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ABSTRACT 

In this research, the seismic response of "Rammed Earth Structures" under an optimization, under the effect 

of acceleration maps of the Bam earthquake (which was the most destructive earthquake in Iran), was 

calculated using Abaqus 2021 simulation software. Since the structures in this earthquake were completely 

traditional this optimization has made for the seismic improvement of these types of structures. In such a way, 

cement and rebar materials were not used to improve tensile and compressive strength. However, a raft 

foundation was used in the dimensions of the building with a rigid and integrated connection, in addition to 

the material, which is based on gypsum and clay. The roofs in this design are presumed composite roofs with 

wooden beams, and their connection was also considered rigid. In this plan developed to study the effects of 

the dimensions of the foundation on the health of structures during the earthquake, three different depths were 

considered for the foundation. This caused the center of gravity of the structure to move towards the center of 

the foundation by increasing the dimensions and, as a result, the weight of the foundation, which reduced the 

stress during the earthquake load. Also, referring to Iran's 2800 regulations, the various seismic response 

components of these kinds of optimized structures were confirmed. Also, this seismic improvement has other 

advantages that make it unique such as the lowest price in construction, and industrial construction capability. 
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1. INTRODUCTION: 

Rammed earth buildings, or RE, are structures that are built with raw traditional materials. material 

(compacted soil) is an ideal choice. This material comes from natural soil sources and can be totally 

recycled after being compacted with many layers (unstabilized RE). In certain cases, a small amount of 

lime or cement (hydraulic binders) can be added to the mixture to enhance the mechanical resistance and 

durability (stabilized RE). Especially, RE material has low embedded energy and a positive hydrothermal 

behavior. However, the RE material has very low mechanical characteristics (compressive resistance from 

1 MPa to 2.5 MPa) in comparison with the concrete material Ref. [1]. 

     Furthermore, the tensile strength value of RE is very low (a ratio of ten compared to the 

compressive strength). Under extreme conditions such as earthquakes, knowing the tensile characteristic 

is necessary for structural design. Therefore, for RE houses built in seismic areas, the earthquake-bearing 

capacity of this type of structure is an important issue. A limit drift of 0.3% was proposed in Refs. [2], 

[3]. For the RE buildings to guarantee their resistance under seismic excitation. The study in Ref [4] 

showed that, for in-plane loading, a PGA of 0.223 g led to 0.238% drift and can be considered the 

maximum seismic excitation for the wall of a one-floor RE house. Considering out-of-plane loading, the 

results in Ref. [5] showed that the resistance of the RE wall with an upper ring beam was decreased to 

0.160 g (with a limit drift of 0.281%). However, the PGA and the limit drift mentioned above are validated 

only for one-floor RE houses and only for the same types of structures presented in Refs. [4], [5]. To 

improve the earthquake-bearing capacity of the RE structures, different reinforcement techniques exist. 

Using a concrete or timber bond belt beam on the top walls can give a better balance to a RE building [6]. 

This reinforcement type prevents failures due to out-of-plane loading and decreases the local ruptures of 

the walls. The numerical study in Ref. [7] analyzes the valuable effect of a strengthening solution that 

considers prestressed reinforcement using vertical steel. The results showed that these reinforcements 

decreased the ductility and improved the bearing capacity of the RE walls. In Ref. [8], a reinforcement 

system of strips of polyester fabric was used for RE walls. The bearing capacity was higher for reinforced 

walls than for unreinforced ones. 

     Used additive to maximize the compressive strength of the soil mixture is cement, sometimes 

combined with other additives (particularly fly ash). With high cement contents, around 10%, it is possible 

to obtain very high compressive strength, over 5MPa, meaning an improvement between 1.5 and 5 times 

the UCS of URE, even reaching a strength 10MPa in some cases. Ref [9]  

     As it happens with compressive strength, cement is the most common stabilizer added to RE 

to improve its elastic modulus. Studies regarding CSRE Ref. [10], [11], [12], [13], [14] indicate elastic 

modulus within the range from 250 MPa to 750 MPa using cement contents between 2% and 10%. The 

same studies indicate that those values lead to an improvement of 150% to 500% with respect to URE 

specimens. Smaller improvements in the elastic modulus (40% to 140%) are obtained when using lime 

as a stabilizer. Refs. [10], [15] 

     In various articles, various methods of strengthening them have been discussed, but the 

important point is that these researchers have generally considered only one aspect of this type of 

construction from various perspectives, such as price. The completion of the building with the proposed 

method, the duration of the construction, the feasibility of the design in the industrial dimension, and the 

beauty of the design have not been discussed, and basically, some studies on retrofitting or seismic 

improvement in them have not had a large impact on these types of buildings. Some of these innovations 

have been discussed further. 
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     In the field of seismic improvement of these types of structures in 2019, a method was presented 

for reinforcing existing rammed-earth buildings by strengthening the walls with externally bonded fibers. 

Shaking table tests were conducted to study the seismic performance of two rammed-earth model 

structures—with and without reinforcement. They observed the crack patterns, failure modes, changes in 

dynamic properties, in-plane deformation, wall response, and roof–wall interaction in the models. The 

results confirm that the seismic resistance of rammed-earth structures reinforced using the proposed 

method was substantially improved. Ref. [16]  

     Zou and colleagues, to improve the seismic performance of rammed earth buildings and retain 

the characteristics of local buildings, proposed a reinforcement measure with additional structural 

columns in that research. Three kinds of structural columns were designed: cast-in-place concrete, square 

steel tubes, and concrete-filled square steel tube core columns. Through the quasi-static experimental 

study on the rammed earth wall, the effects of different structural columns on the failure shape, bearing 

capacity, deformation capacity, and energy dissipation capacity of the wall were compared. The test 

results showed that adding structural columns on both sides of the wall could effectively restrain the 

rammed earth wall, restrain its brittle failure, significantly improve the energy dissipation capacity of the 

wall, and improve the seismic performance of the wall. Ref. [17] 

     Zhou said in another article about the seismic survey of these types of structures that a series 

of proper structural measures for RE buildings were proposed to enhance their structural integrity. For 

acquiring/evaluating the seismic performance of those reinforced RE buildings, different typical structural 

styles were employed for constructing two ½-scaled, single-story buildings for shaking table tests. Testing 

damage conditions and dynamic characteristics, including frequency, acceleration coefficient, and 

displacement response, were investigated. After a comparison of those factors for each specimen, a 

comprehensive evaluation of seismic performance was conducted. The results showed better coordination 

between those structural measures and RE walls during the whole loading process. These structural 

measures are still useful in preventing specimen deformation, even in the case that RE walls were divided 

into pieces during subsequent loading operations. Additionally, each specimen's residual seismic capacity 

may still be able to withstand more intense earthquake excitations. It is simple to infer that such inner 

reinforcements are appropriate for RE buildings after considering the entire construction process at a site 

and the shaking table test results. Consequently, single-story inner-reinforced RE buildings may be built 

widely throughout China. Ref. [18] 

     Another method was also presented by Wang in an article that presented a method for 

reinforcing existing rammed-earth buildings by strengthening the walls with externally bonded fibers. 

Shaking table tests were conducted to study the seismic performance of two rammed-earth model 

structures—with and without reinforcement. They observed the crack patterns, failure modes, changes in 

dynamic properties, in-plane deformation, wall response, and roof–wall interaction in the models. The 

results confirmed that the seismic resistance of rammed-earth structures reinforced using the proposed 

method was substantially improved. Ref. [16] 

     An intriguing subject that requires in-depth research is the seismic performance of RE 

buildings. Two vertical steel rods positioned at the walls' extremities are used in another work to give a 

numerical analysis that evaluates the applicability of a seismic reinforcing technology for RE walls. RE 

walls that were reinforced and those that weren't were modeled using the discrete element method (DEM). 

In order to imitate vertical loads, these walls were first loaded with vertical tension on top, and then they 

were made to submit to horizontal loading on top to simulate seismic action. Two current cases of RE 

buildings were investigated: one-story and two-story buildings. The results showed that the reinforcement 

technique enhanced the maximum horizontal force by about 25% and 10%, respectively, for the cases of 

one- and two-story buildings. Higher effectiveness of this reinforcement technique is expected for RE 

materials having higher compressive strength, for example, stabilized RE. Ref. [19]  

     In another study, it was stated that the researcher had strengthened these structures by using a 

new method, and these walls were pulled outward by an excavator with a cable. The reinforced sample 

showed a resistance of about 59% higher than the non-reinforced sample. Ref. [20]  
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     Many articles have been presented in this regard. However, as mentioned, many of these articles have 

many similarities. The presented methods are not practical in the construction industry without 

considering economic and practical factors such as the duration of construction, beauty, and popularity 

among people. However, this research is very important in terms of seismic engineering, energy 

consumption analysis, and also in the field of sustainable development.      

 

2. METHODOLOGY: 

 
     In the conducted research, the modeled structure was analyzed in the Bam earthquake. Because 

this earthquake has been the most destructive in Iran in the last 50 years. In a city named Bam. Another 

important aspect of the investigation into this earthquake was the existence of many traditional houses that 

were built based on earthen materials. In a city where these types of structures were practically destroyed. 

     The structure designed in this model uses a new material in its construction, which was tested 

in the Sharif University of Technology laboratory and applied to the software. In the following text, the 

specifications of this material are provided.  
     According to the laws of physics, the center of mass is the point where all external forces are 

applied. As a result, it should be expected that with the weight of the foundation and placing the center of 

mass in its proper place, more force will be applied to the structure. If this method is correct, it is the first 

time that seismic improvement is done by increasing the weight of the structure. 
     This modeling was analyzed with Abaqus 2021 software, and the calculation results were also 

compared with Iran's 2800 regulations. 

 

2.1 Geometry of the structure: 

 

     The dimensions of the structure and foundation are shown in Figure 1. It can be seen that the 

thickness of the walls is 25 cm, and the thickness of the ceiling is 20 cm. Also, in order to investigate the effects 

of foundation depth on the seismic behavior of the designed structure, the foundation of this structure was 

designed in three different sizes according to Figure 2. 

 

 
Figure 1. Structure and foundation dimensions. 

 
Figure 2. The foundation was designed for the structure at three different depths. 

2.2 Arrangement of ceiling beams: 
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     To increase the bending strength of the structure against the earthquake load, an arrangement of 

beech wooden beams is considered according to Figure 3. The cross-sectional dimensions of these beams are 

shown in Figure 4. 

 

 
Figure 3. Arrangement of roof beams. 

 
Figure 4. Cross-section dimensions of roof beams in millimeters. 

 

2.3 Materials Specifications: 

 

     The physical and mechanical properties of the material used in this structure were obtained from the 

pressure test. Also, type 3 soil was considered the base material for this structure. In addition, beech wood with 

a moisture content of 12% was also used as a component of the transverse beams of the roof. All physical and 

mechanical properties used in this article are stated in Table 1. 

 

Table 1. Physical and mechanical properties used in seismic analysis. 

Material used 

Density  
(Kg/m3) 

1200 

Elastic 

modulus 
(MPa) 

2500 

Yield stress 
(MPa) 

6 

Type III soil 

Density 

(Kg/m3)  
1442 

Elastic 

modulus 
(MPa) 

20 

Beechwood 

 

Density  

(Kg/m3) 

800 
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Elastic 

modulus 
(MPa) 

11900 

 

2.4 Characteristics of the center of mass of the structure: 

 

     To improve the performance of the structure during an earthquake, the depth of the foundation was 

designed in such a way that the center of mass of the entire structure and foundation is located inside the 

foundation or around the center of the foundation. In Table 2, the total mass of the structure and the foundation 

for each of the plans in question are stated. In addition, the location of the center of mass of the structure in 

each of these designs is also shown in Figure 5. It can be seen that as the depth of the foundation increases, the 

center of mass of the structure moves down. 

 

Table 2. Total mass of structure and foundation for different designs. 

Design number Mass (Tons) 

1 71 

2 97 

3 123 

 
Figure 5. The foundation was designed for the structure at three different depths. 

 

2.5 Earthquake acceleration maps: 

 

According to the data available in the database of the Seismography Network of Iran, the acceleration 

of Bam earthquake maps is as follows. Figure (6-8) 
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Figure 6. Acceleration of Bam earthquake along the X-axis. 

 
Figure 7. Bam earthquake acceleration along the Y-axis. 

 
Figure 8. Bam earthquake acceleration along the Z-axis. 
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2.6  Contacts and determination of substrate properties: 

     To maintain the integrity of different parts of the structure and foundation, the walls and roof were 

integrated at the connection points due to seismic improvements. This action is also performed in the 

implementation of the structure. This makes the structure more resistant to earthquakes. 

2.7  Solver settings: 

     This study uses implicit transient dynamics as its analytical basis. For this purpose, the beginning 

time step was set at 0.25 seconds. Nevertheless, the program automatically lowered the solution's time step to 

around 0.005 seconds during the solution because of the seismic acceleration's abrupt shifts. A total of 20 

seconds were thought to have passed throughout the analysis. 
2.8  Meshing: 

     At this stage, the geometry of the structure and the foundation were meshed using the organized grid 

according to figures 9 to 11. The dimensions of the grid were adjusted so that the mesh is acceptably smaller 

at the point of contact between the walls and the ceiling. Also, the meshing of the foundation in the adjacent 

areas of the structure was considered finer. 

 
Figure 9. Roof meshing of the structure. 

 
Figure 10. Foundation meshing of the structure. 

 
Figure 11. The meshing of the walls of the structure. 

 

 

3. RESULTS: 
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3.1  Seismic analysis results based on foundation number one: 

 

 
Figure 12. Movement of the roof center of the structure during the earthquake 

 

 
Figure 13. The maximum stress created during earthquake loading in megapascals. 

 
Figure 14. Maximum strain generated during earthquake loading. 

 

 
Figure 15. The average displacement of the structure land during the earthquake. 
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Figure 16. Base shear created in the structure in x-direction in terms of Newton. 

 
Figure 17. Base shear created in the structure along the y-direction in terms of Newton. 

 
Figure 18. The force created in the structure in the z direction in terms of Newtons. 

 

 
 

Figure 19. The maximum stress created in the transverse beams of the roof in megapascals. 
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3-2- Seismic analysis results based on foundation number two: 

 

 
Figure 20. Movement of the roof center of the structure during the earthquake 

 
Figure 21. The maximum stress created during earthquake loading in megapascals. 

 
Figure 22. Maximum strain generated during earthquake loading. 
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Figure 23. The average displacement of the structure land during the earthquake 

 
Figure 24. Base shear created in the structure in x direction in terms of Newton. 

 

 
Figure 25. Base shear created in the structure along the y direction in terms of Newton. 

 
Figure 26. The force created in the structure in the z direction in terms of newtons. 
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Figure 27. The maximum stress created in the transverse beams of the roof in megapascals. 

  

3.3  Seismic analysis results based on foundation number three: 

 

 
Figure 28. Movement of the roof center of the structure during the earthquake. 

 
Figure 29. The maximum stress created during earthquake loading in megapascals. 

 
Figure 30. Maximum strain generated during earthquake loading. 
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Figure 31. Average ground displacement of the structure during the earthquake. 

 
Figure 32. Base shear created in the structure in x direction in terms of Newton. 

 
Figure 33. Base shear created in the structure along the y direction in terms of Newton. 

 
Figure 34. The force created in the structure in the z direction in terms of Newton. 

 
Figure 35. The maximum stress created in the transverse roof beams in megapascals. 
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3.4  Calculation of base shear in the structure based on Iran's 2800 regulations: 
 
      Based on this regulation, the parameters used are shown in Table 3. 

 
Table 3. Parameters used in regulation 2800. 

The name of the 

quantity 

Explanation of 

quantity 

Amount 

A Design basis 

acceleration for the zone with 

high seismicity 

0.35 

B The reflection 

coefficient of the building for 

the third type of land 

6.545 

T The first period of the 

structure (calculated by 

Abaqus) 

0.5 second 

I The coefficient of 

importance of the structure 

1 

Ru Building behavior 

factor of reinforced masonry 

materials 

3 

Wd Percentage of live 

load 

20% of dead weight 

 

Table 4. The result of the evaluation of base shear caused by earthquake based on the 2800 

regulations. 

Resul

t 

Maximu

m actual base 

shear in 

kilonewtons 

Base 

shearing 

limit ( 

𝑉𝑢 =
𝐴𝐵𝐼

𝑅𝑢
(𝑊 +

𝑊𝑑) ) in 

kilonewton

s 

Dea

d load 

weight (W) 

in 

kilonewtons 

 

need 

correction 
800 650 710 Foundatio

n 1 
OK 500 888 970 Foundatio

n 2 
OK 400 1127 1230 Foundatio

n 3 
 

Discussion: 

     A very positive point in this research is the very low cost of these structures considering the 

materials used in them. If the parts of these structures are industrially produced in prefabricated form and 

installed and implemented on-site. For a 100-meter plot and 2 floors, the cost is 10 dollars per meter of 

construction until the stage of the framework, and the cost of finishing can be different according to the 

employer's choice. Also, in the case of prefab and industrial construction, according to estimates, the 

duration of construction of this 2-story building until the framework stage is 1-2 days. 

These differences cause these types of structures to have problems such as: 

• Design weakness 

• Construction time 

• Lack of industrial implementation 

• Construction cost 

• Seismic improvement 

• Energy efficiency 
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• Acoustic engineering 

• Complying with sustainable development rules, especially the LEED reference 

• Build different numbers of floors 

And .... 

All of them make this type of structure have a great position in competition with other construction 

methods. 

According to surveys, the cost of the cheapest structure in the world is Pole Barn House, which will 

cost 121.5 dollars per meter. Apart from the disadvantages and limitations that these types of structures 

will have, this shows that the presented method is the cheapest structure that can be built in the lowest 

possible state. [21] 

Conclusion: 

     It may be concluded that this structure is capable of resisting an earthquake of the same 

magnitude as the Bam earthquake by completing the finite element study mentioned above and comparing 

it with the 2800 regulations based on the following clauses: 

1- The stress level in the roof and walls is completely lower than the strength of the material used. 

2- The level of stress in wooden beams is as much as it can be tolerated by them. 

3- Wooden beams provide a major part of the bending strength of the structure. 

4- Due to the existence of wooden beams, the distribution of stress in the roof changes in such a 

way that the possible failure of the roof in more severe earthquakes will not be avoided. Rather, one side 

will collapse. Therefore, it is necessary to use reinforcement on the sides of the roof. 

5- By increasing the depth of the foundation, the center of mass of the structure is moved lower, 

and as a result, the safety margin of the structure against the shear force and bending moment caused by 

the earthquake load increases. 

6- The uniformity of the structure during the construction process is a basic condition for the above 

statements to be valid. Considering that the acceleration of the earthquake based on the plan based on the 

2800 regulation is about one-third of the acceleration of the earth's gravity and considering that the 

maximum acceleration of the Bam earthquake is equal to the acceleration of the earth's gravity, therefore, 

it can be said that this structure could withstand an earthquake up to the magnitude of the Bam earthquake 

or earthquakes with intensity IX. Violent will have the Mercalli scale. 
     Also, due to the use of special and affordable materials, these types of structures can cost up to 

10 dollars per meter in industrial dimensions. The economic efficiency of this method will be 

investigated in a separate study. 

Patents:  

A patent with the number WO2021038272A2  has been registered under the conducted research. 
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