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Abstract 

The present study aims to determine the suitability of locally available soil (Agartala, 

India) for the production of cement stabilised rammed earth (CSRE) columns with a 

proposed CSRE specimen making technique, followed by investigations on the effects 

of (1) slenderness ratios on the axial column strengths of both unreinforced 

rectangular and circular CSRE columns, (2) cross-sectional aspect ratios on 

unreinforced rectangular CSRE columns, and (3) lateral steel reinforcement ratios for 

CRSE columns longitudinally reinforced with steel and bamboo splints.  

The properties of locally available soil and its suitability was determined in terms of 

density, strength, compaction energy and durability in both cured and uncured 

conditions using the proposed block-making equipment and technique. Test result 

shows that the average characteristic strength of cured samples is about two times 

higher than that of uncured samples. The compressive strength and density of  CSRE 

blocks (with 10% cement content) is quite sensitive to the variations in compaction 

energy up to 16.94 kg-cm/cc. Increase in compaction energy from 7.26 to 16.94 kg-

cm/cc tends to increase the compressive strength and density by about 23% and 11% 

respectively than that obtained at an energy level close to the standard Proctor effort. 

It is concluded that the local soil used for the production of CSRE blocks using the 

proposed block-making equipment and technique satisfy the design criteria outlined in 

various standards such as NZS 4297 (1998), IS 2110 (2002) and AS HB 195 (2002)  

in terms of compressive strength and density. 

The influence of structural parameters such as slenderness ratio (λ), cross-sectional 

aspect ratio (width/thickness ratio, Ф), and cross-sectional shapes (circular, square 

and rectangular) on load-capacity (Pu), reduction factor (k), failure pattern etc., on 

concentrically loaded unreinforced CSRE columns are presented. Columns of cross-

sectional sizes: 150 mm x 150 mm, 150 mm x 190 mm, and 150 mm x 230 mm for 

rectangular; 150 mm diameter for circular cross sections, with a height of 900 mm, 

1200 mm and 1500 mm were considered for the experimental programme. 

Experimental results on ultimate compressive strength (σu) of columns were compared 

with the results obtained with Engesser's tangent modulus theory (Bleich, 1952); and 

the validity of using masonry design rules for the design of CSRE columns was 
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evaluated.  Safety factors were determined based on stress reduction factors obtained 

from the study. Test result shows that the lateral and vertical deformation (at 

comparable load) increases with increasing values of λ. Typically, columns tested 

failed by formation of vertical cracks initially at the platen-column interface followed 

by shearing and splitting at the later stages of loading. The value of σu decreases with 

increase in λ. The values of k at λ = 8 and 10 were determined to be 0.92 and 0.84 for 

rectangular columns and 0.90 and 0.82 for circular columns respectively. At 

increasing values of Ф (keeping thickness constant at 150 mm) the values of Pu for 

rectangular columns increases. It was observed that when Ф is increased from 1.0 to 

1.27 and 1.0 to 1.53, the values of Pu increased by about 20% and 40.5% respectively, 

for λ = 6, 8 and 10 of all the column sets, agreeing with the increase in cross-sectional 

area as Ф increases. The k values outlined in earthen standards such as NZS 4297 

(1998) and AS HB 195 (2002), and masonry standard IS 1905 (2002) are in a close 

range to the experimental values by about ~4.0% at λ = 8 - 10. However, in the case of 

circular columns, the codal values are found to be higher by about ~7%, thus showing 

relatively un-conservative nature.  

Structural behaviour of CSRE columns reinforced with steel (4 numbers of 8 mm 

diameter steel as longitudinal and two-legged 6 mm diameter as transverse 

reinforcements; Fe500 steel) under concentric axial loading, for a fixed column height 

of 1500 mm was assessed. Effects of key variables such as transverse reinforcement 

ratio, total reinforcement (i.e. combined longitudinal and transverse) ratio etc., were 

studied. Test result shows that the behaviour of CSRE columns reinforced with closer 

tie spacing (e.g. 50 mm) is characterized by gradual spalling of cover at the failure 

zone leading to a loss of axial capacity before the transverse confinement becomes 

effective. The values of Pus (ultimate load for steel reinforced column) for SR200, 

SR100 and SR50 (where SR = steel reinforced, and 50, 100, 200 represents tie 

spacing in mm) columns are about 4.6%, 16% and 33% higher than that of 

unreinforced CSRE (UCSRE) column, respectively. A linear increase in Pus is 

observed as the total reinforcement ratio was increased from 0% to 3.41%. A gradual 

increase in Pus has been seen when the total reinforcement ratio is increased from 0% 

(i.e. unreinforced) to 1.52%, 2.15% and 3.41% by about 4.5%, 16% and 36% 

respectively. As the transverse reinforcement is increased from 0.63% to 1.26% and 
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0.63% to 2.51%, Pus is found to increase by about 11% and 30% respectively. Axial 

deformation at peak load (δuv) increased by about 6.3% and 19.1%; whilst lateral 

deformation at 60 kN (δl60) (i.e., pre-peak/ultimate load) by about 13.6 % and 100%, 

when the tie spacing decreased from 200 mm to 100 mm and 100 mm to 50 mm 

respectively, suggesting an improved ductility with core confinement. 

Structural behaviour of CSRE columns reinforced with bamboo-steel under 

concentric axial loading, for a fixed column height of 1500 mm was also assessed. In 

this study, the vertical reinforcement steels have been replaced by approximately 

rectangular bamboo splints (with an equivalent cross-sectional area as that of 8 mm 

diameter bar). It was found that Pubs (ultimate load for bamboo-steel reinforced 

column) of bamboo-reinforced CSRE columns are about 3.7% to 15% higher than 

that of unreinforced CSRE column when total (bamboo and steel) reinforcement ratio 

is increased from 1.52% to 3.41%. An increase in Pubs of about 6% to 12% has been 

seen when the transverse reinforcement ratio increased from 0.63% to 1.26% and 

0.63% to 2.51% respectively. It was observed that Pubs of SR50 column is about 17% 

higher than that of BSR50 (BSR = bamboo-steel reinforced), however only minor 

differences are seen for larger tie spacing, i.e. 200 mm.  Similar failure patterns as 

those of steel reinforced CSRE columns are observed for bamboo-steel reinforced 

CSRE columns, except for post-ultimate snapping or breaking of buckled bamboo 

longitudinal reinforcement. A nearly linear increase in δuv and δl60 have been observed 

i.e. around ~10% and 14% respectively  when the tie spacing decreased from 200 mm 

to 50 mm, thus showing an improvement in ductility. 
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Chapter 1 Introduction 

 

1 
 

 Chapter 1 
 

Introduction 
 
1.1 General 
 
The present energy crisis resulting from rapid industrialization has given rise to a 

major concern about managing the energy resources still available and environmental 

degradation (Ghavami, 2005). As a result, there is an intense on-going search for 

alternative building materials, which will minimize the energy crisis as well as 

environmental degradation. In the recent past, rammed earth construction techniques 

have gained a renewed interest across the world, due to its varied sustainable benefits 

such as availability of local material (soil on site or near the site), low embodied 

energy, simple construction procedure, non-polluting etc., (e.g. Easton, 1982; Houben 

and Guillaud, 1994; Walker, 1995; Jayasinghe and Kamaladasa, 2007; Ciancio and 

Beckett, 2013; Reddy, 2014; Bui et al., 2014). Several studies have been made on 

suitability of soil, structural behaviour of unreinforced and reinforced rammed earth 

walls and columns (e.g. Easton, 1982; Walker, 1995; Hall, 2004; Jayasinghe and 

Kamaladasa, 2007; Maniatidis and Walker, 2008; Burroughs, 2008; Reddy and 

Kumar, 2010; Reddy and Kumar, 2011; Ciancio and Beckett, 2013; Bui et al., 2011; 

Lindsay, 2012; Ciancio and Augarde, 2013; Gupta, 2014) and many countries have 

developed standards, practice guidelines, handbooks etc., for earth construction that 

include various aspects such as soil selection, construction equipments and 

techniques, testing procedures, structural design guidelines etc., (e.g. NZS 4297, 

1998; AS HB 195, 2002; 1S 2110, 2002; ASTM E2392/E2392M, 2010). 

 
From the literature review, it has been observed that various types of soil such as 

laterite soil, sandy soil etc., have been found suitable for rammed earth constructions, 

and use of 4-12% cement for cement stabilised rammed earth (CSRE) constructions 

have been reported (e.g. Walker, 1995; Ngowi, 1997; Guettala et al., 2006; Jayasinghe 

and Kamaladasa, 2007; Reddy and Kumar, 2011).  In CSRE constructions, the main 

ingredients are soil, sand, gravel, and cement. This technique involves dry mixing of 

soil, sand, gravel, and cement followed by addition of water. The wetted soil mixture 
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is then poured/placed into the formwork and compacted into progressive layers until 

the desired is achieved followed by dismantling of formwork and wet curing for 

specified period. Furthermore, structural behaviour (e.g. load and deformation 

capacities, load eccentricity effect) of unstabilised columns and unreinforced CSRE 

walls have been studied (Maniatidis and Walker, 2008; Reddy and Kumar, 2011). 

Gupta (2014) reported on the effect of using diagonal and horizontal stirrups on the 

load-capacity of steel reinforced CSRE columns. 

 
However, to the best of author's knowledge a systematic study on the influence of 

structural parameters such as slenderness ratio (λ), cross-sectional aspect ratio 

(width/thickness ratio, Ф), and cross-sectional shapes (circular, rectangular etc.) on 

load-capacity (Pu), reduction factor (k), failure pattern, lateral reinforcement ratio etc., 

on axially loaded CSRE columns have not been presented. In addition,  although, 

studies have shown that bamboo can be a potential substitute to steel in structural 

concrete elements such as beams and columns (e.g. Ghavami, 2005; Agarwal et al., 

2014) and can improve ductility of rammed earth wall under horizontal load (Gao et 

al., 2009), no reports have been found in the literature on the use of bamboo as 

reinforcement for CSRE columns.  Hence, in this research effort, suitability of locally 

available soil (Agartala, India) for the production of CSRE columns has been checked 

with a proposed CSRE specimen making technique, followed by investigations on the 

effects of (1) slenderness ratios on the axial column strengths of both unreinforced 

rectangular and circular CSRE columns, (2) cross-sectional aspect ratios on 

unreinforced rectangular CSRE columns, and (3) lateral steel reinforcement ratios for 

CRSE columns longitudinally reinforced with steel and bamboo bars. The objectives 

of the present study are enumerated in the following section.  

 
1.2 Objectives of the investigation 

 
Based on the literature review the following objectives have been identified for the 

present study: 

 
1. To study the characteristic properties of unstabilised and CSRE blocks in 

terms of density, strength, compaction energy and durability in both cured and 

uncured conditions using  locally available soil (Agartala, India).  
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2. To select and validate the block making equipment and technique that can be 

used for construction of rammed earth structures.  

3. To evaluate the structural behaviour of axially loaded CSRE columns of 

square, rectangular and circular sections considering the effects of key 

parameters such as slenderness ratio, cross-sectional aspect ratio etc., on load-

deformation, failure patterns etc. 

4. To evaluate the structural behaviour of axially loaded steel and bamboo-steel 

reinforced CSRE columns of square sections considering the effects of 

structural parameters such as transverse reinforcement ratio, total 

reinforcement ratio etc., on the failure pattern; load-lateral deformation and 

load-axial deformation of columns. 

 
1.3 Thesis organization 

 
The thesis is presented into seven chapters. 
 

1. Introduction 

2. Literature review 

3. Materials characterization 

4. Structural behaviour of CSRE columns 

5. Structural behaviour of steel reinforced CSRE columns 

6. Structural behaviour of bamboo-steel reinforced CSRE columns 

7. Conclusions and future scope of work 

 
Chapter 1 introduces the research area and a brief account of every chapters of the 

present study. 

 
Chapter 2 describes briefly the detailed literature review made on earth/rammed earth 

constructions. The literature review mainly focuses on the historical background of 

rammed earth constructions, suitability of soil, sustainability, structural behaviour of 

rammed earth walls/columns and codes of practice on rammed earth constructions.  

 
Chapter 3 deals with determination of properties of locally available soil and its 

suitability as a construction material. The properties of unstabilised and CSRE blocks 

were studied in terms of density, strength, compaction energy and durability in both 
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cured and uncured conditions. All the test samples were produced using steel rammer 

and wooden mould, with an attempt to select and validate the block-making equipment 

and technique that can be used for rammed earth constructions. The test results such as 

compressive strength, density etc., were compared with the values outlined in many 

standards and guidelines. 

 
Chapter 4 deals with a study on the load-capacity of CSRE columns under concentric 

axial compression. Tests on CSRE cylinders, prisms and columns of circular, square 

and rectangular cross-sections were performed. Effects of slenderness ratio and aspect 

ratio on the column strength, deformation and capacity reduction factors were assessed. 

A comparative study was made between the ultimate compressive strength (σu) of 

columns determined using Engesser's tangent modulus theory and experimental results. 

Furthermore, validity of using masonry design rules for the design of CSRE columns 

was evaluated and safety factors of columns were determined to assess the possibility 

of constructing a single storey load bearing houses. Experimental results such as 

reduction factors, slenderness effects etc., were compared with the values proposed in 

literature, standards and guidelines; and a failure mechanism of column has been 

proposed. 

 
Chapter 5 investigates the behaviour of steel reinforced CSRE columns of square 

cross-section under concentric axial compression. Both longitudinal and lateral 

reinforcement were provided with steel. Effects of structural parameters such as total 

reinforcement ratio, lateral reinforcement ratio, etc., on the failure pattern; load-lateral 

deformation and load-axial deformation of columns were studied. Compaction 

technique and failure pattern of columns are discussed. 

 
Chapter 6 presents an experimental study on the behaviour of CSRE column 

reinforced with bamboo (longitudinal) and steel (lateral) under concentric axial 

compression. Effects of structural parameters such as total reinforcement ratio, lateral 

reinforcement ratio etc., on the failure pattern; load-lateral deformation and load-axial 

deformation of columns were studied. Comparative study was made between the test 

results of steel and bamboo-steel reinforced CSRE columns.  
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Finally, in Chapter 7 summary of major conclusions from the thesis and future scope 

of work have been presented.  

 
Three appendices are added at the end of the thesis. Appendix A shows (a) 

compaction energy calculation equivalent to standard Proctor effort, (b) compaction 

energy calculation for wooden cube mould and (c) estimation of compaction energy in 

terms of number of blows and mass of soil required for column of size 150 mm x 150 

mm x 900 mm. Appendix B shows (a) determination of tangent modulus for columns 

from the stress-strain curve of prism, (b) determination of stress/capacity reduction 

factor and (c) determination of factor of safety. Appendix C shows (a) estimation for 

longitudinal reinforcement and (b) estimation for lateral reinforcement. 
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Chapter 2 
 

Literature Review 
 

This chapter presents a review of literature relating to rammed earth 

constructions. The literature review has been presented broadly into five 

sections: (i) historical background on rammed earth constructions; (ii) 

suitability of soil; (iii) sustainability; (iv) structural behaviour of rammed 

earth walls/columns, and (v) codes of practice on rammed earth constructions.  

 
2.1 Introduction 
 
Rammed earth is an ancient construction technique, which has recently gained renewed 

interest due to varied sustainable benefits. In this technique, moisten soil (stabilised or 

unstabilised) is filled in a temporary formwork (wooden or steel) and 

compacted/rammed into successive layers of ~10 to 12 cm thick by means of rammer. 

After compaction of every couple of layers (equivalent to height of formwork), the 

formwork is raised (if necessary) at higher level and the process is continued until the 

desired construction is completed. Soil, sand, gravel and stabiliser (cement, lime, 

asphalt etc.) are the major constituents for unstabilised and stabilised rammed earth 

constructions. Some of the major advantages of rammed earth constructions are: (i) low 

cost of materials and locally available; (ii) low energy and transportation costs; (iii) low 

fire risk and non-combustible; (iv) durable; (v) flawless surface and flexibility in wall 

thickness and plan; and (vi) non requirement of high skilled workers etc. Its 

disadvantages include: (i) loss of strength on saturation; (ii) erosion due to rain impact; 

(iii) longer construction period and weather-dependent; and (iv) construction 

recommendation in hard soil and non-flooding areas etc. Notwithstanding these 

disadvantages, rammed earth construction has gained considerable research interests 

especially, because of its relatively sustainable and cost effective aspects (e.g. 

Jayasinghe and Kamaladasa, 2007; Reddy and Kumar, 2010; Bui et al., 2014; Reddy et 

al., 2014; Gupta, 2014). In this chapter, details of literature review on rammed earth 

constructions are presented with a special focus on unreinforced and reinforced 

rammed earth structural elements.  
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2.2 Historical background on rammed earth constructions 

 
Until today, there is no consensus about the date when man first used earth as a 

building material. However, many researchers date back the early construction of 

earth buildings to 8000 – 4000 B.C. (Pollock, 1999; Minke, 2000; Berge, 2009). 

Evidences of earth constructions can be traced in all the main cradles of civilizations: 

Indus valley civilization, Chinese civilization, Mesopotamian civilization, Tigris- 

Euphrates civilization etc., (Kumar, 2009). Moulded, rammed earth, cob walls, adobe, 

poured earth represents some of the common earth construction techniques used in the 

past (Houben and Guillaud, 1994). The early used of rammed earth technique dates 

back to 500 – 200 B.C. with the construction of the Great Wall of China (Fig. 2.1) 

being the first of its kind (Easton, 1982; Jiyao and Weitung, 1990; Houben and 

Guillaud, 1994). Since then, the technique spread in various parts of the world (Fig. 

2.2) (Jaquin et al., 2008).  

 

Besides, the Great Wall of China, the rammed earth walls surrounding Horyuji 

Temple in Japan built in 707 A.D., (Jaquin, 2008) is another fascinating example of 

ancient rammed earth structure in Asia sub-continent (Fig. 2.3). During 1300 - 1600 

A.D., constructions of rammed earth structures were undertaken in Ladakh, Bhutan 

and Tibet using simple wooden moulds (Chayet et al., 1990, Jaquin, 2008, see Fig. 

2.4). Further spread of rammed earth technique during 18th century to mid of 19th 

century in Asia sub-continent can be seen from the examples of rammed earth 

buildings in the city of Shibam in Yemen and Gujarat in India, etc. (Figs. 2.5 and 2.6) 

(Helfritz, 1937; Kumar, 2009).  

 

In Europe, General Hannibal first introduced rammed earth technique with the 

construction of rammed earth watchtowers during 300 B.C. (Easton, 1982). The 

Alhambra fortress of Granada in Spain built in 889 A.D., is one of the most exciting 

examples of rammed earth construction in Europe (Fig.2.7) (Jaquin, 2008). During 

1600 – 1900 A.D., a good number of rammed earth constructions were built in 

Switzerland (Kleespies, 2000), Weilburg in Germany (Schick, 1987) and southern 

England (Figs. 2.8 and 2.9) (Walker et al., 2005). The Church of Holy Cross in 

Stateburg, South Carolina built in 1857 A.D., with plain rammed earth is one of the 

most striking examples of historic rammed earth constructions in USA (Fig. 2.10) 
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(Easton, 1982). Furthermore, the rammed earth technique also spread to South 

America and Australia (see Fig. 2.11) through the migration of European people in 

16th and 19th century A.D., respectively (Jaquin, 2008). 

 

In the recent past rammed earth construction technique has gained renewed interest 

due to its varied sustainable benefits such as low cost, low embodied energy etc. Figs. 

2.12 to 2.14 show some of the modern rammed earth buildings in India and steel 

reinforced CSRE columns.  

 

2.3 Suitability of soil for rammed earth constructions 
 
According to Houben and Guillaud (1994), there is no direct answer to the question, 

“Is this soil suitable for construction?” The earth used for making rammed earth 

generally refers to sandy loam subsoil. The topsoil is unsuitable for construction due 

to considerable presence of organic matter that biodegrades, absorbs water, and is 

highly compressible, and it must be limited to 1 or 2% of the total mass of soil if 

allowed at all (King, 1996). These inherent deficiencies may be overcome by 

stabilising soil with chemical binders, such as cement or lime, followed by 

mechanical compaction (Walker, 1995). Many Researchers have investigated the 

physical properties of soil particularly with reference to gradation, Atterberg limit, 

density, strength and some aspects of durability that define the suitability of soil for 

rammed earth constructions (e.g. Patty, 1936; Patty and Minium, 1945; Verma and 

Mehra, 1950; Easton, 1982; Houben and Guillaud, 1994; Heathcote, 1995; Walker, 

1995; Lilley and Robinson, 1995; Keable, 1996; King, 1996; Rauch and Kapfinger, 

2001; Hall and Djerbib, 2004; Bahar et al., 2004; Walker et al., 2005; Jayasinghe and 

Kamaladasa, 2007; Maniatidis and Walker, 2008; Burroughs, 2008; Bui et al., 2009; 

Bui et al., 2011; Reddy and Kumar, 2011; Milani and Labaki, 2012; Tripura and 

Sharma, 2013; Miccoli et al., 2014; Bui et al., 2014). Some of the important 

conclusions on properties of soil and recommendations made by various researchers 

and standards are highlighted in Tables 2.1 and 2.2 respectively. It can be observed 

from Tables 2.1 and 2.2 that there exist a wide range of values for clay, silt, sand and 

gravel fractions of the soil used for rammed earth constructions. Clay, silt, sand and 

gravel content ranges from 5 – 40%, 0 – 30%, 20 – 75% and 10 – 62% respectively. 

Wide range of values exists for Atterberg limits – the liquid limit (LL) and plasticity 
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index (PI) ranges from 15.4 – 49% and 2 – 30% respectively. The density achieved 

for rammed earth is in the range of 1700 – 2200 kg/m3. However, it may be noted that 

in most of the studies information on the type of density being measured e.g. dry 

density, air-dry density or bulk density with some moisture in it, are not readily 

available, although density is one of the important factors for achieving higher 

strength in rammed earth constructions. Wide variations in the compressive strength 

values achieved for rammed earth, such as wet and dry compressive strength of 

stabilised rammed earth is in the range of 0.7 – 2 MPa and 1.4 – 27 MPa respectively, 

on the other hand compressive strength of unstabilised rammed earth range from 0.62 

– 6.8 MPa. Cement content ranging from 4 – 12% have been used for stabilisation. 

The compressive strength values specified in earth standards for unstabilised and 

stabilised soil range from 1.3 – 3 MPa and 1.4 – 5 MPa respectively, whereas these 

values in other literatures (e.g. Verma and Mehra, 1950; Easton, 1982; King, 1996; 

Walker et al., 2005; Bui et al., 2007; Burroughs, 2008; Reddy and Kumar, 2011) vary 

from 1 – 6.8 MPa and 1.82 – 27 MPa respectively. This shows that the codal values 

are more conservative. New Zealand standard NZS 4298 (1998) recommends that to 

achieve the correct level of compaction the handle of a 6.5 kg hand rammer should 

‘ring’ when dropped from a height of 300 mm on the wall material when the moisture 

content is not more than 4% dry of optimum or 6% wet of optimum. This technique 

seems to be quite ambiguous as it is not always possible to judge the level of 

compaction, and as such not very helpful for a scientific control of quality and 

strength. Similarly, many of the studies did not explain clearly on the compaction 

technique and formwork used for rammed earth constructions. 

 
2.4 Sustainability of rammed earth constructions 

 
According to Ghavami et al., (1999), next to the food shortage, the housing shortage 

is one of the most crucial problems on earth and to improve this situation and make it 

possible to build more houses, particularly for low-income families, locally available 

materials such as soil, bamboo, etc., can be used. Nowadays rammed earth 

construction is attracting renewed interest due to its green characteristics in the 

context of sustainable development (Bui et al., 2014). The use of rammed earth 

construction material in remote regions or under-developed countries is suggested as a 
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viable alternative to other more common building materials like concrete and steel 

(Ciancio and Beckett, 2013). Rammed earth house possesses attractive appearance 

and present advantageous living comfort due to substantial thermal inertia and the 

“natural regulator of moisture” of rammed earth walls (Bui et al., 2014). Several 

researchers have studied thermal characteristics of rammed earth (e.g. Taylor and 

Luther, 2004; Maniatidis et al., 2007; Taylor et al., 2008 etc.). Based on a case study, 

Taylor and Luther (2004) observed that the overall thermal property of rammed earth 

building is improved above that expected by consideration of thermal resistance 

values alone. 

 

Due to availability of local material (soil on site or near the site), rammed earth 

constructions have low embodied energy (Reddy and Jagadish, 2003; Reddy, 2004; 

Jayasinghe and Kamaladasa, 2007; Bui et al., 2014). Reddy and Kumar (2010) carried 

out a study on embodied energy in CSRE walls. A comparison has been made 

between energy content of cement and energy in transportation of materials, with that 

of the actual energy input during rammed earth compaction in the actual field 

conditions and the laboratory. Based on the study it was concluded that the embodied 

energy in CSRE walls is only about 15–25% of the embodied energy in burnt clay 

brick masonry. Very recently, Reddy et al., (2014), made a case study on low 

embodied energy cement stabilised rammed earth building, in Bangalore, India. The 

study dealt with the construction aspects, structural design and embodied energy 

analysis of a three-storey load bearing school building complex (Fig. 2.12). An 

analysis of the embodied energy revealed that the embodied energy of CSRE building 

is ~1.15 GJ/m2, which is considerably less than that of the embodied energy of 

conventional burnt clay brick building (3–4 GJ/m2) and reinforced concrete framed 

structure building (4–10 GJ/m2). The case study also demonstrated the scope for 

reducing the carbon emissions in the construction sector by using low embodied 

energy materials such as CSRE walls and alternative floor/roof systems. 

 
2.5 Structural behaviour of rammed earth walls/columns 
 
2.5.1 Unreinforced rammed earth 
 
Unstabilised rammed earth has been used for building for quite a long time (e.g. Patty, 

1936; Patty and Minium, 1945; Schick, 1987; Houben and Guillaud, 1994; Lilley and 
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Robinson, 1995; Hall, 2002; Maniatidis and Walker, 2003; Hall and Djerbib, 2004; 

Maniatidis and Walker, 2008; Miccoli et al., 2014a), and  successful use of CSRE for 

load-bearing walls can be seen across the world (Verma and Mehra, 1950; Easton, 

1982; Hall, 2002; Walker et al., 2005; Kotak, 2007; Jayasinghe and Kamaladasa, 

2007; Reddy and Kumar, 2009a; Reddy and Kumar, 2011; Kandamby and 

Jayasinghe, 2011; Ciancio and Gibbings, 2012; Beckett and Ciancio, 2013). 
 

Several studies have been carried out on the performance of rammed earth walls and 

buildings analytically (e.g. Maiti and Mandal, 1985; Maniatidis and Walker, 2008; 

Ciancio and Augarde, 2013), experimentally (e.g. Yamin et al., 2004; Maniatidis and 

Walker, 2008; Gomes et al., 2011; Bui et al., 2011; Reddy and Kumar, 2011)  and 

numerically (e.g. Yamin et al., 2004; Jaquin, 2008; Liang et al., 2011; Nowamooz and 

Chazallon, 2011; Gomes et al., 2011; Bui et al., 2011; Miccoli et al., 2014b). Besides 

studies under static loading (e.g. Maniatidis and Walker, 2008; Reddy and Kumar, 

2011), dynamic studies were also carried out on the performance of rammed earth 

walls and buildings (Yamin et al., 2004; Gomes et al., 2011; Bui et al., 2011). 

Maniatidis and Walker (2008) studied the structural capacity of unstabilised rammed 

earth columns of square cross-section (300 mm x 300 mm) of 1.8 m, 2.4 m and  3 m 

heights under concentric and eccentric compression loading; focusing on the effect of 

load eccentricity and slenderness ratios (= 6, 8 and 10). The load-capacity of 

concentrically loaded columns was determined to be 46.7, 65.8 and 58.1 kN for 

slenderness ratio equals to 6, 8 and 10 respectively. It is observed that the load values 

are higher at higher slenderness ratios, which is quite ambiguous. Generally, it is 

expected that the load-capacity of column drop with increasing slenderness ratio.  

Reddy and Kumar (2011) investigated the structural behaviour of story-high CSRE 

walls. The test comprised of prism, wallette and wall of sizes: 150 × 150 × 300 mm,  

600 × 155 × 720 mm and 750 × 152 × 3000 mm (width × thickness × height) 

respectively. The average compressive strengths of prism, wallette and wall were 

determined to be 6.50, 5.47 and 3.91 kN respectively. It was observed that the wall 

strength decreases with increasing slenderness ratio and there was nearly a 30% 

reduction in strength as the slenderness ratios increased from 4.65 to 19.74. At higher 

slenderness ratios, there was a close agreement between the experimental and 

predicted values using the Engesser's tangent modulus theory (Bleich, 1952).  
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2.5.2 Reinforced rammed earth 

 
In the recent past, steel have been introduced as reinforcing materials in order to attain 

higher strength of rammed earth elements for innovative applications. It has been 

observed that rammed earth beams reinforced with steel improves the load-capacity 

by about 383% to 570% and flexibility of the soil beams substantially (Gaind and 

Char, 1983). Bond property of steel bars (12 mm diameter) embedded in rammed 

earth, gave a reasonable bond strength of 1.08 to 19.52 kN (Walker and Dobson, 

2001). A very few literatures could be found on steel reinforced rammed earth walls 

and columns. Lindsay (2012) briefly described the use of structural steel elements 

(steel bars) within stabilised rammed earth walling. It was recommended that steel 

reinforced columns should be placed either at the very end of the wall or at least 20% 

of the total wall length from end of the wall. Gupta (2014), conducted test on two full-

scale composite (i.e., steel reinforced) rammed earth columns made of horizontal and 

diagonal stirrups. It was observed that the column with diagonal stirrups was much 

stiffer i.e., carry significantly higher load of about 167% more than the column with 

horizontal stirrups.  

 
Besides steel, bamboo has also gained popularity as a reinforcing material. Extensive 

studies on the performance of bamboo as reinforcement in structural concrete 

elements showed that bamboo can substitute steel satisfactorily and the structural 

elements developed and studied (i.e. bamboo reinforced concrete) could be used in 

many building constructions (Ghavami, 2005). Investigation on the behaviour of 

chemically treated bamboo reinforced concrete columns showed that the load-

capacity of column reinforced with 8% bamboo is equivalent to 0.89% steel 

reinforced column and thus concluded that bamboo has the potential to substitute steel 

as reinforcement for structural members like column (Agarwal et al., 2014).   

However, a very limited study has been reported for bamboo reinforced rammed earth 

constructions.  Studies on rammed earth wall reinforced with bamboo cane under 

monotonic horizontal load have been shown to improve the yield load, i.e., the 

vertical bamboo ribs improved ductility of the rammed earth wall (Gao et al., 2009). 

Studies on bond behaviour of bamboo strips embedded in CSRE blocks produced 

reasonable bond strength ranging from 1.01 to 3.45 MPa (Tripura and Sharma, 2014).  
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2.6 Codes of practice on rammed earth constructions 
 
In the last few decades a good number of earth building codes, standards and 

guidelines have been developed by various countries across the world e.g. Australian 

earth building handbook; California historical building code; Chinese building 

standards; Ecuadorian earth building standards; German earth building standards; 

Indian earth building standards; International building code / provisions for adobe 

construction; New Mexico earth building materials code; New Zealand earth building 

standards and Peruvian earth building standards (as mentioned in ASTM 

E2392/E2392M,  2010). Among all these standards, New Zealand standards (NZS 

4297, 1998) and Australian earth building handbook (AS HB 195, 2002) are most 

widely referred in the literature. According to Maniatidis and Walker (2008), New 

Zealand earthen standard (NZS 4297, 1998) is the most well known structural design 

standard for earth building at present. The NZS 4297 (1998) deals with structural and 

durability design of earth buildings. Table 2.3 shows capacity reduction factors (k) for 

various values of slenderness ratios based on earthen (NZS 4297, 1998; AS HB 195, 

2002) and masonry (AS 3700, 1988; BS 5628, 1992; IS 1905, 2002) standards. It can 

be observed that k values for earthen standards are adopted from masonry standard 

AS 3700 (1988). The k values listed in AS 3700 (1988) are relatively lower than those 

in IS 1905 (2002) and BS 5628 (1992) standards. It is seen that the prevailing earthen 

standards do not adequately address the structural design requirements for earthen 

buildings and hence design rules developed for masonry construction are generally 

followed (Maniatidis and Walker, 2008). In the study made by Maniatidis and Walker 

(2008) on axially loaded 'unreinforced' and 'unstabilised' rammed earth columns, an 

attempt was made to validate the application of masonry standard design provisions to 

earthen walls/columns. It was concluded that for small load eccentricities (up to 10%), 

existing codes/guidance (such as NZS 4297, 1998; AS HB 195, 2002) provided a 

good estimate of the measured experimental performance. 

 
2.7 Summary and conclusions 
 
Literature review on historical background of earth construction, suitability of soil, 

sustainability, structural behaviour of rammed earth walls/columns and codes of 
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practice on rammed earth constructions has been carried out. Based on the literature 

review the following conclusions have been drawn: 

1. Rammed earth construction technique have been in use since 500 B.C. and in 

the recent past this technique have gained renewed interest due to its varied 

sustainable benefits such as low cost, low embodied energy etc., compared to 

other conventional building materials like burnt clay bricks, steel etc. 

2. Various types of soil have been found suitable for rammed earth constructions. 

Clay, silt, sand and gravel content of the soil used ranges from 5 – 40%, 0 – 

30%, 20 – 75% and 10 – 62% respectively.  

3. For cement stabilised rammed earth constructions use of 4 – 12% cement have 

been reported. 

4. Structural behaviour of unstabilised and cement stabilised rammed earth walls 

and columns have been studied. However, a systematic study of the influence 

of structural parameters such as slenderness ratio, cross-sectional aspect ratio, 

and cross-sectional shapes on load-capacity, reduction factor, failure pattern 

etc., on concentrically loaded CSRE columns have not been reported. 

5. A limited study on reinforced rammed earth column, for example, the effect of 

diagonal and horizontal stirrups on the load-capacity of steel reinforced CSRE 

columns has been reported. However, the effect of stirrups spacing (lateral 

reinforcement ratio) has not been presented so far. 

6. Studies have shown that bamboo can be a potential substitute to steel in 

structural concrete elements such as beams and columns. Bamboo 

reinforcement was found to improve the ductility of the rammed earth wall 

under horizontal load. 

7. Most of the rammed earth standards use capacity reduction factors from 

masonry standards without sufficient validation. An experimental study 

(Maniatidis and Walker, 2008) on unreinforced and unstabilised rammed earth 

column showed that for small load eccentricities (up to 10%), existing 

codes/guidance provided a good estimate of the measured experimental 

performance. 
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          Table 2.1. Highlights of important conclusions and recommendations from literatures. 
 

Authors/ 
standards Composition of soil and recommendations 

Compressive 
strength 
(MPa) 

Density 
(kg/m3) 

 

Linear 
Shrinkage 

(%) 

Equipment used for 
making 

compression test 
samples 

Patty and Minium 
(1945) 

Sand: 40 – 75%; optimum: 75%; 
addition of 6 mm aggregates up to 45% to 
increase strength 

0.65 – 2.77 
(dry) 

1730 – 2160 ---- ---- 

Verma and Mehra 
(1950) 

Sand: >35%; LL: <25%; and PI: 8.5 – 10.5 > 2.8 (dry)* 1940 – 2000 ---- 
Wooden formwork, 
metal rammer 

Easton (1982) Clay: 30% and sand : 70%  2  (dry) 1950 ---- ---- 
Lilley and 
Robinson (1995) 

Clay: 11 – 21% 1.8 – 2.0 (dry) ---- ---- ---- 

King (1996) ---- 10 – 27 (dry)* 2070 ---- ---- 
Keable (1996) ---- 1.5 – 2 (dry) ---- ---- ---- 
Rauch and  
Kapfinger (2001) 

---- 2.40 (dry) ---- ---- ---- 

Clark and  
Walker (2003) 

Gravel: 39%; silt: 12% and clay:11% 1.1 – 2.2  (dry) 
1870 – 2020 

 
0.25 – 1.6 ---- 

Hall et al. (2004) ---- 3.5 (dry)* ---- ---- ---- 
Earth Building 
Association of 
Australia (2004) 

---- 
> 2.8  (dry) 

after 28 days 
---- <5 ---- 

Walker et al. 
(2005) 

Sand and gravel: 45–80%; silt: 10–30%; clay: 
5–20%; cement: 4–12%; LL: <45%; and PI: 2–
30% 

>1  <5 ---- 

Bui et al. (2007) ---- 1.0  (dry)  ---- ---- 
 
*Stabilised rammed earth. 
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          Table 2.1. Highlights of important conclusions and recommendations from literatures (contd.). 
 

Authors/ 
standards Composition of soil and recommendations 

Compressive 
strength 
(MPa) 

Density 
(kg/m3) 

 

Linear 
Shrinkage 

(%) 

Equipment used for 
making 

compression test 
samples 

Jayasinghe and 
Kamaladasa 
(2007) 

(i) Sandy soil: - gravel: 32.2%; sand: 59.4%; 
clay and silt: 8.4%. 
(ii) Hard laterite: - gravel: 56%; sand: 29.6%; 
clay and silt: 14.4%. 
(iii) Clayey: - gravel: 50.5%; sand: 30.4%; clay 
and silt: 19.1%. 
Fines (clay and silt) content <20%. 

1.82 –3.71 
(dry)* 

1800 – 2000 ---- 
Steel rammer, steel 
form work 

 
Maniatidis and  
Walker (2008) 
 

Gravel: 30%; sand: 45%; silt: 13%; clay: 12%; 
LL: 49%; and PI: 24%. 
 

0.62 – 0.97 
(dry) 

1760 – 2030 
 

---- 

Plywood-faced 
concrete formwork; 
pneumatic 
rammer, 

Burroughs (2008) 
Clay/silt: 21–35%; gravel: 13–62%; sand: 30–
70%; LL: ≤35%; PL: 16–19%; PI: <15% and 
sand: <16%. 

>2 (dry)* ---- ---- 
 

---- 
 

Reddy and Kumar 
(2011) 

Sand: 72.6%; silt: 11.6%; clay: 15.8%; LL: 
26.9% and PL: 17.5%. 

6.19 – 6.80 

1980 
(unstabilised); 

2030  (8% 
cement 

stabilised) 

---- 
Metal mould and 
steel rammer 

Ciancio et al. 
(2013) 

(i) For unstabilised soil:- gravel: 10–20%; sand: 
20–50%; silt: 0–25%; clay: 5–40%; LL:15.6–
34.5% and PI: 3.1–18.4%. 
(ii) For cement-lime stabilised soil:- gravel:20–
45%; sand: 20–60%; silt: 0–25%; clay: 5–30%; 
LL:15.4–38.5%; and PI: 4–23.3%. 

>2 (dry) 1740 – 2160 

Unstabilised 
:0–7.1 
Cement 

stabilised: 
0.2–7.1 

 
 
Not specified 

Middleton (1992)  Relatively low clay content. >2 (dry)* 98% of Proctor 
standard ---- ---- 
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          Table 2.2. Highlights of important conclusions and recommendations from standards/guidelines. 
 

Standards/ 
guidelines Composition of soil and recommendations 

Compressive 
strength 
(MPa) 

Density 
(kg/m3) 

 

Linear 
Shrinkage 

(%) 

Equipment used for 
making test samples 

NZS 4298 (1998) ---- >1.3 ---- ---- 
Hand/mechanical 
rammer; formwork 
not clearly specified 

IS 2110 (2002) Sand: ≥ 35%; LL: ≤ 27%; and PI: 8.5 – 10.5%. 
≥ 1.4 (dry)* 
≥ 0.7 (wet)* 

≥ 1800 ---- 
Metal rammer, 
timber formwork 

AS HB195 (2002) 

Soil for cement stabilisation: 
Sand and gravel: 45–80%; silt: 15–30%; clay: 
0–25%; LL: <40% and PI: 2–22%; cement: 4–
12%. 
 
For rammed earth: 
Sand and gravel: 45–75%; silt: 10–30%; clay: ≤ 
20%; LL: <40% and PI: <2–22%; cement: 4–
12%. 
 
 

>1*  
1– 15 (dry-

rammed earth) 

1700 – 2200 
(rammed 

earth) 
10–60 mm 

Plywood, timber 
planks, mild steel or 
aluminium.; 
metal/timber 
rammer; pneumatic 
rammer. 

Lehmbau Regeln 
(2009) 

---- 
2 – 3 (dry) 

3 – 5 (dry) * 
1700 – 2200 ---- ---- 

 
 *Stabilised rammed earth. 
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Table 2.3. Reduction factors (k) for various values of slenderness ratios (λ). 

Slenderness ratio 
(λ) 

Reduction factor (k) 

Eccentricity to thickness ratio (e/tw) ≤ 0.05 
Earthen standard Masonry standard 

NZS 4297 
(1998) 

AS HB 195 
(2002)   

IS 1905 
(2002) 

AS 3700 
(1988) 

BS 5628 
(1992) 

6 1.00 1.00  1.00 1.00 1.00 
8 0.94 0.94  0.95 0.94 1.00 
10 0.88 0.88  0.89 0.88 0.97 
12 0.82 0.82  0.84 0.82 0.93 
14 0.76 0.76  0.78 0.76 0.89 
16 0.70 0.70  0.73 0.70 0.83 
18 0.64 0.64  0.67 0.64 0.77 
20 − 0.58   0.62 0.58 0.70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TH-1414_11610428



 

 

Fig. 2.1. The Great Wall of China 

 
Fig. 2.2. Map of the major movements of the rammed earth technique (
al., 2008). 
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 Patriciagrayinc). 

 

Source: Jaquin et 
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Fig. 2.3. Rammed earth walls surrounding Horyuji Temple, Japan (constructed ~1300 

years ago) (Source: Henman, 2004). 

 

 

 
 

Fig. 2.4. Basgo fort, India (constructed before ~1357 A.D.) (Source: Jaquin, 2006). 
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Fig. 2.5. Cement stabilised rammed earth buildings in Gujarat, India (Source: Kumar, 

2009). 

 
 
 
 
 
 
 

 
 

Fig. 2.6. Mud clay ancient palace in Tarim city, Yemen (constructed ~300 years ago) 
(Source: Helfritz, 1937). 
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Fig. 2.7. Alhambra Fortress of Granada, Spain (constructed in 889 A.D.) (Source: 
Alhambra). 

 
 

 
 

Fig. 2.8. Unstabilised rammed earth building in Weilburg, Germany (constructed in 1826 

A.D.) (Source: Kumar, 2009). 
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Fig. 2.9. Rammed earth chalk building in Winchester, Hampshire, UK (Source: Kumar, 

2009). 

 

 
 

Fig. 2.10. The Church of the Holy Cross in Stateburg, South Carolina, USA (constructed 
in 1857 A.D.) (Source: Wikipedia). 
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Fig.2.11. Modern rammed earth building, Australia (Source: Favhomedecors). 
 
 
 
 
 

 
 
Fig. 2.12. Rammed earth school building in Bangalore, India (Source: Reddy et al., 2014). 
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Fig. 2.13. Rammed earth building in Agartala, India. 
 
 
 
 
 

   
 
 

Fig.2.14. Steel reinforced CSRE columns (Source: Clifton, 2015) 
 
 

 

(a) (b) 
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Chapter 3 
  

Materials Characterization  
 

This chapter deals with the determination of properties of locally available 

(Agartala, India) soil and its suitability as a construction material. The 

properties of unstabilised and cement stabilised rammed earth (CSRE) blocks 

are studied in terms of density, strength, compaction energy, and durability in 

both cured and uncured condition. An attempt has also been made to select 

and validate the block-making equipment and technique that can be used for 

construction of rammed earth structures. 

 
3.1 Introduction 

 
Most of the naturally occurring soils such as fine-grained soils (e.g. silts and clays), 

highly organic soils (or peat), etc. lack in strength, dimensional stability, density and 

durability required for building construction. As mentioned in Section 2.3, top soil is 

generally not preferred for construction as it contains organic matter, and King (1996) 

suggested that the organic content should be limited to ~1-2 % by mass for 

construction purposes. Although, it is difficult to provide a straight forward criteria 

demarcating the type of soil suitable for construction, sandy loam sub-soil is 

predominantly regarded as suitable 'earth' for making rammed earth (Houben and 

Guillaud, 1994).  In the literature (see Tables 2.1 and 2.2) several types of soil have 

been researched to check their suitability for earth construction, in their natural state 

or with stabilisation (with chemical binders such as cement, lime etc.) procedures (e.g. 

Walker, 1995; Bahar et al., 2004; Jayasinghe and Kamaladasa, 2007).  As discussed in 

Chapter 2, there exists a wide range of values for clay (5-40%), silt (0-30%), sand 

(20-75%), gravel (10-62%) , Atterberg limits (LL:15.4 – 49% and PI: 2 – 30% 

respectively), density (1700 – 2200 kg/m3), compressive strength (0.7– 27 MPa) etc., 

that are reported to be suitable. In addition, stabilisation with 4 – 12% cement have 

also been reported for rammed earth studies (e.g. Verma and Mehra, 1950; Easton, 

1982; King, 1996; Walker et al., 2005; Bui et al., 2007; Reddy and Kumar, 2011). 

However, it may be noted that in most of the studies details of the type of mould, 
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rammer etc. needed for the production of rammed earth blocks are not mentioned 

precisely. Therefore, in the present chapter the properties of locally available soil at 

Agartala, India and its suitability as a construction material are studied, followed by 

an attempt  to select and validate block making equipment and technique that can be 

used for construction of rammed earth structures. The properties of unstabilised and 

stabilised (with cement) rammed earth blocks in terms of density, strength and 

durability are presented. The properties of CSRE blocks with varying cement content 

under cured and uncured conditions as well as under constant (close to standard 

Procter effort) and varying compaction energy.  

 
3.2 Experimental programme 
 
3.2.1 Materials 
 
Soil sample used in the present study was collected from a depth of 0.5 -1.5 m from 

National Institute of Technology (NIT) Agartala campus, India. Table 3.1 outlines the 

properties of the soil and Fig. 3.1 shows its gradation curve. The properties of soil was 

determined as per Indian standards - IS 2720 Part 4 (1995), IS 2720 Part 5 (1995) and 

IS 2720 Part 7 (2002). Wet sieve analysis was used for classification of granular 

material and sedimentation for the cohesive material. Ordinary Portland cement of 43-

grade conforming to IS 8112 (1989) was used in the experimental investigations. The 

initial and final setting time of cement is 40 and 180 minutes respectively, with a 

specific gravity of 3.09. 

 
3.2.2 Determination of optimum moisture content and maximum dry density 
 
The water content at which a specified compactive force can compact a soil mass to 

its maximum dry unit weight is known as optimum moisture content (OMC). Based 

on tests on stabilised soil, Bahar et al. (2004) obtained OMC values of ~9.5–11.0% 

with a corresponding dry density of ~2000 kg/m3. It was observed that if too little 

water is present, the soil cannot achieve the same level of compaction due to a greater 

degree of friction between the soil particles, whereas if excess water is present then 

capillary water occupies the soil pore spaces, reducing the level of achievable 

compaction and increasing the level of porosity upon drying of soil. New Zealand 

Standard NZS 4298 (1998) states that for rammed earth production the moisture 
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content range should not be more than 4% dry of optimum or 6% wet of optimum, 

and this practice was strictly observed during the present sample production scheme. 

To determine OMC and maximum dry density (MDD), the soil was first oven-dried to 

a constant mass at a temperature of 105–110°C for 24 hour and pulverized into a 

coarse powder manually. Moisture values were also occasionally determined by rapid 

moisture meter for a quick check. Then a standard Proctor test was carried out for 

both unstabilised and cement stabilised soils. The remaining soil samples were sun-

dried. Fig. 3.2 shows the maximum dry density vs. moisture content relations of 

various soil–cement proportions. The bulk density of soil mixed with 10% cement is 

about 2100 kg/m3.                     

 
3.2.3 Equipment for production of rammed earth blocks 
 
A mild steel rammer weighing about 5.6 kg with a solid handle of 25 mm diameter 

and 1.02 m length attached with a 95 × 95 mm mild steel ramming face of thickness 

20 mm, was used for compacting manually. A wooden cube mould of 100 × 100 × 

100 mm (inner dimension) and 20 mm wall thickness was used to assist the direct 

comparison of rammed earth blocks with more familiar standard concrete cubes of 

height/width ratio 1. A 97 × 97 mm mild steel collar guide of 300 mm height and 0.5 

mm wall thickness was used to facilitate the location of the hand rammer into the 

cube mould. Fig. 3.3 shows the details of equipment used for making blocks and Fig. 

3.4 shows the schematic diagram of block-making equipment. 

 
3.2.4 Production of test samples 
 
Five categories of rammed earth block production in terms of cement content (i.e., 

0%, 4%, 6%, 8% and 10% cement by dry mass of soil) were undertaken. The 

moisture content of the sun-dried soil was determined by rapid moisture meter before 

production of rammed earth blocks, thus ensuring an additional level of 

standardization. The soil was thoroughly mixed with 4% cement and subsequently 

with 6–10% cement, respectively, followed by addition of water up to OMC in 

separate batches of 6 kg such that it is sufficient to produce two 100 mm cube 

samples.  
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The inner surface of the cube mould was painted with form oil, and the moistened soil 

was compacted in three separate layers. About 900–1000 g of soil amounted to 

approximately one third the height of the cube mould when compacted. According to 

Bahar et al. (2004), mechanical stabilisation by dynamic compaction appears to give 

better results as compared with a static or vibro-static compaction. In the present 

study dynamic compaction method was adopted with a rammer height of fall 300 mm 

in accordance with IS 4332 Part 5 (2006b) and ramming equipment as described 

above. It was observed that unlike NZS 4298 (1998), the handle of the rammer starts 

ringing initially within three to four blows followed by non ringing sound then ringing 

sound just at the point of achieving the maximum compaction. Compaction energy 

(~5.6 kg-cm/cc) close to standard Proctor value was adopted throughout the 

production run to achieve the required compaction level. Fig. 3.5 shows a typical 

rammed earth cube.  

 
Part of the CSRE blocks were cured for 28 days under wet burlap then dried in 

ambient temperature prior to testing. The remaining samples were kept uncured in the 

laboratory at the same temperature. Samples were also produced to study the effect of 

age of curing on compressive strength at varying cement contents. Table 3.2 shows 

the production details of the test samples. 

 
3.2.5 Effect of compaction energy 
 
The 10% CSRE (i.e. with 10% cement) blocks were used to study the effect of 

compaction energy on density and strength. The samples were produced at constant 

OMC but at varying levels of compaction energy at the rate of eight samples per level 

of compaction energy.    Table 3.3 shows the details of compaction energy applied. 

The compaction energy/ effort was calculated using the formula given in ASTM D–

698–12 (ASTM 2012) as follows: 

 

V

HWNn
Ec =  (3.1) 

 
where  Ec = compaction energy (kg-cm/cc); n = number of compacted layer; N = 

number of blows per layer; W= weight of rammer (kg); H = height of fall of rammer 

(cm); and V = volume of mould (cm3). 
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3.2.6 Test procedure 
 
The surfaces of all the test samples were cleaned prior to testing. Three specimens 

were randomly selected from each category of rammed earth blocks, and two strain 

gauges were attached to each of these specimens perpendicular to each other to 

determine lateral and longitudinal strains simultaneously along with determination of 

compressive strength as per IS 4332 Part 5 (2006b). The remaining samples were 

tested to determine compressive strength only. The test specimen was placed in 

between two  16 mm thick steel plates resting on a hydraulic jack with a 250 kN load 

cell mounted on it. Both strain gauges and load cell were connected to a data 

acquisition system as shown in Fig. 3.6. All the test equipments were calibrated prior 

to testing. The moisture content on a representative sample of fragments taken from 

the interior of the tested specimens was determined in accordance with IS 4332 Part 2 

(2006a). The same method was adopted to determine the wet strength of cured 

samples immersed in water for two days prior to testing, following the work of 

Heathcote (1995). More discussion on durability test is shown in Section 3.3.6. 

 
3.3 Experimental results and discussions 

 
3.3.1 Density 

 
The consistency of sample production was assessed in terms of density. Table 3.2 

illustrates a typical production run of rammed earth blocks. The CSRE blocks 

produced were approximately 100 × 100 × 100 mm in size. The dry density of 

rammed earth blocks were determined using the formula given in IS 4332 Part 5 

(2006b) as follows: 

 

)100(
100

mAL

W
d +

′
=γ  (3.2) 

 
where W′ = weight of specimen (g); A = cross-sectional area of specimen (cm2); L = 

length of specimen (cm); and m = moisture content of specimen (%).There was a less 

variation in OMC (1–9%) and MDD (2–4%) values  as the cement content varies 

between 0 and 10% as shown in Fig. 3.2. Thus, OMC and MDD are relatively less 

sensitive to the variation in cement content of the mix. This finding is in agreement 
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with the work of Kumar (2009). Typical values of dry density were between 1660 and 

2000 kg/m3 (Tables 3.4 and 3.5). The dry density variations of cured CSRE blocks 

were between 12–15.7% and uncured blocks were between 2.3–12.8% with 

compaction energy close to standard Proctor value. In both cured and uncured 

conditions, the values of dry density are quite consistent and slightly greater than 

standard Proctor values except for unstabilised blocks. The densities obtained thus 

satisfy the design values specified in Middleton (1992), NZS 4298 (1998), AS HB 

195 (2002), IS 2110 (2002), and Lehmbau Regeln (2009). On visual observation, 

samples with high cement content exhibited visible shrinkage cracks but were smooth 

and had a hard surface finish. The samples with no or the least stabilizer were very 

stable with no visible cracking. 

 
3.3.2 Effect of cement content and density on compressive strength 

 
To further assess the reliability of sample production as well as to compare rammed 

earth blocks to conventional masonry materials, a compressive strength test was 

conducted as per IS 4332 Part 5 (2006b). Tables 3.4 and 3.5 show the details of the 

test results. The characteristic unconfined compressive strength was calculated using 

the formula given in NZS 4298 (New Zealand Standard, 1998) as follows: 

 

15.11 X
Xa

Xs
f k 




 −=
 

(3.3) 

where fk = characteristic unconfined compressive strength (MPa); Xs = standard 

deviation of a series, Xa = average of a series; and X1= lowest result. 

The characteristic compressive strength of cured and uncured samples is in the range 

of 3.74–6.43 MPa and 0.87–4.14 MPa, respectively, for cement variation from 4-10%. 

Fig. 3.7 shows the increase in characteristic compressive strength with increasing 

cement content. The characteristic compressive strength of cured samples is about 2 

times higher than uncured samples. This can be attributed to the hydration of cement 

on curing and filling of its product in the pores of the matrix thereby enhancing the 

rigidity of its structure by forming a large number of rigid bonds connecting sand 

particles. The strength of samples at 10% cement content is almost double the strength 

at 4% cement content, and the wet strength is about half the strength of cured 

samples. Lower values of characteristic compressive strength for wetted specimens as 
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compared to cured specimens may be related to the softening of soil due to water 

absorption (higher moisture content will lead to lower MDD and hence lower 

compressive strength). The differences in characteristic compressive strengths 

between uncured and wetted specimens are found to be small, for the two days of 

wetting period adopted for this study; however, it may be expected that wet 

compressive strength is likely to drop with further water absorption i.e. with more 

days of wetting.  

 
It was observed that all the test samples satisfy the design criteria outlined in various 

standards except the strength of unstabilised, where the compressive strength is ~1.1 

MPa (see Table 2.2).   The coefficient of correlation between the strength of the test 

blocks is very strong irrespective of cured, uncured, and wet samples as the strength 

increases linearly with increasing cement content as shown in Fig. 3.7. 

 
For a given compaction effort, the variations in dry density due to soil–cement 

proportion type is directly related to the characteristic unconfined compressive 

strength of the samples in both cured and uncured conditions as shown in Figs. 3.8 

and 3.9, respectively. This may be attributed to the best packing density achieved for 

the soil– cement mixture corresponding to 4–10% cement content compacted under a 

given OMC. The strength of cured 4% and 10% CSRE blocks increases by about 79 

to 31% higher than the strength of corresponding uncured samples with just an 

increase of 9% and 3% density, respectively. Further, it was observed that the 

compressive strength was sensitive to dry density, and OMC was insufficient to 

achieve the maximum dry density when the soil is stabilised with cement.  

 
3.3.3 Effect of age of curing on compressive strength 
 
A typical production run of CSRE blocks is shown in Table 3.2. The samples were 

tested after every seven days of curing interval and drying for 10 days (after curing) 

prior to testing. The effect of age of curing on compressive strength is shown in Fig. 

3.10. It can be seen from Fig. 3.10 that there is a linear increase in the compressive 

strength when the age of curing is increased from 7 to 28 days, for cement content 

ranging from 4% - 10%. However, it can be observed that the increase in compressive 

strength is ~50% for higher cement content (i.e. 8 and 10%), whereas it is relatively 
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lower ~37% for 4% and 6% cement content. This may be related to the increased 

scope of hydration for CSRE higher with cement content. At 28 days curing the 

strength gained by 10% CSRE blocks was about 130% higher than 4% CSRE blocks. 

The rate of increment of strength was about 0.7–1.3 MPa per seven days of curing. 

 
3.3.4 Effect of cement content on stress-strain characteristics 

 
Influence of cement content on the stress-strain properties were studied on 

unstabilised and cured CSRE blocks. Table 3.4 outlined the details of test results and 

the stress–strain relationships are shown in Fig. 3.11. The compressive stress values 

are the outcome of the average results of three samples. The following important 

points were drawn from the test results: 

1. The stress-strain relationships are linear initially followed by the nonlinear 

portion until peak stress value. After the peak (i.e., post peak), significant 

straining (or deformation) can be seen before the material fails. In some cases, 

the post peak response shows considerable deformation beyond the peak 

stress. The improvement in strength and ductility with cement content as 

compared to unstabilised condition may be attributed to the presence of 

cement in the soil mix, which contributes to the strength, and controls the 

deformation of specimens (by binding the soil grains, thus delaying the failure 

or formation of cracks in the soil mass as in unstabilised samples.) under 

compression in dry condition. 

2. The strain at peak stress tended to increase with increasing cement content and 

dry density for 0–6% CSRE blocks with corresponding strain values of 0.008–

0.03. No similar trend could be observed for 8–10% CSRE blocks with strain 

values of 0.02–0.023.  

3. Initial tangent modulus (ITM) values were obtained to be in the range 0.1–2 

GPa for unstabilised and stabilised rammed earth blocks. This value for CSRE 

blocks was higher than unstabilised blocks by about 130–1900% and it 

increases from 160 to 770% as the cement content increases from 4 -10%. 

Similarly, ITM increases from 0.1 to 2 GPa as the compressive strength and 

cement content increases from 1.1 to 9.73 MPa and 0 to 10%, respectively.  
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4. The modulus of elasticity (i.e. ITM) of CSRE blocks is about 1/10 the 

modulus of elasticity of concrete (say ~25 GPa for M25 grade concrete, IS 456 

(2000)). 

 
3.3.5 Effect of compaction energy on compressive strength and density 
 
Details of compaction energy test results are shown in Table 3.3. The influence of 

varying compaction energy on strength and density is plotted in Fig. 3.12. The 

following observations were drawn from the test results: 

1. Compressive strength and density increases with increasing compaction 

energy as shown in Fig. 3.12. The compressive strength increases from 6.43 to 

10.18 MPa, respectively, with the increase in compaction energy from 4.84 to 

16.94 kg-cm/cc.  

2. From Fig. 3.12, it can be seen that the rate of increase in compressive strength 

is relatively higher (~50%) for compaction energy ~≤ 7.26 kg-cm/cc, then 

flattens (or very low increase rate i.e. ~ 5%) for compaction energy ~≥ 7.26 

kg-cm/cc. This may be due to the best packing density achieved for the soil–

cement mixture compacted under specific OMC with varying compaction 

energy. This pattern of increase in compressive strength is consistent with the 

pattern of density increase, where the density increased from 1710 - 1920 

kg/m3 for compaction energy ~≤ 7.26 kg-cm/cc; and 1920 - 1990 kg/m3 for 

higher compaction energy (i.e.  ~≥ 7.26 kg-cm/cc). Thus, it is seen that an 

optimum compaction is achieved at compaction energy close to 7.26 kg-

cm/cc.  

3. However, in the present study, compaction energy close to standard Proctor 

test ~ 5.6 kg-cm/cc (~ 22% lesser than 7.26 kg-cm/cc compaction effort) is 

adopted for all subsequent tests (Chapters 4-5), as Proctor compaction energy 

is relatively easier to relate as a standard and no definite consensus exists 

among researchers working in rammed earth. 

4. The increase in density with increasing compaction energy can be divided into 

three parts: (a) a steeper rate (~12%) of increase at lower compaction energy 

(~≤ 7.26 kg-cm/cc), (b) stable or very low rate (~0.5%) of increase at 

moderate compaction energy (7.26 - 12.10 kg-cm/cc), and (c) low rate 
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(~3.1%) of increase with stabilisation for higher compaction energy (~≥ 12.10 

kg-cm/cc).  It is interesting to note that whilst the initial steeper increase and 

subsequent flattening of density at lower or moderate compaction energy 

levels can be related to improved densification due to readjustment of the 

constituent material compositions. The low increase rate of density at higher 

compaction energy may be associated with disintegration of constituent grain 

sizes (resulting in poor particle bonds) because of over compaction.  

5. The variation of compressive strength with increasing dry density is shown in 

Fig. 3.13, where it can be seen that rate of increase of compressive strength 

with increasing density is relatively higher at lower density levels, however, 

the rate of increase drops down as the density increases.  

 

3.3.6 Durability test 
 
The durability of a CSRE block can be determined with the help of wet-to-dry 

strength ratio as was proposed by many researchers. According to Heathcote (1995), 

the ratio of wet-to-dry strength is an indicator of durability of earth wall components. 

The ratio of wet-to-dry strength of 0.33–0.50 may be regarded as suitable depending 

on the severity of the rainfall. Guettala et al., (2006) states that walls constructed with 

5–8% cement soil blocks having a wet-to-dry strength ratio of 0.58–0.69, 

respectively, shows no deterioration as observed in a comprehensive durability study 

of stabilised earth. Jayasinghe and Kamaladasa (2007) state that the wet-to-dry 

strength ratio of 0.46–0.64 for clayey and hard laterite soil type is adequate for 

rammed earth walls under adverse conditions. Therefore, to determine wet-to-dry 

strength ratio, both cured and uncured CSRE blocks were immersed in water for two 

days prior to testing. Tables 3.4 and 3.5 outlined the test results. The ratio varies 

between 0.30–0.49 and 0.54–0.71 for cured and uncured samples respectively. The 

result shows that the ratios are within the range as proposed by many researchers (e.g. 

Heathcote, 1995; Jayasinghe and Kamaladasa, 2007), except uncured 4% CSRE 

blocks did not fall within the specified range (see Section 3.3.2). Furthermore, it was 

observed that the ratios are higher in case of uncured CSRE blocks, which may be due 

to extra hydration of cement that was unable to hydrate fully due to an insufficient 
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amount of water during compaction. The wet strength test was discarded for 

unstabilised soil blocks owing to negligible saturated strength. 

 
3.3.7 Effect of cement content on tensile strength 

 
Variation of splitting tensile strength with cement content for cured specimens is 

shown in Fig. 3.14. It can be observed that the tensile strength increases with 

increasing cement content, with the rate of increase showing relatively higher at 

higher cement content. As the cement content is increased by 10% (from 0% or 

unstabilised condition), the tensile strength improved by ~345%, thus it can be seen 

that there is a significant increase in the tensile strength with the introduction of 

cement as stabiliser.  It is reported that the increase in tensile strength slows down 

beyond 10% cement (Bahar et al., 2004), but for the present range of cement content 

(up to 10%) it is not possible to make a comparison. Further, it is observed that the 

tensile strength of specimen with 10 to  0% cement content is about 2200 to 1000% 

lesser than their compressive strength respectively.  

  
3.4 Summary and conclusions  

 
This chapter deals with determination of properties of locally available soil and its 

suitability as a construction material. The properties of cement stabilised and 

unstabilised rammed earth blocks were studied in terms of density, strength, 

compaction energy, and durability in both cured and uncured condition. All the test 

samples were produced using steel rammer and wooden mould, with an attempt to 

select and validate the block-making equipment and technique that can be used for 

construction of rammed earth structures. From the detailed test results and analysis 

the following conclusions are drawn: 

1. Regardless of cured or uncured condition the compressive strength and density 

of CSRE blocks increases with increasing cement content. The average 

characteristic strength of cured samples is about 2 times higher than uncured 

samples. On 21 to 28 days curing, the CSRE blocks can attain the compressive 

strength up to 37–50% higher than those cured for 7 days. 
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2. For a given compactive effort, the variations in dry density due to soil–cement 

proportion type is directly related to the characteristic unconfined compressive 

strength of the CSRE blocks in both cured and uncured conditions. 

3. At optimum moisture content, it is not possible to achieve the maximum dry 

density and compressive strength of CSRE blocks although the compaction 

energy is increased beyond the standard Proctor effort. Use of cement content 

greater than 4% and curing of CSRE blocks is recommended to achieve higher 

values of density, strength, and durability. 

4. The strength and density of CSRE (10% cement) blocks is quite sensitive to 

the variations in compaction energy up to 16.94 kg-cm/cc. Increase in 

compaction energy from 7.26 to 16.94 kg-cm/cc tends to increase in strength 

and density up to 1.2 times and 11% higher than that obtained at an energy 

level equivalent to the standard Proctor test. The compaction energy/effort 

beyond 3 times the Proctor value may cause a detrimental effect on the 

strength and density of the test specimen. Moisture content ranging between 

1.79 and 2.65% of the test specimens during the test has negligible effect on 

strength and density. 

5. The modulus of elasticity of CSRE blocks are sensitive to variation in 

compressive strength as well as cement content, and it is possible to have 

desired modulus value by adjusting the compressive strength and cement 

percentage. 

 

Therefore, the soil used for production of CSRE blocks using the proposed block-

making equipment and technique satisfy the design criteria outlined in various 

standards, such as NZS 4298, 1998; AS HB 195, 2002; IS 2110, 2002; and many 

researchers in terms of strength, density and durability. 
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Table 3.1. Properties of soil. 
 

Property Parameters Details 
   
Atterberg limits Liquid limit, WL  31.7 % 
 Plastic limit, PL  22.9 % 
 Plasticity index, IP  8.8 % 
   
Grain size distribution Sand   79 % 
 Silt 13 % 
 Clay 08 % 
   
Proctor test Optimum moisture content  19 % 
  Maximum dry density (kg/m3)  1760  
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Table 3.2. Production details of test samples. 
   

% 
cement 

No. of uncured samples 
for 

  
No. of cured samples 

(28 days) for 
  

Drying period (days) 
prior to testing 

  

 Effect of age of curing on 
compressive strength Ambient  

Temperature 
during  

production  

Relative 
humidity 
during 

production Dry test aWet test   Dry test aWet test   
Uncured 
samples 

Cured 
samples 

Total 
samples 

No. of sample 
tested at 7 days 

interval 
0 10 − 

 
− − 

 
38 10 

  

− − 

27-35 ⁰C 70-80% 

4 10 10 
 

10 10 
 

38 10 24 6 

6 10 10 
 

10 10 
 

38 10 24 6 

8 10 10 
 

10 10 
 

38 10 24 6 

10 10 10   10 10   38 10 24 6 

  aImmersed in water for two days prior to wet strength test. 
 
 
 

        Table 3.3. Details of compaction energy. 
 

No. of blows 
per layer 

Total no. of 
blows 

Compaction 
Energy (kg-cm/cc) 

Dry density  
(kg/m3)  

Avg. Moisture content 
during test (%) 

Avg. comp. 
strength (MPa) 

Compaction  
equipment 

25 75 5.60 1710 − − Standard Proctor 

25 75 5.60 1710 1.65 8.21 Proctor rammer 

10 30 4.84 1750 2.07 6.43 Rammer 

15 45 7.26 1920 1.79 9.65 Rammer 

20 60 9.68 1930 1.82 9.83 Rammer 

25 75 12.10 1930 2.04 9.90 Rammer 

30 90 14.52 1980 2.65 10.03 Rammer 

35 105 16.94 1990 2.19 10.18 Rammer 
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         Table 3.4. Summary of test result of cured samples. 

 

% 
cement   

Average wet   
compressive 

strength (MPa)a  

Characteristic 
wet compressive   
strength (MPa)b 

Average dry 
compressive 

strength (MPa)c  

Characteristic dry  
compressive 

strength (MPa)d  

Ratio of 
wet  to dry 
strength  

 Average 
calculated  
dry density 

(kg/m3) 

Dry density 
variation w.r.t. 
Proctor value 

ITM 
(GPa) 

Poisson's 
ratio 

4 1.35 1.23 4.45 3.74 0.30 1930 12% >  0.23 0.27 

6 2.47 2.18 6.51 5.06 0.38 1960 15% >  0.60 0.28 

8 3.29 2.99 7.15 5.46 0.49 1990 15.7% >  1.20 0.39 

10 4.15 3.68 9.73 6.43 0.41 2000 14% >  2.00 0.39 
 

    a Average value of ten sample tests after 28 days of curing and drying for 10 days and then wetting for 2 days prior to testing. 
    b Value of ten sample tests after 28 days of curing and drying for 10 days and then wetting for 2 days prior to testing. 
    c Average value of ten sample tests after 28 days of curing and drying for 10 days. 
    d Value of ten sample tests after 28 days of curing and drying for 10 days. 
 

 
    Table 3.5. Summary of test result of uncured samples. 

 

Average wet    Average dry Standard  Characteristic  Ratio  Average  Dry density 

% cement  Compressive  Compressive  deviation compressive  of wet to  calculated  dry  variation w.r.t. 

  strength (MPa)a strength (MPa)b (MPa) strength (MPa)c dry strength density (kg/m3) Proctor value 

0 − 1.10 0.31 0.30 ‒ 1660 5.7%  < 

4 1.35 2.48 0.69 0.87 0.54 1750 2.3%  >  

6 2.47 3.46 1.17 1.08 0.71 1820 7%  >  

8 3.29 6.16 1.61 2.80 0.53 1900 10.5%  >  

10 4.15 7.42 1.33 4.14 0.53 1940 12.8%  >  
 

 a Average value of ten sample tests after 38 days of drying  and wetting for 2 days prior to testing. 
  bAverage value of ten sample tests after 38 days of drying in ambient temperature. 
 c Value of ten sample tests after 38 days of drying in ambient temperature. 
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Fig. 3.1. Grain size distribution.  

 
 
 
 

 
Fig. 3.2. Maximum dry density vs. moisture content.  
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(a) Collar guide 

 
 

(b) Wooden mould 
 

Fig. 3.3. Details of collar guide, rammer and wooden mould.  
 
 
 
 

 
 

Fig. 3.4. Schematic diagram of block making equipment. 
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Fig. 3.5. Typical rammed earth cubes. 
 
 
 

 
 

Fig. 3.6. Test setup. 
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Fig. 3.7. Characteristic compressive strength vs. cement content. 
 

 

 
Fig. 3.8. Characteristic compressive strength, dry density of uncured samples vs. 
cement content. 
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Fig. 3.9. Characteristic compressive strength, dry density of cured samples vs. cement 
content. 

 
 
 
 
 

 
Fig. 3.10. Compressive strength vs. age of curing for varying cement contents. 
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Fig. 3.11. Stress-strain curve of test samples, for varying cement contents. 

 
 
 
 
 

 
Fig. 3.12. Compressive strength, MDD vs. compaction energy. 
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Fig. 3.13. Compressive strength vs. density. 

 
 

 
 
 

 
Fig. 3.14. Splitting tensile strength vs. cement content. 
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Chapter 4 
 

Structural Behaviour of CSRE Column 
 

This chapter deals with the study of axially loaded cement- stabilised rammed 

earth (CSRE) columns. Tests on CSRE prisms, cylinders and columns of 

circular (C), square (S) and rectangular (R) cross-sections were performed. 

Effects of slenderness ratio (λ) and aspect ratio (Ф) on the column strength, 

deformation and capacity reduction factors (k) were assessed. A comparative 

study was made on ultimate compressive strength (σu) of columns obtained 

from experimentation and Engesser's tangent modulus theory. Validity of 

using masonry design rules for the design of CSRE columns was evaluated.  

 
4.1 Introduction 
 
As discussed in the literature review (Chapter 2), in the recent past, rammed earth 

technique has gained renewed research interest (e.g. suitability of soil, structural 

behaviour of elements like wall etc.) due to its varied sustainable benefits such as low 

cost, low embodied energy etc., (e.g. Reddy et al., 2014 etc.). In spite of the upsurge 

in research interest on rammed earth constructions, due to the lack of adequately 

validated useful structural design regulations, building designers and engineers often 

use design rules developed for masonry constructions, often without modification 

(Maniatidis and Walker, 2008). Some of the well-known structural design 

standards/guidelines for modern earth constructions are NZS 4297 (1998), IS 2110 

(2002), AS HB 195 (2002) and ASTM E2392/E2392M (2010). Many of these 

standards are used in conjunction with masonry standards, such as the stress/capacity 

reduction factors (k) available in earthen standards are directly adopted from the 

masonry standards (AS 3700, 1988; IS 1905, 2002; BS 5628 Part 1, 1992). As such, 

there is indeed a need to systematically investigate structural elements viz., beams, 

columns, walls etc. made of rammed earth, if such techniques are to be made 

acceptable to practicing planners, designers and engineers. Amongst the structural 

elements, columns form an important structural element where rammed earth could 

have a potential application. In the literature, to the best of author's knowledge a very 

limited study is available on the structural behaviour of unreinforced rammed earth 
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columns (e.g. Maniatidis and Walker, 2008). Maniatidis and Walker (2008) first 

attempted to validate the use of masonry design rules for the design of unstabilised 

rammed earth square columns. However, their study did not explicitly explain the 

stress reduction factors for concentrically axially loaded columns. Hence, there is a 

need for further validation of masonry design rules considering structural parameters 

such as slenderness ratio (λ = height (h) / thickness (d) ratio), aspect ratio (Ф = width 

(a) / thickness (d) ratio) etc., on the capacity reduction factors of axially loaded 

columns. 

 
In this chapter, the effects of slenderness ratio (λ), cross-sectional aspect ratio (Ф) on 

stress-reduction (k) factors, load-deformation, and load-capacity of columns, which 

are subjected to axial compression, are investigated. Furthermore, the ultimate 

compressive strength (σu) (where σu = Pu/A; Pu = ultimate load of test specimen and A 

= cross-sectional area of specimen) of columns is also determined using Engesser's 

tangent modulus theory (Bleich, 1952) and compared with the experimental results 

with respect to slenderness ratios. Experimental stress reduction factors and the 

corresponding values in masonry design standards are compared. At last, factor of 

safety values are determined to verify the design requirement of CSRE columns. 

 

4.2 Experimental programme  
 

4.2.1 Materials 
 

Properties of the soil and cement used in the present experimental programme are 

similar to those explained in Section 3.2.1 and is shown in Table 4.1.  Generally, 4 – 

12% cement (by weight) is used for soil stabilisation to gain higher strength and 

durability of rammed earth structures (Ngowi, 1997; Guettala et al., 2006; Jayasinghe 

and Kamaladasa, 2007; Reddy and Kumar, 2011). Therefore, 10% cement was used 

for production of test specimens throughout the test programme. However, as 

discussed in Section 3.3.2, it must be noted that improvement in compressive strength 

could be obtained by increasing the cement content beyond 10%, however such effort 

is likely to affect the sustainability and cost of construction.  

 
4.2.2 Equipments used for production of test specimen 
 
For production of prisms and columns, the following equipments were used: 
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1. A 5.6 kg mild steel rammer with a 95 mm square ramming face and 1.02 m 

long solid handle of 25 mm diameter was used for ramming/compaction (Fig. 

4.1a).  

2. A wooden mould of 150 mm square section (inner dimension) and 1.5 m 

height having 20 mm wall thickness was fabricated and fastened with nuts and 

bolts and further provided with a wooden base plate for fixing the mould in 

position (Fig. 4.1b). The same mould was used for the production of 

rectangular columns, which was provisioned in such a way (i.e., extra holes 

have been provided to fix the bolts and nuts ensuring to obtain the desired 

cross-section) that the desired cross-sectional dimension of 190 mm x 150 mm 

and 230 mm x 150 mm (width x thickness) respectively can be easily set. 

3. Out of four walls of the mould, one part of the wall was cut into half along the 

transverse direction to facilitate better compaction and positioning of rammer 

in the mould during compaction.  

4. Collar guide as shown in Fig. 3.3a of Chapter 3, was used to facilitate the 

location of the rammer in the mould whenever required. Fig. 4.1c shows a 

typical CSRE square column. 

 
Similarly, for the production of cylinder (height = 300 mm) and circular columns the 

following equipments were used: 

 

1. A 5.6 kg mild steel rammer with a 107 mm diameter ramming face and 1.02 m 

long solid handle of 25 mm diameter was used for compaction (Fig. 4.2a). 

2. Plastic pipe of 150 mm internal diameter and 0.3 mm wall thickness was used 

for production of columns. The top portion of the pipe was left with 400 mm 

extra height of each column to facilitate the location of the rammer in the 

mould (or act as collar). Mild steel clamps, ropes and wooden base plate were 

used for fixing the mould in position (Fig. 4.2b). A typical CSRE circular 

column is shown in Fig. 4.2c. 

 

During the test programme, compaction was carried out with the help of a compaction 

machine developed in the laboratory, in which the rammer is connected to have a free 

fall of height of about 300 mm approximately.  
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4.2.3 Production of prism, cylinder and column specimens 
 
Five prisms of 150 mm x 150 mm in cross-section and λ equals to two were produced 

to determine the compressive strength (σ) and stress-strain curve. In total 45 columns 

of three different cross-sections (i.e. Square (S) = 150 mm x 150 mm; Rectangular 

(R1) = 190 mm x 150 mm; and Rectangular (R2) = 230 mm x 150 mm) were 

produced having λ equals to 6, 8 and 10, comprising of five specimens from each 

series with an approximate height of 0.9 m (denoted by S-0.9, R1-0.9 and R2-0.9), 1.2 

m (denoted by S-1.2, R1-1.2 and R2-1.2), and 1.5 m (S-1.5, R1-1.5 and R2-1.5), 

respectively. The dimensions are so chosen that length of one side remain constant 

i.e., thickness, d =150 mm, while the other side, i.e., width, a varies from 150 to 230 

mm (see Fig. 4.3b), thereby increasing the values of Ф by about 26.7% and 53.3% for 

R1 and R2 respectively as compared to S columns. 

 

Similarly, five cylinders of 150 mm diameter and λ equals to 2 were produced to 

determine the compressive strength and stress-strain curve. Overall 15 columns were 

produced having λ equals to 6, 8 and 10, comprising of at least five specimens from 

each series with an approximate height of 0.9 m (denoted C-0.9), 1.2 m (C-1.2), and 

1.5 m (C-1.5) respectively.   

  
The soil sample was sun – dried, ground and passed through 4.75 mm sieve prior to 

production of test specimens. Dry mixing of soil with 10% cement (by mass of dry 

soil) was carried out before mixing with an optimum quantity of water equals to 19% 

(corresponding to 10% cement content; see Fig. 3.2). Further, a rapid moisture meter 

test was performed prior to adding optimum water to every freshly prepared soil-

cement mix in order to maintain optimum water content of the mix. The mass of the 

mix and compaction on each layer was controlled, through prior experimentation, to 

provide compaction energy close to the equivalent of standard Proctor effort in order 

to achieve the required density. The compaction energy/effort was calculated using 

Equation 3.1. The inner walls of the mould were covered/pasted with either thin 

polythene or sellotape to avoid adhesion of test specimen with the mould walls. The 

wetted mix was then poured into a mould and compacted into 100 mm thick layers 

(approximately). This process was continued until the desired height was reached. 
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After about 30 minutes of casting, the test specimens were removed from the mould. 

Prior to wet curing the specimens were left for a night in an ambient laboratory 

condition (temperature of 27 ºC – 35 ºC and relative humidity of 70% – 80%) soon 

after removal from the mould. The specimens were then shifted to tray containing 

water of 50 mm depth (to allow capillary action), covered with wet gunny cloths, and 

wrapped with polythene to prevent loss of moisture. Wetting of gunny cloths and 

spraying of water on the specimens were done at regular interval of about 8 hours. 

After 28 days, curing was discontinued and the specimens were removed from the 

tray and allowed to dry in ambient laboratory conditions for 4 weeks as commonly 

practiced (e.g. Maniatidis and Walker, 2008; Reddy and Kumar, 2011) such that no 

further weight loss (through evaporation etc.) is observed and to ensure uniform 

distribution of moisture along the height of column, prior to testing.  
 

4.2.4 Testing of specimens 
 

Prior to testing of prisms, cylinders and columns, a thin capping layer of lean cement-

mortar (cement: sand = 1:10 nominal mix) of 2-3 mm was used for capping surfaces, 

in order to have a level surface for uniform distribution of stresses. A 20 mm thick 

mild steel capping plate was placed on top of each specimen prior to loading. Based 

on trial and error, an optimum-loading rate of 2.5 kN/min was arrived at to give 

reasonably reliable results, without excessively increasing testing time. Universal 

Testing Machine (UTM) of 400 kN capacity was used to test prisms, cylinders and 

shorter columns of 0.9 m height.  Test setup for longer columns of 1.2 m and 1.5 m 

heights is shown in Figs. 4.3a, b and c. Lateral restraint at both the ends of column 

was obtained by providing 20 mm thick mild steel plates. In addition, the lateral 

movement at the top of the column in the direction perpendicular to the plane was 

constrained by the loading system. The vertical load was applied using a 500 kN 

motorized hydraulic jack suspended from a stiff steel frame and a 250 kN load cell 

placed in between the loading arm of the jack and the articulated plate, was used to 

measure the applied loads on columns.  

 

Lateral movement of each column was recorded at every 10 kN loading interval using 

digital dial gauges. Six digital dial gauges – two at the top, two in the middle, and two 

at the bottom were fixed at right angles in each of the square and circular columns         
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(Fig. 4.3). However, knowing the preferential direction of deformation (perpendicular 

to minor axis) of rectangular columns, only three digital dial gauges were fixed as 

shown in Fig. 4.3b. In addition, a digital dial gauge was fixed on top of each column, 

to monitor the vertical movement under incrementally increasing loads. As collapse 

was difficult to predict, some instruments were removed as a measure of precaution 

before reaching the Pu. One representative sample from each of the three locations 

(i.e., top, middle and bottom) of the failed column at which the measurement was 

taken were collected immediately in a beaker to determine the moisture content and 

density at the time of testing by drying at 110°C in an oven for 24 h. Test results are 

shown in Tables 4.3 and 4.4. 

 

4.3 Results and discussion 
 
4.3.1 Strength and failure pattern of prisms and cylinders 
 
Test results are summarized in Table 4.3. The following points were observed from 

the test results: 

 

1. The average compressive strength of prism is found to be ~5.30 MPa with an 

average density of 1820 kg/m3 and an average moisture content of 5.01% at 

the time of testing. On the other hand, the average compressive strength of 

cylinder is seen to be ~4.60 MPa with an average density of 1810 kg/m3 and 

an average moisture content of 4.87% at the time of testing. 

2. The stress – strain relationships are linear initially followed by non–linear 

portion until peak stress value. A considerable deformation can be seen 

beyond the peak stress. This may be due to the presence of cement in the soil 

mix, which contributes to the strength and control the deformation of 

specimens under compression as discussed in sub-section 3.3.4 of Chapter 3.  

3. Fig. 4.4 shows a typical stress-strain curve for prism and cylinder. The initial 

tangent modulus (ITM) for both prism and cylinder is determined to be about 

2 GPa and the complete failure of prism and cylinder occurs at the strain value 

of about 0.034 and 0.017 respectively.  

4.3.2 Failure patterns of column  
 
Post-ultimate load failure patterns of test specimens of columns and prism are shown 
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in Fig. 4.5. Initially i.e. initiation of some lateral deformation of the columns (not 

prism) could be observed at pre-ultimate load (more discussion on lateral deformation 

in Section 4.3.3), suggesting buckling of the columns, however at the time of failure 

splitting and shear cracks are observed. The formation of shear wedge is distinctly 

visible at the support end along with vertically split long cracks at the middle portion 

(except for prism where the middle portion is too small as compared to the height of 

the shear wedge (Figs. 4.6a and b). Fig. 4.7a shows the onset of cracks at the support 

end of circular columns. Figs. 3.7b and c show the progressive spalling of 

loosened/fractured material surrounding the top shear wedge of circular columns. The 

shear wedge is shown in Fig. 4.7d, while the remaining portion of the column after the 

removal of the top shear wedge is shown in Fig. 4.7e. Based on the test observations 

typical failure mechanism of the columns is presented in Fig. 4.8. Failure of column 

can be divided into three zones i.e., shear failure dominated zones at top and bottom, 

and tension dominated failure zone at the middle. Nearly 65° - 75° (with respect to the 

flat horizontal surface) shearing cracks/surfaces begin to appear at 60 - 70% of Pu 

resulting in pyramidal shear wedges at both the ends, although the visible appearance 

of the shear wedge occurred earlier at the support end in comparison to the loaded 

end. The appearance of the shear wedge was consistent with the platen effect where 

the platen surface offers shear resistance at the interface between steel platen and the 

contacted specimen surfaces. On the other hand, tension dominates the middle portion 

of the column and due to this force acting outward perpendicular to the axis of 

column, led to splitting of the column into two halves. It was also observed that the 

split failure of the middle portion was progressively enhanced by the ‘axe action’ of 

the shear wedges. However, in case of circular columns the normal tension in 

conjunction with the ‘axe action’ of the shear wedge let to equally inclined (~ 120°) 

splitting vertical cracks. Visual/touch examination of the fractured surfaces in the 

middle and ends showed relatively rougher and smoother respectively, i.e., showing 

characteristics of mode I (i.e. tensile/opening) and mode II (shear) failure / fracture 

mechanisms. Similar failure patterns i.e. split and shear wedge types are also reported 

by Ciancio and Gibbings (2012), for the tests on CRSE prisms. Ideally, as 

demonstrated by Ciancio and Gibbings (2012), shear wedge failure/zone could be 
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avoided if low/negligible friction inducing materials such as Teflon mats are placed in 

between the specimen and the platens.    

 
4.3.3 Load-deformation response of column 
 
Figs. 4.9, 4.10 and 4.11 show lateral deformation (δl) of columns of heights 1.5 m, 1.2 

m and 0.9 m (i.e. S, R1 and R2 columns with heights of 1.5, 1.2 and 0.9 m) 

respectively, at various stages of loading and with corresponding values of Pu 

(ultimate load) being marked.  As expected, maximum lateral deformation occurred at 

the mid-height of the column and these profiles are typical of the column responses up 

to the last available measurement. It may be noted that load vs. deformation curves 

are plotted up to some pre-ultimate loads (e.g. up to ~ 60 kN for square/rectangular 

sections, and up to ~40 kN for circular columns). After reaching those loads, dial 

gauges were removed as a measure of precautions against the approaching nearly 

sudden failures. However, continuous load values beyond the ultimate load are 

monitored through the load cell (even after the removal of dial gauges). It was 

observed that the lateral deformations are in the range of 0.6 – 2.3 mm, 0.3 – 1 mm 

and 0.2 – 0.8 mm for the column series S-1.5, S-1.2 and S-0.9 respectively, at the 

corresponding loads of 10 to 60 kN. Similarly, corresponding values of lateral 

deformations for R1-1.5, R1-1.2 and R1-0.9 columns are 0.4–2.1 mm, 0.2–0.8 mm 

and 0.12–0.6 mm; and for R2-1.5, R2-1.2 and R2-0.9 columns are 0.34–2.0 mm, 0.15 

–0.7 mm and 0.1–0.5 mm respectively. In circular columns, lateral deformations were 

in the range of 0.4 – 1.6 mm, 0.6 – 2.8 mm and 0.8 – 4.2 mm for the column series C-

0.9, C-1.5, and C-1.2 respectively, at the corresponding load of 10 to 40 kN (Fig. 

4.12). As the slenderness ratio of the column was increased from 6 to 10, the 

deformation increased by about 164%. Thus, it is clear that with the increasing λ the 

lateral deformation also increases at comparable loads.       

 
Fig. 4.13 shows load vs. vertical deformation (P vs. δv) curves for square and 

rectangular columns. The vertical deformation for the column series S-1.5, S-1.2 and 

S-0.9 are in the range of 0.37 – 3.46 mm, 0.38 – 2.68 mm and 0.31 – 2.29 mm 

respectively, at the corresponding loads of 10 to 70 kN (as noted above, these loads 

correspond to pre-ultimate loads). Similarly, the corresponding values for R1-1.5, R1-

1.2 and R1-0.9 columns are 0.44 – 3.46 mm, 0.35 – 2.58 mm and 0.31 – 2.09 mm; 

TH-1414_11610428



Chapter 4 Structural Behaviour of CSRE Column 

 

56 
 

and for R2-1.5, R2-1.2 and R2-0.9 columns are 0.4 – 3.4 mm, 0.3 – 2.5 mm and 0.3 – 

2.1 mm, respectively. It can be noted that the deformation of S-type columns is 

comparatively higher than R1 and R2 column types at the specified loads. This may 

be due to lesser cross-sectional area of S-type columns as compared to R1 and R2 

columns. With the increase in λ from 6 to 10 the lateral deformation increased by 

about 250% to 300%, and the vertical deformation increased by about 52% to 66% at 

a given load. This shows that the deformation of the column increases with the 

increase in λ values (see Table 4.3). Fig. 4.14 shows load vs. vertical-deformation 

curves for circular columns. It was observed that the vertical deformation increases 

from 2 – 3.9 mm with increasing load at about 40 kN. As λ was increased from 6 to 10 

the vertical deformation also increased by about 95%. Thus, it is clear that with 

increasing λ the vertical deformation also increases at a given load.  

 
4.3.4 Moisture content and density of column  
 
Moisture content and density play a vital role in gaining strength and durability of 

rammed earth structures. Bui et al., (2014) reported that, when the moisture content of 

rammed earth specimen is greater than 4%, the compressive strength decreases 

quickly for all types of soil studied, and the effect is more in clayey soil than sandy 

soil. However, this effect is negligible to the soil stabilised with 8% natural hydraulic 

lime and it was noted that the stabilisation by hydraulic lime decrease the sensitivity 

to water of rammed earth material. Likewise, the effect of moisture content on 

strength and density of test specimens is expected to be negligible in the present study 

due to use of sandy soil and 10% cement. However, it is important to determine the 

moisture variation along the height of the specimen to ascertain the exact percentage 

of moisture and its effect on strength and behaviour of the column specimen. Details 

of moisture content and density of columns during test is shown in Table 4.2. The 

average moisture content of the test specimens varies from 4.93% to 6.09% with a 

standard deviation of 0.13% to 0.23%; and the average dry density varies from 1750 

kg/m3 to 1820 kg/m3 with a coefficient of variation 0.23% to 0.33% respectively. On 

the other hand, the average moisture content of circular columns varies from 4.82% to 

5.40% with a corresponding standard deviation of 0.15% to 0.34%; and average dry 

density varies from 1800 kg/m3 to 1820 kg/m3 with coefficient of variation of 0.21% 
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to 0.46%, respectively. It can be observed that there exists a marginal variation of 

average dry density and average moisture content between the test specimens of the 

same series of column during testing.  

 
4.3.5 Effect of aspect ratio (Ф) 
 
The value of Pu decreases linearly (R2 = 0.99) with the increase in λ and increases 

linearly (R2 = 0.99) with the increase in Ф values as shown in Figs. 4.15a and b 

respectively, for the range of λ (6 -10) and Ф (1-1.53) considered. It is interesting to 

note that like any column strength profile, the plot of Pu is likely to get flattened / 

asymptotic with increasing value of λ. However, the variation of Pu is likely to 

increase with increasing Ф values (keeping d constant at 150 mm), because the gross 

cross-sectional area increases with a. It was observed that when the aspect ratio is 

increased from 1.0 to 1.27 and 1.53, the Pu of column increased by about 20% and 

40.5% respectively, for λ = 6, 8 and 10 of all the column sets. The increase in Pu for 

increasing values of Ф agrees with the increase in cross-sectional area, however, the 

load-capacity decreases with the increase in λ irrespective of any values of Ф.  This 

confirms that besides λ, Ф also significantly influences the values of Pu of columns. 

 
4.3.6 Strength and design of column 
 
The values of Pu of square and rectangular columns range from 81 kN - 135.6 kN as 

shown in Table 4.3. It is observed that R2 columns possess higher values of Pu than 

R1 and S columns. In general, Pu of columns decreases with increasing values of λ. 

The value of Pu declined by about 9% to 19% when λ is increased from 6 to 10. The 

values of capacity reduction factor, k  (where k = Pu / Pu6; Pu6 =  ultimate load 

corresponding to λ value of 6) (NZS 4297, 1998; AS HB 195, 2002; IS 1905, 2002) at 

λ equal to 8 and 10 are determined to be 0.92 and 0.84 respectively. The Pu of circular 

columns range from 55.1 - 67.2 kN (Table 4.4). It was observed that Pu declined by 

about 10% to 18% when λ was increased from 6 to 10. The values of k for λ equal to 8 

and 10 was determined to be 0.90 and 0.82 respectively as shown in Table 4.5. 

 
The ultimate strength (σu) of CSRE column was determined using Engesser's tangent 

modulus theory as discussed by Bleich (1952), as done  in the case of brick masonry 

(e.g. Sahlin, 1971) and CSRE walls (e.g. Reddy and Kumar, 2011). For comparison of 
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test results obtained from experimentation and tangent modulus theory, the following 

formula was used to compute the buckling strength (σcr) Bleich (1952): 

2

2

)/( rl

E

A

P tcr
cr

πσ ==  (4.1) 

where Pcr = buckling load (N); Et = tangent modulus at failure/ultimate stress,  (MPa); 

l/r  = slenderness ratio; l = effective height of the column (mm);  r = radius of gyration 

= √(�/�) (mm); and  I = moment of inertia (mm4). Values of Et were estimated from 

the stress-strain curve of prism as shown in Fig. 4.4 (see Tables 4.3 and 4.4). It can be 

observed that the values of Et and σcr range from 155 to 375 MPa and 2.2 to 4.8 MPa 

respectively. In case of circular columns, the values of Et and σcr range from 283 to 

370 MPa and 2.3 to 4.9 MPa respectively. The effect of λ on σu of column is shown in 

Figs. 4.16, 4.17 and 4.18. 

 

Experimental variations of ultimate / buckling stress (σu) with λ (6-10) for S, R1 and 

R2 columns are shown in Fig. 4.16. It can be seen that the experimental variation of 

σu with λ is nearly linear and decreases with increasing values of λ (6 – 10). Further, 

there is an increase in σu values of ~ 8% as the cross-sections changes from R2 to R1 

and R1 to S. It is interesting to note that although the values of Pu are of the order S < 

R1 < R2 (see Fig. 4.15), the values of σu are of the opposite trend i.e. values for S > 

R1 > R2 (Fig. 4.16). The higher values of σu associated with cross-sections having 

lower aspect ratio may possibly be due to the preference or tendency for higher cross-

sectional slenderness (or higher cross sectional aspect ratio) to buckle at lower stress 

levels (as in plate buckling where the buckling stress is inversely proportional to 

width/thickness ratio (Bleich, 1952)). Comparison of experimental and those 

predicted by Engesser’s tangent modulus theory (Bleich, 1952) are shown in Figs. 

4.17a,b and c, respectively for S, R1 and R2 columns. It can be seen from Fig. 4.17 

that as the cross-sectional aspect ratio increases (S to R1 and R2) the values of σu gets 

increased, in contrast to the experimental observations (see Fig. 4.16), and as such the 

theoretical predictions changes from under predictions (S and R1) to over prediction 

at higher cross-sectional aspect ratio (for lower  λ value of 6). This is may be related 

to increasing values of tangent modulus associated with decreasing values of 

experimental σu (see Fig. 4.4 and Eqn.4.1). It may further be noted that in the work of 
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Reddy and Kumar (2011), it was reported that tangent modulus theory predicted very 

high values of σu for λ < ~68.38, which is in contrast to the present work. This may be 

because in their work, the experimental σu obtained at lower value of λ (e.g. 2) appears 

to be higher than that of the referral prism (150 mm x 150 mm x 150 mm) strength, 

which is in contrast to the common understanding of increasing strength with lower λ.  

Fig. 4.18 shows a similar comparison of σu between experimental and those predicted 

by tangent modulus theory for circular column. Again, the behaviour is similar to that 

of R2 column (see Fig. 4.17c). Predicted higher values of σu at lower values of λ can 

again be attributed to the improved experimental strength at shorter column height.   

 

Thus it can be seen that the predictions made by tangent modulus theory are sensitive 

(for the ranges of λ considered) to the stress level at which the tangents are considered  

i.e. it can lead to under predictions when the experimental ultimate stress is high and 

closure to the peak stress of the referral characteristic stress strain curve and vice- 

versa, however the decreasing pattern of σu with increasing values of λ is well 

captured. However, it needs to be noted that as the λ increasing sufficiently, it is 

expected that both the experimental and predicted values should merge 

asymptotically, as at higher values of λ, the behaviour of the columns should tend to 

respond elastically.   

 
 4.3.7 Comparison of capacity reduction factors (k) 
 
Table 4.5 shows the comparison of experimental k values with published values for 

structural masonry. The values of k obtained from the current investigation tend to 

differ from the values outlined in structural masonry standards. Figs. 4.19 and 4.20 

show the comparison of experimental and codal values of k, in terms of Pur and λ 

(where Pur = Pu × k). The values outlined in earthen standards such as NZS 4297 

(1998) and AS HB 195 (2002), and masonry standard IS 1905 (2002) are in a close 

range to the experimental values i.e., differ by about 2% - 4.5% and 3% - 5.6% 

respectively, for all series of columns. Whereas, the values outlined in masonry 

standard BS 5628 Part 1 (1992) are found to be the least conservative and about 8% - 

13.8% higher than the experimental values. Now, considering the experimental 

variations of about ~4.0% (see standard deviation values in Table 4.3), it can be 

observed that the current experimental values can be thought to be in agreement with 
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the predictions made by earthen standards NZS 4297 (1998) and AS HB 195 (2002). 

However, the predictions made by BS 5628 Part 1 (1992) can be considered relatively 

higher even after consideration of the experimental variations. Similar trend can be 

seen in circular columns. The values outlined in earthen standards and masonry 

standard are higher by about 4.4% to 7.3% and 5.2% to 7.9%, respectively, i.e., ~7% 

higher, thus showing relatively un-conservative, and the values outlined in BS 5628 

Part 1 (1992) are found to be the least conservative i.e., ~15% higher than the 

experimental values. This may be due to the improved strength (compressive as well 

as flexure) of brick masonry as compared to that of CSRE. Hence, the rate of drop of 

strength (σu) with λ is likely to be higher than that of CSRE, thereby predicting a 

higher value of σu.  However, further studies may be required to reconfirm the validity 

of these codes.  

 

4.3.8 Characteristic strength of column  
 
Eqn. 4.2 (BS 5628 Part 1, 1992) has been used to compute the characteristic 

compressive strength (fk) as reported in the literature by Jayasinghe and Kamaladasa 

(2007) related to stabilised rammed earth. As may be seen from Eqn. 4.2, the 

expression for fk is quite simple and straight forward, as it involves the product of 

compressive strength with a factor (i.e. 1/1.2) associated with the conversion of mean 

compressive strength to fk . As mentioned by Jayasinghe and Kamaladasa (2007), the 

factor ‘1.2’ comes from BS 5628 Part 1 (1992), for calculation of fk where statistical 

values are not readily available (especially for stabilised rammed earth), as in the 

current research programme with smaller testing results.   

2.1
umm

k A

F
f

ψψ×=
 

(4.2) 

where Fm = mean of the maximum loads carried by the two test panels (mean values 

of five specimens are considered in the present study); A = cross-sectional area of 

each column; Ѱm = reduction factor for strength of mortar; and Ѱu = unit reduction 

factor for sample structural strength. The value of Ѱm is taken as 1.0 since there is no 

mortar joint and Ѱu is taken from Table 4.5, and the average compressive strength is 

taken from Tables 4.3 and 4.4 for the respective columns. The values of fk are shown 

in Table 4.6. Jayasinghe and Kamaladasa (2007) stated that the vertical stress due to 

self-weight of the walls and the portion of the roof supported is usually in the range of 
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0.1 MPa for a single storey construction. Using a factor of safety for dead loads (γf) 

equal to 1.4 and, material strength variations and workmanship factors (γm) equal to 

3.5 as recommended in BS 5628 Part 1 (1992), the characteristic column strength is 

determined to be about 0.5 MPa. Hence, the overall factor of safety is equal to 5, 

which is at par with NZS 4297 (1998). In the present study, factor of safety ranges 

between 21.3 to 36 and these values are much higher than the value of 5 that is 

usually used. Furthermore, Jayasinghe (1999) showed that in a two storey load-

bearing houses for small and carefully planned layouts, the maximum design strengths 

required can be maintained within 0.8 and 1.0 MPa when the ground floor wall widths 

are about 250 mm. Thus, it can be observed that the characteristic strength obtained 

for CSRE column yields relatively higher safety factor indicating a possibility of 

using CSRE columns for load-bearing houses. 

 
4.4 Summary and conclusions  
 
This chapter deals with a detailed study on the load-capacity of unreinforced CSRE 

columns under axial compression. Tests on CSRE cylinders, prisms and columns of 

circular, square and rectangular cross-sections were performed. The effects of 

concentric axial loading, slenderness ratio (λ) and aspect ratio; moisture effect and 

stress reduction factors were assessed. A comparative study was made between the 

ultimate compressive strength (σu) of columns determined using tangent modulus 

theory and experimental values. Furthermore, the validity of using masonry design 

rules for the design of CSRE columns was evaluated. Lastly, the safety factors of 

columns were determined to assess the possibility of constructing a single storey load 

bearing houses. From the test results the following conclusions have been drawn: 

 
1. Lateral and vertical deformation increases with increasing value of λ. 

Typically, columns tested failed by formation of vertical cracks initially at the 

platen-column interface followed by shearing and splitting at the later stages 

of loading. Shear dominates near the platen ends and shearing cracks typically 

occurred at nearly 65° - 75° angle and at 60% - 70% of Pu, and thus forming a 

shear wedge. At the same time, tension dominates in the middle of the column 

and due to this force acting outward perpendicular to the axis of column led to 

splitting of the column into two halves. Similar type of failure can be observed 
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in case of circular columns except the formation of equally inclined (~ 120°) 

splitting vertical cracks due to ‘axe action’ of the shear wedge. 

2. Predictions made by tangent modulus theory are sensitive (for the ranges of λ 

considered) to the stress level at which the tangents are considered  i.e. it can 

lead to under predictions when the experimental ultimate stress is high and 

closure to the peak stress of the referral characteristic stress strain curve and 

vice-versa, however the decreasing pattern of σu with increasing values of λ is 

well captured. The values of k at λ equal to 8 and 10 were determined to be 

0.92 and 0.84 for rectangular columns and 0.90 and 0.82 for circular columns 

respectively.  

3. At increasing values of Ф the load-capacity, Pu of rectangular columns 

increases. It was observed that when Ф is increased from 1.0 to 1.27 and 1.53, 

the Pu of column increased by about 20% and 40.5% respectively, for λ = 6, 8 

and 10 of all the column sets. It may be noted that the increase in Pu for 

increasing values of Ф agrees with the increase in cross-sectional area.  

4. The k values outlined in earthen standards such as NZS 4297 (1998) and AS 

HB 195 (2002), and masonry standard IS 1905 (2002) are in a close range to 

the experimental values by about ~4.0% at λ equal to 8 - 10. However, in case 

of circular columns, the codal values are higher by about ~7%, thus showing 

relatively un-conservative.  

5. The characteristic strength obtained for CSRE column yields relatively higher 

factor of safety ranging from 21 to 36. Hence, CSRE columns can be used 

with confidence for construction of single storey load bearing houses or even 

two storeys or more when designed properly.  
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Table 4.1. Properties of soil. 
 
Soil property Values 

Grain size distribution: 
 

Sand   79% 
Silt 13% 
Clay 8% 

Atterberg limits: 
 

Liquid limit  31.70% 
Plastic limit  22.90% 
Plasticity index  8.80% 

Compaction characteristics: 
 

(a) Soil with 10% cement 
 

Optimum moisture content  19% 

Maximum dry density (kg/m3) 1710  

 

 

 

Note: S – square column; 1, 2, 3, 4, 5, 6 – sl. no. of column; 0.9, 1.2, 1.5 – height of 
column in meter. 

Table 4.2. Details of moisture content and density. 
 

  
  

Specimen 

Moisture content of specimen (%)  
Average 

dry density 
( kg/m3 ) 

Coefficient 
of 

variation 
(%) 

Location 

Average 
Standard 
deviation Top Middle Bottom 

S-1-0.9 4.25 3.83 3.98 4.02 0.21 1830 0.20 
S-2-0.9 4.65 5.04 5.15 4.95 0.26 1810 0.25 
S-3-0.9 4.88 6.11 5.41 5.47 0.62 1800 0.58 
S-4-0.9 4.72 5.52 5.13 5.12 0.40 1810 0.38 
S-5-0.9 5.16 5.41 6.18 5.58 0.53 1800 0.50 
S-1-1.2 4.38 5.76 5.81 5.32 0.81 1800 0.77 
S-2-1.2 5.25 3.93 4.56 4.58 0.66 1820 0.63 
S-3-1.2 4.25 5.93 5.56 5.25 0.88 1810 0.84 
S-4-1.2 4.65 3.93 5.27 4.62 0.67 1820 0.64 
S-5-1.2 5.24 4.93 4.56 4.91 0.34 1810 0.32 
S-1-1.5 6.27 7.30 6.50 6.69 0.54 1780 0.51 
S-2-1.5 6.41 6.79 5.45 6.22 0.69 1780 0.65 
S-3-1.5 5.43 6.79 5.45 5.89 0.78 1790 0.73 
S-4-1.5 6.29 5.79 4.85 5.64 0.73 1800 0.69 
S-5-1.5 5.67 6.56 5.78 6.00 0.49 1790 0.46 
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 Table 4.3. Test results of square and rectangular columns. 
 

Specimen 
series 

Average 
ultimate 
load, Pu 
(kN) a 

Average 
comp. 

Strength, 

σu 
(MPa)a 

Standard 
deviation 

(MPa) 

Average 
moisture 
content 
at test 
(%)a 

Standard 
deviation 

(%) 

Average 
dry 

density 
at test 

(kg/m3) a 

Coef.  
of 

variation 
(%) 

Average 
lateral 

deformation 
at  60 kN 

load at mid-
height (mm) a 

Standard 
deviation 

(mm) 

Aspect 
ratio 
(a/d) 

Height 
to 

thickness 
ratio (λ) 

Slenderness 
ratio (l/r ) 

Tangent 
modulus at a 
stress level of 

ultimate 
strength, Et 

(MPa) 
σcr 

(MPa)b 

Prism 119.3 5.30 0.29 5.01 0.06 1820 0.25 - - 1 2 - - - 

S-0.9 96.5 4.29 0.14 5.03 0.17 1810 0.27 0.8 0.28 1 6 20.8 155 3.5 

S-1.2 88.4 3.93 0.13 4.93 0.21 1810 0.33 1.0 0.37 1 8 27.7 208 2.7 

S-1.5 81.0 3.60 0.26 6.09 0.13 1800 0.23 2.3 0.26 1 10 34.6 272 2.2 
R1-0.9 116.9 4.10 0.28 5.05 0.15 1810 0.25 0.6 0.19 1.26 6 20.8 161 3.7 
R1-1.2 107.4 3.77 0.19 5.36 0.23 1790 0.32 0.8 0.22 1.26 8 27.7 222 2.9 
R1-1.5 96.0 3.37 0.23 4.68 0.20 1810 0.27 2.1 0.25 1.26 10 34.6 340 2.8 
R2-0.9 135.6 3.93 0.25 4.99 0.18 1750 0.29 0.5 0.23 1.53 6 20.8 210 4.8 
R2-1.2 124.5 3.61 0.18 6.06 0.24 1780 0.31 0.7 0.18 1.53 8 27.7 276 3.6 
R2-1.5 114.2 3.31 0.20 5.62 0.23 1800 0.28 2.0 0.20 1.53 10 34.6 357 2.9 

 
 aAverage of five specimens tested. 
 b Critical buckling stress based on tangent modulus theory. 
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 Table 4.4. Summary of test results of circular columns. 

 

Specimen 
series 

Average 
ultimate 
load, Pu 
(kN) a 

Average 
compressive 

strength 
(MPa) a 

Standard 
deviation 

(MPa) 

Average 
moisture 
content 
at test 
(%) a 

Standard 
deviation 

(%) 

Average 
dry 

density 
at test 

(kg/m3) a 

Coef. 
variation 

(%) 

Average 
lateral 

deformation 
at 40 kN load 
at mid-height 

(mm) a 

Standard 
deviation 

(mm) 

Height 
to 

thickness 
ratio (λ) 

Slenderness 
ratio (l/r ) 

Tangent 
modulus at a 
stress level of 

ultimate 
strength, Et 

(MPa) 
σcr 

(MPa)b 

Cylinder 81.3 4.60 0.31 4.87 0.23 1820 0.23 - - 2 - - - 

C-0.9 67.2 3.80 0.11 5.40 0.34 1810 0.21 1.5 0.31 6 24 283 4.9 

C-1.2 60.4 3.42 0.23 5.26 0.27 1800 0.46 2.7 0.27 8 32 345 3.3 

C-1.5 55.1 3.12 0.27 4.82 0.15 1810 0.34 4.1 0.34 10 40 370 2.3 
 

 aAverage of five specimens tested. 
 bCritical buckling stress based on tangent modulus theory. 

 Note: C – circular column; 0.9, 1.2, 1.5 – height of column in meter. 
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Table 4.5. Comparison of experimental and published capacity reduction factors (k). 
 

    Capacity reduction factor (k) for slenderness ratio (λ) 

Column 
series 

Slenderness 
ratio, λ  Experimental 

NZS 
4297-1998 

IS 1905-
2002 

AS HB 
195- 
2002 

BS 5628-
1:1992 

S-0.9 6 1 1 1 1 1 
S-1.2 8 0.92 0.94 0.95 0.94 1 
S-1.5 10 0.84 0.88 0.89 0.88 0.97 
R1-0.9 6 1 1 1 1 1 
R1-1.2 8 0.92 0.94 0.95 0.94 1 
R1-1.5 10 0.84 0.88 0.89 0.88 0.97 
R2-0.9 6 1 1 1 1 1 
R2-1.2 8 0.92 0.94 0.95 0.94 1 
R2-1.5 10 0.84 0.88 0.89 0.88 0.97 
C-0.9 6 1 1 1 1 1 
C-1.2 8 0.90 0.94 0.95 0.94 1 
C-1.5 10 0.82 0.88 0.89 0.88 0.97 

 

 

        

        Table 4.6. Characteristic strength (fk) and factor of safety. 

Column series Fm/A fk Factor of safety 
S-0.9 4.29 3.58 35.8 
S-1.2 3.93 3.01 30.1 
S-1.5 3.6 2.52 25.2 
R1-0.9 4.10 3.42 34.2 
R1-1.2 3.77 2.89 28.9 
R1-1.5 3.37 2.36 23.6 
R2-0.9 3.93 3.28 32.8 
R2-1.2 3.61 2.77 27.7 
R2-1.5 3.31 2.32 23.2 
C-0.9 3.80 3.17 31.7 
C-1.2 3.42 2.57 25.7 
C-1.5 3.12 2.13 21.3 
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Fig. 4.1. Equipments and typical square column.
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(a) Schematic diagram of test setup 

(b) Rectangular 

 

Fig. 4.3. Test setup. 
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 Fig. 4.4. Typical stress-strain curve for prism and cylinder (moisture content during 
testing is 5.01% and 4.87% respectively).  
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Fig. 4.5. Failure pattern of test specimens (columns and prism). 
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        Fig. 4.9. Lateral deformation of 1.5 m high column at various stages of loading. 
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Fig. 4.10. Lateral deformation of 1.2 m high column at various stages of loading. 

 
 
 

 
Fig. 4.11. Lateral deformation of 0.9 m high column at various stages of loading. 
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Fig. 4.12. Lateral deformation of circular columns at various stages of loading. 

 
 
 

 
Fig. 4.13. Load-vertical deformation curves of square and rectangular columns. 
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Fig. 4.14. Load-vertical deformation curves of circular columns. 
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Fig. 4.15.  Effect of aspect ratio on load-capacity. 
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Fig. 4.16. Effect of slenderness ratio on strength of columns. 
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Fig. 4.17. Effect of slenderness ratio on compressive strength of square and 

rectangular columns. 
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Fig. 4.18. Effect of slenderness ratio on compressive strength of circular columns. 

 
 
 
 

 
 

Fig. 4.19. Comparison of experimental and codal reduction factors for square and 
rectangular columns.  
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Fig. 4.20. Comparison of experimental and codal reduction factors for circular 
columns. 
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Chapter 5 
 

Structural Behaviour of Steel Reinforced CSRE Column 
 

This chapter presents an experimental study on the behaviour of CSRE 

columns reinforced with steel under concentric axial compression. Effects of 

structural parameters such as lateral reinforcement ratio, total reinforcement 

ratio etc., on the failure pattern; load-lateral deformation and load-axial 

deformation of columns were studied.  

 

5.1 Introduction 
 
In the previous chapter (Chapter 4), the structural behaviour of 'unreinforced' CSRE 

columns of square, rectangular and circular cross-sections have been presented, with a 

focus on the cross-sectional effects and slenderness ratios on column strength. As the 

requirement for improved structural behaviour (e.g. strength, deformation capacities) 

is expected by modern building professionals, with an intention to use rammed earth 

materials in a more challenging and innovative ways such as construction of structural 

elements like columns, walls, beams, lintels etc. (Maniatidis and Walker, 2008),  it 

has become increasingly important to investigate on reinforced CSRE structural 

elements.  As highlighted in the literature review (Chapter 2), in the recent past steel 

have been introduced as reinforcing materials in order to attain higher strength of 

rammed earth elements for innovative applications. It has been observed that rammed 

earth beams reinforced with steel (Gaind and Char, 1983), improves the load carrying 

capacity by about 383% to 570% and flexibility of the soil beams substantially. Bond 

property of steel bars (12 mm diameter) embedded in rammed earth (Walker and 

Dobson, 2001), gave a reasonable bond force of 1.08 to 19.52 kN useful for rammed 

earth constructions. Rammed earth columns made of diagonal ties carry significantly 

higher load of about 167% more than the column with horizontal ties (Gupta, 2014). 

Thus, it is seen that strength of CSRE elements are considerably improved when 

reinforced with steel. However to the best of author's knowledge, no detailed studies 

could be found on use of steel as reinforcing materials in CSRE compression 

members like columns under axial loading, considering the effects of important 
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structural parameters such as lateral reinforcement ratio, total reinforcement ratio etc., 

on load-capacity, deformation, failure patterns etc. Hence, in the present chapter an 

attempt has been made to study the behaviour of steel reinforced CSRE columns 

under axial compression, considering the effects of above cited structural parameters. 

 
5.2 Materials and equipments used for production of test specimen 
 
5.2.1 Soil 
 
The property of soil used in the present experimental programme is similar to that 

explained in Section 4.2.1 (Table 4.1).   

 
5.2.2 Cement 
 
The property of cement used is explained in Section 3.2.1. Similar to the studies made 

for unreinforced CSRE columns (Chapter 4), only 10% cement by dry mass of soil 

was used for production of test specimens throughout the test programme, so that a 

comparison with the unreinforced CSRE columns could also be made.  

 
5.2.3 Steel 
 
Steel bars of 6 mm and 8 mm diameter (Fe 500 grade) confirming IS 1786 (1985) was 

used for lateral (or tie) and longitudinal reinforcement respectively. Figs. 5.1a and 

5.1b show the details of testing and load-deformation curve of steel. The tensile 

strength of steel is determined to be 558 MPa (average of 3-sample test). Lateral (or 

tie) reinforcement was provided at center-to-center spacing of 200 mm, 100 mm and 

50 mm approximately, to assess the effects of lateral reinforcement spacing. Two 

legged steel ties of 90 mm x 90 mm size bent at 90° were used for lateral 

reinforcement. Fig. 5.2 shows the details of column reinforcement and Table 5.1 

shows the reinforcement data. 

 
5.2.4 Equipments and techniques 
 
For production of test specimens, the following equipments were used: 

1. The mould and rammer are similar to the one used in Chapter 4, explained in 

Section 4.2.2. Figs. 5.3a and 5.3b show the details of mould with steel 

reinforcement and rammer used.  
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2. For production of reinforced columns, a mild steel rammer weighing 5 kg with 

a solid handle of 25 mm diameter and 1.02 m length attached with a 70 mm x 

70 mm mild steel ramming face was used for compaction (Fig. 5.3b).  

3. A 20 mm thick mild steel plate of size 140 mm x 140 mm with 12 mm 

diameter holes at four corners, about 30 mm away from the edge was 

employed (Fig. 5.3b). This plate was inserted in the mould in such a way that 

the steel bars were penetrated through the perforations, thereby enabling the 

positioning of bars vertically upright and uniform compaction of soil-cement 

mix (wetted mix). Furthermore, the compaction plate was tied with thin ropes 

at four corners in such a way that it can be lifted easily after compaction of 

every layer. Fig. 5.3c shows a typical steel reinforced CSRE column. 

 
Compaction throughout the test programme was carried out with the help of a 

compaction machine developed in the laboratory as discussed in Section 4.2.2. 

 
5.2.5 Production of test specimen  

 
Square columns of size 150 mm x 150 mm x 1500 mm (width x thickness x height) 

were prepared for the experimental investigation. It may be noted that unlike the study 

presented in Chapter 4 for unreinforced CSRE columns, only one size of column is 

considered here, as the focus is on reinforcement effects. Three series of columns 

were considered, comprising three specimens for each series of columns. The steel 

reinforced (SR) columns with 200 mm, 100 mm and 50 mm tie spacing were marked 

as SR200, SR100 and SR50, respectively. 

 
Prior to production of test specimens the soil sample and mould was prepared as 

explained in Section 4.2.3. The compaction energy/effort was calculated using 

Equation 3.1. For preparation of steel reinforced columns, at first a 20 mm thick layer 

(cover) of wetted mix was compacted at the bottom of the mould before placing the 

longitudinal steel reinforcement. The steel bars tied within the four corners of the steel 

ties were placed upright inside the mould followed by pouring/placing of requisite 

amount of wetted mix and leveled (Fig. 5.3a). The perforated steel plate was then 

placed over the wetted mix by allowing the steel bars to pass through the four holes of 

the plate. The compaction was carried out with a rammer height of fall 300 mm 
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dropped uniformly on the perforated plate. After the completion of compaction, the 

plate was taken out and a steel tie was inserted and placed over the compacted layer 

followed by pouring of fresh wetted mix and re-insertion of perforated plate over the 

mix for compaction. This process was continued until the desired height was attained. 

It is to be noted that the amount of compaction energy required for each level of tie 

spacing was calculated separately. Removal of test specimens from the mould and 

curing procedure is similar to the one explained in last paragraph of Section 4.2.3.  

 
5.2.6 Column test 
 
A detail of column test set up is shown in Fig. 5.4 and is similar to the test set-up for 

unreinforced CSRE columns test (see Section 4.2.4). Load, lateral and axial 

displacements were recorded, and failure pattern was observed.   
    

 
5.3 Results and discussions 
 
5.3.1 Failure and load-deformation response of column 
 

5.3.1.1 Effect of 200 mm tie spacing  
 
Fig. 5.5a shows the failure pattern of steel reinforced columns with 200 mm (i.e. 

~133% of column width) tie spacing (SR200). It was observed that the column did not 

show any sign of distress (e.g. visible cracks, or compression crushing) until 60 kN 

load, but as soon as the load approached to 70 kN the vertical cracks near the location 

of longitudinal bars were generated near the loading end, which eventually led to 

spalling of the cover gradually. This can be attributed to outward buckling of steel 

bars in between the ties. Further, this type of failure is found to localize within a 

lateral tie spacing at the end, with little or no failure impact on the rest of the column 

length. This implies that the lateral tie spacing provided is sufficiently large enough to 

allow lateral buckling of the longitudinal steel reinforcement, thereby leading the 

column to ultimate failure. This type of localised failure in SR200 column may be due 

to development of localised stress concentration because of end rotation near the 

loaded end in conjunction with the weak shear wedge zone resulting from platen 

effect, leading to the early failure of longitudinal steel reinforcement. It can also be 

noticed from Fig. 5.5a that the altitude of the shear wedge pyramid is ~ 97-167 mm 
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(the base of the shear wedge being equal to the tie width of 90 mm), which is shorter 

than that of the UCSRE (see Fig. 4.6), although similar angle of inclination of the 

shear planes (65-75°; see Fig. 5.5a) is seen. Hence, it is possible that with relatively 

large tie spacing of 200 mm (~ 133% of the column width) the confining effect from 

the tie is not sufficient to prevent such local failure due to the formation of shear 

wedge. Values of δl are in the range of 0.5 - 2 mm from the axis at the corresponding 

load of 10 - 60 kN respectively. It was observed that the failure of column occurred 

corresponds nearly to the location where δl is maximum as shown in Fig. 5.5b. The 

load-capacity of steel reinforced column (Pus) was determined to be 83.6 kN with a 

standard deviation of 1.56 kN, which is about 4.58% higher than the corresponding 

UCSRE columns (see Table 5.2).  

 
5.3.1.2 Effect of 100 mm and 50 mm tie spacing  
 
Fig. 5.6a shows the failure pattern of steel reinforced columns of 100 mm (67% of 

column width) tie spacing (SR100). Unlike UCSRE and SR200 columns, the sign of 

distress is not seen in SR100 columns even after reaching a load of 70 kN. However, 

as soon as the load approached to 80 kN and above (i.e., at about 85% - 90% of the 

ultimate load) the vertical cracks near the location of longitudinal bars were generated 

near the end supports, similar to that of SR200 columns. Spalling of cover occurred 

near the mid-height of the column where the maximum deformation occurred 

followed by bending of steel bars leading to ultimate failure. Pus of SR100 column is 

about 92.9 kN with a standard deviation of 2.37 kN, which is about 16.1% and 11.1% 

higher than corresponding UCSRE and SR200 (see Table 5.2) columns respectively. 

Variation of Pus vs. δl is shown in Fig. 5.6b and it is about 0.6 to 2.6 mm at 10 to 60 

kN load. It can be seen that relatively, there is an enhancement of δl as compared to 

that of SR200 columns (see Fig. 5.5).  

 
Fig. 5.7a shows the failure pattern of steel reinforced columns of 50 mm (33% of 

column width) tie spacing (SR50). The failure of this column is similar to that of 

SR100 columns. The Pus vs. δl curve is shown in Fig. 5.7b and it is about 0.7 to 5 mm 

at 10 to 60 kN load. It can be observed from the figures that the failure of columns 

occurs at the point where the maximum deformation occurred. Pus of SR50 column is 

about 109 kN with a standard deviation of 1 kN, which is about 17.3% higher than 
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SR100 columns.  Similar localised failure pattern (compression side crushing and 

tension side cracking) can be observed for both SR100 and SR50 columns, closer to 

the mid-height, along with spalling of cover near the support. It may be seen that the 

compression crushing for both SR100 and SR50 extends to about ~100 mm (i.e. 

around half the face width) at the face. However, presence of relatively distributed 

micro-cracks can be seen on the tension side of SR50, in contrast to SR100 where a 

well-defined macro-crack appears on the tension side of the failure zone. This led to a 

relatively smoother curvature of the failure zone in SR50 (see Fig. 5.7a) and this can 

be attributed to the improved distributed stress with increased confinement effect, 

with decreasing tie spacing (i.e. with higher lateral reinforcement ratio, ρw (see 

Appendix C.2)). The reason for the shifting of localised failure zone (or development 

of  hinge) closer to the mid-height for SR50 column in relation to that of SR100, can 

again be linked to better or improved distribution of the stresses as a result of 

increasing confinement effect from the ties. The relatively closer spaced ties in SR50 

column inhibited the possibility of premature formation of shear wedge failure zone 

near the supports (ties are known to provide/enhanced capacity, see e.g. Cusson and 

Paultre (1994)), thereby greatly diminishing localised stress concentrations near the 

supports, which further arrests the possibility of localised cover spalling and buckling 

of longitudinal reinforcements closer to the supports.  

 
5.3.1.3 Load- deformation response of column 

 
Fig. 5.8 shows the plot of load vs. axial deformation from three samples each for 

UCRSE, SR200, SR100 and SR50. The results for USCRE from Fig. 4.13 is re-

plotted again for comparison (Fig. 5.8a). It can be seen from Fig. 5.8 that with the 

increase in ρw (i.e. as the tie spacing decreased from 200 mm to 100 mm to 50 mm) 

the values of Pus increases and the ductility property of the column is enhanced. It 

may be noted that when reinforcements are provided, measurement of post-peak 

deformations are made possible with the present test setups, as sudden failure (i.e. 

brittle) did not occur like that of UCSRE columns. The axial deformation of the 

column is much higher than the UCSRE columns by about 71% at the corresponding 

load of 60 kN.  

TH-1414_11610428



Chapter 5 Structural Behaviour of Steel Reinforced CSRE Column 

 

85 
 

Unlike UCSRE and SR200 columns (Fig. 5.8b), the P vs. δv curve behaves differently 

for SR100 and SR50 columns (Figs. 5.8c and 5.8d). It can be observed that the curves 

posses two peak points. During the ascending part of loading, confinement has little 

or no effect and the CSRE cover is visually free of cracks up to the first peak load 

equal to 65 to 75 kN for SR100 columns and 70 to 80 kN for SR50 columns, 

approximately, (i.e., at about 75 to 80% of ultimate load). There was a gradual fall of 

load by about 5 to 8 kN, followed by increase in load up to second peak and beyond 

this there was gradual decrease in P. The sudden fall in load after first peak can be 

attributed to gradual formation of micro-cracks on the tension side and de-bonding of 

the CSRE from the reinforcement leading to spalling of cover. Because of the tension 

cracks and spalling of cover, the effective cross-section available to resist the axial 

load drops and hence the drop in P. At this stage, the lateral CSRE strains increase 

significantly and, as a result, the inner confinement becomes very significant. The 

CSRE core gains strength, while the cover gradually disappears (Figs. 5.6a and 5.7a) 

at the failure zone. Generally, the P vs. δv curve for the specimen shows a strength 

gain and reaches a second peak of average load equal to 92.9 kN (SR100) and 109 kN 

(SR50), when the CSRE core reaches the maximum stress. At this load level, the 

longitudinal steel bars tend to bend. Axial deformation at peak load (δuv) increased by 

about 6.3% and 19.1%; whilst lateral deformation at 60 kN (δl60) (pre-peak) by 13.6 

% and 100%; when the stirrup spacing decreased from 200 mm to 100 mm and 100 

mm to 50 mm respectively, suggesting an improved ductility with core confinement 

(Fig. 5.9). As mentioned in Section 4.2.4, lateral deformation at ultimate load was not 

monitored due to the removal of measuring dial gauges.  

 
Unlike the studies made by Cusson and Paultre (1994), on high strength concrete 

columns confined by rectangular ties, the value of P of columns at second peak did 

not fall below the value at first peak, in the present study. On the other hand, 

specimens with low confinement (specimens SR200) did not show the second peak 

(UCSRE and SR200 columns). This can be attributed to relatively brittle nature of 

failure (see Fig. 4.6) for UCSRE and end localised shear wedge type failure for 

SR200 columns (see Fig. 5.5). Finally, at the end of testing (Figs. 5.5a, 5.6a, and 5.7a) 

most of the columns failed by simultaneous failure of CSRE and bending of 

longitudinal bars.  
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5.3.2 Effect of reinforcement on load-capacity  

 
Fig. 5.10 shows the influence of reinforcement on load ratio (Pus/Pu) of columns at 

longitudinal reinforcement ratio, ρl = 0.89. It can be seen from Fig. 5.10a, that when 

the total reinforcement ratio (ρl+ρw = ρt) is ~< 1.5 the capacity of reinforced column 

approaches toward the capacity of UCSRE column, indicating that there is no 

significant improvement in column strength when the reinforcement or steel 

confinement is low. Further, it is also noted that the rate of increase in column 

strength with increasing reinforcement ratio is relatively slow, as compared to higher 

reinforcement ratios. At higher value of ρt i.e., ~> 1.5, an increase in the rate of 

strength gain can be observed, although it may be seen that there is an apparent 

tapering (or drop) in the rate of increase at relatively higher ρt i.e. > 3.0. The 

plateauing effect of Pus/Pu at higher reinforcement ratio is consistent with the intuition 

that at vanishing tie spacing the column would approach a rammed earth filled steel 

tube (just like concrete filled steel tubes (Gardner and Jacobson, 1967; Han, 2000; 

Patton and Singh, 2014)) with a finite strength value. The effect on Pus/Pu due to 

changes in ρw for a fixed ρl = 0.89 is plotted in Fig. 5.10b. The positive effect of 

lateral steel confinement is clearly seen for ρw > ~ 0.5. It can be seen that there is an 

increase in Pus/Pu by about 30% when ρw is increased by about 300% from 0.6.  The 

increase in Pus/Pu with decreasing tie spacing (or increasing ρw) is consistent with 

similar studies done for steel reinforced concrete columns (e.g. Cusson and Paultre, 

1994). At lower values of ρw (i.e. <~ 0.5), when the tie spacing is lesser than 200 mm 

(or 133% of the column size), the effect of lateral confinement is not very significant 

on the column strength. Thus it can be seen that the overall response of Pus/Pu of 

column with confinement effect of the steel reinforcement appears to follow a non-

linear S-curve (i.e. a double curvature curve) plateauing at both the ends.   

 
5.3.3 Moisture content and density of column 
 
Determination of moisture content and density of the materials used for rammed earth 

construction should be born in mind to achieve better strength and durability of the 

structure. Bui et al., (2014) reported that, when the moisture content of rammed earth 

specimen is greater than 4%, the compressive strength decreases quickly for all types 

of soil studied, and the effect is more in clayey soil than sandy soil. However, this 
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effect is negligible to the soil stabilised with 8% natural hydraulic lime and it was 

noted that the stabilisation by hydraulic lime decrease the sensitivity to water of 

rammed earth material. Therefore, moisture content of CSRE was determined to 

assess its effect on strength and behaviour of column specimen. Details of moisture 

content and density of columns during testing are presented in Table 5.2. In general, 

the average moisture content of the CSRE samples varies from 4.25% to 6.89% with a 

standard deviation of 0.13% to 0.91%; and the average dry density varies from 1790 

kg/m3 to 1990 kg/m3 with a standard deviation of 0.003% to 0.016% respectively. 

There exists a negligible variation in moisture content between the test specimens 

during testing. 

 
5.4 Summary and conclusions 
 
This chapter presents an experimental study on the structural behaviour CSRE 

columns reinforced with steel under concentric axial loading. Effects of key variables 

such as total reinforcement ratio (ρt), lateral reinforcement ratio (ρw), etc., are studied. 

Furthermore, the failure pattern, load-lateral deformation and load-axial deformation 

of columns are also assessed.  Based on the study the following conclusions have 

been drawn:  

 

1. The behaviour of CSRE columns reinforced with close tie spacing is 

characterized by gradual spalling of cover at the failure zone leading to a loss 

of axial capacity before the lateral confinement becomes effective.  

2. The Pus of SR200, SR100 and SR50 column is about 4.6%, 16% and 33% 

higher than UCSRE column, respectively. Pus increases due to reduction in tie 

spacing and toughness gain of confined CSRE.  

3. Linear increase in percent Pus is observed as ρt ratio was increased from 0% to 

3.41%. There is a gradual increase on percent Pus as the ρt ratio was increased 

from 0% to 1.52%, 2.15% and 3.41% with the values of 4.5%, 16% and 36% 

respectively. The Pus also increases by about 11% to 30% when the percent ρw 

ratio was increased from 0.63% to 1.26% and 2.51% respectively. 

4. The ductility property of column is enhanced due to reinforcement, and unlike 

the UCSRE columns, the failure of reinforced column is not sudden. This type 
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of column can be used as structural member for construction of low-rise 

rammed earth houses. 

5. Steel can be a potential reinforcing material in CSRE columns with close tie 

spacing in order to achieve higher strength and better seismic performance. 
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Table 5.1. Details of steel reinforcement. 
 

Column 
a (mm) d (mm) h (mm) s (mm) ρl (%) ρw (%) ρl + ρw (%) 

1SR200 150 150 1500 200 0.89 0.63 1.52 
2SR200 150 150 1500 200 0.89 0.63 1.52 
3SR200 150 150 1500 200 0.89 0.63 1.52 
1SR100 150 150 1500 100 0.89 1.26 2.15 
2SR100 150 150 1500 100 0.89 1.26 2.15 
3SR100 150 150 1500 100 0.89 1.26 2.15 
1SR50 150 150 1500 50 0.89 2.51 3.41 
2SR50 150 150 1500 50 0.89 2.51 3.41 
3SR50 150 150 1500 50 0.89 2.51 3.41 
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Table 5.2. Summary of steel reinforced column test results. 
 

Column 
Ultimate 
load (kN) 

Compressive 
strength (MPa) 

Moisture content of test specimen 
(%) Average 

moisture 
content at test 

(%) 

Standard 
deviation 

(%) 

Average 
dry density 

of soil-
cement 
(kg/m3) 

Standard 
deviation 

(%) 

Locations 

Top Middle Bottom 
1UCSRE 81.0 3.6 5.43 6.79 5.45 5.89 0.78 1790 0.014 
2UCSRE 80.3 3.6 6.29 5.79 4.85 5.64 0.73 1800 0.014 
3UCSRE 81.6 3.5 5.67 6.56 5.78 6.00 0.49 1790 0.009 
1SR200 83.4 3.7 4.93 3.91 4.22 4.35 0.52 1990 0.010 
2SR200 82.2 3.7 5.83 4.33 2.13 4.10 1.86 2000 0.036 
3SR200 85.3 3.8 5.24 4.13 3.51 4.29 0.88 1990 0.017 
1SR100 90.4 4.0 5.32 6.19 6.66 6.06 0.68 1960 0.013 
2SR100 93.3 4.1 8.06 8.02 7.53 7.87 0.29 1930 0.005 
3SR100 95.1 4.2 6.21 7.13 6.87 6.74 0.47 1950 0.009 
1SR50 108.0 4.8 5.88 6.73 4.28 5.63 1.24 1970 0.023 
2SR50 110.0 4.9 5.25 4.55 5.21 5.00 0.39 1980 0.007 
3SR50 109.0 4.8 5.73 5.23 4.86 5.27 0.44 1970 0.008 

 
Note: UCSRE = Unreinforced Cement stabilised Rammed Earth; SR = Steel Reinforced; 1, 2, 3 = Serial number of columns;  
50, 100, 200 = Spacing of lateral ties in mm. 
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(a) Steel bar 
 
 

    (b) Typical load-deformation curve of steel 
 
 

Fig. 5.1. Testing of steel bar. 
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Fig. 5.2. Reinforcement details of column with tie spacing: (a) 50 mm; (b) 100 mm; 
and (c) 200 mm.  
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(a) 

 
Fig. 5.3. Equipments: (a) mould; (b) rammer and compaction plate with hole

typical steel reinforced CSRE column
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quipments: (a) mould; (b) rammer and compaction plate with hole

steel reinforced CSRE column. 
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(c) 

quipments: (a) mould; (b) rammer and compaction plate with holes; and (c) 
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(a) 

 

(b) 

 

Fig. 5.4. Column test setup: (a) schematic diagram; and (b) experimental set up for 

steel-reinforced CSRE column.  
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Fig. 5.5. Failure of column with 200 mm t

lateral deformation curve
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Failure of column with 200 mm tie spacing: (a) failure pattern

lateral deformation curve. 
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Fig.  5.6. Failure of column with 100 mm tie 

lateral deformation curve
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(b) 

Failure of column with 100 mm tie spacing: (a) failure pattern

lateral deformation curve.  
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Fig.  5.7. Failure of column with 50 mm tie spacing: (a) failure pattern; and (b) load

lateral deformation curve 
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Failure of column with 50 mm tie spacing: (a) failure pattern; and (b) load

lateral deformation curve  
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(a) UCSRE column                 (b) SR200 column 

                 (c) SR100 column                     (d) SR50 column 

 
Fig. 5.8. Load-axial deformation curves. 
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   (a)       (b) 
 

Fig. 5.9. (a) Axial deformation of columns at ultimate load; and (b) lateral 

deformation of columns at 60 kN load. 
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Fig. 5.10. Effect of reinforcement on load-capacity of column: (a) load vs. total 

reinforcement; and (b) load vs. lateral reinforcement.  
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Chapter 6 
 

Structural Behaviour of Bamboo-Steel Reinforced CSRE 
Column 

 

This chapter presents an experimental study on the capacity of CSRE columns 

reinforced with bamboo and steel under concentric axial compression. Effects 

of structural parameters such as lateral reinforcement ratio, total 

reinforcement ratio etc., on the failure pattern; load-lateral deformation and 

load-axial deformation of columns are studied.  

 
6.1 Introduction 
 
In tropical and sub-tropical parts of the world, traditionally bamboo has been used as 

a construction material, especially its uses is extensive in rural areas of developing 

countries like India, Brazil, Myanmar, Nigeria, Bangladesh, Vietnam, etc. Bamboo is 

known to possess several attractive properties such as relatively high strength/weight 

ratio, easy workability, ability to reduce carbon footprint, being a rapidly renewable 

resource, etc., (Sharma et al., 2014; Greenleafdoors, 2015). As such, as mentioned in 

Chapter 2 (literature review) in the recent past, bamboo has attracted the attention of 

several researchers (e.g. Gavami, 2005; Gao et al., 2009; Agarwal et al., 2014; Tripura 

and Sharma, 2014, etc.)  to validate and check its suitability as reinforcement 

materials in concrete, rammed earth construction etc. Ghavami (2005) extensively 

studied the performance of bamboo as reinforcement in structural concrete elements, 

and observed that bamboo can substitute steel satisfactorily in many building 

constructions. Agarwal et al., (2014) investigated the behaviour of chemically treated 

bamboo reinforced concrete beams and columns, and concluded that bamboo can 

provide reasonable strength as reinforcement for beam and column like members. 

Bond behaviour/anchor property of bamboo embedded in rammed earth have been 

assessed and found reasonable bond strength useful for rammed earth constructions 

(Tripura and Sharma 2014). Gao et al., (2009) showed that rammed earth wall 

reinforced with bamboo could improve ductility, when subjected to horizontal load. 

Hence, in this chapter, an attempt is made to study the feasibility of using bamboo 

TH-1414_11610428



Chapter 6 Structural Behaviour of Bamboo-Steel Reinforced CSRE Column 

 

101 
 

splints substituting the longitudinal steel bars in CSRE columns under axial loading 

(see preceding chapter for steel reinforced CSRE columns), considering the effects of 

structural parameters such as total reinforcement ratio, lateral reinforcement ratio, etc. 

Thus this chapter is  an extension of the previous chapter i.e. Chapter 5, except for the 

replacement of longitudinal bars with bamboo splints. 

 

6.2 Materials and equipments used for production of test specimen 
 
6.2.1 Soil 
 
Properties of the soil used in the present experimental programme are similar to those 

explained in Section 4.2.1 (see Table 4.1).   

 
6.2.2 Cement 
 
Ordinary Portland cement conforming to IS 8112 (1989) was used in the experimental 

investigations. The property of cement used is explained in Section 3.2.1. Similar to 

Chapters 4 and 5, only 10% cement by dry mass of soil was used for production of 

test specimens throughout the test programme.  

 
6.2.3 Bamboo 
 
For production of reinforced CSRE columns, the bamboo species namely Bambusa 

Balcooa was used as longitudinal reinforcing bars. This species of bamboo is 

commonly available and widely used for construction of houses locally (Agartala, 

India). The specimens were harvested at an age greater than 3 years, and were then 

seasoned by air-drying for 4 weeks in a standing upright position in the laboratory at 

ambient temperature. The bamboo was further chemically treated as per IS 401 (2001) 

with Copper-Chrome-Boron (CCB) solution confirming to IS 9096 (2006). The CCB 

solution was prepared by mixing Boric Acid, Copper Sulphate and Potassium 

dichromate in the ratio 1.5:3:4 respectively. After soaking the bamboo splints in the 

CCB solution for a week, the splints were further, allowed to dry in air for about 10 

days prior to tensile strength test. The tensile strength of bamboo was determined as 

per IS 6874 (2008). Figs. 6.1a and b show the details of testing and load-deformation 

curve of bamboo splints. The tensile strength of bamboo splints is about 315 MPa 

(average of 3 sample test), and this value is very close to the value obtained by 
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Tripura and Sharma (2014). Bamboo splints having cross sectional area equivalent to 

8 mm diameter of steel bars were used for longitudinal reinforcement. Table 6.1 

outlines the details of reinforcement data. 

 
6.2.4 Steel 
 
The property of the steel used is similar to that explained in Section 5.2.3.  

Reinforcement details of column are shown in Fig. 6.2 and Table 6.1. 

 
6.2.5 Equipments and techniques 
 
The equipments and compaction process used for production of test specimens; in the 

present test programme is similar to the one explained in Section 5.2.4. Figs. 6.3a, b, 

and c shows the equipments and typical bamboo-steel reinforced CSRE column.  

 
6.2.6 Production of test specimen  
 
The size of the columns used in bamboo-steel reinforced column experimentation 

programme was chosen same (150 mm x 150 mm x 1500 mm) as that of steel-

reinforced columns presented in Chapter 5. The column dimensions were made equal 

to facilitate comparison of structural properties between bamboo-steel and steel 

reinforced columns. Three series of columns were prepared comprising of three 

columns for each series. The bamboo steel reinforced (BSR; bamboo as longitudinal 

reinforcement and steel as lateral reinforcement) are then designated as BSR200, 

BSR100 and BSR50, depending on the tie spacing, where BSR200 denotes column 

with 200 mm center-to-center tie spacing.  Prior to production of test specimens the 

soil sample and mould was prepared as explained in Section 4.2.3. The compaction 

energy/effort was calculated using Equation 3.1. Production and curing procedure of 

test specimens are similar to that explained in Section 5.2.5. 

 
6.2.7 Column test 
 
Column test setup and testing procedure is similar to that explained in Section 5.2.6 

(see Fig. 5.4). Moisture content was determined for bamboo splint and CSRE samples 

at the time of testing. 
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6.3 Results and discussions 
 
6.3.1 Failure and load-deformation response of column 
 
6.3.1.1 Effect of 200 mm tie spacing 
 
Failure pattern of bamboo-steel reinforced columns with tie spacing of 200mm (i.e. 

133.3% of the column width) (BSR200) is shown in Fig. 6.4a. Results from the 

experimental programme shows that the vertical cracks were generated near the 

loading end as the load approaches to about 75% of ultimate load. On subsequent 

loading gradual spalling of cover occurred due to outward buckling (more like a 

triangle, unlike in steel reinforced column, SR200 where only little localised steel 

buckling is seen; see Fig. 5.5) of bamboo splints in between the ties (Fig.6.4a, inset), 

thereby drastically reducing the load-capacity (Pubs) and leading to complete failure of 

the column. Interestingly, the failure occurred near the loading end in between the ties 

due to localised stress concentration, and there was a little or no visible damage or 

distress on the rest of the column length. This localised failure may again be related to 

development of stress concentration due to end rotation near the loaded end, where  

weak shear wedge zone from platen effect also exists. leading to the early failure of 

longitudinal steel reinforcement. Similar type of pyramidal shear wedge (base = ~90 

mm, and altitude = ~ 97-167 mm, corresponding to 65°-75° shear plane) as that of 

SR200 (see Fig 5.6) is observed. Localised bamboo splint breaking or buckling may 

have been caused by insufficient or larger tie spacing, which in this case is much 

larger than the width of the column itself.  

 

The value of Pubs of BSR200 column was determined to be 83.1 kN with a standard 

deviation of 0.78 kN, which is about 2.6% higher than UCSRE columns (see Table 

6.2).  From Fig. 6.4b, it can be seen that lateral deformation (δl) of the column is in 

the range 0.3 - 2.6 mm for load value of 10-60 kN. It was observed that the failure of 

column occurred corresponds nearly to the location where δl is maximum as shown in 

Fig. 6.4b.  

 

6.3.1.2 Effect of 100 mm and 50 mm tie spacing  
 
Failure pattern of columns with tie spacing of 67% of the column width (BSR100) is 

shown in Fig. 6.5a. It was observed that at about 85 - 90% of the ultimate load the 
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vertical cracks were generated near the end supports, because of the end rotations 

followed by gradual spalling of cover near the mid-height of the column, unlike in 

BSR200 column, where the failure is localised at one of the ends only.  Subsequent 

loading led to complete spalling of cover at the mid-height of the column, due to 

buckling followed by breaking of bamboo splints. The occurrence of tensile crack on  

the tension side and crushing of the cover can be seen on the compression side. The 

zone of compression crushing or spalling is about two times the lateral ties spacing 

i.e. ~ 200 mm.  Such, very localised failure is not seen in the case of SR100 column 

(Fig. 5.6), and this may be related to relatively weaker strength of bamboo splints as 

compared to steel, and also due to weaker bond between bamboo splint and earth. The 

spalling of cover near the end support may be related to the formation of cracks 

because of end rotation. The value of Pubs was determined to be 87.7 kN, which is 

about 8.3% and 5.2% higher than that of UCSRE and BSR200 (see Fig. 6.4) columns 

respectively, and δl is about 0.5 to 1.7 mm at 10 to 60 kN load. The load - deformation 

curve is shown in Fig. 6.5b. 

 
Failure pattern of columns with lesser tie spacing such as BSR50 (i.e., 33.3% of the 

column width) is shown in Fig. 6.6a. Failure pattern of BSR50 columns resembles to 

that of BSR100 columns. It was observed that δl ranges from 0.5 to 1.6 mm at 

corresponding load of 10 to 60 kN. The Pubs vs. δl curve is shown in Fig. 6.6b. The 

value of Pubs of BSR50 column is about 93.3 kN, which is about 14.3%, 11.2%, 6% 

higher than UCSRE, BSR200 and BSR100 columns respectively. Similar type of 

failure pattern can be observed at the compression zone of BSR100 and BSR50 

columns, closer to the mid-height, and spalling of cover near the support. In 

comparison to BSR100, the curvature at the failure zone for BSR50 is relatively 

smoother (see Figs. 6.5a and 6.6a), and this may be related to the closer tie spacing 

(resulting in higher lateral reinforcement ratio, ρw) in BSR50 wherein a better level of 

confinement and distribution of the stresses is achieved. Further, zone of cover cracks 

at the tension side is found to spread in a wider area in BSR50 as compared to that of 

BSR100. The compression failure zone is enhanced to about five times the tie spacing 

i.e. (~ 250 mm) which is more than that of BSR100.  
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6.3.1.3 Load- deformation response of column 
 

Variation of load vs. axial deformation is plotted in Figs. 6.7a,b,c and d considering 

three samples each of BSR200, BSR100 and BSR50 respectively. For comparison, the 

results for UCSRE columns are also plotted again. It can be observed that both 

ultimate load (Pubs) and ductility properties of the columns are enhanced due to 

addition of tie reinforcements (i.e.,  ρw = 0% to 0.63%), further, δv of the column 

increased by about 70% higher than UCSRE columns at the corresponding load of 60 

kN. P vs. δv curves of BSR100 and BSR50 columns posses two peak points as shown 

in Figs. 6.7c and d, which is absent in case of UCSRE (Fig. 6.7a) and BSR200 (Fig. 

6.7b) columns (similar to that observed for steel reinforced columns; see Fig. 5.8), 

and can be attributed to confinement effect of the inner core due to lateral ties. A 

negligible confinement effect persists during the ascending part of loading and the 

CSRE cover is visually free of cracks up to the first peak load equal to 70% to 80% of 

ultimate load for both BSR100 and BSR50 columns. On further loading, a gradual fall 

of load by about 7% to 10% of ultimate load from the first peak was observed. 

Subsequently, the load reached up to a second peak and beyond which there was a 

gradual decrease in P. The formation of micro-cracks on the tension side and de-

bonding of the CSRE from the reinforcement may be regarded as key parameters 

causing the gradual fall in load after the first peak. Due to tension cracks and spalling 

of cover, there is a considerable drop in the effective cross-section available to resist 

the axial load, thereby dropping P after first peak, as shown in Figs. 6.7c and d. As the 

load rises again after first peak,  the inner core confinement becomes very effective as 

a result of increase in lateral CSRE strains, which is characterized by the formation of 

second peak at ultimate load equal to 87.7 kN for BSR100 and 93.3 kN for BSR50 

columns (Figs. 6.7c and d). At this load level, the longitudinal bamboo breaks/shears 

off (i.e., BSR100 and BSR50 columns), however the lateral steel being stronger in 

tension show no sign of distress. 

 

Similar to the observations made for steel reinforced CSRE columns (see Section 

5.3.1.4), the second peak load was found to be  higher than the first, which is again in 

contrast to the behaviour reported by Cusson and Paultre (1994) on high strength 

concrete columns confined by rectangular ties. It was observed that the reinforced 

columns failed by successive failure of CSRE and bamboo splints as shown in Figs. 
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6.4a, 6.5a, and 6.6a, respectively. A nearly linear increase in axial deformation at peak 

load (δuv) and lateral deformation at 60 kN (δl60) (pre-peak)  have been observed i.e., 

around ~10% and 14% increase respectively,  when the stirrup spacing decreased 

from 200 mm to 50 mm, thus showing an improvement in ductility (Fig. 6.8) with 

reducing tie spacing.  

 

6.3.2 Effect of reinforcement on load-capacity  
 
Effect of total (longitudinal steel (ρl) + lateral bamboo ties (ρw) = ρt) and ρw on load 

ratio i.e. Pubs /Pu (Pu is the ultimate load for UCSRE columns) are presented in Fig 

6.9, for a fixed value of ρl = 0.89. As can be seen from Fig. 6.9 that a marginal 

difference in Pubs exists between UCSRE and BSR200 columns (shown by dotted 

line). This shows that reinforcement in BSR200 column is insufficient to bring a 

significant effect on Pubs. At higher ρt i.e., ~>1.5 (and up to ~3.5), an increase in 

strength by about 10% to 16% can be observed, although it may be seen that there is a 

noticeable dropping in the rate of increase at relatively higher ρt i.e. >3.0. As 

mentioned in Section 5.3.2, the plateauing effect of Pubs at high reinforcement ratios,  

it is likely that Pubs would tend to a finite strength limit, consistent with the common 

perception that at vanishing tie spacing, the column would behave like a rammed 

earth filled steel tube (similar to concrete filled steel tubes (Gardner and Jacobson, 

1967; Han, 2000; Patton and Singh, 2014)). The effect of ρw on Pubs /Pu for ρl = 0.89 

is shown in Fig. 6.9b and this effect is prominent when ρw > ~ 0.5. It can be seen that 

there is an increase in Pubs by about 12% when ρw is increased by 300% (from ρw = 

0.6). It may be noted that this increase is about half of the value observed for steel 

reinforced CSRE columns (see Fig. 5.10), as expected of the greater strength 

exhibited by longitudinal steel as compared to longitudinal bamboo splints). The 

increase in Pubs with decreasing tie spacing agrees with similar studies done for steel 

reinforced concrete columns (e.g. Cusson and Paultre, 1994). At lower values of ρw 

(i.e. <~ 0.5), when the tie spacing is lesser than 200 mm (or 133.3% of the column 

width), the effect of lateral confinement is not very significant on the column strength. 

Thus, it can be seen that the overall response of the column capacity i.e.  Pubs with 

confinement effect of the steel reinforcement appears to follow a non-linear S-curve 

(i.e. a double curvature curve) plateauing at both the ends.  
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6.3.3 Moisture content and density of column 

Moisture content and density of CSRE columns during the time of testing was 

determined to assess the effect on strength of column. In the present study, the 

average moisture content of the CSRE samples varies from 5.64% to 7.73% with a 

standard deviation of 0.49% to 1.20%; and the average dry density varies from 1790 

kg/m3 to 1960 kg/m3 with a standard deviation of 0.009% to 0.029% respectively (see 

Table 6.2). Bui et al., (2014) observed that the effect of moisture content on 

compressive strength in soil stabilised with 8% natural hydraulic lime, as mentioned 

in Section 5.3.4, hence the moisture content observed in the present study is likely to 

have negligible effect on the column strength. In case of bamboo splints the average 

moisture content ranges from 3.32% to 5.69% with standard deviation ranging from 

0.34% to 1.90% respectively.  

 

6.3.4 Comparison of BSR and SR columns 
 
Fig. 6.10a shows Pu relationship of BSR and SR column based on ρt.  It is observed 

that both BSR and SR column possess higher Pubs by about 3.8 - 16.6% and 4.6 - 33% 

than UCSRE column, respectively. This shows that reinforcement increases the Pubs 

of columns. It is further observed that the Pubs of SR column increases gradually 

higher than BSR columns. Although these values are not much different at 1.52 and 

2.15 reinforcement ratios, however SR50 column possess higher Pubs by about 17% 

than BSR50 column at 3.14 reinforcement ratios. Fig. 6.10b shows the Pubs 

relationship of BSR and SR columns with respect to ρw. It is observed that the Pubs 

increases gradually with the increase in reinforcement ratio in both BSR and SR 

columns. Furthermore, the SR columns possess higher Pubs by about 6% to 11% than 

BSR columns at the rate of two times increase in reinforcement ratio. Fig. 6.11 shows 

the influence of longitudinal reinforcement type on Pubs. Here the CSRE strength and 

tie spacing is considered as constant and material type for longitudinal reinforcement 

as variable. It can be seen that the difference in Pubs is negligible between BSR200 

and SR200 columns. This shows that both bamboo and steel carries similar amount of 

load at this reinforcement ratio (i.e., 0.63). However, the difference is highest between 

BSR50 and SR50 columns by about 17%, which shows that the longitudinal steel 
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becomes more effective and carries more load than bamboo at ρw equal to 2.51. The 

reason for this difference can be due to steel being stronger material than bamboo. 

The comparison of δuv and δl60 between SR and BSR CSRE columns are shown in 

Figs. 6.12a and  b respectively. It can be seen that the values of δuv and δl60 for SR are 

found to be higher than those of BSR by ~8% and ~16 % respectively, for greater tie 

spacing i.e. 100 mm and 200 mm. However, a relatively sharp improvement in δuv and 

δl60 can be seen for SR when the tie spacing is reduced towards 50 mm from 100 mm, 

in comparison to BSR wherein a gradual trend is maintained for all the tie spacing 

considered (i.e. 200 mm to 50 mm). The enhanced deformation improvement trend in 

SR as compared to BSR, may be related to the improved confinement core strength 

achieved as a result of the higher strength in longitudinal steel (i.e. confinement effect 

has relatively increasing effect in mobilising the strength/stiffness of higher strength 

steel as compared to bamboo).     

 

6.4 Summary and conclusions 
 
This chapter presents an experimental study on the behaviour of bamboo-steel 

reinforced CSRE column under concentric axial loading. Effects of key variables such 

as total reinforcement ratio (ρt), lateral reinforcement ratio (ρl) etc., on load-capacity 

(Pubs), failure patterns etc., was studied. Based on the study the following conclusions 

have been drawn:  

 

1. Similar failure patterns as those of steel reinforced CSRE columns are 

observed for bamboo-steel reinforced CSRE columns, except for post-ultimate 

snapping or breaking of buckled bamboo longitudinal reinforcement.   

2. Pubs (ultimate load for bamboo-steel reinforced column) of bamboo-reinforced 

CSRE columns are about 3.7% to 15% higher than that of unreinforced CSRE 

column when total (bamboo and steel) reinforcement ratio is increased from 

1.52% to 3.41%.  

3. The increase of Pubs is about 6% to 12% when the transverse reinforcement 

ratio was increased from 0.63% to 1.26% and 0.63% to 2.51% respectively. 

Pubs of SR50 column is about 17% higher than that of BSR50 (BSR = 

Bamboo-Steel Reinforced), however only minor differences are seen for larger 

tie spacing, i.e. 200 mm.   
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4. Linear increase in percent Pubs is observed as ρt was increased from 0% to 

3.41%. There is a gradual increase on percent Pubs as ρt was increased from 

0% to 1.52%, 2.15% and 3.41% with the values of 4%, 10% and 16% 

respectively. The Pubs also increases by about 6% to 12% when ρw was 

increased from 0.63% to 1.26% and 2.51% respectively, thus showing an 

improvement in ductility. 

5. Bamboo possess reasonably high tensile property i.e., half the strength of 

steel, hence it can be used as a potential reinforcing material and a substitute 

to steel to some extent for construction of rammed earth structures in order to 

achieve higher strength and better seismic performance. 
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Table 6.1. Details of bamboo-steel reinforcement.  

 

Column 
a (mm) d (mm) h (mm) s (mm) ρl (%) ρw (%) ρl + ρw (%) 

1BSR200 150 150 1500 200 0.89 0.63 1.52 
2BSR200 150 150 1500 200 0.89 0.63 1.52 
3BSR200 150 150 1500 200 0.89 0.63 1.52 
1BSR100 150 150 1500 100 0.89 1.26 2.15 
2BSR100 150 150 1500 100 0.89 1.26 2.15 
3BSR100 150 150 1500 100 0.89 1.26 2.15 
1BSR50 150 150 1500 50 0.89 2.51 3.41 
2BSR50 150 150 1500 50 0.89 2.51 3.41 
3BSR50 150 150 1500 50 0.89 2.51 3.41 
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Table 6.2. Summary of bamboo-steel reinforced column test results. 
 

Column 
Ultimate 
load (kN) 

Comp. 
strength 
(MPa) 

  Moisture content of specimen (%) 

  Average moisture 
content at test (%) 

  

Standard deviation 
(%) 

Average 
dry 

density of 
CSRE 
(kg/m3) 

Standard 
deviation 

(%) 

Locations 

Top Middle Bottom 

  CSRE Bamboo   CSRE Bamboo   CSRE Bamboo CSRE Bamboo CSRE Bamboo 

1UCSRE 81.0 3.60 
 

5.43 - 
 

6.79 - 
 

5.45 - 
 

5.89 - 
 

0.78 - 1790 0.012 
2UCSRE 80.3 3.57 

 
6.29 - 

 
5.79 - 

 
4.85 - 

 
5.64 - 

 
0.73 - 1800 0.015 

3UCSRE 81.6 3.49 
 

5.67 - 
 

6.56 - 
 

5.78 - 
 

6.00 - 
 

0.49 - 1790 0.013 
1BSR200 83.7 3.72 

 
5.52 2.82 

 
6.97 3.85 

 
7.91 3.87 

 
6.80 3.34 

 
1.20 0.73 1950 0.029 

2BSR200 82.2 3.65 
 

5.97 2.80 
 

6.28 4.02 
 

7.04 7.92 
 

6.43 3.41 
 

0.56 0.86 1930 0.010 
3BSR200 83.3 3.70 

 
5.62 3.33 

 
6.77 3.85 

 
7.81 3.97 

 
6.70 3.72 

 
1.10 0.34 1950 0.011 

1BSR100 89.1 3.96 
 

7.97 3.09 
 

5.27 3.80 
 

8.12 3.80 
 

7.12 3.56 
 

1.60 0.50 1940 0.022 
2BSR100 87.3 3.88 

 
7.39 4.60 

 
7.15 3.99 

 
6.32 3.11 

 
6.95 3.90 

 
0.56 0.43 1940 0.010 

3BSR100 86.8 3.86 
 

7.12 3.73 
 

6.12 3.63 
 

7.15 3.47 
 

6.64 3.72 
 

0.77 0.47 1950 0.020 
1BSR50 95.0 4.22 

 
8.49 5.57 

 
7.52 6.67 

 
7.19 4.82 

 
7.73 5.69 

 
0.68 0.78 1930 0.014 

2BSR50 91.3 4.06 
 

6.73 6.19 
 

6.81 3.50 
 

5.35 5.41 
 

6.30 5.03 
 

0.82 1.90 1960 0.014 
3BSR50 93.7 4.16   7.23 5.61   5.84 4.73   6.21 5.13   6.78 5.42   0.63 0.97 1950 0.009 

 
  Note: UCSRE = Unreinforced Cement stabilised Rammed Earth; BSR = Bamboo-Steel Reinforced; 1, 2, 3 = Serial number of columns; 50, 100, 200 = Spacing of lateral ties in mm. 
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(a) Bamboo splint. 

 
 
 

 
(b) Typical load-deformation curve of bamboo splint

 

Fig. 6.1 Testing of bamboo splint. 
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Fig. 6.2. Reinforcement details of column with tie spacing: (a) 50 mm; (b) 100 mm; 

and (c) 200 mm.  
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Fig. 6.3. Equipments: 

typical bamboo-steel reinforced CSRE column
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(a) 

 

Fig. 6.4. Failure of column with 

lateral deformation curve

Structural Behaviour of Bamboo-Steel Reinforced CSRE Column

 

 

 
 

 

 

(b)
 

column with 200 mm tie spacing: (a) failure pattern

curve. 
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(a) 

Fig. 6.5. Failure of column with 

lateral deformation curve
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Fig. 6.6. Failure of column with 

vs. lateral deformation

 

 

 

 

 

 

 

 

 

 

 

 

~ 250 mm 

Tension 
crack tip 

Steel 
bracket 

Spalling of cover due 
to compression 
crushing

Structural Behaviour of Bamboo-Steel Reinforced CSRE Column

 

 

 (b)

column with 50 mm tie spacing: (a) failure pattern

deformation curve.  

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500

0 0.5 11.5
h

(m
m

)

δl (mm)

BSR50

PubsSpalling of cover due 
to compression 
crushing 

Breaking 
of splint 

Ties 

Steel Reinforced CSRE Column 

117 

 

(b) 

lure pattern; and (b) load 

1.52 2.5 3

(mm)

BSR50

10 kN
20 kN
30 kN
40 kN
50 kN
60 kN

ubs = 93.3 kN

TH-1414_11610428



Chapter 6 Structural Behaviour of Bamboo-Steel Reinforced CSRE Column 

 

118 
 

 

(a) UCSRE column (b) BSR200 column 

(c) BSR100 column (d) BSR50 column 

 
Fig. 6.7. Load vs. axial deformation curves. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

20

40

60

80

100

0 0.5 1 1.5 2 2.5 3 3.5

A
xi

al
 lo

ad
, P

(k
N

)

δv (mm)

1UCSRE
2UCSRE
3UCSRE

0

20

40

60

80

100

0 3 6 9 12 15 18 21

A
xi

al
 lo

ad
, P

(k
N

)

δv (mm)

1BSR200
2BSR200
3BSR200

0

20

40

60

80

100

0 3 6 9 12 15 18 21

A
xi

al
 lo

ad
, P

 (
kN

)

δv (mm)

1BSR100

2BSR100

3BSR100

0

20

40

60

80

100

0 3 6 9 12 15 18 21 24 27

A
xi

al
 lo

ad
, P

 (
kN

)

δv (mm)

1BSR50

2BSR50

3BSR50

TH-1414_11610428



Chapter 6 Structural Behaviour of Bamboo-Steel Reinforced CSRE Column 

 

119 
 

 

(a) (b) 
 

Fig. 6.8. Effect of tie spacing: (a) axial deformation of columns at ultimate load (δuv); 

and (b) lateral deformation of columns at 60 kN load (δl 60). 

 
 
 
 

                   (a) 
 

                (b) 
 

Fig. 6.9.  Effect of reinforcement on load ratio (Pubs/Pu ) of column: (a) load ratio vs. 

total reinforcement; and (b) load ratio vs. lateral reinforcement.  
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    (a) 
 

  (b) 

Fig. 6.10. (a) Load-capacity of BSR and SR columns with respect to total 

reinforcement ratio; and (b) load-capacity of BSR and SR columns with respect to 

lateral reinforcement. 

 

 

 

 

 
Fig. 6.11. Effect of longitudinal reinforcement type on load-capacity.  
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   (a)       (b) 
 
Fig. 6.12. Comparison of SR and BSR columns on (a) axial deformation at ultimate 

load (δuv); and (b) lateral deformation at 60 kN load (δl 60). 
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Chapter 7 

Conclusions and Future Scope of Work 

 
This chapter summarizes the important conclusions drawn from the 

experimental studies on unreinforced and reinforced (steel and bamboo-steel 

reinforced) cement stabilised rammed earth (CSRE) columns, using locally 

available soil at Agartala (India). The study  includes determination of the 

characteristic properties of unstabilised and cement stabilised rammed earth 

blocks; structural behaviour of axially loaded CSRE columns of circular, 

square and rectangular cross-sections and behaviour of steel and bamboo-

steel reinforced CSRE columns under axial compression.  

 
7.1 Introduction 

In the preceding chapters, studies on the characteristic properties of soil and structural 

behaviour of unreinforced and reinforced CSRE columns have been presented. The 

properties of unstabilised and cement stabilised rammed earth blocks in terms of 

density, strength, compaction energy, and durability in both cured and uncured 

condition were studied. An attempt was made to select and validate the block-making 

equipment and technique, which can be used for construction of rammed earth 

structures. Detailed study on load-capacity of unreinforced CSRE columns of circular, 

square and rectangular cross-sections under axial loading were carried out. The effects 

of concentric axial loading on failure pattern, slenderness and aspect ratio; moisture 

variation and stress reduction factors were assessed. A comparative study was made 

on ultimate compressive strength (σu) of columns obtained from experimentation and 

Engesser's tangent modulus theory. Validity of using masonry design rules for the 

design of CSRE column was evaluated. Factor of safety for columns were determined 

to assess the possibility of constructing a single storey load bearing houses. In 

addition, a study was carried out on the behaviour of steel and bamboo-steel 

reinforced CSRE columns under axial loading. The effects of structural parameters 

such as transverse reinforcement ratio, total reinforcement ratio, tie spacing, etc., on 

the failure pattern; load-lateral deformation and load-axial deformation of columns 
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were studied. Based on the study summary of the conclusions are enumerated in the 

following sections. 

 
7.1.1 Characteristics properties of CSRE blocks 

1. The compressive strength of both cured and uncured CSRE blocks increases 

with increasing cement content and the average characteristic strength of cured 

samples is about two times higher than uncured samples.  

2. At optimum moisture content, it is not possible to achieve the maximum dry 

density and compressive strength of CSRE blocks although the compaction 

energy is increased beyond the standard Proctor effort.  

3. Strength and density of CSRE blocks is quite sensitive to the variations in 

compaction energy up to a specified limit and on an increase in compaction 

energy from 7.26 to 16.94 kg-cm/cc tends to increase in strength and density 

up to 1.2 times and 16% higher than that obtained at an energy level 

equivalent to the standard Proctor test.  

4. The locally available soil (Agartala, India) used for production of CSRE 

blocks using the proposed block-making equipment and technique satisfy the 

design criteria outlined in various standards. 

 
7.1.2 Structural Behaviour of CSRE columns of circular, square and rectangular 

sections 

 
1. Failure of column can be divided into three zones i.e., shear failure zones at 

top and bottom, and tension failure zone at the middle. Shear dominates near 

the platen ends and shearing cracks typically occurred at nearly 65° - 75° 

angle and at 60 - 70% of ultimate load, and thus forming a shear wedge. At the 

same time, tension dominates in the middle of the column and due to this force 

acting outward perpendicular to the axis of column led to splitting of the 

column into two halves. Similar pattern of failure was observed in case of 

circular columns except the formation of equally inclined (~ 120°) splitting 

vertical cracks due to ‘axe action’ of the shear wedge. 

2. Predictions made by Engesser's tangent modulus theory are sensitive (for the 

ranges of λ considered) to the stress level at which the tangents are considered  
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i.e. it can lead to under predictions when the experimental ultimate stress is 

high and closure to the peak stress of the referral characteristic stress strain 

curve and vice-versa, however the decreasing pattern of σu with increasing 

values of λ is well captured. The values of k at λ equal to 8 and 10 were 

determined to be 0.92 and 0.84 for rectangular columns and 0.90 and 0.82 for 

circular columns respectively.  

3. The load-capacity increases with the increase in aspect ratio. It was found that 

when the aspect ratio was increased from 1.0 to 1.27 and 1.53, the load-

capacity of column increased by approximately 20% and 40.5% respectively, 

for λ = 6, 8 and 10 of all the column sets. It may be noted that the increase in 

load-capacity for increasing aspect ratio agrees with the increase in cross-

sectional area. 

4. The reduction factors outlined in earthen standards such as NZS 4297 (1998) 

and AS HB 195 (2002), and masonry standard IS 1905 (2002) are in a close 

range to the experimental values by about ~4.0% at slenderness ratio equal to 

8 - 10. However, in case of circular columns, the codal values are higher by 

about ~7%, thus showing relatively un-conservative.  

5. Factor of safety obtained for CSRE column is quite high, which ranges from 

21 to 36. This indicates that CSRE columns can be used for construction of 

single storey load bearing houses or even two storeys or more when designed 

properly.  

 

7.1.3 Structural behaviour of steel reinforced CSRE columns 

1. The load-capacity of SR200, SR100 and SR50 column is about 4.6%, 16% 

and 33% higher than UCSRE column, respectively. Load-capacity increases 

due to reduction in tie spacing and toughness gain of confined CSRE.  

2. There is a gradual increase on percent load-capacity as the total reinforcement 

ratio is increased from 0% to 1.52%, 2.15% and 3.41% with the values of 

4.5%, 16% and 36% respectively. The load-capacity also increases by about 

11% to 30% when the percent transverse reinforcement ratio is increased from 

0.63% to 1.26% and 2.51% respectively. 

3. As compared to UCSRE columns, steel reinforced CSRE columns shows 

significant load carrying capacity and an improvement in ductility, and 
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capacity could be obtained with closer tie spacing. Hence, steel can be a 

potential reinforcing material in CSRE columns with closer tie spacing in 

order to achieve higher strength and better seismic performance. 

 

7.1.4 Structural behaviour of bamboo-steel reinforced CSRE column 

1. Similar failure patterns as those of steel reinforced CSRE columns are 

observed for bamboo-steel reinforced CSRE columns, except for post-ultimate 

snapping or breaking of buckled bamboo longitudinal reinforcement.   

2. Load capacities (ultimate load for bamboo-steel reinforced column) of 

bamboo-reinforced CSRE columns are about 3.7% to 15% higher than that of 

unreinforced CSRE column when total (bamboo and steel) reinforcement ratio 

is increased from 1.52% to 3.41%.  

3. The increase of load capacity is about 6% to 12% when the transverse 

reinforcement ratio was increased from 0.63% to 1.26% and 0.63% to 2.51% 

respectively. Load-capacity of SR50 column is about 17% higher than that of 

BSR50 (BSR = Bamboo-Steel Reinforced), however only minor differences 

are seen for larger tie spacing, i.e. 200 mm.   

4. Linear increase in percent load-capacity is observed as total reinforcement was 

increased from 0% to 3.41%. There is a gradual increase on percent load-

capacity at total reinforcement was increased from 0% to 1.52%, 2.15% and 

3.41% with the values of 4%, 10% and 16% respectively. The load-capacity 

also increases by about 6% to 12% when lateral reinforcement was increased 

from 0.63% to 1.26% and 2.51% respectively, thus showing an improvement 

in ductility. 

5. Bamboo possess reasonably high tensile property i.e., half the strength of 

steel, hence it can be used as a potential reinforcing material and a substitute 

to steel to some extent for construction of rammed earth structures in order to 

achieve higher strength and better seismic performance. 

 

7.2 Future scope of work 

Although an attempt has been made to experimentally study  the structural behaviour 

of both unreinforced and reinforced (steel and bamboo-steel reinforced) cement 
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stabilised rammed earth (CSRE) columns, considering several important variables like 

cross-sectional shape, cross-sectional aspect ratio, slenderness ratio, steel 

reinforcement, bamboo reinforcements, etc., several areas can be identified  which 

can lead to further understanding of CSRE structural elements. Some of the areas 

where research can be focused in the future are enumerated below:  

 
1. As the present study deals only with single soil type, further study is 

recommended to determine the suitability of proposed block making 

equipment and technique using different soil types. 

2. A further investigation needs to be carried out on CSRE columns in order to 

derive stress reduction factors useful for design calculations. Some of the 

works are as follows: (a) determination of stress-reduction factors for higher 

slenderness ratio and eccentricities, (b) behaviour of bamboo-steel and steel 

reinforced CSRE columns under biaxial loading, and (c) however, further 

studies may be required to reconfirm the validity of these codes.  

3. Investigations on biaxial loaded reinforced CSRE columns considering the 

effects of structural parameters such as longitudinal reinforcement ratio, 

transverse reinforcement ratio, tie configuration, CSRE compressive strength 

and spalling of covers.  

4. Test on durability in terms of corrosion of steel and alteration of bamboo to 

humidity. 

5. Development of finite element models based on the understanding gained 

from experimental studies to explore further variations in parametric space of 

columns. 

6. Development of design guidelines/charts based on experimental and finite 

element simulations.  
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Appendix A 

A.1 Compaction energy calculation for standard Proctor test 

V

HWNn
Ec =  (A.1) 

 
where  

Ec = compaction energy, kg.cm/ cm3 

V = volume of Proctor mould = 1000 cm3 

W = weight of Proctor rammer = 2.49 kg 

H = rammer height of fall = 30 cm 

N = number of blows per layer = 25 

n = number of compacted layer = 3 

 
Therefore,  
 

0.660.5
1000

3049.2253 ≈=×××==
V

HWNn
Ec  kg.cm/ cm3 

 
Total number of blows, NT = 3 x 25 = 75 for compaction of 10 cm (apprx.) thick layer 

compaction. 

A.2 Compaction energy calculation for wooden cubic mould 

Size of mould = 10 cm x 10 cm x 10 cm 

Volume of mould, V = 1000 cm3 

Weight of rammer, W = 5.6 kg 

Rammer height of fall, H = 30 cm 

Total number of blows per layer of 10 cm thick, NT =? 

Number of compacted layer, n = 1 

Compaction energy, Ec = 6.0 kg.cm/ cm3 

Note: Here one layer of 10 cm thick is considered, which is equivalent to three layers 

of standard Proctor test. 

36~7.35
306.51

10006 =
××

×==
HWn

VE
N c

T , for compaction of 10 cm thick layer. 
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From this experiment, the average mass of compacted soil is determined to be 2.1 kg. 

A.3 Estimation of Ec in terms of N and mass of soil required for 
column of size 15 cm x 15 cm x 90 cm 

 

Total volume of mould, VT = 15 x 15 x 90 = 20250 cm3 

Volume of mould for 10 cm thick layer, V = 15 x 15 x 10 = 2250 cm3 

Weight of rammer, W = 5.6 kg 

Rammer height of fall, H = 30 cm 

Total number of blows per layer, NT =? 

Number of compacted layer, n = 1 

Compaction energy, Ec = 6.0 kg.cm/cm3 

 

4.80
306.51

22506 =
××

×==
HWn

VE
N c

T  (A.3) 

 

Therefore, number of blows required for 90 cm high column or 9 such layers = 80.4 x 

9 = 723 blows. 

Mass of soil required for Volume of mould, V = 15 x 15 x 10 = 2250 cm3 is 

determined as follows: 

 
Mass of soil = (2250/1000) × 2.1 = 4.73 kg 

Therefore, total mass of soil required for 90 cm high column or 9 such layer = 9 x 

4.73 = 42.57 kg 
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Fig. A.1. Schematic diagram of compaction process  
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Appendix B 

B.1 Determination of tangent modulus for columns from the stress-
strain curve of prism 

 

 

 

Fig. B.1. Stress-strain curve of prism 
 

It is known that greater the slenderness ratio (λ) the lesser is the load-capacity of 

CSRE column. Therefore, CSRE prism of slenderness ratio equals to 2 possess the 

maximum load-capacity when compared to columns of greater slenderness ratios 

(λ>>2). Fig. B.1 shows the stress-strain curve of prism. 

 

The tangent modulus for the corresponding values of ultimate stress (σu) of columns is 

determined from Fig. B.1.  

 

Let us consider a square column (S-0.9) with the following data: 

a) Height of column = 900 mm 

b) Load-capacity = 96.5 kN 

c) Ultimate stress (σu) = 4.29 MPa 
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At first, abscissa corresponding to stress value 4.29 MPa is drawn, which is marked 

by dotted line AB intercepting the stress-strain curve at B. Now, a tangent CD is 

drawn at point B as shown in Fig. B.1. The tangent modulus (Et) of S-0.9 column is 

determined by finding the slope of the tangent, i.e., 155
022.0

41.3 ≈=tE MPa 

 

B.2 Determination of stress/capacity reduction factor 
 
The stress or capacity reduction factor (k) is determined by dividing the average 

compressive strength or load-capacity of respective column series by the average 

compressive strength or load-capacity of column series of slenderness ratio equal to 6. 

For example: 

a) Compressive strength of S-0.9 column = 96.5 kN (SR = 6) 

b) Compressive strength of S-1.2 column = 88.4 kN (SR = 8) and 

c) Compressive strength of S-1.5 column = 81.0 kN (SR = 10) 

The RF is calculated as: 

a) RF for S-1.2 column = 88.4 ÷ 96.5 = 91.6 ~ 92 

b) RF for S-1.5 column = 81.0 ÷ 96.5 = 83.9 ~ 84 

 

B.3 Determination of factor of safety 
 
Characteristic strength of column (fk) = 3.58 MPa (Table 4.6) 
 
Allowable stress (σa) = 0.1 MPa (BS 5628 part 1, 1992) 
 
Therefore, factor of safety = fk / σa = 3.58/0.1 = 35.8 
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Appendix C 

Estimation of reinforcement details 

C.1 Longitudinal reinforcement 

Longitudinal reinforcement ratio is calculated using the following formula: 

g

sl
l A

A=ρ  (C.1) 

 

where 

ρl = longitudinal reinforcement ratio in percent 

Asl = total longitudinal reinforcement area = 2

4
4 DAsl ××= π

 

Number longitudinal bars = 4 

Ag = gross area of section 

 

Example: 

Diameter of steel bar, D = 8 mm 

Cross-sectional area of steel bar, As = 27.50
4

2 =× D
π

mm2
 

Gross area of section, Ag = 150 x 150 = 22500 mm2 

Total longitudinal reinforcement area, Asl = 4 x 50.27 = 201.08 mm2 

Longitudinal reinforcement ratio in percent, ρl = (Asl / Ag) x 100 = 0.89 % 
 

C.2 Lateral reinforcement 

Lateral reinforcement ratio is calculated using the following formula: 

100
4 ×

×
××=
sA

cAst
ωρ  (C.2) 

where, 

ρω = lateral reinforcement ratio in percent 

Ast = cross-sectional area of steel tie = 2

4
4 DAst ××= π

 

A = cross-sectional area of CSRE core bounded by centerline of outer tie 

s = center to center spacing between ties 

c = side dimension of CSRE core 
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Example 
 
Diameter of steel bar, D = 6 mm 

Cross-sectional area of steel bar, Ast = 27.28
4

2 =× D
π

mm2 

Side dimension of CSRE core, c = 90 mm 

Center to center spacing between ties, s = 200 mm 

Cross-sectional area of CSRE core bounded by centerline of outer tie,  A = 90 x 90 = 

8100 mm2 

 

Therefore, 
 
Lateral reinforcement ratio in percent,  
 

%63.0~628.0100
2008100

9027.284
200 =×

×
××

=ωρ  
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Fig. C.1. Reinforcement details of column 
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Fig. C.2. Schematic diagram of compaction technique 
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