducted. The 
dataset was trained and validated using Python software. 
The program was executed in Google Colab for faster 
execution of a  huge dataset and a large number of epochs. 

 
Table 1: Number of images used for training and validation 

Category Training Validation 

With crack 3000 800 

Without crack 3500 850 

 
 

This research's primary innovation lies in the integration 
of deep learning-based Convolutional Neural Networks 
(CNNs), transfer learning through the deep belief algorithm, 
creating a hybridised model for predicting surface cracks in 
concrete structures. This model demonstrates superior 
predictive capabilities and robustness compared to existing 
deep learning methods. Additionally, the introduction of 
decision-level image fusion to concrete crack detection 
represents a novel aspect. This application significantly 
elevates the confidence level of prediction results, thereby 
further improving prediction accuracy. Equation (17-20) is 
used to measure the performance metrics of the parameters 
mentioned. Figure 8 depicts the curve for accuracy during 
training and validation of the dataset, the loss curve and the 
ROC curve, respectively.  

Sensitivity =
TN

TN+ FP
 (17) 

Precision =
TP

TP+ FP
 (18) 

NPV =
TN

TN+ FN
 (19) 

Accuracy =
TP+ TN

TN+ TP+ FP + FN
 (20) 

 

Table 2. Comparison of accuracy and Area under curve (AUC) for different CNN models 

Model Name Precision Accuracy F1 score AUC 

DarkNet-51 97.55% 97.84% 95.78% 0.9292 

ResNet-101 97.20% 97.51% 95.11% 0.9615 

ShuffleNet 95.55% 97.82% 95.05% 0.9535 

SqueezeNet 97.44% 97.11% 95.15% 0.9182 

AlexNet 97.21% 97.57% 95.41% 0.9339 

DarkNet-19 97.49% 97.72% 95.55% 0.9647 

ResNet-50 97.27% 97.59% 95.47% 0.9311 

GoogLeNet 97.57% 97.72% 95.71% 0.919 

Inception-v1 97.18% 97.55% 95.19% 0.9063 

MobileNet-v2 95.74% 97.41% 95.18% 0.8946 

VGG-15 97.48% 97.98% 95.82% 0.9052 

VGG-19 97.74% 97.98% 97.01% 0.8913 

EfficentNet-b0 95.11% 98.05% 95.12% 0.9447 

DenseNet-201 97.91% 97.41% 95.75% 0.9714 

ResNet-18 95.70% 98.05% 95.10% 0.9734 

Proposed 98.29% 98.05% 97.51% 0.9796 
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Figure 9. Confusion matrix for the proposed method 
 
 

The proposed method has the highest values of metrics 
precision (98.29%), accuracy (98.05%), F1 score (97.51%), 
and AUC (0.9796). Figure 9 shows the confusion matrix. 

4.1 Effects of Noise 

In practical scenarios, images captured from the surfaces 
of concrete structures inevitably encounter various forms of 
contamination due to factors such as transmission channels 
and environmental conditions during acquisition and 
transmission. This results in the introduction of diverse 
noises, leading to information loss and distortion in the 
images. It is imperative to assess the resilience of the 
proposed method concerning crack patch detection in the 
presence of different types of noise. In pursuit of this 
objective, the study focuses on evaluating the robustness of 
the proposed method against two prevalent types of image 
noise: Salt and Pepper (SP) noise and Motion Blur (MB) 
noise. SP noise typically arises from improper ISO settings, 
while MB noise is a consequence of relative movement 
between the focal location and the camera. The evaluation 
indices of all the models are calculated after the test images 
undergo a noise removal process. 

The study employed MATLAB software version 2021 
installed on a PC with 16GB of RAM and 1TB of storage to 
incorporate noise effects into the concrete images. MATLAB 
is a widely used tool in the field of image processing due to 
its versatility and comprehensive set of functions tailored for 
handling and manipulating images. 

5 Conclusion 

The hybrid patch-based crack detection approach 
proposed in this study achieves an impressive identification 
accuracy of up to 97.7%. This notably outperforms both 
individual CNN models and the region-based crack detection 
method outlined in [25-27], which attains an optimal accuracy 

of 96%. So, the proposed method effectively fixes the 
problem of current crack detection models wrongly 
identifying cracks, which stops wrong estimates of the 
structure's remaining strength. The results presented in 
Figure 8, Figure 9, and Table 2 adequately demonstrate the 
effectiveness of the proposed hybridised method in concrete 
crack patch detection. The accuracy value and precision are 
almost 98% for the proposed DBN model. It rarely predicts a 
normal image as a concrete crack image, which is evident in 
the confusion matrix. Furthermore, this method is versatile; 
in addition to detecting surface cracks, it can also be 
employed to identify other types of structural defects, such 
as spalling, rebar exposure, corrosion, etc., provided 
corresponding images of structural defects are available for 
training. Even then, it is essential to note a significant 
drawback of the proposed method, which involves the rough 
estimation of crack area. This assumption is based on 
considering the size of the crack to be the same as the patch 
size.  

The present study is subject to certain limitations. The 
models were specifically trained to identify and predict crack 
depths because of monotonic loading. There is a need for 
further investigations to validate the model's performance 
when confronted with cracks induced by different types of 
loading, such as cyclic loading. In addition to that, the models 
underwent training and testing using an image dataset 
characterised by a limited number of images. These images 
were captured under favourable lighting conditions, with 
efforts made to eliminate background noise. Future studies 
are encouraged to explore a broader range of illumination 
conditions and consider scenarios where background noise 
is present. It is worth noting that, in this study, the maximum 
crack depth was assumed to be uniform along the length of 
the crack. To address this simplification, further 
investigations are warranted to explore the actual variation in 
crack depth along the length of the crack. These refinements 
will contribute to a more comprehensive understanding of the 
model's applicability and performance across diverse 
conditions. 
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Nomenclature 

  

𝑊𝑐𝑟- Crack width as per IS 456-2000 

𝑎𝑐𝑟 - Distance considered from the point of the surface to the nearest longitudinal bar  

𝜀𝑚 -  Average steel strain  

𝐶𝑚𝑖𝑛 - Minimum cover of the longitudinal bar  

h(or)D - Overall depth of the member  

x - Depth of the neutral axis  

a -Distance from the compression face to point at which crack width is estimated 

𝐸𝑆- Modulus of elasticity of steel  

𝐴𝑆(𝑜𝑟)𝐴𝑆𝑡- Area of tension reinforcement  

𝜀1 - Strain at the level considered, calculation by ignoring concrete in the tension zone  

𝑏 - Breadth of beam  

𝑑 - Effective depth  

𝑚, n - Modular ratio 

𝑊𝑘 - Design crack width as per BS EN1992-1-1-2004  

𝜀𝑠𝑚 - Mean steel strain mostly under the effect of tension stiffening or shrinkage 0  

𝜀𝑐𝑚 - Mean strain in concrete  

𝑓𝑠 - Stress in tension reinforcement  

𝑘𝑡 - Factor that expresses the duration of loading  

𝑓𝑐𝑡, 𝑒𝑓𝑓 - Mean value of tensile strength of the concrete  

𝐴𝑐, 𝑒𝑓𝑓- Effective tension area 

𝑘1- Coefficient which considers the bond properties of bonded reinforcement 

𝑘2 - Coefficient strain distribution 

Φ - Dia of bar 

𝑆𝑟, 𝑚𝑎𝑥 - Average stabilized crack spacing 

𝜌𝑒𝑓𝑓 - Effective reinforcement ratio 

𝐸𝑠 - Modulus of elasticity for steel  

𝐸𝑐 - Modulus of elasticity for concrete  

C - Cover provided at the longitudinal bar  

𝐴𝑠 - Area of tension reinforcement 

𝑊𝑘 - Design crack width as per EGYPTIAN CODE; 203-2007 

𝑆𝑟𝑚 - Average stabilized crack spacing 

𝛽- Coefficient which is related to average crack width 

𝛽1 - Coefficient for bar bond characteristics 

𝛽2 - Coefficient which accounts load duration 

𝑓𝑠𝑐𝑟 - Stress in tension longitudinal reinforcement that causes under first crack stress in the tension 

reinforcement 

𝑑𝑐 - Effective cover 

𝑀 - Applied movement 

𝐼𝑐𝑟 - Moment of inertia for cracked section 

𝑊𝑚𝑎𝑥- Design crack width as per ACI 318-95 

h - Overall depth  

x - Depth of neutral axis  

𝛽 - Coefficient relating the average crack width to the design value 

𝐴𝑜- Area of concrete surrounding each reinforcing bar  
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IN MEMORIAM – Prof. Mihailo Muravljov, PhD  
December 19, 1937  ̶  January 11, 2024 

 

Numerous friends, colleagues, former students, and admirers of the honoured Professor 
Mihailo Muravljov, PhD received with deep sorrow the news that he left us forever on January 
11, 2024. 
 
As a retired full professor of the Faculty of Civil Engineering at the University of Belgrade, 
Professor Mihailo Muravljov left behind an exceptionally rich pedagogical, scientific, and 
professional legacy, which certainly places him among the true doyens of Serbian 
engineering. 
 
Professor Mihailo Muravljov was born in Petrovgrad (now Zrenjanin) on December 19, 1937. 
He finished elementary school and secondary school in his hometown before enrolling at the 
Faculty of Civil Engineering of the University of Belgrade in 1954. He graduated in 1960 with 
a thesis on Concrete Bridges under the guidance of the renowned Professor Mijat Trojanović. 
On the same faculty, he obtained his master's degree in 1968 with the thesis "Contribution to 
the Calculation of Girder Bridges in the Curve" and then earned his PhD in 1975 with the 
thesis "Behavior of Open-Profile Thin-Walled Beams Made of Prestressed Concrete under 
Limited Torsion with Concrete Creep Effects." 

 
After graduation, he worked for construction companies "Tunelogradnja" in Belgrade and "Rudar" in Tuzla, as well as at the 
Institute for Mining and Chemical-Technological Research in Tuzla. From 1967 to 1981, he was employed at the Institute for 
Materials Testing of the Republic of Serbia (IMS) as an assistant, research associate, and senior research associate. In the 
period between 1969 and 1970, he spent six months in Cuba as a technical assistant. In 1975, he spent two months at the 
University of Berkeley (USA - California), focusing on the issue of the seismic resistance of buildings. In 1981, he joined the 
Faculty of Civil Engineering of the University of Belgrade as an associate professor, teaching Building Materials. He was 
promoted to full professor in 1988. In addition to Building Materials, during his academic career, he also held courses such as 
Building Materials 2, Concrete Technology, Installations and Finishing Works in Civil Engineering, Building Design and 
Construction 2, and Testing of Structures. He also lectured on the Rheology of Building Materials, Selected Chapters of 
Concrete Technology and Concrete Structures, and Lightweight Concrete in postgraduate studies. For almost all the above-
mentioned courses, students had access to appropriate textbooks authored or co-authored by Professor Muravljov. He also 
mentored a large number of undergraduate and master's theses, as well as 14 doctoral dissertations. 

 
In addition to actively teaching at his home faculty in Belgrade, Professor Muravljov laid the foundations and held courses for 
many years in various subjects in the field of building materials and concrete technology at the Faculty of Technical Sciences 
in Novi Sad, the Faculty of Civil Engineering and Architecture in Niš, the Faculty of Civil Engineering in Podgorica, and at the 
Faculty of Civil Engineering in Priština (later in Kosovska Mitrovica). At all these institutions of higher education, Professor 
Muravljov, along with his colleagues, was present practically until personnel capable of independently conducting classes 
emerged, thanks to his generous help and commitment. 
 
Between 1984 and 1986, Professor Muravljov was the director of the Institute for Materials and Structures (IMK), and in two 
terms, from 1991 to 1998 and from 2001 to 2003, he was the head of the Department of Materials and Structures, as well as 
the president of the Department of Structures at the Faculty of Civil Engineering, University of Belgrade. 
 
Throughout more than half a century in his scientific-research and professional activities, Professor  Mihailo Muravljov was 
primarily focused on building materials, concrete technology, as well as civil engineering structure design in the broadest sense 
of the word (structures of reinforced and prestressed concrete, masonry structures, structural testing, etc.). In addition, he 
made a significant contribution to the areas of repair, reconstruction, and strengthening of civil engineering structures. In his 
work, he emphasised the organic connection between materials and structures, as well as the need for combining the analytical 
and experimental approaches to solving a wide range of civil engineering problems. This particularly applies to his work related 
to the issues of structure repair and strengthening, using modern materials such as carbon fibres, composite reinforcement, 
and synthetic resins. 
 
Both in the scientific and professional fields, Professor Muravljov was extremely "socially active." Since 2001, he was a regular 
member of the Serbian Engineering Academy. As an exceptionally prolific author, he contributed to 28 books, wrote about 250 
scientific papers, and participated in about 100 significant projects, along with providing a large number of expert opinions, 
reviews, and technical solutions. He supervised the implementation of two scientific projects and 12 studies. He was also the 
long-time president of the Yugoslav Society for Testing and Research of Materials and Structures (JUDIMK) in three terms, 
and later became the life-long honorary president of that Society. Within JUDIMK, with great enthusiasm and energy, he 
organised a number of scientific and professional thematic conferences. He received the title of honorary member of the Union 
of Civil Engineers and Technicians of Serbia and Yugoslavia, as well as the Award for Lifetime Achievement in the field of civil 
engineering construction from the Society of Civil Engineers of Serbia, along with much other social recognition. In 2018, he 
received the Award for Lifetime Achievement from the Engineering Chamber of Serbia, holding a "zero licence" as a responsible 
designer of civil engineering structures for high-rise, low-rise, and hydro-structures. He also received a special plaque on the 
occasion of the celebration of 175 years since the beginning of education in the field of civil engineering in Serbia. 
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Professor Muravljov was also a long-time member of the Commission for Vocational Examinations of the Union of Civil 
Engineers of Serbia, and participated in the work of numerous professional commissions for the preparation of technical 
regulations, such as rulebooks, standards, by-laws, etc. He was the editor of the journal "Naše građevinarstvo" the chief editor 
of the "Građevinski kalendar," as well as a member of the editorial boards of many other journals and publications. Additionally, 
he was a long-time member of the international RILEM association, the European Committee for Concrete, and a member of 
the UNESCO Commission for Monitoring the Reconstruction of the Old Bridge in Mostar. 

 
From the vast number of works of Professor Mihailo Muravljov in the field of civil engineering construction, only the most 
significant realised projects are listed here: 

 

• Bridge over the Danube River near Beška (first collaborator of the project designer, academician Branko Žeželj), 

• Remediation of the same bridge damaged by bombing by NATO aviation (conceptual solution holder and consultant during 
project development), 

• Pedestrian suspension bridge over the Ibar River in Mataruška Banja, 

• Bridge over the Neretva River in Mostar, 

• Bridge over the Neretva River in Čapljina, 

• Bridge over the Željeznica River in Serbian Sarajevo, 

• Several structures in the prefabricated skeleton system IMS, 

• Repair of a part of the "Bečići" hotel complex after the earthquake in Montenegro, 

• Repair of the "Southern Shore" and "Southern Wharf" structures of the shipyard in Bijela, 

• Structural project of the Yugoslav Drama Theatre building in Belgrade, 

• Repair of a number of structures within the Oil Refinery in Pančevo, 

• Repair of the roof of the JP SRPC "Milan Gale Muškatirović" building in Belgrade, 

• Repair of the 150 m high reinforced concrete chimney within blocks A1, A2, and A3 of TENT – Obrenovac. 
 
In all the listed projects, Professor Muravljov was practically involved in all phases of implementation: from conceptual solutions, 
through the main project, detailed elaboration, field research, execution, and supervision. 
 
In his work with younger associates, Professor Muravljov always showed exceptional care and respect, as an older and more 
experienced colleague, but at the same time as a teacher and a father figure. Even after his retirement in 2003, although 
formally he could no longer be a teacher and mentor, he selflessly continued to assist younger colleagues, inspiring topics for 
new research and actively participating in the implementation of experimental tests. Despite his advanced age and declining 
health, he visited the faculty almost every day, where he spent a full 43 years. In his office, he devotedly and diligently worked 
on new and useful publications, followed innovations in the field of materials and structures, was always ready for professional 
discussions, and provided appropriate suggestions for practical engineering solutions. 
 
It can be freely said that Professor Muravljov devoted the largest part of his energy and effort to education, both for students 
and accomplished engineers. He had that very rare talent to present difficult and complicated matters in a simple and 
understandable way. Moreover, he skillfully seasoned theory with interesting examples from practice. In addition, Professor 
Muravljov was an extremely prolific author of a large number of books (some of which had seen multiple editions), monographs, 
and other publications. His most significant bibliographic entries include the following titles: 
 

• Building Materials, 

• Building Materials 2 (co-authored with D. Jevtić), 

• Collection of solved examples from Building materials exams (co-authored with S. Živković), 

• Fundamentals of the Theory and Technology of Concrete, 

• Collection of solved examples from Concrete technology exams (co-authored with D. Zakić), 

• Concrete Technology – Theory and Practice (co-authored with D. Zakić and A. Radević), 

• Masonry and Timber Building Structures (co-authored with B. Stevanović), 

• Repair of Civil Engineering Structures and Facilities (co-authored with B. Stevanović and D. Ostojić), 

• Concrete and Reinforced Concrete according to BAB 87, Volume 1, three chapters in the Handbook, 

• Special Mortars and Concretes (author of five chapters and editor of the monograph), 

• Civil Engineering Physics and Materials (author of two chapters and editor of the monograph), 

• Practical Application of Sika Carbon Straps in Strengthening of Concrete Structures, 

• Basic Aspects of Practical Application of Composite GFRP Reinforcement, 

• Monograph "135 Years of Higher Education in the Field of Building Materials at the Faculty of Civil Engineering in Belgrade" 
(co-authored with S. Živković, D. Jevtić, D. Zakić, and A. Savić), 

• Methods of Increasing the Bearing Capacity of Concrete Structures with Examples from Practice, 

• Basics of Concrete Structure Repair Using Injection Procedures, 

• A Brief History of the Development of Building Materials with Examples of Use to the Present Day. 
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• Based on the above, it is clear that Professor Muravljov was a distinguished educator, lucid engineer, and respected 
scientist with vast knowledge and experience, who left an indelible mark in the field of civil engineering through his 
comprehensive and long-standing work. Moreover, throughout his entire career, he was characterised by the highest 
human, professional, and ethical virtues. The results of his work, both in terms of quantity and quality, can serve as the 
best example of an outstanding career for future generations of students, teachers, and engineers. 

 
What can be said in the end, when we lose someone who was such a great person, professor, scientist, and engineer, someone 
who was a top authority in the field of Civil engineering not only in Serbia but also in the wider territory of the former Yugoslavia 
and the entire Balkans? As a consolation to the family and friends, it remains the fact that Professor Muravljov lived a fulfilled 
and fruitful life, filled with love and respect from his closest family members as well as his students, colleagues, and friends. 
Many people adored and respected him. 
 
Although Professor Muravljov is no longer with us, we will often mention him and fondly remember him; his books will continue 
to teach new generations of students and engineers, while close colleagues and friends will continue to cherish his memory. 
Mihailo Muravljov was extremely dedicated to his family, his wife Miroslava, his son Nikola, and especially his grandchildren 
Ružica and Ljubica, whom he loved boundlessly and was particularly proud of. His departure is a painful and irreplaceable loss 
for all those who knew and respected him, for all who learned from him and socialised with him, and most of all for close family 
members, to whom we once again express our deepest and most sincere condolences. 
 
 
 
In Belgrade, March 2024 Prof. Dragica Jevtić, PhD TE 
 
 Prof. Dimitrije Zakić, PhD CE 
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Ringlock
Doka modularni sistem skela.
Bezbedno i efikasno rešenje za skele. Široka oblast primena.

Pristupne skele Skele za stambene objekte Skele za poslovne objekte Stepenišni toranj
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CENTAR ZA PUTEVE I GEOTEHNIKU 

Ispitivanje šipova 
 
 

 SLT metoda (Static load test)  
 DLT metoda (Dynamic load test) 
 PDA metoda (Pile driving analysis)
 PIT (SIT) metoda (Pile (Sonic) integrity 

testing) 
 CSL - Crosshole Sonic Logging 
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• Ispitivanje šipova 
o Geotehni ka istraživanja i ispitivanja – in situ  

 Laboratorija  za puteve i geotehniku 
• Projektovanje puteva i sanacija klizišta 

o Nadzor
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