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Abstract  The world's willingness to reduce the 

ecological footprint of construction materials is the main 

engine of the development and reuse of earth-based 

materials. With its availability, low cost, and simplicity of 

implementation, the rammed earth material presents a good 

alternative for ecological construction. However, this 

material remains less resistant than conventional 

construction materials, especially cement-based ones. To 

enhance the mechanical characteristics of rammed earth, 

several stabilization and reinforcement techniques were 

adopted. Among these techniques, the use of natural fibers 

shows an increasing trend. This review is based on studies 

carried out on the reinforcement of rammed earth with 

natural fibers. The types of fibers used, their treatment 

methods, and their physical and mechanical properties are 

presented. The impact of natural fiber reinforcement on the 

physical and mechanical properties of rammed earth is also 

reviewed and discussed. The results of the studies carried 

out, prove the effectiveness of the fiber reinforcement 

technique. Indeed, an increase in the compressive, flexural, 

and tensile strengths of the rammed earth was reported. 

This improvement depends on the type of fibers used, their 

contents, and their dimensions. At the end of the study, 

perspectives for future research are given, especially 

regarding the durability of the reinforced rammed earth and 

the impact of the fiber reinforcement on its hygrothermal 

properties. To improve the adhesion strength between the 

fibers and the earth matrix, the use of chemically treated 

fibers for reinforcement is suggested.  

Keywords  Rammed Earth, Natural Fibers, Fiber-

Reinforcement, Raw Earth, Stabilized Rammed Earth 

1. Introduction

The technological advances that mankind has 

experienced in the field of construction in the last two 

centuries, especially regarding building materials, have 

allowed the development of structures and buildings with 

excellent mechanical performances. However, today there 

is a growing trend toward the use of raw earth as a building 

material in many countries, including developed countries 

[1, 2]. This trend to the use of earth-based materials has the 

advantage of contributing to the reduction of greenhouse 

gas emissions, knowing that the cement industry is one of 

the most polluting industries [3]. Nevertheless, it seems 

that further studies are needed to promote earth 

construction materials and methods. 

There is a wide variety of earth construction techniques, 

and the most common ones are adobe, compressed earth 

blocks (CEB), and rammed earth (RE). The environmental 

benefits of these sustainable construction methods have led 

researchers to carry out studies to enhance the durability of 

earth-based materials and improve their thermal and 

mechanical characteristics. Stabilization using chemical 

binders (cement, lime, etc.) and reinforcement using fibers 

is one of the methods applied to achieve these 

improvements. Some review papers about these 

stabilization methods have been published [4, 46]. 

However, if cement-stabilized rammed earth (SRE) is a 
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common earthen construction method, the fiber 

reinforcement remains much less frequent in the case of 

rammed earth than in the case of adobe and compressed 

earth blocks. 

Indeed, most studies conducted on the rammed earth 

construction method to improve its mechanical 

characteristics and durability are about chemical 

stabilization using binders such as cement and lime [5-7]. 

As for fiber reinforcement, almost all the original research 

articles that can be found on the subject are published 

recently [8-10]. 

This paper deals with the reinforcement of raw earth with 

plant fibers to be used to produce rammed earth structures. 

The purpose is to review the results of the studies and 

research papers carried out on the reinforcement of rammed 

earth with plant fibers and discuss the fibers’ impact on 

rammed earth characteristics. 

Thus, this review article is divided into three main parts: 

The first one is devoted to the fibers used in previous 

studies to reinforce rammed earth, their origins, and 

characteristics, and the methods of treatment and 

preparation applied to them before use. The second part 

deals with the fiber-reinforcement impact on the fiber-

reinforced-rammed earth structures (FRRE) characteristics. 

The third part is about perspectives and conclusions based 

on the results of the reviewed research works. 

2. Fiber-Reinforced Rammed Earth 

2.1. Rammed Earth Construction Technique 

Among the earth construction techniques, rammed earth 

is distinguished by the dynamic compaction phase in the 

production process. The raw earth material is compacted by 

layers 7.5 to 15 cm thick. This technique is used to build 

monolithic load-bearing walls with a thickness that ranges 

from 30 to 60 cm [11]. According to the manufacturing 

process, two methods can be used: traditional and modern. 

For the traditional method, wooden molds and tamper are 

used to form monolithic walls. Whereas, in the case of the 

modern method, craftsmen use metal molds and pneumatic 

tamping machines [5]. Metal molds are used because of 

their capability to withstand the strength of pneumatic 

tamping and also to facilitate and accelerate the in-site 

manufacturing process. 

Generally, monolithic rammed earth walls are built on a 

masonry basis, made of natural stones, bricks, and pebbles. 

These elements are cemented using lime mortar to protect 

earth walls against weathering and capillary rise [5]. 

Rammed earth is also known for its good hygrothermal 

properties; it helps control indoor humidity and improves 

the ambient air quality inside the building [12, 13]. To 

produce a rammed earth material having good mechanical 

resistance, raw earth must have a well-graded texture [5] 

and a sufficient amount of clay to ensure good adhesion 

between the solid grains of soil. The studies carried out on 

the rammed earth construction technique aim at finding 

methods to improve its physical, mechanical, and thermal 

properties [14, 46]. As a result, several stabilizations and 

reinforcement approaches were studied. Among them, one 

can find the reinforcement with natural fibers, which is a 

concept that takes into account the economic and 

environmental aspects [15]. 

2.2. Fibers Used 

In the studies carried out on the reinforcement of raw 

earth, a wide variety of fibers was used, which can be 

classified according to their origins. Indeed, these fibers 

can be extracted from vegetable, mineral, or animal sources. 

Some studies also used synthetic fibers, such as rubber and 

glass fibers [15, 16]. However, the current review paper 

concerns the reinforcement with natural fibers, especially 

plant and animal fibers (two studies found dealing with 

reinforcement using wool fibers [17, 18]) 

Plant fibers can also be classified based on the economic 

aspect. According to a classification suggested by [19], 

three main categories of plant fiber sources can be 

distinguished: 

• Crop species: Examples of coir, flax, rice 

• Non-crop species: Examples of jute, sisal, hemp 

• Invasive species: Example of water hyacinth 

In the studies reviewed in this paper, fibers extracted 

from six plant species were used: jute, date palm, coir, 

spinifex, barley, and wheat straw. However, coir fibers 

were the most commonly used, being studied in 4 out of 12 

papers (Table 1). 

Table 1.  Types and origins of natural fibers used for rammed earth 
material reinforcement 

Fibers Number of studies Provenance References 

Coir 4 fruit [22-25] 

Date palm 1 leaf [8] 

Barley straw 2 Stem [8, 20] 

Wheat straw 1 Stem [10] 

Crops straw 1 Stem [27] 

Wool 2 Animal [17, 18] 

Spinifex 1 Stem  [26] 

Jute 1 Stem [21] 

Coir: Coconut fibers used for rammed earth 

reinforcement are extracted from a thick layer surrounding 

the nut, forming a spherical shell that protects the whitish 

edible kernel. It also provides buoyancy capability to the 

nuts as they fall into the water, allowing them to be 

transported to distant shores for the reproduction of species. 

These fibers were used in four references [22-25]. 

Date Palm: (Phoenix dactylifera), Date palm is a large 

palm tree, 15 to 30 m high, with a cylindrical stipe similar 

to a trunk, bearing a crown of leaves (palms). The leaves 

are pinnate, thinly divided with 4 to 7 meters long. Date 
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palm trees are widely cultivated in arid desert regions and 

Saharan oases. Known for its capability to resist drought 

and cold weather (down to -12°C). Date palm fibers have 

been studied in one reference [8], in which they were 

extracted from the leaflets of the palms. 

Barley and wheat straw: (Hordeum vulgare and 

Triticum), as for date palm fibers, wheat straw fibers were 

studied in one reference. Two studies have adopted barley 

straw fibers as a reinforcement for rammed earth. These 

species are annual herbaceous and robust plants, with 

upright stems, growing in clumps, and can reach 60 to 120 

cm high, well adapted to the Mediterranean climate, and 

can withstand extreme climates encountered in mountains 

and tropical regions. The straw is the part used for 

reinforcement [8, 10, 20] and it is a co-product rejected 

after the harvest of cereals. Generally, it has the form of a 

hollow cylinder. 

Wool: Comprised of keratin fibers from animal origin, 

widely used in textile production, especially for its thermal 

insulation capacity. Wool fibers are extracted from the 

fleece that protects the animal from bad weather and lower 

temperatures. Some breeds, such as sheep, goats, and 

llamas (alpacas), have been selected to provide wool 

regularly and easily. Wool has been used to reinforce 

rammed earth in two references [17, 18]. 

Spinifex: A monocotyledonous plant from the “Poaceae” 

species, native to Southeast Asia and Australasia. This 

plant can be found especially in the wet coastal regions of 

Australia. It is often used to fix dunes or sand along beaches. 

It is also characterized by its ability to resist seawater’s 

salinity; therefore, it is the first grass to colonize sandy 

areas of the sea shores. Named Spinifex after the sharp tips 

of the leaves of some species. The spinifex fibers studied 

in the reference [26] were extracted from the sheaths 

surrounding the pointed parts (blades) of the stem. 

Jute: (Corchorus capsularis), a shrub of 2-4 m high, with 

a stiff fibrous stem of 2 cm diameter, branched in the upper 

part. The long-stalked, triangular leaves are 10-15 cm long 

and 5 cm wide. These species grow in warm, humid 

climates. Its cultivation and production are mainly 

abundant in India and Bangladesh, especially in the valleys 

of the Ganges and Brahmaputra rivers. Fibers used for 

reinforcement are extracted from the stem of the plant. 

These fibers have been studied in the research paper of [21] 

and used as a reinforcing fabric on the outer faces of 

rammed earth walls. 

The fibers used for reinforcement in most of the 

reviewed papers underwent several tests to evaluate their 

physical and mechanical properties. This evaluation will 

help explain the impact of fiber reinforcement on the 

physical, mechanical, and thermal performances of fibers 

reinforced rammed earth in the discussion section. In the 

studies carried out, two physical properties; density and 

water absorption, and three mechanical properties; 

modulus of elasticity, tensile strength, and elongation at 

break were assessed. However, in some studies, the 

characteristics of the fibers were not completely evaluated 

which prevents establishing a good comparison between all 

the fibers tested. Based on the available results shown in 

Table 2, coir fibers seem to have the highest density that 

reaches 1360 Kg/m3, while for the water absorption 

capacity, the maximum value reported was around 300% 

for wheat straw fibers. 

Concerning the mechanical properties summarized in 

Table 3, among the tested fibers, coir has the highest 

mechanical values, indeed tensile strength of coir reaches 

174 MPa, and the elastic modulus varies between 19 and 

26 GPa. In some studies, the chemical composition of 

fibers was provided (Table 4), and this latter indicates the 

mechanical performance of fibers especially regarding 

their tensile strength since a correlation between the 

mechanical properties and the chemical composition of the 

fibers has been established. Indeed, the presence of a high 

amount of cellulose in natural fibers ensures good tensile 

and flexural strengths [28]. 

Table 2.  Physical properties of natural fibers used for rammed earth 
material reinforcement 

Fibers 

Absolute 

Density 

(Kg/m3) 

Water 

Absorption (%) 
References 

Coir 
1270 - [22] 

1360 - [23] 

Date Palm 940 89 
[8] 

Barley straw 720 175 

Wheat straw - 280 to 300 [10] 

Crops Straw 800 – 1000  - [27] 

Spinifex 610 - [26] 

 

Table 3.  Mechanical properties of natural fibers used for rammed earth material reinforcement 

Fibers Elastic Modulus (GPa) Tensile Strength (MPa) Ultimate Elongation (%) Toughness (MJ/m3) References 

Coir 

2.25(±0.6) 107(±29) 23.9(±6) 14.05 [24] 

- 80 - - [22] 

19 to 26 174 10 to 25 - [23] 

- 83.23 - - [25] 

Wheat straw 5 to 6 22 to 79 - - [10] 

Crops straw 1.26 23.35 - - [27] 

Wool - 69.2 - - [18] 
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Table 4.  Chemical composition of natural fibers used for rammed earth 
material reinforcement 

Fibers 
Percentages of chemicals 

References 
Cellulose Lignin Hemicellulose 

Coir 36 – 43% 41 – 45% 0.15 – 0.25 % [23] 

Jute 58 – 63% 20 – 24% 12 – 15% [21] 

2.3. Fibers’ Treatment and Preparation 

The methods used for the treatment of natural fibers 

before their use is of two kinds: physical and chemical 

treatments [29, 30]. These treatments are usually aimed at 

improving the mechanical properties of fibers and their 

resistance to biodegradability, which will help produce a 

better-performing earth-fiber composite in terms of 

mechanical resistance and durability. However, the 

methods used in the reviewed papers are under the physical 

treatment category, consisting most often of cleaning fibers 

with water to remove dust followed by a sun-drying process. 

Then the fibers are cut to the desired lengths. In the study 

[8], a manual crushing method was adopted to obtain the 

desired thickness for the date palm fibers. In another study 

[22], the coir fibers were sun-dried and then sieved through 

a 4.75mm sieve. Wool fibers used for the reinforcement in 

a study conducted by [17], were rinsed with water and a 

non-ionic detergent and stored in closed bags to avoid a 

biological attack. 

2.4. Formulation and Production 

The soil designed to be used for the rammed earth 

construction technique must have a well-graded texture, i.e., 

it should contain an amount of each class of soil elements: 

gravel, sand, silt, and clay. To determine the suitability of 

a random soil for the rammed earth construction technique, 

authors of [5] worked out abacuses of granulometry and 

plasticity. Based on these abacuses, the recommended 

texture, limit of liquidity, and the index of plasticity are 

indicated in Table 5, however, these recommendations do 

not prevent the use of soils that have a granular structure or 

plasticity not falling within the recommended values. In a 

study conducted by [10], a comparison between two types 

of soils was established, the first one fulfills the 

recommendations on grain size and plasticity, whereas the 

second one does not. The results show that the first soil has 

allowed for obtaining a higher mechanical strength than the 

second one, with an average compressive strength of 1.59 

MPa. 

Table 6 presents the characteristics: of grain size and 

plasticity of the soils used in the reviewed studies. In one 

of these studies, the maximum diameter of soil elements 

was fixed [8], in others, the gravel fraction was removed 

from the soil [22]–[24]. Regarding the soil texture, it was 

noticed that the amount of sandy fraction is always greater 

than that of clay/silt and gravels, indeed sand content is 

between 42 and 82%, while the clay/silt content is between 

18 and 32%. 

The fiber content used in the studies ranges from 0 to 5% 

of soil mass (Table 8). In some studies [22]–[24], several 

contents were tested to determine the optimum fiber 

content that allows for achieving maximum compressive 

strength. The use of multiple contents also helps better 

understand the behavior of fiber-reinforced rammed earth, 

especially regarding its ductility/stiffness characteristic. 

The optimum moisture content OMC was determined by 

performing the Proctor test (Table 7), the shape, and 

dimensions of molds vary from one study to another. Two 

shapes were adopted: cylindrical and cubic (Table 9). The 

rammed earth samples were produced using a manually 

dynamic compaction method. 

Table 5.  The recommended grain size and plasticity spindles for the rammed earth technique 

Clay < 0.002mm Silt < 0.02mm Sand < 2mm Gravel < 20mm wl Ip 

14% – 32% 4% - 10% 26% - 58% 0% - 56% 25 – 45% 10 -25% 

Table 6.  Characteristics of soils used for the rammed earth material 

Clay Silt Sand Gravel wl (%) wp (%) ws (%) Ip (%) PH References 

10.12 % 21.83% 68.05% - 23.1 13.8 - 9.3 - [22] 

9.1 % 12.8 % 78.1 % - 31.1 21.9 - 9.2 - [23] 

14.4% 4.5% 81.1% - 26 14.8 - 11.2 8 [24] 

10.30% 11.97% 77.73% - 19 11.94 13.52 7.05 - [25] 

Clayey Sand (SC) 32.8 22.2 - 10.6 - [8] 

Loess silty clay - - - - - [20] 

16 % 7% 42 % 35 % 40.6 19.8 - 20.8 - [10] 

Clay soil with particle size < 2mm 35.1 22.8 - 12.2 - [27] 

9% 12% 79% - 24 18 - 6 - [17] 

30% silty-clay 60% 10 % - - - - - [18] 

Crushed limestone with particle size < 4.75mm - - - - - [26] 
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Table 7.  Testing standards and methods used to evaluate physical and mechanical parameters 

Physical parameters Mechanical parameters 

References Grain size 

distribution 

Liquid-

plastic 

limit 

Water 

absorption 

Optimum 

Moisture 

Content and 

Dry Density 

Compressive 

strength 

Tensile 

strength 

Flexural 

strength 

Shear 

strength 

IS 2720 Part 

IV 

IS 2720 Part 

V 

HB 195 

(2002) 

IS 2720 Part 

VII  
IS 4332 Part V IS 5816 Not performed [22] 

IS 2720 Part 

IV 

IS 2720 Part 

V 

Not 

performed 

IS 2720 Part 

VII 
IS 4332 Part V IS 5816 Not performed [23] 

Not indicated 
Not 

performed 

Standard 

Proctor test 

Uniaxial 

compression test 

ASTM 

C496 

Four 

points 

bending 

Diagonal 

tension 

test ASTM 

E519 

[24][9] 

IS 2720 Part 

IV 

IS 2720 Part 

V 

Not 

performed 

IS 2720 Part 

VII 
Not performed 

Not 

performed 

Four 

Points 

Bending 

Test IS 

516 

Not 

performed 
[25] 

NF EN 933-

1 / NF P 94-

057 

NF P 94-051 
Not 

performed 
NF P 94-093 NF EN 12390-4 

NF EN 

12390-6 
Not performed [8] 

Not indicated 
Not 

performed 

Standard for 

Geotechnical 

Test 

Methods 

Standard for 

Test Methods of 

Mechanical 

Properties 

Not 

performed 
Not performed [20] 

ASTM 

D422 

ASTM 

D4318 

Not 

performed 
ASTM D698 

UNI EN 12390-

3 

UNI EN 

12390-6 
Not performed [10] 

Not 

indicated 

JTG E51 

(2009) 

CJ/T 486 

(2015) 

JTG E51 

(2009) 

GBT50081 

(2019) 

GBT50081 

(2019) 
Not performed [27] 

Hydrometer 

and Sieving 

methods 

The cone 

penetrometer 

method 

Not 

performed 

ASTM 

D1557-07 

ASTM 

D2166/D2166M 

Not 

performed 
Not performed [17] 

EN ISO 

14688-1 

and BS 

1377-2 

Not 

performed 

Not 

performed 
BS1377-4 

Uniaxial 

compression test 

Wedge 

Splitting 

Test 

Not performed [18] 

Table 8.  Content and dimensions of fibers used for rammed earth reinforcement 

Fibers Diameter (mm) Length (mm) Fiber’s content (by weight) References 

Coir 

0.4 25-50 1%, 3%, 5% [22] 

0.1 to 0.2 150 to 200 0.2%, 0.4%, 0.6%, 0.8% and 1% [23] 

0.23 25 0.31%, 0.62%, 0.93% and 1.24%  [24] 

- 50 0.5 % [25] 

Date palm 1 to 2 30 0.75 % 
[8] 

Barley Straw 
1 to 3 20 to 30 0.75 % 

2.5 to 4 30 to 50 0.25%, 0.5%,0.75% and 1% [20] 

Wheat straw - 30 (max) 0.25 % [10] 

Crops straw 4 to 5 20 to 50 0.05 % [27] 

Wool 
0.7 30-50 1%, 2% [18] 

- up to 100 0.25% [17] 

Spinifex 1.2 50 1%, 2%, and 3% (by volume) [26] 
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Table 9.  Compaction parameters and rammed earth samples characteristics 

Fibers Sample Shape 
Sample 

Dimensions 

OMC 

Soil 

OMC 

soil+fibers 

MDD 

Soil 

MDD 

soil+fibers* 

Variation of 

Density (%) 
References 

Coir 

Cubic 
100 × 100 × 

100 mm3 
17.5% 21.60% 1750 

1520 (5%, 

50cm) 
13.14 [22] 

Cubic 
100 × 100 × 

100 mm3 
19% - 1730 1700 (1%) 1.73 [23] 

Cylindrical 
150 mm × 

300 mm 
9.83% 10.83% 2070 1800 (fixed) - [24] 

Wallette 
600 × 230 × 

120 mm3  
18.7% 17.33% 1850 1810 (0.5%) 2.16 [25] 

Date 

Palm 
Cylindrical 100 mm × 

200 mm 

13% 13.5% 1980 1960 (0.75%) 1.01 
[8] 

Barley 

Straw 

Cylindrical 13% 14% 1980 1930 (0.75%) 2.52 

Cubic 
100 × 100 × 

100 mm3 
15.8% - 1720 - - [20] 

Wheat 

Straw 
Cylindrical 

150 mm × 

150 mm 
8.9% - 2050 - - [10] 

Crops 

Straw 
Cubic 

150 × 150 × 

150 mm3 
13.4% 12.6% 2090 2070 (0.05%) 0.9 [27] 

Wool 

Cylindrical & 

cubic 
- 12% - - - 0.8 [18] 

Cylindrical 
102.4 mm × 

125 mm 
7.35% 7.87% 2190 2163 (0.25%) 1.23 [17] 

Spinifex Cylindrical 
104 mm × 

200 mm 
9.1% - - - - [26] 

* The values in parentheses refer to the fiber contents for which the density was measured. OMC: Optimum Moisture Content, MDD: Maximum 
Dry Density. 

3. Fiber Reinforcement Impact on 
Rammed Earth Characteristics 

The physical and mechanical testing methods differ from 

one study to another, and from one author to another. Table 

7 summarizes the standards and methods applied to 

perform the soil identification tests (Grain size distribution, 

liquid-plastic limits, water absorption capacity, and 

compacting parameters) and to evaluate the mechanical 

behavior of rammed earth (compressive strength, tensile 

strength, flexural strength, and shear strength). 

3.1. The Water Absorption Capacity and the Optimum 

Moisture Content 

Water is considered the main factor responsible for the 

degradation of earth structures. The water absorption 

capacity is a very important parameter, its determination 

allows a good evaluation of the material’s water resistance, 

thus the construction durability [31]. The water absorption 

capacity is linked to the porosity and density of the material. 

For the rammed earth material, an increase in this capacity 

was reported, after the reinforcement with coir fibers, the 

content and length of fibers are two parameters that affect 

the water absorption capacity [22]. Indeed, for the samples 

reinforced with fibers of 25 mm length, the absorption 

varies from 19.37% to 25.87%, and likewise, for the case 

of 50 mm length fibers, an increase from 21.06% to 27.18% 

was reported. The OMC of the reinforced rammed earth 

also increased by 2.85%-23.43% when the fiber content 

goes from 0 to 5%, and this can be attributed to the high 

water absorption capacity of fibers. The increase in OMC 

was reported by most of the studies reviewed in this paper 

(Table 8), the only exception encountered was a study 

conducted by [25], in which the OMC decreased from 18.7 

to 17.33% when adding fibers. 

3.2. The Dry Density 

The density of earth-fiber composites decreases 

progressively when increasing the content of natural fibers 

is added, and this decrease is attributed to the low density 

of the fibers compared to that of the soil. This result was 

confirmed by the studies carried out within this review 

(Table 9), and consequently, a consensus was established 

on this point. Indeed, the dry density of rammed earth 

decreased by 5% with the increase of coir fiber content 

from 0.2% to 1% [23]. According to the author, this can be 

explained by the fact that coir fibers produce some kind of 

compaction resistance when preparing the samples, and the 

bonding strength between those fibers and the soil matrix 

may generate a decrease in the density. This same 
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observation was stated in the study [18] in which the 

density decreased by 0.8% for a wool content of 2%, and 

the study [8] in which the addition of 0.75% date palm and 

barley straw fibers resulted in a decrease of the dry density 

by 1% and 2.5% respectively. 

The influence of coir fibers reinforcement on the 

maximum dry density (MDD) was studied for two types of 

earth material: unstabilized (URE) and cement stabilized 

rammed earth (CSRE) [22], the results show that for a coir 

fibers content varying from 0 to 5%, the MDD decreased 

by 2.40%-13.28% and 3.26%-12.16% for URE and CSRE 

respectively. The results of this same study indicate that in 

addition to the content, the length of the fibers is also a 

parameter that influences directly the MDD. Indeed, the 

MDD decreases by 0.23%-1.04% just by using the 50 mm 

long fibers instead of the 25 mm ones.  

The same results regarding the OMC and MMD were 

reported for wool fiber reinforcement in the study [17]; a 

decrease in the dry density goes along with an increase in 

the optimum moisture content as the wool content increases. 

3.3. Effects on the Mechanical Behavior 

Establishing a comparison between the results of the 

reviewed studies regarding the influence of natural fibers 

on the physical and mechanical properties of rammed earth 

is not an easy task given that the protocols of the tests 

carried out differ from one study to another, also the test 

conditions such as the temperature, relative humidity and 

the curing period are not the same. 

Another reason for the complexity of this task is that the 

available studies on this topic are still very few, and each 

study deals with a specific type of fiber, except for the case 

of [8]. 

In some studies [9, 23, 25], the specimens were cement-

stabilized and fiber-reinforced at the same time, thus the 

influence of fiber reinforcement alone on the properties of 

rammed earth can’t be assessed. 

3.3.1. Compressive Strength 

The results summarized in Table 10 show that there is an 

optimum content for each type of fiber that allows for 

achieving maximum compressive strength, this content is 

affected by the type of soil and stabilizer used, if any. One 

can also deduce that the improvement of the mechanical 

performances generated by fiber reinforcement can be 

equivalent to that of stabilization with binders, such as 

cement and lime [8]. Indeed, for a 0.75% date palm fibers 

content, an average compressive strength of 3.25 MPa was 

reached, whereas, for the stabilization with 6% of cement, 

the average strength obtained was about 3.24 MPa. 

The optimum wool content in the study [18] was in the 

range of 2% by mass, this content has enhanced the 

compressive strength of unstabilized and 10% cement-

stabilized rammed earth by 108% and 20% respectively. It 

is worth noting that the optimum wool content in this study 

varied from 1% to 2% as cement was added, which 

confirms that the stabilization with binders has an impact 

on the fiber optimum content, in another study [17], the 

compressive strength has increased by 6% when adding 

0.25% of wool. The improvement of the strength can be 

explained by the fact that the reinforcement with wool 

fibers helps maintain the cohesion between the composite 

grains which reduces their movement capacity inside the 

earth matrix and thus improves the bonding strength. The 

compressive strength of coir-reinforced rammed earth 

blocks in [23] increased as the fiber content increased until 

a content of 0.8% and a strength variation of 86.77% were 

reached. However, beyond this point, the compressive 

strength started to decrease, and therefore this content was 

considered optimal. 

The use of wheat straw fibers in the study of [10], made 

it possible to reach an average value of 2.58 MPa, with 2.67 

MPa as the maximum strength, however, the influence of 

the fiber reinforcement on the compressive strength cannot 

be evaluated in this case, as the study does not include an 

unreinforced reference sample and only one content class 

was tested (0.25%). 

As for the study carried out by [24], the results show that 

the maximum compressive strength was reached when 

using 1% coir fiber content by volume with 10% cement 

stabilization. This combination has enhanced the strength 

by 10-15%, and by 30% for stabilization with 7% cement. 

As mentioned previously cement stabilization can 

influence the optimal fiber content, indeed it has varied 

from 2 to 1% when the cement content has increased from 

7 to 10%. The same optimal coir fiber content of 1% was 

found in a study by [22], this study has also revealed the 

impact of fiber length on the mechanical performance of 

rammed earth the compressive strength of reinforced 

rammed earth with 25 mm length fibers is higher than that 

in the case of 50 mm length fibers, the average of this 

decrease is about 25.87% and 21.32% for unstabilized and 

cement-stabilized rammed earth respectively. 

The decrease in dry compressive strength of fiber-

reinforced rammed earth beyond the optimum content of 

fibers is attributed to the emergence of fiber clumps. These 

clumps create weak areas in the earth composite, thus 

reducing its mechanical strength. This phenomenon of 

balling effect also occurs when using long fibers [22], and 

the random uniform distribution of fibers becomes more 

difficult to ensure during the production of the samples. 

Cement is known for its great ability to enhance the 

mechanical strength of soil when used as a stabilizer, 

indeed, the stabilization with 8% cement of fiber-

reinforced rammed earth samples in the study [27] has 

given birth to a significant improvement of the compressive 

strength by 220%, for a curing period of 28 days. In this 

study, the influence of fiber reinforcement alone on the 

compressive strength can’t be assessed, since the fiber 

reinforcement and the cement stabilization were both 

adopted for the same samples. 

In the study by [20], the maximum compressive strength 

reached was about 1.4 MPa for 1% straw fiber 

reinforcement, which is 2.62 times the strength of plain 
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rammed earth. The tested contents were 0.25%, 0.5%, 

0.75%, and 1%, therefore, other contents beyond this range 

should be tested to see whether the strength continues to 

increase or not and thus find an optimum from which the 

strength starts to decrease. 

3.3.2. Tensile and Flexural Strength 

The tensile and flexural strength always get improved 

when the natural fibers are added as shown in Table 10 and 

Table 11, the reason behind this is the transmission of a part 

or the whole strength from the earth matrix to the natural 

fibers that have a high tensile strength. Indeed, the tensile 

strength of the rammed earth increased by 21% after the 

reinforcement with 0.75% date palm fibers, and by 31.5% 

for the reinforcement with 0.75% of barley straw fibers, 

going from 0.38 to 0.4 MPa and 0.50 MPa respectively, 

although the tensile strength of barley straw fibers is lower 

than that of date palm fibers [8]. This can be attributed to 

the low adhesion between the soil matrix and date palm 

fibers compared to that of barley straw. The tensile strength 

improved by 42.88% for a coir fiber content of 5% in the 

study [22], two length classes were tested: 25 mm and 50 

mm, the maximum strength reached was in the case of 50 

mm length fibers, indeed the tensile strength of the 50 mm 

length fiber reinforced rammed earth was 5.19 times that of 

plain rammed earth and 1.76 times that of 25 mm length 

fibers reinforced rammed earth. In another study [27] the 

splitting tensile strength of straw-reinforced rammed earth 

was 2.3 times higher than that of the unreinforced one. 

The results of the study [23] showed that the tensile 

strength increases when increasing the fiber content up to 

0.6%, improving the strength by 77.08%, varying from 96 

to 170 KPa, and then starting to decrease. This decrease is 

due to the appearance of fiber clumps which results in a 

lack of reinforcement in the rammed earth composite. 

Two references were found dealing with the flexural 

strength of coir-reinforced rammed earth [9, 25]. The 

flexural strength of rammed earth samples was evaluated 

by performing the four points bending test. The results of 

both studies summarized in Table 11 show that the flexural 

strength of rammed earth has improved when adopting a 

combination of coir fibers reinforcement and cement 

stabilization. The impact of compaction direction on 

flexural strength was also evaluated. For loading going 

along with the parallel direction of layers, the strength has 

increased by 4% and 68%, while for the perpendicular 

direction, it has increased by 9% and 48% respectively in 

the studies [9, 25]. This remarkable increase in strength is 

essentially due to the strong bond strength between the 

fibers and the earth matrix, further improved by the 

stabilization with cement, yet the difference in strength 

between the two directions is attributed to the fact that the 

bond strength in the interface between compacted layers is 

lower than that inside the layer itself. 

Table 10.  Comparison of compressive strength fc and tensile strength ft of reinforced and unreinforced rammed earth 

Fibers 

Unreinforced rammed 

earth 

Reinforced rammed 

earth fc 

Variation 

(%) 

ft 

Variation 

(%) 

Optimum fiber content (%) 

References 

fc (MPa) ft (MPa) 
Max fc 

(MPa) 

Max ft 

(MPa) 

In 

compression 

In 

tension 

Coir 

3.82 0.14 4.40 0.74 15.19 428.57 (1%) (5%) [22] 

1.21 0.096 2.26 0.17 86.78 77.08 (0.8%) (0.6%) [23] 

6.26* - 6.87* - 9.74 - 1% - [24] 

Date Palm 2.03 0.38 3.44 0.46 69.45 21.05 (0.75%) (0.75%) 
[8] 

Barley Straw 
2.03 0.38 2.98 0.50 46.8 31.57 (0.75%) (0.75%) 

0.534 - 1.40 - 162.17 - (1%) - [20] 

Wheat Straw - - 2.67 0.269 - - (0.25) (0.25) [10] 

Crops Straw 1 0.24 3.2 0.56 220 133.33 (0.05%) (0.05%) [27] 

Wool 
0.45 - 0.94 - 108.9 - (2%) - [18] 

2.51 - 2.67 - 6.3 - (0.25%) - [17] 

* The rammed earth is stabilized with 10% cement. 

Table 11.  Flexural strength of unreinforced (URRE) and reinforced rammed earth (RRE) 

Fiber 

type 
Samples dimensions 

Flexural strength (MPa) 

Fiber content 
Cement 

content 
References 

Perpendicular 

direction 
Parallel direction 

URRE RRE URRE RRE 

Coir 
600 × 230 × 120 mm3 0.54 0.91 0.79 1.17 0.5% (by mass) 8% [25] 

900 × 700 × 150 mm3 0.67 0.70 1.64 1.79 1% (by volume) 10% [9] 
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3.3.3. Shear Strength 

The shear strength is an important mechanical parameter 

that often helps to better understand the mechanical 

behavior of rammed earth or any other construction 

material subjected to various types of loading: static and 

dynamic; seismic action as an example. 

Within this review, only one paper was found studying 

the shear strength of fiber-reinforced rammed earth [9]. The 

test adopted for the evaluation of this strength was the 

diagonal tension test, carried out on wallettes of 

dimensions 750 × 100 × 750 mm (length × thickness × 

height). The rammed earth samples tested were reinforced 

with coir fibers and cement stabilized. The results show 

that increasing the content of coir fiber from 0 to 1% by 

volume has resulted in an increase of the strength by 20% 

and 10% for a cement stabilization of 7% and 10% 

respectively. The addition of the fibers has also allowed an 

improvement in the mechanical behavior of rammed earth 

and its capacity to deform, indeed the deformation at the 

strength peak increased by 25% and 33%, for 7% and 10% 

cement stabilization respectively. As for the tensile and 

flexural strength, the increase of the shear strength after the 

addition of fibers can be explained by the capacity of fibers 

to inhibit the propagation of cracks in the wallettes through 

the bridging effect promoted by the high bonding strength 

between the fibers and the earth matrix. 

3.3.4. Ductility 

In most of the studies discussed in the present review, 

the ductile behavior of rammed earth has been enhanced 

after the reinforcement with fiber. The results of the study 

[22] show that the deforming capacity has improved when 

the coir content in the rammed earth composite has 

increased. The fibers allow the samples to retain their 

shapes and minimize the effect of spalling after failure, 

through the phenomenon of bridging, which has been 

noticed also in the studies [23, 24]. This effect helps avoid 

abrupt failure of the rammed earth samples and limits 

cracks propagation in the material. The latter finding can 

be useful as a protective and preventive measure against 

earthquakes as stated in [23]. The Initial Tangent Modulus 

which is a parameter that indicates the stiffness of the 

material was studied [8], its value varied from 340 MPa for 

the plain rammed earth to 156 and 249 MPa after the 

reinforcement with barley straw and date palm fibers 

respectively. This gradual decrease of the initial tangent 

modulus (ITM) was also encountered in the study [24] 

where it decreased by 35% when using 2% fiber content 

and 7% cement stabilization. 

3.3.5. Stress-Strain Characterization 

The stress-strain curves of the coir fiber-reinforced 

rammed earth show an initial linear behavior followed by a 

non-linear deformation zone [24]. This non-linearity 

behavior can be explained by the presence of cement in the 

material, as the samples of rammed earth were cement-

stabilized. The deforming capacity of rammed earth after 

reaching the maximum compressive strength was improved 

(Post Peak stress). The deformation at break became more 

important in the case of coir fibers reinforced samples, it 

went from 0.008 to 0.029 for the case of 7% cement 

stabilization. The strain at peak stress became 3.75 times 

higher after using 2% fiber content for reinforcement and 

with a Poisson's ratio between 0.10 and 0.18. The same 

study [24] shows an improvement in the behavior of 

cement-stabilized rammed earth after failure. Indeed, for a 

given strain value beyond the failure point, the fiber-

reinforced samples keep a stress value close to the ultimate 

one; between 85% and 92%, compared to the unreinforced 

samples for which the stress-strain curve dropped just after 

failure. 

The comparison between the stress-strain curves of the 

tested materials in [8], shows that rammed earth reinforced 

with date palm or barley straw fibers tends to have linear 

behavior, which is not the case for the stabilization with 

conventional binders such as cement and lime. The initial 

linear behavior followed by a non-linear behavior seems to 

be a typical feature of fiber-reinforced rammed earth 

composites since it was also encountered in the study [22]. 

Indeed, the peak of the curve of coir-reinforced rammed 

earth in this study is higher than that of the non-reinforced 

rammed earth by 44. 07%. This can be attributed to the 

cement stabilization and the optimal fiber content. When 

increasing the fiber content, the peak strain increases to 

varies between 0.03 and 0.06, while for the case of 

unreinforced rammed earth, it does not exceed 0.023. 

The rammed earth material reinforced with straw fibers 

in the paper [20] has also exhibited an improvement 

regarding its deformation. This has allowed maintaining 

the load-bearing capacity of rammed earth composite for a 

longer period during the testing. 

3.3.6. Failure Pattern 

The failure model was discussed in three references 

within this review [23, 24, 27]. The analysis of these 

models helps better understand the impact of natural fiber 

reinforcement on the mechanical behavior of rammed earth, 

especially its ductility. Indeed, during the compressive 

strength test, the reinforced rammed earth samples retain 

their shape even after failure, due to the bridging effect 

ensured by the fibers. After the splitting tensile strength 

was performed in the study [23], it is noticed that the failure 

took place due to the pulling of the fibers from the earth 

matrix samples, but not their rupture. This can be explained 

by the fact that the tensile strength of the fibers was higher 

than the bond strength between the fibers and the matrix. 

The cracks observed in both studies are distributed in the 

vertical direction and tend to spread toward the diagonal 

directions. 

In the study [27] the failure associated with the 

compressive strength test started with the appearance of 

micro-cracks in the surface of the fiber-reinforced 

specimens in the opposite of the non-reinforced specimens 

that were destroyed. The size of the cracks increased 
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gradually with the increase of the loading until reaching 

failure. The cracks in their final form attain a length of 80 

to 120 mm and a width of 4 to 5 mm, and their propagation 

was in the vertical direction towards the edges and the 

external sides of the tested specimens. For the failure mode 

associated with the splitting tensile strength test, the fiber-

reinforced rammed earth test specimens had a single crack 

in the center of the specimen separating two complete parts. 

These two parts keep their shape due to the bond strength 

between the fibers and the earth matrix, whereas in the case 

of the non-reinforced rammed earth test specimen, several 

cracks were noticed in the outer sides in addition to the 

large crack in the center of the specimens. 

3.3.7. Fracture Energy 

Fracture energy refers to the energy required for the 

creation and propagation of cracks in the material under test. 

The determination of this energy allows an estimation of 

the material's flexural behavior. This can be done by 

performing the "Wedge Splitting Test" [18], a slight 

decrease of the fracture energy was reported in this study 

for a wool content of 2%, going from 1.53 to 0.68 N/m for 

the unstabilized rammed earth. The decrease in energy can 

be explained by the fact that wool fibers promoted the 

occurrence and propagation of cracks in the composite 

material by decreasing its density and creating weak areas. 

3.4. Effects of Fiber Reinforcement on the Durability 

of Rammed Earth 

The studies dealing with the durability of the rammed 

earth material are still very few. In fact, one paper within 

this review found dealing with the durability of fiber-

reinforced rammed earth [22]. A test of immersion in water 

was performed on the rammed earth samples for 24 hours, 

the coir-reinforced samples retained their mold shapes, 

while the plain samples did not. The ratio of compressive 

strength; wet to dry compressive strength, allows an 

evaluation of the durability of the reinforced rammed earth. 

Generally, its accurate value is between 0.33 and 0.69 

according to previous studies [32, 33]. 70% of the tested 

samples reached the minimum required ratio of 0.33. In this 

study, it is noticed that this ratio has decreased from 0.18 

to 0.06 when increasing the fiber content from 1 to 5% for 

the unstabilized rammed earth samples. The length of the 

fibers has also affected the ratio, when replacing the 25mm 

length fibers with the 50mm ones, the ratio decreases by 

39%, varying from 0.18 to 0.11. 

4. Perspectives and Conclusions 

Future research projects may be interested in finding the 

optimal fiber content that allows for maximizing 

mechanical and thermal performances at the same time. In 

many studies of the literature such as [8, 10], the selection 

of the soil for the rammed earth technique was based on the 

abacuses of granularity and plasticity established in [5]. 

However, in some studies, these criteria were not adopted, 

which did not prevent reaching high mechanical strength 

[22, 24]. Thus, various types of soil can be tested to 

determine other criteria on the soil selection that impact the 

mechanical performances of rammed earth. On the other 

hand, one can also explore other types of plant fibers that 

can be used for rammed earth reinforcement. The 

efficiency of using chemically treated fibers is also an 

interesting topic that can be investigated by evaluating their 

effects on the performance of rammed earth and the bond 

strength between the earth matrix and the fibers. 

4.1. Thermal and Hygroscopic Properties 

In this review, the influence of fiber reinforcement on 

rammed earth’s physical properties was mainly about two 

parameters: density and water absorption. These two 

properties can indicate the thermal and hygroscopic 

performances of rammed earth. However, further research 

on this topic is needed. The improvement of the thermal 

and hygroscopic characteristics of the building material 

generally implies an improvement in the air quality and 

temperature inside the building [34, 35]. 

Among the studies carried out, only one was found 

studying the thermal properties of fiber-reinforced rammed 

earth [26]. The fibers used for reinforcement were extracted 

from the Spinifex plant. The outcome of the study shows 

that the thermal conductivity decreased by 23% after 

increasing the fiber content from 0 to 3%, which also 

resulted in a decrease in diffusivity and effusivity. Indeed, 

using a fiber content of 3% allowed it to reach a thermal 

conductivity of 0.83 W/mK compared to 1.08 W/mK for 

the unreinforced rammed earth. This is quite obvious given 

that the density of the material has decreased from 2005 to 

1972 Kg/m3 after the inclusion of fibers. 

Many other studies have investigated the impact of fibers 

on thermal properties, especially thermal conductivity [36, 

37], except that the composites developed were not 

designed for the rammed earth construction technique. The 

study by [37] shows that the more the fiber content 

increases, the smaller the conductivity of the earth-fiber 

composite becomes. Indeed, it went from 0.24 to 0.008 

W/m.K for a 50% wood content. 

To assess the thermal conductivity, several tests can be 

performed: the hot plate method according to ISO 8302, the 

box method which was introduced by [38], and the hot wire 

method according to the norms ISO 8894-1 and ISO 8894-

2. 

The influence of fiber reinforcement on the hygroscopic 

properties of rammed earth is still unknown, due to the lack 

of studies addressing these properties. Several parameters 

must be taken into account for the evaluation of the 

hygroscopic capacity of fiber-reinforced rammed earth. 

Among these parameters:  

1) the equilibrium moisture content (EMC), which has 

been investigated in a study by [39] for the case of 
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compressed earth blocks (CEB) stabilized with 

cement and lime,  

2) and the water buffer capacity, which was studied 

for the case of stabilized hyper-compacted soil. 

4.2. Durability 

Within this review, the durability of fiber-reinforced 

rammed earth was studied in one reference, and it was 

evaluated by performing the wet and dry compressive 

strength test [22]. 

The durability is a very important characteristic that 

should be furtherly investigated especially for the rammed 

earth material, given that it is often exposed to bad weather 

which causes its degradation and the reduction of its 

mechanical performances over time [40]. Concerning the 

evaluation of the durability, several tests can be considered, 

namely the emersion in the water test, freeze/thaw cycles 

test, drying-wetting test, chemical attack test, and the 

simulation of rain and wind tests usually performed by 

using brushes and an adjustable water jet [40]–[42]. 

The water resistance of compressed earth blocks was 

discussed in a study by [42]. A method of simulating the 

effect of rain on earthen constructions was used. The test 

was performed by spraying water under a pressure of 2.07 

and 4.13 Mpa for one hour. Another test of the simulation 

was adopted by [43]. The test is known as a drip test, also 

called the Geelong test, carried out according to NZS 4298 

(The New Zealand Standards, Materials, and Workmanship 

of Earth Buildings, 1998). 

Regarding the assessment of wind erosion, several 

methods have been applied on the compressed earth blocks 

and adobe which can also be adopted for the case of fiber-

reinforced rammed earth. The most commonly used 

methods are the friction methods, which were used in the 

study [44], the samples underwent 20 cycles of rubbing 

using sandpaper. In another study [45], the rubbing test was 

performed using polyethylene brushes, in fact, three 

different circular brushes (soft, medium, hard) with a 

diameter of 65 mm, were used on the surfaces of the 

samples with a pressure of 2 Kg, under a rotational 

movement repeated 20 times. 

The capacity of reinforced rammed earth to resist 

extreme weather conditions can be evaluated using the test 

of freezing/thawing cycles before carrying out the 

mechanical tests. This method has shown its efficiency in 

a study by [41] on cement-stabilized compacted earth, 

based on a similar test explained in the ASTM D560 

standard (12 cycles of -23°C/+23°C). 

In some rare cases, which nevertheless require more 

interest, the rammed earth structure may be placed in a 

corrosive and chemically-aggressive outdoor or a seafront 

environment. At this level, special tests are needed. 

Chemical attack tests must be conceived and carried out to 

estimate the capability of the earth-fiber composites to 

resist in those environments. 

4.3. Conclusions 

This review has focused on the use of natural fibers to 

reinforce the rammed earth material, the methods and 

results of the studies included in this paper were discussed 

and compared. Therefore, the following conclusions can be 

drawn: 

 The physical properties of the fibers used for the 

reinforcement, especially the density and the water 

absorption, have a clear impact on the performance of 

rammed earth. Among the fibers listed in this review, 

the coir fibers have the highest tensile strength, which 

is about 174 MPa. 

 The dry density of rammed earth decreases gradually 

when adding fibers, regardless of their type or their 

dimensions. Whereas for the case of water absorption, 

the addition of fibers allows a remarkable 

improvement of this characteristic. 

 The reinforcement of rammed earth with natural 

fibers has improved its mechanical strength 

(compressive, tensile, flexural, and shear strengths). 

The results show that shear, flexural, and splitting 

tensile strengths always get improved after the 

inclusion of fibers, the longer the fibers are, the 

greater strengths become. While the improvement of 

the compressive strength depends on the fiber content 

used. The optimal fiber content allows it to reach 

maximum strength, and it varies according to the type 

of fibers and soil. In the case of a stabilization (with 

cement or lime), this content is also impacted by the 

type and quantity of the binders used. 

 The reinforcement of the rammed earth with natural 

fibers improves its ductile behavior. The stress-strain 

curve tends to be more linear, which helps limit cracks 

propagation in the composite material and avoid 

abrupt failure when reaching maximum stress. 

 Compared to the other tested fibers, coir and palm 

fibers provide the best mechanical strengths for 

rammed earth, especially in compression and tension. 

 The use of natural fibers for reinforcement reduces 

thermal conductivity. Thus, allows good thermal 

insulation. 

The analysis of the collected data from the studies 

carried out shows that it is still necessary to carry out more 

research studies not only to support and enrich the obtained 

results but also to explore other characteristics of fiber-

reinforced rammed earth that were not touched on in this 

review paper. In this respect, as a perspective of this 

research work, it is proposed to study the influence of 

natural fibers on the hygrothermal properties of rammed 

earth. The durability of these composites should also be 

addressed and investigated. The efficiency of chemically 

treated fibers and their impact on the properties of 

reinforced rammed earth should also be assessed, 

especially, regarding mechanical resistance and durability. 
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