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Abstract

Abstract

The present study aims to determine the suitatwlitipcally available soil (Agartala,
India) for the production of cement stabilised ramdnearth (CSRE) columns with a
proposed CSRE specimen making technique, followed\estigations on the effects
of (1) slenderness ratios on the axial column gtten of both unreinforced
rectangular and circular CSRE columns, (2) crosta®al aspect ratios on
unreinforced rectangular CSRE columns, and (3)ydasteel reinforcement ratios for

CRSE columns longitudinally reinforced with steetidbamboo splints.

The properties of locally available soil and its suilié§p was determined in terms of

density, strength, compaction energy and durabilityboth cured and uncured
conditions using the proposed block-making equipgneerd technique. Test result
shows that the average characteristic strengthuddcsamples is about two times
higher than that of uncured samples. The comprestiength and density of CSRE
blocks (with 10% cement content) is quite sensitiveéhe variations in compaction

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

cm/cc tends to increase the compressive strengtldansity by about 23% and 11%
respectively than that obtained at an energy lelosle to the standard Proctor effort.
It is concluded that the local soil used for thedurction of CSRE blocks using the
proposed block-making equipment and techniquefgdtie design criteria outlined in

various standards such as NZS 4297 (1998), IS 22a@R) and AS HB 195 (2002)

in terms of compressive strength and density.

The influence of structural parameters such asdsleess ratiol, cross-sectional
aspect ratio (width/thickness rati@®), and cross-sectional shapes (circular, square
and rectangular) on load-capacify,), reduction factork), failure pattern etc., on
concentrically loaded unreinforced CSRE columnspaesented. Columns of cross-
sectional sizes: 150 mm x 150 mm, 150 mm x 190 \md, 150 mm x 230 mm for
rectangular; 150 mm diameter for circular crosdises, with a height of 900 mm,
1200 mm and 1500 mm were considered for the expeat@mh programme.
Experimental results on ultimate compressive sttefg) of columns were compared
with the results obtained with Engesser's tangesdutus theory (Bleich, 1952); and

the validity of using masonry design rules for tthesign of CSRE columns was

TH-1414 11610428 Vi



Abstract

evaluated. Safety factors were determined basestress reduction factors obtained
from the study. Test result shows that the latenadl vertical deformation (at
comparable load) increases with increasing valdes. @ypically, columns tested
failed by formation of vertical cracks initially #te platen-column interface followed
by shearing and splitting at the later stages aflilog. The value of, decreases with
increase int. The values ok at4 = 8 and 10 were determined to be 0.92 and 0.84 for
rectangular columns and 0.90 and 0.82 for circidalumns respectively. At
increasing values of (keeping thickness constant at 150 mm) the vatddy, for
rectangular columns increases. It was observedwhah @ is increased from 1.0 to
1.27 and 1.0 to 1.53, the valuesRyfincreased by about 20% and 40.5% respectively,
for A = 6, 8 and 10 of all the column sets, agreeintp Wie increase in cross-sectional
area as? increases. Th& values outlined in earthen standards such as NXS 4
(1998) and AS HB 195 (2002), and masonry standar@905 (2002) are in a close
range to the experimental values by about ~4.0%&8 - 10. However, in the case of
circular columns, the codal values are found tdilgber by about ~7%, thus showing

relatively un-conservative nature.

Structural behaviour of CSRE columns reinforcednwateel (4 numbers of 8 mm
diameter steel as longitudinal and two-legged 6 mdrameter as transverse
reinforcements; Fe500 steel) under concentric da&ling, for a fixed column height
of 1500 mm was assessed. Effects of key variahlels as transverse reinforcement
ratio, total reinforcement (i.e. combined longitnali and transverse) ratio etc., were
studied. Test result shows that the behaviour ®RESolumns reinforced with closer
tie spacing (e.g. 50 mm) is characterized by griadpalling of cover at the failure
zone leading to a loss of axial capacity beforetthasverse confinement becomes
effective. The values dPys (ultimate load for steel reinforced column) for 2R,
SR100 and SR50 (where SR = steel reinforced, and1860, 200 represents tie
spacing in mm) columns are about 4.6%, 16% and 388ber than that of
unreinforced CSRE (UCSRE) column, respectively. iRedr increase irPys is
observed as the total reinforcement ratio was aszd from 0% to 3.41%. A gradual
increase irPys has been seen when the total reinforcement iiecreased from 0%
(i.e. unreinforced) to 1.52%, 2.15% and 3.41% bypuab4.5%, 16% and 36%

respectively. As the transverse reinforcement gseiased from 0.63% to 1.26% and

TH-1414 11610428 viii



Abstract

0.63% to 2.51%Pys is found to increase by about 11% and 30% respytiAxial
deformation at peak load) increased by about 6.3% and 19.1%; whilst lateral
deformation at 60 kNd(s0) (i.e., pre-peak/ultimate load) by about 13.6 %d 460%,
when the tie spacing decreased from 200 mm to 1@0amd 100 mm to 50 mm

respectively, suggesting an improved ductility watite confinement.

Structural behaviour of CSRE columns reinforced hwibamboo-steel under
concentric axial loading, for a fixed column heiglitt500 mm was also assessed. In
this study, the vertical reinforcement steels haeen replaced by approximately
rectangular bamboo splints (with an equivalent sisectional area as that of 8 mm
diameter bar). It was found th#ts (ultimate load for bamboo-steel reinforced
column) of bamboo-reinforced CSRE columns are a3t to 15% higher than
that of unreinforced CSRE column when total (bamand steel) reinforcement ratio
is increased from 1.52% to 3.41%. An increasP g of about 6% to 12% has been
seen when the transverse reinforcement ratio isecedrom 0.63% to 1.26% and
0.63% to 2.51% respectively. It was observed Bygtof SR50 column is about 17%
higher than that of BSR50 (BSR = bamboo-steel oea&d), however only minor
differences are seen for larger tie spacing, i0® @&m. Similar failure patterns as
those of steel reinforced CSRE columns are obsefwedamboo-steel reinforced
CSRE columns, except for post-ultimate snappindgreaking of buckled bamboo
longitudinal reinforcement. A nearly linear increas é,, andd;so have been observed
i.e. around ~10% and 14% respectively when thepéeing decreased from 200 mm

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

Chapter 1

I ntroduction

1.1 General

The present energy crisis resulting from rapid sidalization has given rise to a
major concern about managing the energy resoutitiesvailable and environmental

degradation (Ghavami, 2005). As a result, theransintense on-going search for
alternative building materials, which will minimizéhe energy crisis as well as
environmental degradation. In the recent past, rathearth construction techniques
have gained a renewed interest across the wortdtaliis varied sustainable benefits
such as availability of local material (soil onesidbr near the site), low embodied
energy, simple construction procedure, non-poltugtc., (e.g. Easton, 1982; Houben
and Guillaud, 1994; Walker, 1995; Jayasinghe anth&adasa, 2007; Ciancio and
Beckett, 2013; Reddy, 2014; Bui et al., 2014). $avstudies have been made on
suitability of soil, structural behaviour of unréanced and reinforced rammed earth
walls and columns (e.g. Easton, 1982; Walker, 199&l, 2004; Jayasinghe and
Kamaladasa, 2007; Maniatidis and Walker, 2008; @ghs, 2008; Reddy and
Kumar, 2010; Reddy and Kumar, 2011; Ciancio andkBec2013; Bui et al., 2011;

Lindsay, 2012; Ciancio and Augarde, 2013; Guptd,42@gnd many countries have
developed standards, practice guidelines, handbetuksfor earth construction that
include various aspects such as soil selection,stoaction equipments and

techniques, testing procedures, structural desigdetines etc., (e.g. NZS 4297,
1998; AS HB 195, 2002; 1S 2110, 2002; ASTM E23923&2M, 2010).

From the literature review, it has been observed Yarious types of soil such as
laterite soil, sandy soil etc., have been fountable for rammed earth constructions,
and use of 4-12% cement for cement stabilised raimeaeth (CSRE) constructions
have been reported (e.g. Walker, 1995; Ngowi, 1@ikttala et al., 2006; Jayasinghe
and Kamaladasa, 2007; Reddy and Kumar, 2011). SRECconstructions, the main
ingredients are soil, sand, gravel, and cemens Tddhnique involves dry mixing of
soil, sand, gravel, and cement followed by additbrvater. The wetted soil mixture
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is then poured/placed into the formwork and comgrhahto progressive layers until
the desired is achieved followed by dismantlingfaimwork and wet curing for
specified period. Furthermore, structural behavidarg. load and deformation
capacities, load eccentricity effect) of unstakiiscolumns and unreinforced CSRE
walls have been studied (Maniatidis and Walker,8@®eddy and Kumar, 2011).
Gupta (2014) reported on the effect of using diayy@md horizontal stirrups on the
load-capacity of steel reinforced CSRE columns.

However, to the best of author's knowledge a syastienstudy on the influence of
structural parameters such as slenderness rajjocfoss-sectional aspect ratio
(width/thickness ratio@), and cross-sectional shapes (circular, rectangita) on
load-capacity R,), reduction factork), failure pattern, lateral reinforcement ratio.gtc
on axially loaded CSRE columns have not been ptederin addition, although,
studies have shown that bamboo can be a potentdistigite to steel in structural
concrete elements such as beams and columns (eaya@i, 2005; Agarwal et al.,
2014) and can improve ductility of rammed earthlwalder horizontal load (Gao et
al., 2009), no reports have been found in theditee on the use of bamboo as
reinforcement for CSRE columns. Hence, in thigaesh effort, suitability of locally
available soil (Agartala, India) for the productiohCSRE columns has been checked
with a proposed CSRE specimen making techniquievield by investigations on the
effects of (1) slenderness ratios on the axial roolistrengths of both unreinforced
rectangular and circular CSRE columns, (2) crostaeal aspect ratios on
unreinforced rectangular CSRE columns, and (3)ydasteel reinforcement ratios for
CRSE columns longitudinally reinforced with steatldbamboo bars. The objectives

of the present study are enumerated in the follgwserction.
1.2 Objectives of theinvestigation

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

present study:

1. To study the characteristic properties of unstadii and CSRE blocks in
terms of density, strength, compaction energy amdllity in both cured and
uncured conditions using locally available soig@ktala, India).
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2. To select and validate the block making equipmek technique that can be
used for construction of rammed earth structures.

3. To evaluate the structural behaviour of axiallyded CSRE columns of
square, rectangular and circular sections consigethe effects of key
parameters such as slenderness ratio, cross-saciswect ratio etc., on load-
deformation, failure patterns etc.

4. To evaluate the structural behaviour of axiallyded steel and bamboo-steel
reinforced CSRE columns of square sections coneglethe effects of
structural parameters such as transverse reinfemcenratio, total
reinforcement ratio etc., on the failure pattewwsad-lateral deformation and

load-axial deformation of columns.
1.3 Thesis organization

The thesis is presented into seven chapters.

Introduction

Literature review

Materials characterization

Structural behaviour of CSRE columns

Structural behaviour of steel reinforced CSRE calsm
Structural behaviour of bamboo-steel reinforced E$Blumns

N o ARl WL

Conclusions and future scope of work

Chapter 1 introduces the research area and a brief accouaverfy chapters of the

present study.

Chapter 2 describes briefly the detailed literature reviewdman earth/rammed earth
constructions. The literature review mainly focuses the historical background of
rammed earth constructions, suitability of soilstainability, structural behaviour of

rammed earth walls/columns and codes of practiaeuamrmed earth constructions.

Chapter 3 deals with determination of properties of locallyagable soil and its
suitability as a construction material. The projesriof unstabilised and CSRE blocks
were studied in terms of density, strength, compacenergy and durability in both
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cured and uncured conditions. All the test samplege produced using steel rammer
and wooden mould, with an attempt to select andlatd the block-making equipment
and technique that can be used for rammed earstraations. The test results such as
compressive strength, density etc., were compariéd tive values outlined in many

standards and guidelines.

Chapter 4 deals with a study on the load-capacity of CSREmols under concentric
axial compression. Tests on CSRE cylinders, priants columns of circular, square
and rectangular cross-sections were performedctfief slenderness ratio and aspect
ratio on the column strength, deformation and cépaeduction factors were assessed.
A comparative study was made between the ultimatepcessive strengtho() of
columns determined using Engesser's tangent mothaosy and experimental results.
Furthermore, validity of using masonry design rul@sthe design of CSRE columns
was evaluated and safety factors of columns weterrdened to assess the possibility
of constructing a single storey load bearing hougegerimental results such as
reduction factors, slenderness effects etc., wenepared with the values proposed in
literature, standards and guidelines; and a failmechanism of column has been

proposed.

Chapter 5 investigates the behaviour of steel reinforced CRREmns of square
cross-section under concentric axial compressiooth Bongitudinal and lateral
reinforcement were provided with steel. Effectswtictural parameters such as total
reinforcement ratio, lateral reinforcement ratitw, eon the failure pattern; load-lateral
deformation and load-axial deformation of columnegrev studied. Compaction

technique and failure pattern of columns are diseds

Chapter 6 presents an experimental study on the behaviouC®RE column
reinforced with bamboo (longitudinal) and steeltgfal) under concentric axial
compressionkEffects of structural parameters such as totafsstement ratio, lateral
reinforcement ratio etc., on the failure patteagd-lateral deformation and load-axial
deformation of columns were studied. Comparativelystvas made between the test
results of steel and bamboo-steel reinforced CSREMMS.
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Finally, in Chapter 7 summary ofmajor conclusions from the thesis and future scope

of work have been presented.

Three appendices are added at the end of the .th&pgendix A shows (a)

compaction energy calculation equivalent to stathd@noctor effort, (b) compaction
energy calculation for wooden cube mould and (timedion of compaction energy in
terms of number of blows and mass of soil requicectolumn of size 150 mm x 150
mm x 900 mmAppendix B shows (a) determination of tangent modulus foucwols

from the stress-strain curve of prism, (b) deteahon of stress/capacity reduction
factor and (c) determination of factor of safeiypendix C shows (a) estimation for

longitudinal reinforcement and (b) estimation fatekal 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 technigbeh has recently gained renewed
interest due to varied sustainable benefits. Is thchnique, moisten soil (stabilised or
unstabilised) is filed in a temporary formwork (@den or steel) and
compacted/rammed into successive layers of ~1@ tond thick by means of rammer.
After compaction of every couple of layers (equévalto height of formwork), the
formwork is raised (if necessary) at higher levedl ahe process is continued until the
desired construction is completed. Soil, sand, gJrand stabiliser (cement, lime,
asphalt etc.) are the major constituents for uniggdad and stabilised rammed earth
constructions. Some of the major advantages of regin@arth constructions are: (i) low
cost of materials and locally available; (ii) lowezgy and transportation costs; (iii) low
fire risk and non-combustible; (iv) durable; (valless surface and flexibility in wall
thickness and plan; and (vi) non requirement ofhhigkilled workers etc. Its
disadvantages include: (i) loss of strength onraéitan; (ii) erosion due to rain impact;
(i) longer construction period and weather-depanid and (iv) construction
recommendation in hard soil and non-flooding arets Notwithstanding these
disadvantages, rammed earth construction has gaioesiderable research interests
especially, because of its relatively sustainabtel @ost effective aspects (e.g.
Jayasinghe and Kamaladasa, 2007; Reddy and KuGtd; Bui et al., 2014; Reddy et
al., 2014; Gupta, 2014). In this chapter, detaflditerature review on rammed earth
constructions are presented with a special focusuoreinforced 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 ddtenwman first used earth as a
building material. However, many researchers daeklthe early construction of
earth buildings to 8000 — 4000 B.C. (Pollock, 198%8inke, 2000; Berge, 2009).
Evidences of earth constructions can be traced theamain cradles of civilizations:
Indus valley civilization, Chinese civilization, Mepotamian civilization, Tigris-
Euphrates civilization etc., (Kumar, 2009). Mouldemimmed earth, cob walls, adobe,
poured earth represents some of the common earitraotion techniques used in the
past (Houben and Guillaud, 1994). The early usethwimed earth technique dates
back to 500 — 200 B.C. with the construction of Geat Wall of China (Fig. 2.1)
being the first of its kind (Easton, 1982; Jiyaad aweitung, 1990; Houben and
Guillaud, 1994). Since then, the technique spreadarious parts of the world (Fig.
2.2) (Jaquin et al., 2008).

Besides, the Great Wall of China, the rammed ewiis surrounding Horyuiji
Temple in Japan built in 707 A.D., (Jaquin, 20G8another fascinating example of
ancient rammed earth structure in Asia sub-conti(€ig. 2.3). During 1300 - 1600
A.D., constructions of rammed earth structures werdertaken in Ladakh, Bhutan
and Tibet using simple wooden moulds (Chayet et1&890, Jaquin, 2008, see Fig.
2.4). Further spread of rammed earth techniqguengutBth century to mid of 19th
century in Asia sub-continent can be seen from é¢kamples of rammed earth
buildings in the city of Shibam in Yemen and Gujanaindia, etc. (Figs. 2.5 and 2.6)
(Helfritz, 1937; Kumar, 2009).

In Europe, General Hannibal first introduced rammnesdth technique with the
construction of rammed earth watchtowers during 80G. (Easton, 1982). The
Alhambra fortress of Granada in Spain built in @88., is one of the most exciting
examples of rammed earth construction in Europg.ZH) (Jaquin, 2008). During
1600 — 1900 A.D., a good number of rammed earthstcoctions were built in

Switzerland (Kleespies, 2000), Weilburg in Germd®ghick, 1987) and southern
England (Figs. 2.8 and 2.9) (Walker et al., 2008)e Church of Holy Cross in
Stateburg, South Carolina built in 1857 A.D., wlain rammed earth is one of the
most striking examples of historic rammed earthstactions in USA (Fig. 2.10)
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(Easton, 1982). Furthermore, the rammed earth igebnalso spread to South
America and Australia (see Fig. 2.11) through thgration of European people in
16th and 19th century A.D., respectively (JaquiQ®).

In the recent past rammed earth construction tgclenhas gained renewed interest
due to its varied sustainable benefits such asclust, low embodied energy etc. Figs.
2.12 to 2.14 show some of the modern rammed earilldifgs in India and steel

reinforced CSRE columns.

2.3 Suitability of soil for rammed earth constructions

According to Houben and Guillaud (1994), there asdirect answer to the question,
“Is this soil suitable for construction?” The eanised for making rammed earth
generally refers to sandy loam subsoil. The topsainsuitable for construction due
to considerable presence of organic matter thaddgiades, absorbs water, and is
highly compressible, and it must be limited to 12686 of the total mass of soil if
allowed at all (King, 1996). These inherent deficies may be overcome by
stabilising soil with chemical binders, such as eemor lime, followed by
mechanical compaction (Walker, 1995). Many Reseascthave investigated the
physical properties of soil particularly with redece to gradation, Atterberg limit,
density, strength and some aspects of durabilay define the suitability of soil for
rammed earth constructions (e.g. Patty, 1936; Ratty Minium, 1945; Verma and
Mehra, 1950; Easton, 1982; Houben and Guillaud4198athcote, 1995; Walker,
1995; Lilley and Robinson, 1995; Keable, 1996; Kit§96; Rauch and Kapfinger,
2001; Hall and Djerbib, 2004; Bahar et al., 2004Ik¢€r et al., 2005; Jayasinghe and
Kamaladasa, 2007; Maniatidis and Walker, 2008; @ghs, 2008; Bui et al., 2009;
Bui et al.,, 2011; Reddy and Kumar, 2011; Milani drabaki, 2012; Tripura and
Sharma, 2013; Miccoli et al., 2014; Bui et al., 2D1Some of the important
conclusions on properties of soil and recommendatimade by various researchers
and standards are highlighted in Tables 2.1 ande&gectively. It can be observed
from Tables 2.1 and 2.2 that there exist a widgeaof values for clay, silt, sand and
gravel fractions of the soil used for rammed eadhstructions. Clay, silt, sand and
gravel content ranges from 5 — 40%, 0 — 30%, 28% &nd 10 — 62% respectively.
Wide range of values exists for Atterberg limitshe liquid limit (LL) and plasticity

TH-1414 11610428 8



Chapter 2 Literature Review

index (PI1) ranges from 15.4 — 49% and 2 — 30% m@spdy. The density achieved
for rammed earth is in the range of 1700 — 220énkgHowever, it may be noted that
in most of the studies information on the type ehsity being measured e.g. dry
density, air-dry density or bulk density with sommisture in it, are not readily
available, although density is one of the importéadtors for achieving higher
strength in rammed earth constructions. Wide vianatin the compressive strength
values achieved for rammed earth, such as wet apccampressive strength of
stabilised rammed earth is in the range of 0.7MP2 and 1.4 — 27 MPa respectively,
on the other hand compressive strength of unssablillammed earth range from 0.62
— 6.8 MPa. Cement content ranging from 4 — 12% hmaen used for stabilisation.
The compressive strength values specified in estdhdards for unstabilised and
stabilised soil range from 1.3 — 3 MPa and 1.4 MPa respectively, whereas these
values in other literatures (e.g. Verma and Meh@h0; Easton, 1982; King, 1996;
Walker et al., 2005; Bui et al., 2007; Burrough80&2; Reddy and Kumar, 2011) vary
from 1 — 6.8 MPa and 1.82 — 27 MPa respectivelys Bhows that the codal values
are more conservative. New Zealand standard NZ8 4P998) recommends that to
achieve the correct level of compaction the hamdla 6.5 kg hand rammer should
‘ring’ when dropped from a height of 300 mm on &l material when the moisture
content is not more than 4% dry of optimum or 6% wfeoptimum. This technique
seems to be quite ambiguous as it is not alwaysilpesto judge the level of
compaction, and as such not very helpful for andifie control of quality and
strength. Similarly, many of the studies did noplex clearly on the compaction
technique and formwork used for rammed earth coastms.

2.4 Sustainability of rammed earth constructions

According to Ghavami et al., (1999)ext to the food shortage, the housing shortage
is one of the most crucial problems on earth andfwove this situation and make it
possible to build more houses, particularly for im@ome families, locally available
materials such as soil, bamboo, etc., can be ubknvadays rammed earth
construction is attracting renewed interest dueitdogreen characteristics in the
context of sustainable development (Bui et al.,£20The use of rammed earth

construction material in remote regions or undesetiped countries is suggested as a
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viable alternative to other more common buildingtenals like concrete and steel
(Ciancio and Beckett, 2013). Rammed earth houssessss attractive appearance
and present advantageous living comfort due totanbal thermal inertia and the
“natural regulator of moisture” of rammed earth iwgBui et al.,, 2014). Several
researchers have studied thermal characteristiamromed earth (e.g. Taylor and
Luther, 2004; Maniatidis et al., 2007; Taylor et 2008 etc.). Based on a case study,
Taylor and Luther (2004) observed that the ovehatmal property of rammed earth
building is improved above that expected by consiilen of thermal resistance

values alone.

Due to availability of local material (soil on sitg near the site), rammed earth
constructions have low embodied energy (Reddy agadish, 2003; Reddy, 2004;
Jayasinghe and Kamaladasa, 2007; Bui et al., 2&Ret)dy and Kumar (2010) carried
out a study on embodied energy in CSRE walls. A gamson has been made
between energy content of cement and energy ispgaatation of materials, with that
of the actual energy input during rammed earth amtipn in the actual field
conditions and the laboratory. Based on the studsas concluded that the embodied
energy in CSRE walls is only about 15-25% of théedred energy in burnt clay
brick masonry. Very recently, Reddy et al., (201djade a case study on low
embodied energy cement stabilised rammed eartdibgjlin Bangalore, India. The
study dealt with the construction aspects, strattdesign and embodied energy
analysis of a three-storey load bearing schooldmgl complex (Fig. 2.12). An
analysis of the embodied energy revealed thatrfigodied energy of CSRE building
is ~1.15 GJ/y which is considerably less than that of the enmbdenergy of
conventional burnt clay brick building (3—4 G3jnand reinforced concrete framed
structure building (4—-10 GJAn The case study also demonstrated the scope for
reducing the carbon emissions in the constructiectos by using low embodied

energy materials such as CSRE walls and alternfitioe'roof systems.

2.5 Structural behaviour of rammed earth walls/columns
2.5.1 Unreinforced rammed earth

Unstabilised rammed earth has been used for bgifdinquite a long time (e.g. Patty,
1936; Patty and Minium, 1945; Schick, 1987; Houbad Guillaud, 1994; Lilley and
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Robinson, 1995; Hall, 2002; Maniatidis and Walkg®03; Hall and Djerbib, 2004;
Maniatidis and Walker, 2008; Miccoli et al., 2014and successful use of CSRE for
load-bearing walls can be seen across the worldnf§eand Mehra, 1950; Easton,
1982; Hall, 2002; Walker et al., 2005; Kotak, 200ayasinghe and Kamaladasa,
2007; Reddy and Kumar, 2009a; Reddy and Kumar, ;20Mdndamby and
Jayasinghe, 2011; Ciancio and Gibbings, 2012; Beekel Ciancio, 2013).

Several studies have been carried out on the peafuce of rammed earth walls and
buildings analytically (e.g. Maiti and Mandal, 1988aniatidis and Walker, 2008;
Ciancio and Augarde, 2013), experimentally (e.gnWaet al., 2004Maniatidis and
Walker, 2008; Gomes et al., 2011; Bui et al.,, 20Réddy and Kumar, 2011) and
numerically (e.g. Yamin et al., 2004; Jaquin, 2008ng et al., 2011; Nowamooz and
Chazallon, 2011Gomes et al., 2011; Bui et al., 2011; Miccoli et aD14b). Besides
studies under static loading (e.g. Maniatidis andIkR&t, 2008; Reddy and Kumar,
2011), dynamic studies were also carried out onpirformance of rammed earth
walls and buildings (Yamin et al., 200Gomes et al.,, 2011; Bui et al., 2011).
Maniatidis and Walker (2008) studied the structwagbacity of unstabilised rammed
earth columns of square cross-section (300 mm xn3@) of 1.8 m, 2.4 mand 3 m
heights under concentric and eccentric compredsemting; focusing on the effect of
load eccentricity and slenderness ratios (= 6, 8 &f). The load-capacity of
concentrically loaded columns was determined to46&, 65.8 and 58.1 kN for
slenderness ratio equals to 6, 8 and 10 respectiNaes observed that the load values
are higher at higher slenderness ratios, whichuitegambiguous. Generally, it is
expected that the load-capacity of column drop viiitreasing slenderness ratio.
Reddy and Kumar (2011) investigated the structbheddaviour of story-high CSRE
walls. The test comprised of prism, wallette andl whsizes: 150 x 150 x 300 mm,
600 x 155 x 720 mm and 750 x 152 x 3000 mm (widtthiskness x height)
respectively. The average compressive strengthgrisin, wallette and wall were
determined to be 6.50, 5.47 and 3.91 kN respegtilelwas observed that the wall
strength decreases with increasing slenderness aatl there was nearly a 30%
reduction in strength as the slenderness ratiosased from 4.65 to 19.74. At higher
slenderness ratios, there was a close agreemenedretthe experimental and

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

In the recent past, steel have been introducediaf®rcing materials in order to attain
higher strength of rammed earth elements for intiewaapplications. It has been
observed that rammed earth beams reinforced wail ghproves the load-capacity
by about 383% to 570% and flexibility of the sogdms substantially (Gaind and
Char, 1983). Bond property of steel bars (12 mmmeizr) embedded in rammed
earth, gave a reasonable bond strength of 1.0®#&21kN (Walker and Dobson,
2001). A very few literatures could be found onesteinforced rammed earth walls
and columns. Lindsay (2012) briefly described tise of structural steel elements
(steel bars) within stabilised rammed earth wallihgwas recommended that steel
reinforced columns should be placed either at #rg end of the wall or at least 20%
of the total wall length from end of the wall. Gag014), conducted test on two full-
scale composite (i.e., steel reinforced) rammetheaiumns made of horizontal and
diagonal stirrups. It was observed that the colwmth diagonal stirrups was much
stiffer i.e., carry significantly higher load of @it 167% more than the column with

horizontal stirrups.

Besides steehamboo has also gained popularity as a reinfonsiatgrial. Extensive
studies on the performance of bamboo as reinforneme structural concrete
elements showed that bamboo can substitute sté@efastorily and the structural
elements developed and studied (i.e. bamboo re@foconcrete) could be used in
many building constructions (Ghavami, 2005). Inigegton on the behaviour of
chemically treated bamboo reinforced concrete cokishowed that the load-
capacity of column reinforced with 8% bamboo is ieglent to 0.89% steel
reinforced column and thus concluded that bambeahma potential to substitute steel
as reinforcement for structural members like colufkgarwal et al., 2014).
However, a very limited study has been reported&mboo reinforced rammed earth
constructions. Studies on rammed earth wall reoafd with bamboo cane under
monotonic horizontal load have been shown to imertive yield load, i.e., the
vertical bamboo ribs improved ductility of the ramanearth wall (Gao et al., 2009).
Studies on bond behaviour of bamboo strips embeduedSRE blocks produced
reasonable bond strength ranging from 1.01 to BIR& (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 earthdibgil codes, standards and
guidelines have been developed by various courdiiesss the world e.g. Australian
earth building handbook; California historical llilg code; Chinese building
standards; Ecuadorian earth building standardsm&erearth building standards;
Indian earth building standards; International diniy code / provisions for adobe
construction; New Mexico earth building materiat&le; New Zealand earth building
standards and Peruvian earth building standaras ihentioned INASTM
E2392/E2392M, 2010)Among all these standards, New Zealand standards (N
4297, 1998) and Australian earth building handb@d® HB 195, 2002) are most
widely referred in the literature. According to Maindis and Walker (2008), New
Zealand earthen standard (NZS 4297, 1998) is thet mell known structural design
standard for earth building at present. The NZS742998) deals with structural and
durability design of earth buildings. Table 2.3 wlaapacity reduction factork) (for
various values of slenderness ratios based onesa(tzS 4297, 1998; AS HB 195,
2002) and masonry (AS 3700, 1988; BS 5628, 1992918, 2002) standards. It can
be observed thdt values for earthen standards are adopted from mastandard
AS 3700 (1988). Thk values listed in AS 3700 (1988) are relatively lowean those
in IS 1905 (2002) and BS 5628 (1992) standards.deen that the prevailing earthen
standards do not adequately address the struadesajn requirements for earthen
buildings and hence design rules developed for nrggsconstruction are generally
followed (Maniatidis and Walker, 2008). In the studade by Maniatidis and Walker
(2008) on axially loaded ‘unreinforced' and 'unditsdd’ rammed earth columns, an
attempt was made to validate the application ofanasstandard design provisions to
earthen walls/columns. It was concluded that foalstoad eccentricities (up to 10%),
existing codes/guidance (such as NZS 4297, 1998HRS195, 2002) provided a

good estimate of the measured experimental perfocena

2.7 Summary and conclusions

Literature review on historical background of eattinstruction, suitability of sail,

sustainability, structural behaviour of rammed leantalls/columns and codes of
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practice on rammed earth constructions has beeredaut. Based on the literature

review the following conclusions have been drawn:

1.

TH-1414 11610428

Rammed earth construction technique have beenersinse 500 B.C. and in
the recent past this technique have gained renawterkst due to its varied
sustainable benefits such as low cost, low emboelesigy etc., compared to

other conventional building materials like burrdycbricks, steel etc.

. Various types of soil have been found suitablerémnmed earth constructions.

Clay, silt, sand and gravel content of the soildussnges from 5 — 40%, 0 —
30%, 20 — 75% and 10 — 62% respectively.

For cement stabilised rammed earth constructioatid — 12% cement have
been reported.

Structural behaviour of unstabilised and cemeritilsdad rammed earth walls
and columns have been studied. However, a systestatly of the influence
of structural parameters such as slenderness catiss-sectional aspect ratio,
and cross-sectional shapes on load-capacity, nedufactor, failure pattern
etc., on concentrically loaded CSRE columns hatdeen reported.

A limited study on reinforced rammed earth colufon,example, the effect of
diagonal and horizontal stirrups on the load-cayaufi steel reinforced CSRE
columns has been reported. However, the effectiiofigs spacing (lateral
reinforcement ratio) has not been presented so far.

Studies have shown that bamboo can be a poteniimtitite to steel in
structural concrete elements such as beams andmeslu Bamboo
reinforcement was found to improve the ductilitytbé rammed earth wall
under horizontal load.

Most of the rammed earth standards use capacityctieth factors from
masonry standards without sufficient validation. Axperimental study
(Maniatidis and Walker, 2008) on unreinforced andtabilised rammed earth
column showed that for small load eccentricitiep (@ 10%), existing
codes/guidance provided a good estimate of the umedsexperimental

performance.
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Table 2.1. Highlights of important conclusions and recommeioaea from literatures.
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A Compressive Density Linear Equipment used for
uthors " . . 3 . making
Composition of soil and recommendations strength (kg/m?) Shrinkage :
standards compression test
(MPa) (%)
samples
. Sand: 40 — 75%; optimum: 75%;
Patty and Minium | - 4 ision of 6 mm aggregates up to 45% to 0.65~2.77"| 1730 - 2160
(1945) . (dry)
increase strength
Verma and Mehra Sand: >35%; LL: <25%: and PI: 8.5 — 10.5 >2.8)try] 1940 —-2000 Wooden formwork,
(1950) metal rammer
Easton (1982) Clay: 30% and sand : 70% 2 (dry) 5019
Lilley and ) 0
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 PR TP 110 3 1870 — 2020 _
Walker (2003) Gravel: 39%; silt: 12% and clay:11% 1.1-22 {dry 0.25-1.6
Hall et al. (2004) 3.5 (dry)*
Earth Building
Association of a?tgfszé%rg)s <5
Australia (2004) y
Walker et al Sand and gravel: 45-80%; silt: 10—-30%; clay}
' 5-20%; cement: 4-12%; LL: <45%; and PI: 2— >1 <5
(2005) 30%
Bui et al. (2007) 1.0 (dry)

*Stabilised rammed earth.
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Density

Equipment used for

Authors Compressive 3 Linear makin
Composition of soil and recommendations strength (kg/m’) Shrinkage "9
standards compression test
(MPa) (%)
samples

(i) Sandy soil: - gravel: 32.2%; sand: 59.4%;

clay and silt: 8.4%.
Jayasinghe and | (ii) Hard laterite: - gravel: 56%; sand: 29.6%;
Kamaladasa | clay and silt: 14.4%. 1'?;;)371 1800 — 2000 e | Dteel rammer, steel
(2007) (ii) Clayey: - gravel: 50.5%; sand: 30.4%; clay

and silt: 19.1%.

Fines (clay and silt) content <20%.

. ) ) - ) ) ) Plywood-faced
Maniatidis and f[azglo/fc;?d T:,allng4§}()5% silt: 13%; clay: 12%; 0.62 — 0.97 1760 — 2030 concrete formwork;
Walker (2008) ' ' 1 ' (dry) pneumatic
rammer,

Clay/silt: 21-35%; gravel: 13-62%; sand: 30+
Burroughs (2008) | 70%; LL:<35%; PL: 16—19%; PI: <15% and >2 (dry)*

sand: <16%.

1980
Reddy and Kumar| Sand: 72.6%; silt: 11.6%; clay: 15.8%; LL: | ¢ 10 ¢ ag (“ggt;(‘)b"('gf/f)' | Metal mould and
(2011) 26.9% and PL: 17.5%. ; ' ceullBht steel rammer
stabilised)

(i) For unstabilised soil:- gravel: 10-20%; sand: .

20-50%; silt: 0-25%; clay: 5-40%: LL:15.6— U”jf‘;"fed
Ciancio et al. 34.5% and PI: 3.1-18.4%. L Not specified
(2013) (if) For cement-lime stabilised soil:- gravel:20- >2 (dry) 14305 2160 Stcairiﬂggé.

45%; sand: 20-60%; silt: 0—-25%; clay: 5—30%; 0271 '

LL:15.4-38.5%; and PI: 4—23.3%.
Middleton (1992) | Relatively low clay content. >y)* 98% of Proctor

standard
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Table 2.2. Highlights of important conclusions and recommeioaha from standards/guidelines.

Chapter 2 Literature Review

Standards/ Compressive Density Linear Equipment used for
o Composition of soil and recommendations strength (kg/n?) Shrinkage | making test samples
guidelines (MPa) (%)
Hand/mechanical
NZS 4298 (1998) >1.3 rammer; formwork
not clearly specified
*
IS 2110 (2002) | Sane:35%; LL:< 27%: and PI: 8.5 — 10.5%. ;é_';‘ ((\‘j'vreyt)) > 1800 {\iﬂrﬁéﬂrrg)r?r;“vigrk
Soil for cement stabilisation:
Sand and gravel: 45-80%; silt: 15—-30%; clay
0-25%; LL: <40% and PI: 2—22%; cement: 4+ .
1206, Plywood, _tlmber
ks, i el o
AS HB195 (2002) | For rammed earth: 1- 15 (dry- (rammed 10-60 mm metal /timbér
Sand and gravel: 45—75%; silt: 10-30%; cley; rammed earth earth) rammer; pneumatic
20%; LL: <40% and PIl: <2—22%; cement: 4— ’
rammer.
12%.
Lehmbau Regeln 2 —3 (dry)
(2009) 35 (dry) * 1700 — 2200

*Stabilised rammed earth.
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Table 2.3. Reduction factorsk] for various values of slenderness ratigs (

Reduction factork)
Eccentricity to thickness rati@/f,) < 0.05
Earthen standard Masonry standard
Slenderness ratip NZS 4297 AS HB 195 IS 1905 AS 3700 BS 5628
(2) (1998) (2002) (2002) (1988) (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 18
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Fig. 2.1. The Great Wall of Chin(constructed ~3000 years ag8\rce: Patriciagrayinc).

European migration to North
America C19th

uthward ‘movement of
he kl@oples Cl0th
&

Chinese migration to
Y North America C19th

panish and Portuguese

onquest of New World
Cl6th

Fig. 2.2. Map of the major movements of the rammed earthnigcle Source: Jaquin et
al., 2008).
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Fig. 2.3. Rammed earth walls surrounding Horyuji Temple,adagconstructed ~1300

years ago)$ource: Henman, 2004).

Fig. 2.4. Basgo fort, India (constructed before ~1357 A(Source: Jaquin, 2006).
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Fig. 25. Cement stabilised rammed earth buildings in Gujdradia Source: Kumar,
20009).

Fig. 2.6. Mud clay ancient palace in Tarim city, Yemen (d¢onsted ~300 years ago)
(Source: Helfritz, 1937).
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Fig. 2.7. Alhambra Fortress of Granada, Spain (constructed889 A.D.) Eource:
Alhambra).

Fig. 2.8. Unstabilised rammed earth building in Weilburg,r@any (constructed in 1826
A.D.) (Source: Kumar, 2009).
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Fig. 29. Rammed earth chalk building in Winchester, HamesHUK (Source: Kumar,
2009).

Fig. 2.10. The Church of the Holy Cross in Stateburg, Soutinolina, USA (constructed
in 1857 A.D.) Gource: Wikipedia).
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Fig.2.11. Modern rammed earth building, Australtaorce: Favhomedecors).

Fig. 2.12. Rammed earth school building in Bangalore, In8mu(ce: 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: Cliftor, 30
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Chapter 3 Materials Characterization

Chapter 3
M aterials 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 fgrained soils (e.g. silts and clays),
highly organic soils (or peat), etc. lack in strdmglimensional stability, density and
durability required for building construction. Asemtioned in Section 2.3, top soil is
generally not preferred for construction as it eomd organic matter, and King (1996)
suggested that the organic content should be kintte ~1-2 % by mass for
construction purposes. Although, it is difficult ppovide a straight forward criteria
demarcating the type of soil suitable for consiomt sandy loam sub-soil is
predominantly regarded as suitable 'earth’ for ngakiammed earth (Houben and
Guillaud, 1994). In the literature (see Tables @l 2.2) several types of soil have
been researched to check their suitability forreadnstruction, in their natural state
or with stabilisation (with chemical binders suchc@ment, lime etc.) procedures (e.g.
Walker, 1995; Bahar et al., 2004; Jayasinghe amddfadasa, 2007). As discussed in
Chapter 2there exists a wide range of values for clay (5-108i#t (0-30%), sand
(20-75%), gravel (10-62%) , Atterberg limits (LL:#5— 49% and Pl: 2 — 30%
respectively), density (1700 — 2200 kdJmcompressive strength (0.7— 27 MPa) etc.,
that are reported to be suitable. In addition, iBsation with 4 — 12% cement have
also been reported for rammed earth studies (eegn& and Mehra, 1950; Easton,
1982; King, 1996; Walker et al., 2005; Bui et &007; Reddy and Kumar, 2011).

However, it may be noted that in most of the stsidietails of the type of mould,
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rammer etc. needed for the production of rammethdaocks are not mentioned
precisely. Therefore, in the present chapter tlopgrties of locally available soil at
Agartala, India and its suitability as a constroictmaterial are studied, followed by
an attempt to select and validate block makingpgent and technique that can be
used for construction of rammed earth structuré® properties of unstabilised and
stabilised (with cement) rammed earth blocks imgerof density, strength and
durability are presented. The properties of CSREEKH with varying cement content
under cured and uncured conditions as well as undestant (close to standard

Procter effort) and varying compaction energy.

3.2 Experimental programme
3.21Materials

Soil sample used in the present study was colleftted a depth of 0.5 -1.5 m from

National Institute of Technology (NIT) Agartala cans, India. Table 3.1 outlines the
properties of the soil and Fig. 3.1 shows its gtiadecurve. The properties of soil was
determined as per Indian standards - IS 2720 P@®9b), IS 2720 Part 5 (1995) and
IS 2720 Part 7 (2002). Wet sieve analysis was udsedlassification of granular

material and sedimentation for the cohesive mdtédiainary Portland cement of 43-
grade conforming to IS 8112 (1989) was used irettgerimental investigations. The
initial and final setting time of cement is 40 abh80 minutes respectively, with a

specific gravity of 3.09.

3.2.2 Deter mination of optimum moistur e content and maximum dry density

The water content at which a specified compactored can compact a soil mass to
its maximum dry unit weight is known as optimum store content (OMC). Based
on tests on stabilised soil, Bahar et al. (2004nioled OMC values of ~9.5-11.0%
with a corresponding dry density of ~2000 kg/it was observed that if too little
water is present, the soil cannot achieve the dawe of compaction due to a greater
degree of friction between the soil particles, velasrif excess water is present then
capillary water occupies the soil pore spaces, dieduthe level of achievable
compaction and increasing the level of porosity ruploying of soil. New Zealand
Standard NZS 4298 (1998) states that for rammeth gapduction the moisture
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content range should not be more than 4% dry ahaph or 6% wet of optimum,
and this practice was strictly observed duringghesent sample production scheme.
To determine OMC and maximum dry density (MDD), o was first oven-dried to

a constant mass at a temperature of 105-110°C4fdno2r and pulverized into a
coarse powder manually. Moisture values were atsagionally determined by rapid
moisture meter for a quick checkhen a standard Proctor test was carried out for
both unstabilised and cement stabilised soils. fEmeaining soil samples were sun-
dried. Fig. 3.2 shows the maximum dry density veisture content relations of
various soil-cement proportions. The bulk densftg@l mixed with 10% cement is
about 2100 kg/rh

3.2.3 Equipment for production of rammed earth blocks

A mild steel rammer weighing about 5.6 kg with dicdsdandle of 25 mm diameter

and 1.02 m length attached with a 95 x 95 mm ni#elsamming face of thickness
20 mm, was used for compacting manually. A woodérecmould of 100 x 100 x

100 mm (inner dimension) and 20 mm wall thickness wised to assist the direct
comparison of rammed earth blocks with more famiitandard concrete cubes of
height/width ratio 1. A 97 x 97 mm mild steel colguide of 300 mm height and 0.5
mm wall thickness was used to facilitate the lamatof the hand rammer into the
cube mould. Fig. 3.3 shows the details of equipnusetd for making blocks and Fig.

3.4 shows the schematic diagram of block-makingpegent.

3.2.4 Production of test samples

Five categories of rammed earth block productionerms of cement content (i.e.,
0%, 4%, 6%, 8% and 10% cement by dry mass of sedle undertaken. The
moisture content of the sun-dried soil was deteeahiby rapid moisture meter before
production of rammed earth blocks, thus ensuring additional level of

standardization. The soil was thoroughly mixed wih#h cement and subsequently
with 6-10% cement, respectively, followed by aduditiof water up to OMC in

separate batches of 6 kg such that it is suffictenproduce two 100 mm cube

samples.

TH-1414 11610428 28



Chapter 3 Materials Characterization

The inner surface of the cube mould was paintet feitm oil, and the moistened soill
was compacted in three separate layers. About @WOB-P of soil amounted to
approximately one third the height of the cube rdashen compacted. According to
Bahar et al. (2004), mechanical stabilisation bgadgic compaction appears to give
better results as compared with a static or vilbaties compaction. In the present
study dynamic compaction method was adopted withmamer height of fall 300 mm
in accordance with IS 4332 Part 5 (2006b) and ramgnaquipment as described
above. It was observed that unlike NZS 4298 (198%),handle of the rammer starts
ringing initially within three to four blows folload by non ringing sound then ringing
sound just at the point of achieving the maximurmpaction. Compaction energy
(~5.6 kg-cm/cc) close to standard Proctor value wadepted throughout the
production run to achieve the required compactevel Fig. 3.5 shows a typical

rammed earth cube.

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

ambient temperature prior to testing. The remaisiagples were kept uncured in the
laboratory at the same temperature. Samples weoegpabduced to study the effect of
age of curing on compressive strength at varyingerg 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 wereduse study the effect of
compaction energy on density and strength. The Esmwere produced at constant
OMC but at varying levels of compaction energyhat tate of eight samples per level
of compaction energy. Table 3.3 shows the detsilcompaction energy applied.
The compaction energy/ effort was calculated udiegformula given in ASTM D—
698-12 (ASTM 2012) as follows:

NNWH
Vv

E,= (3.0)

where E. = compaction energy (kg-cm/ca), = number of compacted layeN =
number of blows per laye¥\/= weight of rammer (kg)H = height of fall of rammer

(cm); andV = volume of mould (cr¥).
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3.2.6 Test procedure

The surfaces of all the test samples were cleanied fo testing. Three specimens
were randomly selected from each category of rameath blocks, and two strain
gauges were attached to each of these specimepenpeular to each other to
determine lateral and longitudinal strains simwtausly along with determination of
compressive strength as per IS 4332 Part 5 (20081®. remaining samples were
tested to determine compressive strength only. fBisé specimen was placed in
between two 16 mm thick steel plates resting dydraulic jack with a 250 kN load

cell mounted on it. Both strain gauges and load welre connected to a data
acquisition system as shown in Fig. 3.6. All th&t ®quipments were calibrated prior
to testing. The moisture content on a represemtatample of fragments taken from
the interior of the tested specimens was determmadcordance with IS 4332 Part 2
(2006a). The same method was adopted to deterrhmewet strength of cured
samples immersed in water for two days prior tdirigs following the work of

Heathcote (1995). More discussion on durability ieshown in Section 3.3.6.
3.3 Experimental results and discussions

3.3.1 Density

The consistency of sample production was assesséeis of density. Table 3.2
illustrates a typical production run of rammed leabiocks. The CSRE blocks
produced were approximately 100 x 100 x 100 mmize.sThe dry density of
rammed earth blocks were determined using the flarmgiven in IS 4332 Part 5
(2006b) as follows:

100 W'

Vg = AL (100+ m) (3.2)

whereW’ = weight of specimen (g = cross-sectional area of specimen ¢t =
length of specimen (cm); amd = moisture content of specimen (%).There was & les
variation in OMC (1-9%) and MDD (2-4%) values &g tement content varies
between 0 and 10% as shown in Fig. 3.2. Thus, OMEC MDD are relatively less

sensitive to the variation in cement content of itig. This finding is in agreement
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with the work of Kumar (2009). Typical values ofydfensity were between 1660 and
2000 kg/ni (Tables 3.4 and 3.5). The dry density variatiohswed CSRE blocks
were between 12-15.7% and uncured blocks were batw23-12.8% with
compaction energy close to standard Proctor valoeboth cured and uncured
conditions, the values of dry density are quitesistent and slightly greater than
standard Proctor values except for unstabilisedksloThe densities obtained thus
satisfy the design values specified in Middleto894), NZS 4298 (1998), AS HB
195 (2002), IS 2110 (2002), and Lehmbau Regeln Q00N visual observation,
samples with high cement content exhibited visghienkage cracks but were smooth
and had a hard surface finish. The samples witlbrihe least stabilizer were very

stable with no visible cracking.
3.3.2 Effect of cement content and density on compr essive strength

To further assess the reliability of sample progurcas well as to compare rammed
earth blocks to conventional masonry materials,ompressive strength test was
conducted as per IS 4332 Part 5 (2006b). Tablesrd3.5 show the details of the
test results. The characteristic unconfined congwvesstrength was calculated using
the formula given in NZS 4298 (New Zealand Standha@98) as follows:

_ Xs
fi —[1—1.5)(—61} X, (3.3)

where fy = characteristic unconfined compressive stren@li?g); Xs = standard
deviation of a series, = average of a series; akg= lowest result.

The characteristic compressive strength of curetiuartured samples is in the range
of 3.74-6.43 MPa and 0.87—4.14 MPa, respectivelycément variation from 4-10%.
Fig. 3.7 shows the increase in characteristic cesgwe strength with increasing
cement content. The characteristic compressivagitieof cured samples is about 2
times higher than uncured samples. This can bibatid to the hydration of cement
on curing and filling of its product in the porektbe matrix thereby enhancing the
rigidity of its structure by forming a large numbef rigid bonds connecting sand
particles. The strength of samples at 10% cementenbis almost double the strength
at 4% cement content, and the wet strength is ahalit the strength of cured

samples. Lower values of characteristic compressinength for wetted specimens as
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compared to cured specimens may be related toaftensig of soil due to water
absorption (higher moisture content will lead tovédws MDD and hence lower
compressive strength). The differences in charistier compressive strengths
between uncured and wetted specimens are foune tamall, for the two days of
wetting period adopted for this study; however,mfy be expected that wet
compressive strength is likely to drop with furthveater absorption i.e. with more
days of wetting.

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

standards except the strength of unstabilised, evtiex compressive strength is ~1.1
MPa (see Table 2.2). The coefficient of correlatbetween the strength of the test
blocks is very strong irrespective of cured, undund wet samples as the strength

increases linearly with increasing cement conterglewn in Fig. 3.7.

For a given compaction effort, the variations iry dfensity due to soil-cement
proportion type is directly related to the charaste unconfined compressive
strength of the samples in both cured and uncuoeditons as shown in Figs. 3.8
and 3.9, respectively. This may be attributed ®libkst packing density achieved for
the soil- cement mixture corresponding to 4-10%esdmaontent compacted under a
given OMC. The strength of cured 4% and 10% CSRIEKS increases by about 79
to 31% higher than the strength of correspondinguted samples with just an
increase of 9% and 3% density, respectively. Furtitewas observed that the
compressive strength was sensitive to dry density] OMC was insufficient to

achieve the maximum dry density when the soilabitised with cement.

3.3.3 Effect of age of curing on compressive strength

A typical production run of CSRE blocks is shownTiable 3.2. The samples were
tested after every seven days of curing intervdl @nying for 10 days (after curing)

prior to testing. The effect of age of curing oomgyessive strength is shown in Fig.
3.10. It can be seen from Fig. 3.10 that there lisear increase in the compressive
strength when the age of curing is increased frota Z8 days, for cement content
ranging from 4% - 10%. However, it can be obsethed the increase in compressive

strength is ~50% for higher cement content (i.anfl 10%), whereas it is relatively
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lower ~37% for 4% and 6% cement content. This mayddated to the increased
scope of hydration for CSRE higher with cement eoht At 28 days curing the
strength gained by 10% CSRE blocks was about 13@%ehthan 4% CSRE blocks.

The rate of increment of strength was about 0.7MP3a per seven days of curing.
3.3.4 Effect of cement content on stress-strain characteristics

Influence of cement content on the stress-straiopgaties were studied on
unstabilised and cured CSRE blocks. Table 3.4rmedlithe details of test results and
the stress—strain relationships are shown in Fil.3The compressive stress values
are the outcome of the average results of threeplsamThe following important
points were drawn from the test results:

1. The stress-strain relationships are linear inytidllowed by the nonlinear
portion until peak stress value. After the peak.(ipost peak), significant
straining (or deformation) can be seen before thteral fails. In some cases,
the post peak response shows considerable deformétyond the peak
stress. The improvement in strength and ductilitthwcement content as
compared to unstabilised condition may be attridbute the presence of
cement in the soil mix, which contributes to theesgth, and controls the
deformation of specimens (by binding the soil gsathus delaying the failure
or formation of cracks in the soil mass as in umfted samples.) under
compression in dry condition.

2. The strain at peak stress tended to increase mgtkeasing cement content and
dry density for 0-6% CSRE blocks with corresponditrgin values of 0.008—
0.03. No similar trend could be observed for 8—108RE blocks with strain
values of 0.02-0.023.

3. Initial tangent modulus (ITM) values were obtairtedoe in the range 0.1-2
GPa for unstabilised and stabilised rammed eadtkisl Thisvalue for CSRE
blocks was higher than unstabilised blocks by abb3®—1900% and it
increases from 160 to 770% as the cement contenéases from 4 -10%.
Similarly, ITM increases from 0.1 to 2 GPa as the compressivegstrend

cement content increases from 1.1 to 9.73 MPa @nd @%, respectively.
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The modulus of elasticity (i.e. ITM) of CSRE blocks about 1/10 the
modulus of elasticity of concrete (say ~25 GPaJv@b grade concrete, IS 456
(2000)).

3.3.5 Effect of compaction energy on compressive strength and density

Details of compaction energy test results are showhable 3.3. The influence of

varying compaction energy on strength and denstyplotted in Fig. 3.12. The

following observations were drawn from the testihss

1.

TH-1414 11610428

Compressive strength and density increases witlmeasing compaction
energy as shown in Fig. 3.12. The compressive gtinancreases from 6.43 to
10.18 MPa, respectively, with the increase in coetipa energy from 4.84 to
16.94 kg-cm/cc.

From Fig. 3.12, it can be seen that the rate akase in compressive strength
is relatively higher (~50%) for compaction energy #26 kg-cm/cc, then
flattens (or very low increase rate i.e. ~ 5%) dompaction energy>7.26
kg-cm/cc. This may be due to the best packing deashieved for the soil—
cement mixture compacted under specific OMC withyiveg compaction
energy. This pattern of increase in compressivangth is consistent with the
pattern of density increase, where the densityeamed from 1710 - 1920
kg/m® for compaction energy<~7.26 kg-cm/cc; and 1920 - 1990 kd/for
higher compaction energy (i.e.>~7.26 kg-cm/cc). Thus, it is seen that an
optimum compaction is achieved at compaction energge to 7.26 kg-
cm/cc.

However, in the present study, compaction energgecto standard Proctor
test ~ 5.6 kg-cm/cc (~ 22% lesser than 7.26 kg-crofampaction effort) is
adopted for all subsequent tests (Chapters 4-Fpr@astor compaction energy
is relatively easier to relate as a standard andlefmite consensus exists
among researchers working in rammed earth

The increase in density with increasing compactioergy can be divided into
three parts: (a) a steeper rate (~12%) of incraasewer compaction energy
(=< 7.26 kg-cm/cc), (b) stable or very low rate (~0)5& increase at
moderate compaction energy (7.26 - 12.10 kg-cm/egcd (c) low rate
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(~3.1%) of increase with stabilisation for highempaction energy £12.10
kg-cm/cc). It is interesting to note that whilsetinitial steeper increase and
subsequent flattening of density at lower or mo@erompaction energy
levels can be related to improved densification tlueeadjustment of the
constituent material compositions. The low increade of density at higher
compaction energy may be associated with disintegraf constituent grain
sizes (resulting in poor particle bonds) becausgvef compaction.

5. The variation of compressive strength with increggiry density is shown in
Fig. 3.13, where it can be seen that rate of irsre# compressive strength
with increasing density is relatively higher at Ewdensity levels, however,

the rate of increase drops down as the densitgases.

3.3.6 Durability test

The durability of a CSRE block can be determinedhvthe help of wet-to-dry
strength ratio as was proposed by many researchecsrding to Heathcote (1995),
the ratio of wet-to-dry strength is an indicatordofrability of earth wall components.
The ratio of wet-to-dry strength of 0.33-0.50 mayrbgarded as suitable depending
on the severity of the rainfall. Guettala et &20@6) states that walls constructeith
5-8% cement soil blocks having a wet-to-dry strengatio of 0.58-0.69,
respectively, shows no deterioration as observes Gomprehensive durability study
of stabilised earth. Jayasinghe and Kamaladasa7)26tate that the wet-to-dry
strength ratio of 0.46-0.64 for clayey and harcritd soil type is adequate for
rammed earth walls under adverse conditions. Toerefto determine wet-to-dry
strength ratio, both cured and uncured CSRE bleek® immersed in water for two
days prior to testing. Tables 3.4 and 3.5 outlitteel test results. The ratio varies
between 0.30-0.49 and 0.54-0.71 for cured and adcsamples respectively. The
result shows that the ratios are within the rargypraposed by many researchers (e.g.
Heathcote, 1995; Jayasinghe and Kamaladasa, 2@@¢gpt uncured 4% CSRE
blocks did not fall within the specified range (s&ection 3.3.2). Furthermore, it was
observed that the ratios are higher in case ofrécGSRE blocks, which may be due

to extra hydration of cement that was unable tordwgdfully due to an insufficient
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amount of water during compaction. The wet strengght was discarded for

unstabilised soil blocks owing to negligible satachstrength.
3.3.7 Effect of cement content on tensile strength

Variation of splitting tensile strength with cemerdntent for cured specimens is
shown in Fig. 3.14. It can be observed that thesilenstrength increases with

increasing cement content, with the rate of inaesisowing relatively higher at

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

unstabilised condition), the tensile strength inwe by ~345%, thus it can be seen
that there is a significant increase in the tenstlength with the introduction of

cement as stabiliser. It is reported that thedase in tensile strength slows down
beyond 10% cement (Bahar et al., 2004), but forpttesent range of cement content
(up to 10%) it is not possible to make a comparigeurther, it is observed that the
tensile strength of specimen with 10 to 0% cenoemtent is about 2200 to 1000%
lesser than their compressive strength respectively

3.4 Summary and conclusions

This chapter deals with determination of properbédocally available soil and its
suitability as a construction material. The projsrtof cement stabilised and
unstabilised rammed earth blocks were studied mmdgeof density, strength,
compaction energy, and durability in both cured andured condition. All the test
samples were produced using steel rammer and wooderd, with an attempt to
select and validate the block-making equipment t@etinique that can be used for
construction of rammed earth structures. From thiRildkd test results and analysis
the following conclusions are drawn:

1. Regardless of cured or uncured condition the cossgprestrength and density
of CSRE blocks increases with increasiogment content. The average
characteristic strength of curedmples is about 2 times higher than uncured
samplesOn 21 to 28 days curing, the CSRE blocks can atteinompressive
strength up to 37-50% higher than those ctoed days.

TH-1414 11610428 36



2.

Chapter 3 Materials Characterization

For a given compactive effort, the variations ig densitydue to soil-cement
proportion type is directly related to thlearacteristic unconfined compressive
strength of the CSREocks in both cured and uncured conditions.

At optimum moisture content, it is not possibleatthievethe maximum dry
density and compressive strength of C3htécks although the compaction
energy is increased beyotite standard Proctor effort. Use of cement content
greater thad% and curing of CSRE blocks is recommended toeaehigher
values of density, strength, and durability.

The strength and density of CSRE (10% cement) Blaglquitesensitive to
the variations in compaction energy up 16.94 kg-cm/cc. Increase in
compaction energy from 7.26 16.94 kg-cm/cc tends to increase in strength
and densityup to 1.2 times and 11% higher than that obtairteginaenergy
level equivalent to the standard Proctor test. Tompactionenergy/effort
beyond 3 times the Proctor value may caasdetrimental effect on the
strength and density of the tesgtecimen. Moisture content ranging between
1.79 and2.65% of the test specimens during the test habgitdg effecton
strength and density.

The modulus of elasticity of CSRE blocks are sarssitto variation in
compressive strength as well as cement contamd, it is possible to have
desired modulus value by adjustitige compressive strength and cement

percentage.

Therefore, the soil used for production of CSREckéousing the proposed block-

making equipment and technique satisfy the desigieri@a outlined in various
standards, such as NZS 4298, 1998; AS HB 195, 2[®2110, 2002; and many

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

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

No. of uncured samples

No. of cured samples

Drying period (days)

Effect of age of curing on

/ . . Ambient Relative
% for (28 days) for prior to testing compresslve ?trengtlh Temperature humidity
cement Uncured  Cured Total 0. of sample during during
Drytest  “Wet test Dry test Wet test Samgles sample? camdles teSti?:tje?\t/ ;l days  production production
0 10 - = - 38 10 = -
4 10 10 10 10 38 10 24 6
6 10 10 10 10 38 10 24 6 27-35°C 70-80%
8 10 10 10 10 38 10 24 6
10 10 10 10 10 38 10 24 6
g mmersed in water for two days prior to wet strength test.
Table 3.3. Details of compaction energy.
No. of blows Total no. of Compaction Dry density Avg. Moisture content Avg. comp. Compaction
per layer blows Energy (kg-cm/cc) (kg/m®) during test (%) strength (MPa) 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.

Chapter 3 Materials Characterization

. " - 3 Average .
% Average wet Charactenstl_c Average o!ry Characterlst!c dry Ratio of calculated Dry Qensny ™M  Poisson's
cement compressive  wet compressive  compressive compressive  wet to dry dry density variation w.r.t. (GPa) ratio
strength (MP&)  strength (MPd) strength (MP&) strength (MP4&) strength (kg/n?) Proctor value
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
& 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\/alue of ten sample tests after 28 days of curing and drying for 10 days and then wetting for 2 days prior to testing.
¢ Average value of ten sample tests after 28 days of curing and drying for 10 days.
dValue 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 Averag Dry density
% cement Compressive Compressive deviation cesspIe of wet to calculated dry variation w.r.t
strength (MP&) strength (MP&) (MPa) strength (MP&) dry strength density (kgfn Proctor value
0 - 1.10 0.31 0.30 1660 57% <
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% >

& 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.
“Value of ten sample tests after 38 days of drying in ambient temperature.
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Fig. 3.1. Grain size distribution.
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Fig. 3.2. Maximum dry density vs. moisture content.

41



Chapter 3 Materials Characterization

TH-1414_ 11610428

Collar/guide ) . 'R :
% ~ ¥ Base plate

(a) Collar guide (b) Wooden mould

Fig. 3.3. Details of collar guide, rammer and wooden mould.
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Fig. 3.4. Schematic diagram of block making equipment.
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Fig. 3.5. Typical rammed earth cubes.
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Fig. 3.6. Test setup.
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Fig. 3.7. Characteristic compressive strength vs. cemertotn
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Fig. 3.8. Characteristic compressive strength, dry densityrured samples vs.
cement content.
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Fig. 3.9. Characteristic compressive strength, dry dengiguced samples vs. cement
content.
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Fig. 3.10. Compressive strength vs. age of curing for vargiegnent contents.
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Fig. 3.11. Stress-strain curve of test samples, for varggment contents.
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Fig. 3.12. Compressive strength, MDD vs. compaction energy.
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Chapter 4

Structural Behaviour of CSRE Column

This chapter deals with the study of axially loadedhent- stabilised rammed
earth (CSRE) columns. Tests on CSRE prisms, cyéinded columns of
circular (C), square (S) and rectangular (R) crassstions were performed.
Effects of slenderness rati®) (and aspect ratio®) on the column strength,
deformation and capacity reduction factors (k) wassessed. A comparative
study was made on ultimate compressive strengphof columns obtained
from experimentation and Engesser's tangent modthesry. Validity of

using masonry design rules for the design of CSRETSs was evaluated.

4.1 Introduction

As discussed in the literature review (Chapteri)the recent past, rammed earth
technique has gained renewed research interest geitgbility of soil, structural
behaviour of elements like wall etc.) due to itsi&d sustainable benefits such as low
cost, low embodied energy etc., (e.g. Reddy eR@ll4 etc.). In spite of the upsurge
in research interest on rammed earth constructiduas, to the lack of adequately
validated useful structural design regulations|ding designers and engineers often
use design rules developed for masonry constrigtioften without modification
(Maniatidis and Walker, 2008). Some of the well4mo structural design
standards/guidelines for modern earth constructamesNZS 4297 (1998), IS 2110
(2002), AS HB 195 (2002) and ASTM E2392/E2392M @O1Many of these
standards are used in conjunction with masonrydstas, such as the stress/capacity
reduction factorsk) available in earthen standards are directly agtbgtom the
masonry standards (AS 3700, 1988; IS 1905, 20025& 8 Part 1, 1992). As such,
there is indeed a need to systematically investigatuctural elementgiz., beams,
columns, walls etc. made of rammed earth, if susthriques are to be made
acceptable to practicing planners, designers amghears. Amongst the structural
elements, columns form an important structural el@nwhere rammed earth could
have a potential application. In the literaturethte best of author's knowledge a very
limited study is available on the structural bebaviof unreinforced rammed earth
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columns (e.g. Maniatidis and Walker, 2008). Mauliatiand Walker (2008) first
attempted to validate the use of masonry desigesridr the design of unstabilised
rammed earth square columns. However, their studyndt explicitly explain the
stress reduction factors for concentrically axiddgded columns. Hence, there is a
need for further validation of masonry design rutessidering structural parameters
such as slenderness ratio« height ) / thicknessd) ratio), aspect ratioZ = width

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

columns.

In this chapter, the effects of slenderness radiocfoss-sectional aspect ratid)(on
stress-reductionk] factors, load-deformation, and load-capacity ofumns, which
are subjected to axial compression, are investigakurthermore, the ultimate
compressive strengtlay) (whereo, = P/A; P, = ultimate load of test specimen afd

= cross-sectional area of specimen) of columndsis determined using Engesser's
tangent modulus theory (Bleich, 1952) and compaveld the experimental results
with respect to slenderness ratios. Experimentasstreduction factors and the
corresponding values in masonry design standamlc@mpared. At last, factor of

safety values are determined to verify the destguirement of CSRE columns.

4.2 Experimental programme

4.2.1 Materials

Properties of the soil and cement used in the ptemeperimental programme are
similar to those explained in Section 3.2.1 anghiswn in Table 4.1. Generally, 4 —
12% cement (by weight) is used for soil stabilsatio gain higher strength and

durability of rammed earth structures (Ngowi, 198Iettala et al., 2006; Jayasinghe
and Kamaladasa, 2007; Reddy and Kumar, 2011). fdrerel0% cement was used
for production of test specimens throughout the f@®gramme. However, as

discussed in Section 3.3.2, it must be noted thpteavement in compressive strength
could be obtained by increasing the cement cofteywnd 10%, however such effort

is likely to affect the sustainability and costoohstruction.

4.2.2 Equipmentsused for production of test specimen

For production of prisms and columns, the followetgipments were used:

TH-1414 11610428 49



Chapter 4 Structural Behaviour of CSRE Column

1. A 5.6 kg mild steel rammer with a 95 mm square ramgnface and 1.02 m
long solid handle of 25 mm diameter was used formang/compaction (Fig.
4.1a).

2. A wooden mould of 150 mm square section (inner dsien) and 1.5 m
height having 20 mm wall thickness was fabricated fastened with nuts and
bolts and further provided with a wooden base platdixing the mould in
position (Fig. 4.1b). The same mould was used fo production of
rectangular columns, which was provisioned in sackay (i.e., extra holes
have been provided to fix the bolts and nuts engutd obtain the desired
cross-section) that the desired cross-sectionatmson of 190 mm x 150 mm
and 230 mm x 150 mm (width x thickness) respectieah be easily set.

3. Out of four walls of the mould, one part of the Wwahs cut into half along the
transverse direction to facilitate better compactmd positioning of rammer
in the mould during compaction.

4. Collar guide as shown in Fig. 3.3a of Chapter 3s waed to facilitate the
location of the rammer in the mould whenever resfliirFig. 4.1c shows a

typical CSRE square column.

Similarly, for the production of cylinder (height360 mm) and circular columns the

following equipments were used:

1. A 5.6 kg mild steel rammer with a 107 mm diamegenming face and 1.02 m
long solid handle of 25 mm diameter was used fongaction (Fig. 4.2a).

2. Plastic pipe of 150 mm internal diameter and 0.3 wati thickness was used
for production of columns. The top portion of thpgwas left with 400 mm
extra height of each column to facilitate the lamatof the rammer in the
mould (or act as collar). Mild steel clamps, ropesl wooden base plate were
used for fixing the mould in position (Fig. 4.2. typical CSRE circular

column is shown in Fig. 4.2c.

During the test programme, compaction was carrigdvith the help of a compaction
machine developed in the laboratory, in which gmamer 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/aeduals to two were produced
to determine the compressive strengthghd stress-strain curve. In total 45 columns
of three different cross-sections (i.e. Square{50 mm x 150 mm; Rectangular
(R1) = 190 mm x 150 mm; and Rectangular (R2) = 3B x 150 mm) were
produced having equals to 6, 8 and 10, comprising of five specsngom each
series with an approximate height of 0.9 m (denbte®-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 1.65m.5, R1-1.5 and R2-1.5),
respectively. The dimensions are so chosen thatHeof one side remain constant
i.e., thicknessd =150 mm, while the other side, i.e., widéhyaries from 150 to 230
mm (see Fig. 4.3b), thereby increasing the val@ieB by about 26.7% and 53.3% for
R1 and R2 respectively as compared to S columns.

Similarly, five cylinders of 150 mm diameter andequals to 2 were produced to
determine the compressive strength and stressrstuave. Overall 15 columns were
produced having equals to 6, 8 and 10, comprising of at least §gecimens from
each series with an approximate height of 0.9 mdte 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 passedgh 4.75 mm sieve prior to
production of test specimens. Dry mixing of soikiwiLl0% cement (by mass of dry
soil) was carried out before mixing with an optimgomantity of water equals to 19%
(corresponding to 10% cement content; see Fig. Bifther, a rapid moisture meter
test was performed prior to adding optimum wateevery freshly prepared soil-
cement mix in order to maintain optimum water canif the mix. The mass of the
mix and compaction on each layer was controlledhugh prior experimentation, to
provide compaction energy close to the equivalémstandard Proctor effort in order
to achieve the required density. The compactionggteffort was calculated using
Equation 3.1. The inner walls of the mould were ezed/pasted with either thin
polythene or sellotape to avoid adhesion of testispen with the mould walls. The
wetted mix was then poured into a mould and congghotto 100 mm thick layers
(approximately). This process was continued uhgéldesired height was reached.
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After about 30 minutes of casting, the test spensnegere removed from the mould.
Prior to wet curing the specimens were left forighhin an ambient laboratory
condition (temperature of 27 °C — 35 °C and retatiumidity of 70% — 80%) soon
after removal from the mould. The specimens ween tbhifted to tray containing
water of 50 mm depth (to allow capillary actiondyered with wet gunny cloths, and
wrapped with polythene to prevent loss of moistik&etting of gunny cloths and
spraying of water on the specimens were done atlaegterval of about 8 hours.
After 28 days, curing was discontinued and the ispecs were removed from the
tray and allowed to dry in ambient laboratory cdiodis for 4 weeks as commonly
practiced (e.g. Maniatidis and Walker, 2008; Reddyg Kumar, 2011) such that no
further weight loss (through evaporation etc.) sserved and to ensure uniform

distribution of moisture along the height of colurmpnior to testing.

4.2.4 Testing of specimens

Prior to testing of prisms, cylinders and columa$hin capping layer of lean cement-
mortar (cement: sand = 1:10 nominal mix) of 2-3 mvas used for capping surfaces,
in order to have a level surface for uniform diaition of stresses. A 20 mm thick
mild steel capping plate was placed on top of egtimen prior to loading. Based
on trial and error, an optimum-loading rate of RN/min was arrived at to give

reasonably reliable results, without excessivelgreasing testing time. Universal
Testing Machine (UTM) of 400 kN capacity was useddst prisms, cylinders and
shorter columns of 0.9 m height. Test setup fogé columns of 1.2 m and 1.5 m
heights is shown in Figs. 4.3a, b and c. Latersiraent at both the ends of column
was obtained by providing 20 mm thick mild steehtps. In addition, the lateral

movement at the top of the column in the directi@mpendicular to the plane was
constrained by the loading system. The verticad leas applied using a 500 kN
motorized hydraulic jack suspended from a stifekfeame and a 250 kN load cell
placed in between the loading arm of the jack dwedarticulated plate, was used to

measure the applied loads on columns.

Lateral movement of each column was recorded alyeM@kN loading interval using
digital dial gauges. Six digital dial gauges — tatdhe top, two in the middle, and two

at the bottom were fixed at right angles in eactihef square and circular columns
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(Fig. 4.3). However, knowing the preferential dires of deformation (perpendicular
to minor axis) of rectangular columns, only thraegitdl dial gauges were fixed as
shown in Fig. 4.3b. In addition, a digital dial gauwas fixed on top of each column,
to monitor the vertical movement under incrememptalcreasing loads. As collapse
was difficult to predict, some instruments were ogsd as a measure of precaution
before reaching th®,. One representative sample from each of the tluesgions
(i.e., top, middle and bottom) of the failed columnwhich the measurement was
taken were collected immediately in a beaker t@meine the moisture content and
density at the time of testing by drying at 110hCan 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 prismsand cylinders

Test results are summarized in Table 4.3. The vaflg points were observed from
the test results:

1. The average compressive strength of prism is fdaarfee ~5.30 MPa with an
average density of 1820 kgimnd an average moisture content of 5.01% at
the time of testing. On the other hand, the ave@gepressive strength of
cylinder is seen to be ~4.60 MPa with an averagsiteof 1810 kg/m and
an average moisture content of 4.87% at the timesting.

2. The stress — strain relationships are linear ihttiollowed by non-linear
portion until peak stress value. A considerableodrftion can be seen
beyond the peak stress. This may be due to themresof cement in the soil
mix, which contributes to the strength and conttbé deformation of
specimens under compression as discussed in stibrs8S.4 of Chapter 3.

3. Fig. 4.4 shows a typical stress-strain curve fasmrand cylinder. The initial
tangent modulus (ITM) for both prism and cylinderdetermined to be about
2 GPa and the complete failure of prism and cylirmeurs 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 speaisnaf columns and prism are shown
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in Fig. 4.5. Initially i.e. initiation of some lat@ deformation of the columns (not
prism) could be observed at pre-ultimate load (nttiseussion on lateral deformation
in Section 4.3.3), suggesting buckling of the calgimhowever at the time of failure
splitting and shear cracks are observed. The foomaif shear wedge is distinctly
visible at the support end along with verticallyitsipng cracks at the middle portion
(except for prism where the middle portion is tooall as compared to the height of
the shear wedge (Figs. 4.6a and b). Fig. 4.7a shimavenset of cracks at the support
end of circular columns. Figs. 3.7b and c show pregressive spalling of
loosened/fractured material surrounding the tomshedge of circular columns. The
shear wedge is shown in Fig. 4.7d, while the remgiportion of the column after the
removal of the top shear wedge is shown in Fige.4Based on the test observations
typical failure mechanism of the columns is presdnnh Fig. 4.8. Failure of column
can be divided into three zones i.e., shear faillo@inated zones at top and bottom,
and tension dominated failure zone at the middearly 65° - 75° (with respect to the
flat horizontal surface) shearing cracks/surfacegirbto appear at 60 - 70% B
resulting in pyramidal shear wedges at both thes ealthough the visible appearance
of the shear wedge occurred earlier at the suppadtin comparison to the loaded
end. The appearance of the shear wedge was conisiste the platen effect where
the platen surface offers shear resistance antkeace between steel platen and the
contacted specimen surfaces. On the other harglptedominates the middle portion
of the column and due to this force acting outwpetpendicular to the axis of
column, led to splitting of the column into two es$. It was also observed that the
split failure of the middle portion was progresswvenhanced by the ‘axe action’ of
the shear wedges. However, in case of circularneotithe normal tension in
conjunction with the ‘axe action’ of the shear wedegt to equally inclined (~ 120°)
splitting vertical cracks. Visual/touch examinatioh the fractured surfaces in the
middle and ends showed relatively rougher and sneoatespectively, i.e., showing
characteristics of mode | (i.e. tensile/opening)l amode 1l (shear) failure / fracture
mechanisms. Similar failure patterns i.e. split ahdar wedge types are also reported
by Ciancio and Gibbings (2012), for the tests onSERprisms. Ideally, as
demonstrated by Ciancio and Gibbings (2012), skeatge failure/zone could be

TH-1414 11610428 54



Chapter 4 Structural Behaviour of CSRE Column

avoided if low/negligible friction inducing matelsasuch as Teflon mats are placed in

between the specimen and the platens.

4.3.3 L oad-defor mation response of column

Figs. 4.9, 4.10 and 4.11 show lateral deformatipnof columns of heights 1.5 m, 1.2
m and 0.9 m (i.e. S, R1 and R2 columns with heigiftsl.5, 1.2 and 0.9 m)
respectively, at various stages of loading and wvathresponding values d®,
(ultimate load) being markedAs expected, maximum lateral deformation occuatd
the mid-height of the column and these profilestgpécal of the column responses up
to the last available measurement. It may be ntitatlload vs. deformation curves
are plotted up to some pre-ultimate loads (e.gtoup 60 kN for square/rectangular
sections, and up to ~40 kN for circular columnsiteAreaching those loads, dial
gauges were removed as a measure of precautionsstaffge approaching nearly
sudden failures. However, continuous load valuegomh@ the ultimate load are
monitored through the load cell (even after the aeah of dial gauges). It was
observed that the lateral deformations are in émge of 0.6 — 2.3 mm, 0.3 — 1 mm
and 0.2 — 0.8 mm for the column series S-1.5, Sah@ S-0.9 respectively, at the
corresponding loads of 10 to 60 kN. Similarly, esponding values of lateral
deformations for R1-1.5, R1-1.2 and R1-0.9 colurares 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 RZ:6lOmns are 0.34-2.0 mm, 0.15
—0.7 mm and 0.1-0.5 mm respectively. In circulducms, lateral deformations were
in the range of 0.4 — 1.6 mm, 0.6 — 2.8 mm and-4& mm for the column series C-
0.9, C-1.5, and C-1.2 respectively, at the corredpwm load of 10 to 40 kN (Fig.
4.12). As the slenderness ratio of the column waseased from 6 to 10, the
deformation increased by about 164%. Thus, itesicthat with the increasingthe

lateral deformation also increases at comparabl@sio

Fig. 4.13 shows load vs. vertical deformatidd \s. ¢,) curves for square and
rectangular columns. The vertical deformation fa& tolumn series S-1.5, S-1.2 and
S-0.9 are in the range of 0.37 — 3.46 mm, 0.3868 2nm and 0.31 — 2.29 mm
respectively, at the corresponding loads of 10G&kM (as noted above, these loads
correspond to pre-ultimate loads). Similarly, tieeresponding values for R1-1.5, R1-
1.2 and R1-0.9 columns are 0.44 — 3.46 mm, 0.3%8 &hm and 0.31 — 2.09 mm;
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and for R2-1.5, R2-1.2 and R2-0.9 columns are B4-mm, 0.3 — 2.5 mm and 0.3 —
2.1 mm, respectively. It can be noted that the meddion of S-type columns is
comparatively higher than R1 and R2 column typethatspecified loads. This may
be due to lesser cross-sectional area of S-typsrow as compared to R1 and R2
columns. With the increase ihfrom 6 to 10 the lateral deformation increased by
about 250% to 300%, and the vertical deformatianegased by about 52% to 66% at
a given load. This shows that the deformation & tolumn increases with the
increase iNl values (see Table 4.3). Fig. 4.14 shows load vdicaé&deformation
curves for circular columns. It was observed tihat Yertical deformation increases
from 2 — 3.9 mm with increasing load at about 40 RN/ was increased from 6 to 10
the vertical deformation also increased by aboWo93hus, it is clear that with

increasing! the vertical deformation also increases at a gived.

4.3.4 Moistur e content and density of column

Moisture content and density play a vital role eingng strength and durability of
rammed earth structures. Bui et al., (2014) repaiat, when the moisture content of
rammed earth specimen is greater than 4%, the @ssipe strength decreases
quickly for all types of soil studied, and the effés more in clayey soil than sandy
soil. However, this effect is negligible to thelssinbilised with 8% natural hydraulic
lime and it was noted that the stabilisation byraydic lime decrease the sensitivity
to water of rammed earth material. Likewise, th&af of moisture content on
strength and density of test specimens is expeotbd negligible in the present study
due to use of sandy soil and 10% cement. Howev &, important to determine the
moisture variation along the height of the specinteascertain the exact percentage
of moisture and its effect on strength and behavafuhe column specimen. Details
of moisture content and density of columns duriesft is shown in Table 4.2. The
average moisture content of the test specimengs/éom 4.93% to 6.09% with a
standard deviation of 0.13% to 0.23%; and the @eedry density varies from 1750
kg/m® to 1820 kg/m with a coefficient of variation 0.23% to 0.33% pestively. On
the other hand, the average moisture content ofileir columns varies from 4.82% to
5.40% with a corresponding standard deviation &6% to 0.34%; and average dry
density varies from 1800 kgfo 1820 kg/m with coefficient of variation of 0.21%
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to 0.46%, respectively. It can be observed thatetlexists a marginal variation of
average dry density and average moisture contdnieba the test specimens of the

same series of column during testing.

4.3.5 Effect of aspect ratio (@)

The value ofP, decreases linearly {R= 0.99) with the increase ihand increases
linearly (R’ = 0.99) with the increase i valuesas shown inFigs. 4.15a and b
respectively, for the range #f(6 -10)and @ (1-1.53) considered. It is interesting to
note that like any column strength profile, thetpdd P, is likely to get flattened /
asymptotic with increasing value af However, the variation oP, is likely to
increase with increasing values (keeping constant at 150 mm), because the gross
cross-sectional area increases wathit was observed that when the aspect ratio is
increased from 1.0 to 1.27 and 1.53, Byeof column increased by about 20% and
40.5% respectively, fot = 6, 8 and 10 of all the column sets. The increas®, for
increasing values aob agrees with the increase in cross-sectional &@aever, the
load-capacity decreases with the increasg imespective of any values @b. This

confirms that besidels @ also significantly influences the valuesRyfof columns.

4.3.6 Strength and design of column

The values oP, of square and rectangular columns range from 81 kB5.6 kN as
shown in Table 4.3. It is observed that R2 columossess higher values Bf than
R1 and S columns. In gener&, of columns decreases with increasing values. of
The value ofP, declined by about 9% to 19% whens increased from 6 to 10. The
values of capacity reduction factde, (wherek = P, / Py Py = ultimate load
corresponding ta value of 6) (NZS 4297, 1998; AS HB 195, 2002; 193,92002) at
J equal to 8 and 10 are determined to be 0.92 @&¥r@spectively. The, of circular
columns range from 55.1 - 67.2 kN (Table 4.4). #svobserved th&, declined by
about 10% to 18% whehwas increased from 6 to 10. The valuek fur A equal to 8
and 10 was determined to be 0.90 and 0.82 respbctg shown in Table 4.5.

The ultimate strengths() of CSRE column was determined using Engessergetd
modulus theory as discussed by Bleich (1952), a® dm the case of brick masonry
(e.g. Sahlin, 1971) and CSRE walls (e.g. Reddykandar, 2011). For comparison of
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test results obtained from experimentation andaahgiodulus theory, the following

formula was used to compute the buckling strengih Bleich (1952):

p 2
o, =—x=" = 4.1)
A (/1)

whereP., = buckling load (N)E; = tangent modulus at failure/ultimate stress, (MPa
I/r = slenderness ratib= effective height of the column (mmj;= radius of gyration
=+/(I/4) (mm); and | = moment of inertia (M. Values ofE; were estimated from
the stress-strain curve of prism as shown in Fi).(gdee Tables 4.3 and 4.4). It can be
observed that the values Bf ando., range from 155 to 375 MPa and 2.2 to 4.8 MPa
respectively. In case of circular columns, the galofE; ando.; range from 283 to
370 MPa and 2.3 to 4.9 MPa respectively. The efié£tona, of column is shown in
Figs. 4.16, 4.17 and 4.18.

Experimental variations of ultimate / buckling ssep,) with 1 (6-10) for S, R1 and
R2 columns are shown in Fig. 4.16. It can be sbahthe experimental variation of
oy With 1 is nearly linear and decreases with increasingesabfi (6 — 10). Further,
there is an increase i values of ~ 8% as the cross-sections changesR@no R1
and R1 to S. It is interesting to note that althotlge values oP, are of the order S <
R1 < R2 (see Fig. 4.15), the valuesspfare of the opposite trend i.e. values for S >
R1 > R2 (Fig. 4.16). The higher values ®f associated with cross-sections having
lower aspect ratio may possibly be due to the peefse or tendency for higher cross-
sectional slenderness (or higher cross sectiomeacasatio) to buckle at lower stress
levels (as in plate buckling where the bucklingessr is inversely proportional to
width/thickness ratio (Bleich, 1952)). Compariso experimental and those
predicted by Engesser’'s tangent modulus theoryidBle1952) are shown in Figs.
4.17a,b and c, respectively for S, R1 and R2 cokuritncan be seen from Fig. 4.17
that as the cross-sectional aspect ratio incrg&sasR1 and R2) the valuesaf gets
increased, in contrast to the experimental obsemnsisee Fig. 4.16), and as such the
theoretical predictions changes from under preuhsti(S and R1) to over prediction
at higher cross-sectional aspect ratio (for lowevalue of 6). This is may be related
to increasing values of tangent modulus associatétl decreasing values of

experimentab, (see Fig. 4.4 and Eqn.4.1). It may further be cidat in the work of
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Reddy and Kumar (2011), it was reported that tangedulus theory predicted very
high values ob, for A < ~68.38, which is in contrast to the present wadiks may be
because in their work, the experimeniabbtained at lower value aéf(e.g. 2) appears
to be higher than that of the referral prism (15 m 150 mm x 150 mm) strength,
which is in contrast to the common understandingpafeasing strength with lower
Fig. 4.18 shows a similar comparisonsgfbetween experimental and those predicted
by tangent modulus theory for circular column. Agahe behaviour is similar to that
of R2 column (see Fig. 4.17c). Predicted higheueslofs, at lower values of can

again be attributed to the improved experimentahgjth at shorter column height.

Thus it can be seen that the predictions madergeta modulus theory are sensitive
(for the ranges of considered) to the stress level at which the tatsgare considered
i.e. it can lead to under predictions when the erpental ultimate stress is high and
closure to the peak stress of the referral chanatitestress strain curve and vice-
versa, however the decreasing patternc@fwith increasing values of is well
captured. However, it needs to be noted that asl timereasing sufficiently, it is
expected that both the experimental and predictedues should merge
asymptotically, as at higher values/@fthe 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 experimektahlues with published values for
structural masonry. The values lofobtained from the current investigation tend to
differ from the values outlined in structural masostandards. Figs. 4.19 and 4.20
show the comparison of experimental and codal gabfek, in terms ofP,, and A
(wherePy, = Py x K). The values outlined in earthen standards sucNzS 4297
(1998) and AS HB 195 (2002), and masonry standar@905 (2002) are in a close
range to the experimental values i.e., differ bpuhb2% - 4.5% and 3% - 5.6%
respectively, for all series of columns. Whered® values outlined in masonry
standard BS 5628 Part 1 (1992) are found to béetst conservative and about 8% -
13.8% higher than the experimental values. Now,sicmmning the experimental
variations of about ~4.0% (see standard deviatialues in Table 4.3), it can be

observed that the current experimental values eatidught to be in agreement with
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the predictions made by earthen standards NZS 4P®38) and AS HB 195 (2002).
However, the predictions made by BS 5628 Part 9Z)18an be considered relatively
higher even after consideration of the experimensaiations. Similar trend can be
seen in circular columns. The values outlined inthesn standards and masonry
standard are higher by about 4.4% to 7.3% and 3a2%0%, respectively, i.e., ~7%
higher, thus showing relatively un-conservatived #ime values outlined in BS 5628
Part 1 (1992) are found to be the least consewatr., ~15% higher than the
experimental values. This may be due to the impdasteength (compressive as well
as flexure) of brick masonry as compared to thaf®RE. Hence, the rate of drop of
strength §,) with 1 is likely to be higher than that of CSRE, thergbgdicting a
higher value ob,. However, further studies may be required to méom the validity

of these codes.

4.3.8 Characteristic strength of column

Eqgn. 4.2 BS 5628 Part 1, 1992has been used to compute the characteristic
compressive strengtlfi as reported in the literature by Jayasinghe aacth&adasa
(2007) related to stabilised rammed earth. As maysben from Eqn. 4.2, the
expression foff, is quite simple and straight forward, as it invesvthe product of
compressive strength with a factor (i.e. 1/1.2pasged with the conversion of mean
compressive strength fp. As mentioned by Jayasinghe and Kamaladasa (200¥)
factor ‘1.2’ comes fronBS 5628 Part 1 (1992jor calculation offy where statistical
values are not readily available (especially fabgised rammed earth), as in the
current research programme with smaller testingltes
P nlll
“ A 12
whereF, = mean of the maximum loads carried by the two pesiels (mean values

(4.2)

of five specimens are considered in the presemty}td = cross-sectional area of
each column¥y, = reduction factor for strength of mortar; a#g = unit reduction
factor for sample structural strength. The valué’gfis taken as 1.0 since there is no
mortar joint and?, is taken from Table 4.5, and the average commpessrength is
taken from Tables 4.3 and 4.4 for the respectivensns The values ofy are shown
in Table 4.6. Jayasinghe and Kamaladasa (200'8dsthat the vertical stress due to

self-weight of the walls and the portion of thefreopported is usually in the range of
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0.1 MPa for a single storey construction. Usin@getdr of safety for dead loads)(
equal to 1.4 and, material strength variations wockmanship factorsyf) equal to
3.5 as recommended in BS 5628 Part 1 (1992), theacteristic column strength is
determined to be about 0.5 MPa. Hence, the ovéaelbr of safety is equal to 5,
which is at par with NZS 4297 (1998). In the preés&tndy, factor of safety ranges
between 21.3 to 36 and these values are much htpherthe value of 5 that is
usually used. Furthermore, Jayasinghe (1999) shawatd in a two storey load-
bearing houses for small and carefully plannedués,ahe maximum design strengths
required can be maintained within 0.8 and 1.0 MBRan the ground floor wall widths
are about 250 mm. Thus, it can be observed thathheacteristic strength obtained
for CSRE column vyields relatively higher safety téacindicating a possibility of

using CSRE columns for load-bearing houses.

4.4 Summary and conclusions

This chapter deals with a detailed study on thé-@pacity of unreinforced CSRE
columns under axial compression. Tests on CSRmasts, prisms and columns of
circular, square and rectangular cross-sectionse wearformed. The effects of
concentric axial loading, slenderness rafip gnd aspect ratio; moisture effect and
stress reduction factors were assessed. A comyarsiiidy was made between the
ultimate compressive strengtl,) of columns determined using tangent modulus
theory and experimental values. Furthermore, tHelitya of using masonry design
rules for the design of CSRE columns was evaludtedtly, the safety factors of
columns were determined to assess the possibilitprstructing a single storey load
bearing houses. From the test results the followorgrlusions have been drawn:

1. Lateral and vertical deformation increases withreasing value ofJ.
Typically, columns tested failed by formation ofrtieal cracks initially at the
platen-column interface followed by shearing anlittspy at the later stages
of loading. Shear dominates near the platen endisla@aring cracks typically
occurred at nearly 65° - 75° angle and at 60% - 60%,, and thus forming a
shear wedge. At the same time, tension dominatdeimiddle of the column
and due to this force acting outward perpendiciddhe axis of column led to

splitting of the column into two halves. Similapgyof failure can be observed
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in case of circular columns except the formatioregfially inclined (~ 120°)
splitting vertical cracks due to ‘axe action’ oétehear wedge.

2. Predictions made by tangent modulus theory aretsengfor the ranges of
considered) to the stress level at which the tatsgare considered i.e. it can
lead to under predictions when the experimentamalie stress is high and
closure to the peak stress of the referral chamatitestress strain curve and
vice-versa, however the decreasing patters, ofith increasing values dfis
well captured. The values @&fat A equal to 8 and 10 were determined to be
0.92 and 0.84 for rectangular columns and 0.900a8# for circular columns
respectively.

3. At increasing values of? the load-capacityP, of rectangular columns
increases. It was observed that widers increased from 1.0 to 1.27 and 1.53,
the P, of column increased by about 20% and 40.5% resjedgtfor 1 = 6, 8
and 10 of all the column sets. It may be noted thatincrease P, for
increasing values a@p agrees with the increase in cross-sectional area.

4. Thek values outlined in earthen standards such as N2 41998) and AS
HB 195 (2002), and masonry standard IS 1905 (2@€2)n a close range to
the experimental values by about ~4.0% atjual to 8 - 10. However, in case
of circular columns, the codal values are higherabgut ~7%, thus showing
relatively un-conservative.

5. The characteristic strength obtained for CSRE calyields relatively higher
factor of safety ranging from 21 to 36. Hence, CS&#umns can be used
with confidence for construction of single storewd bearing houses or even
two storeys or more when designed properly.
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Table 4.2. Details of moisture content and density.

Chapter 4 Structural Behaviour of CSRE Column

Table4.1. 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/f) 1710

Moisture content of specimen (%)

Location

Average

Coefficient
of

Standard dry density variation

Specimen Top Middle Bottom Average deviation (kg/n?) (%)

S-1-0.9 425 3.83 3.98 4.02 0.21 1830 0.20
S-2-0.9 465 5.04 5.15 4.95 0.26 1810 0.25
S-3-0.9 488 6.11 5.41 5.47 0.62 1800 0.58
S-4-0.9 472 552 5.13 5.12 0.40 1810 0.38
S-5-0.9 516 541 6.18 5.58 0.53 1800 0.50
S-1-1.2 438 5.76 5.81 5.32 0.81 1800 0.77
S-2-1.2 525 3.93 4.56 4.58 0.66 1820 0.63
S-3-1.2 4.25 593 5.56 5.25 0.88 1810 0.84
S-4-1.2 465 3.93 5.27 4.62 0.67 1820 0.64
S-5-1.2 524 493 4.56 491 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-3-1.5 543 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-5-1.5 567 6.56 5.78 6.00 0.49 1790 0.46

Note: S — square column; 1, 2, 3, 4, 5, 6 — sl. no. &dmo; 0.9, 1.2, 1.5 — height of
column in meter.
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Table4.3. Test results of square and rectangular columns.
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Average Tangent
Average Average Average lateral _ modulus at a
Average COMp. moisture dry Coef. deformation Height stress level of
ultimate Strength, sSiandard content Standard  density of at 60 kN  Standard Aspect 10 ultimate
Specimen load, P, Oy deviation attest deviation attest variation load at mid- deviation ratio thickness glenderness strengthf; Ocr
series (kN) @ (MPay (MPa) (%)? (%) (kg/m?) @ (%) height (mmy  (mm) (a/d) ratio d) ratio (/r) (MPa) (MPay
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 35
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 6 208 161 3.7
R1-1.2 107.4 3.77 0.19 5.36 0.23 1790 0.32 0.8 0.22 1.26 8 277 222 2.9
R1-1.5 96.0 3.37 0.23 4.68 0.20 1810 0.27 21 0.25 1.26 10 346 340 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 8 277 276 3.6
R2-1.5 114.2 3.31 0.20 5.62 0.23 1800 0.28 2.0 0.20 153 0 1 34.6 357 2.9
®Average of five specimens tested.
P Critical buckling stress based on tangent moduhgsty.
64
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Table 4.4. Summary of test results of circular columns.

Chapter 4 Structural Behaviour of CSRE Column

Average Tangent
Average Average lateral ) modulus at a
Average  Average moisture dry deformation Height stress level of
ultimate compressive Standard content Standard density Coef. at 40 kN load Standard 10 ultimate
Specimen load, P, strength  deviation attest deviation attest variation at mid-height deviation thickness slenderness strengthf, Ocr
series (kN) @ (MPa)? (MPa) (%) ? (%) (kg/m?) 2 (%) (mm)? (mm) ratio 1)  ratio (/r) (MPa) (MPay
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 15 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 4.1 034 0 1 40 370 2.3

®Average of five specimens tested.

®Critical buckling stress based on tangent moduenty.

Note: C — circular column; 0.9, 1.2, 1.5 — height of aolu in meter.
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Table4.5. Comparison of experimental and published capaedyction factorsk.

Capacity reduction factok)(for slenderness ratid)(

AS HB

Column Slenderness NZS IS 1905- 195- BS 5628-
series ratio, A Experimental 4297-1998 2002 2002 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 d. 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

TH-1414 11610428

Table 4.6. Characteristic strengtlfi and factor of safety.

Column series HA fx 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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Base plate

(a) Rammer (b) Wooden mould (cYypical square column

Fig. 4.1. Equipments and typical square column

e, § c A

(&) Rammer (b) Plastic mould (c) Typical drcular column

Fig. 4.2. Equipments antypical circular colum.
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(b) Rectangula (c) Circular

(a) Schematic diagram of test se

Fig. 4.3. Test setup.
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Fig. 4.4. Typical stress-strain curve for prism and cylin@@oisture content during
testing is 5.01% and 4.87% respectively).
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Fig. 4.5. Failure pattern of test specimens (columns arshpri
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Support end

Support end

/

S-1-1.5
(a) Failure of square colur
Fig. 4.6. Typical failure modes of columns.
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R2-1-1.2
(b) Failure of rectangular colur

(d)

Shear wedge
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Fig. 4.7. Failure pattern of circular column (Ci32).
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Shear wedge

Shear wedge
65° - 75°

65° - 75°

(a) Rism (b) Cylinder

Load

Platen effect

1 Shear failure

dominated zone Shear wedge

65°-75°
Wedge action

. Tension failure
dominated zone

Shear failure
dominated zone

Platen effect

(c) Details of failure mechanism

Fig. 4.8. Typical failure mechanism ¢prism, cylinder ancolumn.
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Fig. 4.9. Lateral deformation of 1.5 m high column at vas@tiages of loading.
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Fig. 4.10. Lateral deformation of 1.2 m high column
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Fig. 4.11. Lateral deformation of 0.9 m high column at vas@tiages of loading.
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Fig. 4.12. Lateral deformation of circular columns at varistsges of loading.
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Fig. 4.13. Load-vertical deformation curves of square andarggular columns.
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Fig. 4.14. Load-vertical deformation curves of circular colusnn
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Fig. 4.15. Effect of aspect ratio on load-capacity.

TH-1414 11610428 75



Chapter 4 Structural Behaviour of CSRE Column

4- %

—&— Experimental (S)
2 1 —¥*— Experimental (R1)
—e— Experimental (R2)
1 I T 1

4 6 8 10

o, (MPa)
w

Fig. 4.16. Effect of slenderness ratio on strength of columns
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Fig. 4.17. Effect of slenderness ratio on compressive sthengft square and

rectangular columns.
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Fig. 4.18. Effect of slenderness ratio on compressive streafjtircular columns.
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Fig. 4.19. Comparison of experimental and codal reductiortofacfor square and
rectangular columns.
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Fig. 4.20. Comparison of experimental and codal reductiontofac for circular
columns.
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Chapter 5

Structural Behaviour of Steel Reinforced CSRE Colum

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 wer e studied.

5.1 Introduction

In the previous chapter (Chapter 4), the structheddaviour of 'unreinforced’ CSRE
columns of square, rectangular and circular crestiems have been presented, with a
focus on the cross-sectional effects and slendenag®s on column strength. As the
requirement for improved structural behaviour (stgength, deformation capacities)
is expected by modern building professionals, \aithintention to use rammed earth
materials in a more challenging and innovative waysh as construction of structural
elements like columns, walls, beams, lintels eMar(iatidis and Walker, 2008), it
has become increasingly important to investigater@nforced CSRE structural
elements. As highlighted in the literature revi@hapter 2), in the recent past steel
have been introduced as reinforcing materials oteoto attain higher strength of
rammed earth elements for innovative applicatittnisas been observed that rammed
earth beams reinforced with steel (Gaind and Ct283), improves the load carrying
capacity by about 383% to 570% and flexibility bétsoil beams substantially. Bond
property of steel bars (12 mm diameter) embeddechmmmed earth (Walker and
Dobson, 2001), gave a reasonable bond force ofth.08.52 kN useful for rammed
earth constructions. Rammed earth columns madégbdal ties carry significantly
higher load of about 167% more than the column Wwahzontal ties (Gupta, 2014).
Thus, it is seen that strength of CSRE elementscansiderably improved when
reinforced with steel. However to the best of adthknowledge, no detailed studies
could be found on use of steel as reinforcing neterin CSRE compression

members like columns under axial loading, considerihe effects of important

TH-1414 11610428 79



Chapter 5 Structural Behaviour of Steel Reinforced CSRE Column

structural parameters such as lateral reinforcemaiat, total reinforcement ratio etc.,
on load-capacity, deformation, failure patterns étence, in the present chapter an
attempt has been made to study the behaviour ef stenforced CSRE columns

under axial compression, considering the effectbolve cited structural parameters.

5.2 Materials and equipments used for production ofest specimen

5.2.1 Soll

The property of soil used in the present experialeptogramme 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 Se@i@ril. Similar to the studies made
for unreinforced CSRE columns (Chapter 4), only 1€8ment by dry mass of soll
was used for production of test specimens througtiwitest programme, so that a

comparison with the unreinforced CSRE columns caigd be made.

5.2.3 Steel

Steel bars of 6 mm and 8 mm diameter (Fe 500 gi@m®)rming IS 1786 (1985) was

used for lateral (or tie) and longitudinal reinfemcent respectively. Figs. 5.1a and
5.1b show the details of testing and load-deforomaiturve of steel. The tensile
strength of steel is determined to be 558 MPa émeof 3-sample test). Lateral (or
tie) reinforcement was provided at center-to-cespacing of 200 mm, 100 mm and
50 mm approximately, to assess the effects of daterinforcement spacing. Two
legged steel ties of 90 mm x 90 mm size bent &t W6re used for lateral

reinforcement. Fig. 5.2 shows the details of coluraimforcement and Table 5.1

shows the reinforcement data.

5.2.4 Equipments and techniques

For production of test specimens, the followingipments were used:
1. The mould and rammer are similar to the one usechiapter 4, explained in
Section 4.2.2. Figs. 5.3a and 5.3b show the detdilsnould with steel

reinforcement and rammer used.
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2. For production of reinforced columns, a mild steehmer weighing 5 kg with
a solid handle of 25 mm diameter and 1.02 m leagiiched with a 70 mm x
70 mm mild steel ramming face was used for compadfrig. 5.3b).

3. A 20 mm thick mild steel plate of size 140 mm x 140n with 12 mm
diameter holes at four corners, about 30 mm awaynfithe edge was
employed (Fig. 5.3b). This plate was inserted mniould in such a way that
the steel bars were penetrated through the pedogtthereby enabling the
positioning of bars vertically upright and uniforompaction of soil-cement
mix (wetted mix). Furthermore, the compaction phates tied with thin ropes
at four corners in such a way that it can be liftegdily after compaction of
every layer. Fig. 5.3c shows a typical steel raicdéd CSRE column.

Compaction throughout the test programme was chroet with the help of a
compaction machine developed in the laboratoryissidsed in Section 4.2.2.

5.2.5 Production of test specimen

Square columns of size 150 mm x 150 mm x 1500 mdtiiwx thickness x height)
were prepared for the experimental investigatibmdy be noted that unlike the study
presented in Chapter 4 for unreinforced CSRE cofjmonly one size of column is
considered here, as the focus is on reinforcemiéectte. Three series of columns
were considered, comprising three specimens foan sades of columns. The steel
reinforced (SR) columns with 200 mm, 100 mm andrB0 tie spacing were marked
as SR200, SR100 and SR50, respectively.

Prior to production of test specimens the soil dangmd mould was prepared as
explained in Section 4.2.3. The compaction eneffprte was calculated using
Equation 3.1. For preparation of steel reinforceldimns, at first a 20 mm thick layer
(cover) of wetted mix was compacted at the bottdrthe mould before placing the
longitudinal steel reinforcement. The steel bagd within the four corners of the steel
ties were placed upright inside the mould followsd pouring/placing of requisite
amount of wetted mix and leveled (Fig. 5.3a). Tleefqrated steel plate was then
placed over the wetted mix by allowing the steetlia pass through the four holes of

the plate. The compaction was carried out with mmar height of fall 300 mm
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dropped uniformly on the perforated plate. Aftee tompletion of compaction, the
plate was taken out and a steel tie was insertddokated over the compacted layer
followed by pouring of fresh wetted mix and re-irig® of perforated plate over the
mix for compaction. This process was continuedl uhné desired height was attained.
It is to be noted that the amount of compactionrgyeequired for each level of tie
spacing was calculated separately. Removal ofgestimens from the mould and

curing procedure is similar to the one explainethgt paragraph of Section 4.2.3.

5.2.6 Column test

A detail of column test set up is shown in Fig. & is similar to the test set-up for
unreinforced CSRE columns test (see Section 4.4.4nd, lateral and axial

displacements were recorded, and failure patteshobaerved.

5.3 Results and discussions

5.3.1 Failure and load-deformation response of cotan

5.3.1.1 Effect of 200 mm tie spacing

Fig. 5.5a shows the failure pattern of steel rew#dd columns with 200 mm (i.e.

~133% of column width) tie spacing (SR200). It waserved that the column did not
show any sign of distress (e.g. visible cracksg¢ampression crushing) until 60 kN
load, but as soon as the load approached to 7Gié&Ndrtical cracks near the location
of longitudinal bars were generated near the lagadind, which eventually led to

spalling of the cover gradually. This can be attrglol to outward buckling of steel
bars in between the ties. Further, this type dfaiis found to localize within a

lateral tie spacing at the end, with little or adre impact on the rest of the column
length. This implies that the lateral tie spacimgvided is sufficiently large enough to
allow lateral buckling of the longitudinal steelim®rcement, thereby leading the
column to ultimate failure. This type of localiskalure in SR200 column may be due
to development of localised stress concentratiocelrge of end rotation near the
loaded end in conjunction with the weak shear wergee resulting from platen

effect, leading to the early failure of longitudirsdeel reinforcement. It can also be

noticed from Fig. 5.5a that the altitude of theahwedge pyramid is ~ 97-167 mm

TH-1414 11610428 82



Chapter 5 Structural Behaviour of Steel Reinforced CSRE Column

(the base of the shear wedge being equal to theidith of 90 mm), which is shorter
than that of the UCSRE (see Fig. 4.6), althoughilainangle of inclination of the
shear planes (65-75°; see Fig. 5.5a) is seen. Hénsepossible that with relatively
large tie spacing of 200 mm (~ 133% of the columdthy the confining effect from
the tie is not sufficient to prevent such locallfee due to the formation of shear
wedge. Values of| are in the range of 0.5 - 2 mm from the axis atdbrresponding
load of 10 - 60 kN respectively. It was observedt titne failure of column occurred
corresponds nearly to the location whérés maximum as shown in Fig. 5.5b. The
load-capacity of steel reinforced columifd was determined to be 83.6 kN with a
standard deviation of 1.56 kN, which is about 4.58%her 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 rewdd columns of 100 mm (67% of
column width) tie spacing (SR100). Unlike UCSRE &R200 columns, the sign of
distress is not seen in SR100 columns even aféehneg a load of 70 KN. However,
as soon as the load approached to 80 kN and abeveaf about 85% - 90% of the
ultimate load) the vertical cracks near the logatb longitudinal bars were generated
near the end supports, similar to that of SR200raak. Spalling of cover occurred
near the mid-height of the column where the maximdeformation occurred
followed by bending of steel bars leading to ultiengilure.P,s of SR100 column is
about 92.9 kN with a standard deviation of 2.37 WNich is about 16.1% and 11.1%
higher than corresponding UCSRE and SR200 (seeeTaB) columns respectively.
Variation of Pys vs. 9 is shown in Fig. 5.6b and it is about 0.6 to 2/ &t 10 to 60
kN load. It can be seen that relatively, thereniseahancement @i as compared to
that of SR200 columns (see Fig. 5.5).

Fig. 5.7a shows the failure pattern of steel reitdd columns of 50 mm (33% of
column width) tie spacing (SR50). The failure ofstilzolumn is similar to that of
SR100 columns. ThB vs.d curve is shown in Fig. 5.7b and it is about 0.5 tmm
at 10 to 60 kN load. It can be observed from tigares that the failure of columns
occurs at the point where the maximum deformaticouoed.Pys of SR50 column is
about 109 kN with a standard deviation of 1 kN, ethis about 17.3% higher than
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SR100 columns. Similar localised failure patteconipression side crushing and
tension side cracking) can be observed for bothOBRihd SR50 columns, closer to
the mid-height, along with spalling of cover nelae support. It may be seen that the
compression crushing for both SR100 and SR50 egtéadabout ~100 mm (i.e.
around half the face width) at the face. Howeveesence of relatively distributed
micro-cracks can be seen on the tension side oDSiR&contrast to SR100 where a
well-defined macro-crack appears on the tensioa sfdhe failure zone. This led to a
relatively smoother curvature of the failure zoneSR50 (see Fig. 5.7a) and this can
be attributed to the improved distributed stresthvimcreased confinement effect,
with decreasing tie spacing (i.e. with higher latereinforcement ratiop,, (see
Appendix C.2)). The reason for the shifting of lleed failure zone (or development
of hinge) closer to the mid-height for SR50 colummelation to that of SR100, can
again be linked to better or improved distributioh the stresses as a result of
increasing confinement effect from the ties. THatieely closer spaced ties in SR50
column inhibited the possibility of premature fotioa of shear wedge failure zone
near the supports (ties are known to provide/erddhmapacity, see e.g. Cusson and
Paultre (1994)), thereby greatly diminishing losall stress concentrations near the
supports, which further arrests the possibilityaafalised cover spalling and buckling
of longitudinal reinforcements closer to the supgor

5.3.1.3 Load- deformation response of column

Fig. 5.8 shows the plot of load vs. axial deformatirom three samples each for
UCRSE, SR200, SR100 and SR50. The results for USE@&E Fig. 4.13 is re-
plotted again for comparison (Fig. 5.8a). It canseen from Fig. 5.8 that with the
increase impy, (i.e. as the tie spacing decreased from 200 m@®@mm to 50 mm)
the values ofPs increases and the ductility property of the colusirenhanced. It
may be noted that when reinforcements are providegisurement of post-peak
deformations are made possible with the presentsegsips, as sudden failure (i.e.
brittle) did not occur like that of UCSRE columriBhe axial deformation of the
column is much higher than the UCSRE columns byta&% at the corresponding
load of 60 kN.
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Unlike UCSRE and SR200 columns (Fig. 5.8b),Rhes. d, curve behaves differently
for SR100 and SR50 columns (Figs. 5.8c and 5.8dar be observed that the curves
posses two peak points. During the ascending pddading, confinement has little
or no effect and the CSRE cover is visually freeci@cks up to the first peak load
equal to 65 to 75 kN for SR100 columns and 70 tokBDfor SR50 columns,
approximately, (i.e., at about 75 to 80% of ultimmbdad). There was a gradual fall of
load by about 5 to 8 kN, followed by increase iadaip to second peak and beyond
this there was gradual decreasePinThe sudden fall in load after first peak can be
attributed to gradual formation of micro-crackstbe tension side and de-bonding of
the CSRE from the reinforcement leading to spalbhgover. Because of the tension
cracks and spalling of cover, the effective crasstien available to resist the axial
load drops and hence the dropHnAt this stage, the lateral CSRE strains increase
significantly and, as a result, the inner confinatmieecomes very significant. The
CSRE core gains strength, while the cover graduigppears (Figs. 5.6a and 5.7a)
at the failure zone. Generally, tievs. d, curve for the specimen shows a strength
gain and reaches a second peak of average loatte@a9 kN (SR100) and 109 kN
(SR50), when the CSRE core reaches the maximurasstAd this load level, the
longitudinal steel bars tend to bend. Axial defalioraat peak loadd(,) increased by
about 6.3% and 19.1%; whilst lateral deformatio®@tkN ©s0) (pre-peak) by 13.6
% and 100%; when the stirrup spacing decreased #@®mm to 100 mm and 100
mm to 50 mm respectively, suggesting an improvedtility with core confinement
(Fig. 5.9). As mentioned in Section 4.2.4, lateleflormation at ultimate load was not

monitored due to the removal of measuring dial gaug

Unlike the studies made by Cusson and Paultre ({1984 high strength concrete
columns confined by rectangular ties, the valud® of columns at second peak did
not fall below the value at first peak, in the s study. On the other hand,
specimens with low confinement (specimens SR200)ndit show the second peak
(UCSRE and SR200 columns). This can be attributecklatively brittle nature of

failure (see Fig. 4.6) for UCSRE and end localisk@éar wedge type failure for
SR200 columns (see Fig. 5.5). Finally, at the dteésiing (Figs. 5.5a, 5.6a, and 5.7a)
most of the columns failed by simultaneous faile 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 oadl ratio P,J/P,) of columns at
longitudinal reinforcement ratigy = 0.89. It can be seen from Fig. 5.10a, that when
the total reinforcement ratig¢py = py) is ~< 1.5 the capacity of reinforced column
approaches toward the capacity of UCSRE columnicatig that there is no
significant improvement in column strength when th&nforcement or steel
confinement is low. Further, it is also noted tlia¢ rate of increase in column
strength with increasing reinforcement ratio istigkely slow, as compared to higher
reinforcement ratios. At higher value pf i.e., ~> 1.5, an increase in the rate of
strength gain can be observed, although it maydem shat there is an apparent
tapering (or drop) in the rate of increase at nedfy higher p; i.e. > 3.0. The
plateauing effect o /P, at higher reinforcement ratio is consistent wité ithtuition
that at vanishing tie spacing the column would apph a rammed earth filled steel
tube (just like concrete filled steel tubes (Gardaed Jacobson, 1967; Han, 2000;
Patton and Singh, 2014)) with a finite strengthuealThe effect orP /P, due to
changes imp,, for a fixedp, = 0.89 is plotted in Fig. 5.10b. The positive effet
lateral steel confinement is clearly seen/dgr> ~ 0.5. It can be seen that there is an
increase irP,J/P, by about 30% whep,, is increased by about 300% from 0.6. The
increase inPy/P, with decreasing tie spacing (or increaspg is consistent with
similar studies done for steel reinforced concestlimns (e.g. Cusson and Paultre,
1994). At lower values gf, (i.e. <~ 0.5), when the tie spacing is lesser @M mm
(or 133% of the column size), the effect of later@hfinement is not very significant
on the column strength. Thus it can be seen tratotlerall response d?,J/P, of
column with confinement effect of the steel reicfEment appears to follow a non-

linear S-curve (i.e. a double curvature curve)gaatng at both the ends.

5.3.3 Moisture content and density of column

Determination of moisture content and density eftaterials used for rammed earth
construction should be born in mind to achievedredtrength and durability of the
structure. Bui et al., (2014) reported that, whe moisture content of rammed earth
specimen is greater than 4%, the compressive strelegreases quickly for all types
of soil studied, and the effect is more in clayey than sandy soil. However, this
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effect is negligible to the soil stabilised with 8%atural hydraulic lime and it was
noted that the stabilisation by hydraulic lime @@se the sensitivity to water of
rammed earth material. Therefore, moisture con#nCSRE was determined to
assess its effect on strength and behaviour ofnmoolspecimen. Details of moisture
content and density of columns during testing aesgnted in Table 5.2. In general,
the average moisture content of the CSRE samplessviaom 4.25% to 6.89% with a
standard deviation of 0.13% to 0.91%; and the aeeday density varies from 1790
kg/m® to 1990 kg/m with a standard deviation of 0.003% to 0.016% retpely.
There exists a negligible variation in moisture teoh between the test specimens

during testing.

5.4 Summary and conclusions

This chapter presents an experimental study onsthectural behaviour CSRE
columns reinforced with steel under concentric lawiading. Effects of key variables
such as total reinforcement ratpg)( lateral reinforcement ratip(), etc., are studied.
Furthermore, the failure pattern, load-lateral defation and load-axial deformation
of columns are also assessed. Based on the dtedfpltowing conclusions have

been drawn:

1. The behaviour of CSRE columns reinforced with cldge spacing is
characterized by gradual spalling of cover at thkife zone leading to a loss
of axial capacity before the lateral confinementdiees effective.

2. The Py of SR200, SR100 and SR50 column is about 4.6%, a6&33%
higher than UCSRE column, respectiveys increases due to reduction in tie
spacing and toughness gain of confined CSRE.

3. Linear increase in perceRts is observed gs ratio was increased from 0% to
3.41%. There is a gradual increase on peregyds thep; ratio was increased
from 0% to 1.52%, 2.15% and 3.41% with the valuie4.5%, 16% and 36%
respectively. Thé&s also increases by about 11% to 30% when the pesgen
ratio was increased from 0.63% to 1.26% and 2.5d8pactively.

4. The ductility property of column is enhanced duedimforcement, and unlike

the UCSRE columns, the failure of reinforced colusinot sudden. This type
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of column can be used as structural member for tomi®n of low-rise
rammed earth houses.
5. Steel can be a potential reinforcing material irREScolumns with close tie

spacing in order to achieve higher strength antébséismic performance
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Table 5.1.Details of steel reinforcement.

a(mm) d(mm) h(mm) s(mm) p(%) pw(%) pi+ pw(%)

Column

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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Moisture content of test specimen Average
(%) Average dry density
Locations moisture Standard of soil- Standard
Ultimate  Compressive content at test deviation cement  deviation
Column load (kN) strength (MPa) Top Middle Bottom (%) (%) (kg/m?) (%)
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 tiesin mm.
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Fig. 5.1.Testing of steel bar.
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Fig. 5.2. Reinforcement details of column with tie spacifeg): 50 mm; (b) 100 mm,;
and (c) 200 mm.
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§ Compaction
& plate with hole

(@) (b)

Fig. 5.3.Equipments: (a) mould; (b) rammer and compactiotephdth holes; and (c)
typical steel reinforced CSRE colut.
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Fig. 5.4. Column test setup: (a) schematic diagram; andexperimental set up for
steel-reinforced CSRE column.
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Fig. 5.5. Failure of column with 200 mnie spacing: (a) failure patte; and (b) load-

lateral deformation cun.
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Fig. 5.6.Failure of column with 100 mm tspacing: (a) failure patte; and (b) load-

lateral deformation cun.
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Fig. 5.7.Failure of column with 50 mm tie spacing: (a) fadypattern; and (b) lo-

lateral deformation curv
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Fig. 5.9. (a) Axial deformation of columns at ultimate loadnd (b) lateral
deformation of columns at 60 kN load.
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Fig. 5.10. Effect of reinforcement on load-capacity of colunia) load vs. total

reinforcement; and (b) load vs. lateral reinforcame
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Chapter 6

Structural Behaviour of Bamboo-Steel Reinforced CSE
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 defor mation of columns are studied.

6.1 Introduction

In tropical and sub-tropical parts of the worldgditionally bamboo has been used as
a construction material, especially its uses i®m®sitve in rural areas of developing
countries like India, Brazil, Myanmar, Nigeria, Bgadesh, Vietnam, etc. Bamboo is
known to possess several attractive properties asalatively high strength/weight
ratio, easy workability, ability to reduce carbarofprint, being a rapidly renewable
resource, etc., (Sharma et al., 2014; Greenleasd@015). As such, as mentioned in
Chapter 2 (literature review) in the recent paatmboo has attracted the attention of
several researchers (e.g. Gavami, 2005; Gao &04l9; Agarwal et al., 2014; Tripura
and Sharma, 2014, etc.) to validate and checksuigability as reinforcement
materials in concrete, rammed earth constructian &@havami (2005) extensively
studied the performance of bamboo as reinforcemmestructural concrete elements,
and observed that bamboo can substitute steelfagatigly in many building
constructions. Agarwal et al., (2014) investigatieel behaviour of chemically treated
bamboo reinforced concrete beams and columns, andlutled that bamboo can
provide reasonable strength as reinforcement famband column like members.
Bond behaviour/anchor property of bamboo embeddedhmmed earth have been
assessed and found reasonable bond strength @isef@mmed earth constructions
(Tripura and Sharma 2014). Gao et al.,, (2009) sdowimat rammed earth wall
reinforced with bamboo could improve ductility, wheubjected to horizontal load.

Hence, in this chapter, an attempt is made to sthdyfeasibility of using bamboo
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splints substituting the longitudinal steel barSG8RE columns under axial loading
(see preceding chapter for steel reinforced CSRiivots), considering the effects of
structural parameters such as total reinforcensdid, lateral reinforcement ratio, etc.
Thus this chapter is an extension of the prevanapter i.e. Chapter 5, except for the

replacement of longitudinal bars with bamboo splint

6.2 Materials and equipments used for production ofest specimen
6.2.1 Soil

Properties of the soil used in the present experiahgprogramme 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 @)98as used in the experimental
investigations. The property of cement used isa@&rpHd in Section 3.2.1. Similar to
Chapters 4 and 5, only 10% cement by dry mass ibives used for production of

test specimens throughout the test programme.

6.2.3 Bamboo

For production of reinforced CSRE columns, the bambpecies namely Bambusa
Balcooa was used as longitudinal reinforcing barkis species of bamboo is
commonly available and widely used for constructanhouses locally (Agartala,
India). The specimens were harvested at an ageegriman 3 years, and were then
seasoned by air-drying for 4 weeks in a standimigbpposition in the laboratory at
ambient temperature. The bamboo was further chéigntcaated as per IS 401 (2001)
with Copper-Chrome-Boron (CCB) solution confirmitgglS 9096 (2006). The CCB
solution was prepared by mixing Boric Acid, Copp®ulphate and Potassium
dichromate in the ratio 1.5:3:4 respectively. Afseraking the bamboo splints in the
CCB solution for a week, the splints were furtha@lpwed to dry in air for about 10
days prior to tensile strength test. The tensilengfth of bamboo was determined as
per IS 6874 (2008). Figs. 6.1a and b show the Idetéitesting and load-deformation
curve of bamboo splints. The tensile strength ohlbao splints is about 315 MPa

(average of 3 sample test), and this value is woge to the value obtained by
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Tripura and Sharma (2014). Bamboo splints havimgsisectional area equivalent to
8 mm diameter of steel bars were used for longmaldreinforcement. Table 6.1
outlines the details of reinforcement data.

6.2.4 Steel

The property of the steel used is similar to thaplaned in Section 5.2.3.
Reinforcement details of column are shown in Fig.d&hd Table 6.1.

6.2.5 Equipments and techniques

The equipments and compaction process used fouptiod of test specimens; in the
present test programme is similar to the one emethin Section 5.2.4. Figs. 6.3a, b,

and c shows the equipments and typical bamboo-sigdbrced CSRE column.

6.2.6 Production of test specimen

The size of the columns used in bamboo-steel neiatb column experimentation
programme was chosen same (150 mm x 150 mm x 150D as that of steel-
reinforced columns presented in Chapter 5. Theneoldimensions were made equal
to facilitate comparison of structural propertiestviieen bamboo-steel and steel
reinforced columns. Three series of columns wermpgred comprising of three
columns for each series. The bamboo steel reinofB&R; bamboo as longitudinal
reinforcement and steel as lateral reinforcemerd) then designated as BSR200,
BSR100 and BSR50, depending on the tie spacingreMB&R200 denotes column
with 200 mm center-to-center tie spacing. Prioptoduction of test specimens the
soil sample and mould was prepared as explain&eation 4.2.3. The compaction
energy/effort was calculated using Equation 3.bdBction and curing procedure of

test specimens are similar to that explained iniGe&.2.5.

6.2.7 Column test

Column test setup and testing procedure is sinmlahat explained in Section 5.2.6
(see Fig. 5.4). Moisture content was determined&mboo 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 cotn
6.3.1.1 Effect of 200 mm tie spacing

Failure pattern of bamboo-steel reinforced columith tie spacing of 200mm (i.e.
133.3% of the column width) (BSR200) is shown im.F6.4a. Results from the
experimental programme shows that the vertical ksravere generated near the
loading end as the load approaches to about 75%tiofate load. On subsequent
loading gradual spalling of cover occurred due twward buckling (more like a
triangle, unlike in steel reinforced column, SR20Bere only little localised steel
buckling is seen; see Fig. 5.5) of bamboo splinteatween the ties (Fig.6.4a, inset),
thereby drastically reducing the load-capadiy,d) and leading to complete failure of
the column. Interestingly, the failure occurredmba loading end in between the ties
due to localised stress concentration, and thewe aniitle or no visible damage or
distress on the rest of the column length. Thialised failure may again be related to
development of stress concentration due to endiootaear the loaded end, where
weak shear wedge zone from platen effect alsoseXesading to the early failure of
longitudinal steel reinforcement. Similar type gfr@midal shear wedge (base = ~90
mm, and altitude = ~ 97-167 mm, corresponding t& &5 shear plane) as that of
SR200 (see Fig 5.6) is observed. Localised bamptot reaking or buckling may
have been caused by insufficient or larger tie isggaovhich in this case is much

larger than the width of the column itself.

The value ofP,,s of BSR200 column was determined to be 83.1 kN waitandard
deviation of 0.78 kN, which is about 2.6% highearthJCSRE columns (see Table
6.2). From Fig. 6.4Db, it can be seen that latdedbrmation §) of the column is in
the range 0.3 - 2.6 mm for load value of 10-60 kNvas observed that the failure of
column occurred corresponds nearly to the locatibared, is maximum as shown in
Fig. 6.4b.

6.3.1.2 Effect of 200 mm and 50 mm tie spacing

Failure pattern of columns with tie spacing of 6@%the column width (BSR100) is

shown in Fig. 6.5a. It was observed that at ab&ut 80% of the ultimate load the
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vertical cracks were generated near the end suppoetause of the end rotations
followed by gradual spalling of cover near the rhaght of the column, unlike in
BSR200 column, where the failure is localised a ohthe ends only. Subsequent
loading led to complete spalling of cover at thed4eight of the column, due to
buckling followed by breaking of bamboo splints.eTéccurrence of tensile crack on
the tension side and crushing of the cover caneke sn the compression side. The
zone of compression crushing or spalling is abauat times the lateral ties spacing
i.e. ~ 200 mm. Such, very localised failure is se¢n in the case of SR100 column
(Fig. 5.6), and this may be related to relativelyaker strength of bamboo splints as
compared to steel, and also due to weaker bondeleetivamboo splint and earth. The
spalling of cover near the end support may be edlab the formation of cracks
because of end rotation. The valueRafs was determined to be 87.7 kN, which is
about 8.3% and 5.2% higher than that of UCSRE a®RZ00 (see Fig. 6.4) columns
respectively, and, is about 0.5 to 1.7 mm at 10 to 60 kN load. Tteslloedeformation

curve is shown in Fig. 6.5b.

Failure pattern of columns with lesser tie spagagh as BSR50 (i.e., 33.3% of the
column width) is shown in Fig. 6.6a. Failure pattef BSR50 columns resembles to
that of BSR100 columns. It was observed thatanges from 0.5 to 1.6 mm at
corresponding load of 10 to 60 kN. TRy Vvs. g, curve is shown in Fig. 6.6b. The
value ofPy,s of BSR50 column is about 93.3 kN, which is aboéit3%, 11.2%, 6%
higher than UCSRE, BSR200 and BSR100 columns résphc Similar type of
failure pattern can be observed at the compresamme of BSR100 and BSR50
columns, closer to the mid-height, and spalling colver near the support. In
comparison to BSR100, the curvature at the faikzwae for BSR50 is relatively
smoother (see Figs. 6.5a and 6.6a), and this maglated to the closer tie spacing
(resulting in higher lateral reinforcement rajq) in BSR50 wherein a better level of
confinement and distribution of the stresses iseaed. Further, zone of cover cracks
at the tension side is found to spread in a widea &n BSR50 as compared to that of
BSR100. The compression failure zone is enhancafldat 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 plottedFigs. 6.7a,b,c and d considering
three samples each of BSR200, BSR100 and BSR568atesgly. For comparison, the
results for UCSRE columns are also plotted agdircah be observed that both
ultimate load Pys) and ductility properties of the columns are erdeahdue to
addition of tie reinforcements (i.e.pw = 0% to 0.63%), furtherg, of the column
increased by about 70% higher than UCSRE columtizeatorresponding load of 60
kN. P vs.d, curves of BSR100 and BSR50 columns posses two paaks as shown
in Figs. 6.7c and d, which is absent in case of RE$Fig. 6.7a) and BSR200 (Fig.
6.7b) columns (similar to that observed for steshforced columns; see Fig. 5.8),
and can be attributed to confinement effect of ithreer core due to lateral ties. A
negligible confinement effect persists during tlseemding part of loading and the
CSRE cover is visually free of cracks up to thetfgeak load equal to 70% to 80% of
ultimate load for both BSR100 and BSR50 columnsf@imer loading, a gradual fall
of load by about 7% to 10% of ultimate load frone thrst peak was observed.
Subsequently, the load reached up to a second g&hlbeyond which there was a
gradual decrease iR. The formation of micro-cracks on the tension sihel de-
bonding of the CSRE from the reinforcement may &égarded as key parameters
causing the gradual fall in load after the firsalpeDue to tension cracks and spalling
of cover, there is a considerable drop in the éffeccross-section available to resist
the axial load, thereby droppiiyafter first peak, as shown in Figs. 6.7c and dth&s
load rises again after first peak, the inner canefinement becomes very effective as
a result of increase in lateral CSRE strains, wisatharacterized by the formation of
second peak at ultimate load equal to 87.7 kN SRBO0 and 93.3 kN for BSR50
columns (Figs. 6.7c and d). At this load level, ktvegitudinal bamboo breaks/shears
off (i.e., BSR100 and BSR50 columns), however titerhl steel being stronger in

tension show no sign of distress.

Similar to the observations made for steel reirddr€€SRE columns (see Section
5.3.1.4), the second peak load was found to béehithan the first, which is again in
contrast to the behaviour reported by Cusson andtrBa1994) on high strength
concrete columns confined by rectangular ties. ds wbserved that the reinforced

columns failed by successive failure of CSRE analii@o splints as shown in Figs.
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6.4a, 6.5a, and 6.6a, respectively. A nearly lineenease in axial deformation at peak
load @) and lateral deformation at 60 ko) (pre-peak) have been observed i.e.,
around ~10% and 14% increase respectively, whenstinrup spacing decreased
from 200 mm to 50 mm, thus showing an improvemanductility (Fig. 6.8) with

reducing tie spacing.
6.3.2 Effect of reinforcement on load-capacity

Effect of total (longitudinal steep() + lateral bamboo tiesy() = p;) andp,, on load
ratio i.e.Pyps /Py (Py is the ultimate load for UCSRE columns) are presgin Fig
6.9, for a fixed value op = 0.89. As can be seen from Fig. 6.9 that a makgina
difference inPys exists between UCSRE and BSR200 columns (showdolted
line). This shows that reinforcement in BSR200 ouwiluis insufficient to bring a
significant effect onPys. At higherp; i.e., ~>1.5 (and up to ~3.5), an increase in
strength by about 10% to 16% can be observed,athd may be seen that there is a
noticeable dropping in the rate of increase attikaly higher p; i.e. >3.0. As
mentioned in Section 5.3.2, the plateauing efféd® g at high reinforcement ratios,
it is likely thatPyus would tend to a finite strength limit, consistevith the common
perception that at vanishing tie spacing, the columould behave like a rammed
earth filled steel tube (similar to concrete fillsteel tubes (Gardner and Jacobson,
1967; Han, 2000; Patton and Singh, 2014)). Theceti€p,, on Pyys /P, for p; = 0.89

is shown in Fig. 6.9b and this effect is prominehenp,, > ~ 0.5. It can be seen that
there is an increase Ry, by about 12% whep,, is increased by 300% (frop, =
0.6). It may be noted that this increase is abailft &f the value observed for steel
reinforced CSRE columns (see Fig. 5.10), as exfecte the greater strength
exhibited by longitudinal steel as compared to iuagnal bamboo splints). The
increase irPyps With decreasing tie spacing agrees with similadigts done for steel
reinforced concrete columns (e.g. Cusson and Raulg94). At lower values ¢f,
(i.,e. <~ 0.5), when the tie spacing is lesser th@@ mm (or 133.3% of the column
width), the effect of lateral confinement is notysignificant on the column strength.
Thus, it can be seen that the overall respons@eotolumn capacity i.e Pyps With
confinement effect of the steel reinforcement appéa follow a non-linear S-curve

(i.e. a double curvature curve) plateauing at bloghends.
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6.3.3Moisture content and density of column

Moisture content and density of CSRE columns dutiing time of testing was
determined to assess the effect on strength ofnoulun the present study, the
average moisture content of the CSRE samples vaoes 5.64% to 7.73% with a
standard deviation of 0.49% to 1.20%; and the aeeday density varies from 1790
kg/m® to 1960 kg/m with a standard deviation of 0.009% to 0.029% eetipely (see
Table 6.2). Bui et al., (2014) observed that th&eatfof moisture content on
compressive strength in soil stabilised with 8%wredthydraulic lime, as mentioned
in Section 5.3.4, hence the moisture content olesenv the present study is likely to
have negligible effect on the column strength. asecof bamboo splints the average
moisture content ranges from 3.32% to 5.69% widmdard deviation ranging from
0.34% to 1.90% respectively.

6.3.4 Comparison of BSR and SR columns

Fig. 6.10a show®, relationship of BSR and SR column basedonlt is observed
that both BSR and SR column possess highgrby about 3.8 - 16.6% and 4.6 - 33%
than UCSRE column, respectively. This shows thaifeecement increases th&s

of columns. It is further observed that tRg,s of SR column increases gradually
higher than BSR columns. Although these valueshatemuch different at 1.52 and
2.15 reinforcement ratios, however SR50 column ges$ighelP s by about 17%
than BSR50 column at 3.14 reinforcement ratios.. FBgLOb shows theP s
relationship of BSR and SR columns with respeci,folt is observed that th s
increases gradually with the increase in reinfoeinratio in both BSR and SR
columns. Furthermore, the SR columns possess higjheby about 6% to 11% than
BSR columns at the rate of two times increaseimfaecement ratio. Fig. 6.11 shows
the influence of longitudinal reinforcement type Bgs. Here the CSRE strength and
tie spacing is considered as constant and matgpelfor longitudinal reinforcement
as variable. It can be seen that the differencBnis negligible between BSR200
and SR200 columns. This shows that both bambosted carries similar amount of
load at this reinforcement ratio (i.e., 0.63). Hoer the difference is highest between
BSR50 and SR50 columns by about 17%, which showas ttie longitudinal steel

TH-1414 11610428 107



Chapter 6 Structural Behaviour of Bamboo-Steel Reinforced CSRE Column

becomes more effective and carries more load tlaambbo ajp,, equal to 2.51. The

reason for this difference can be due to steelgostironger material than bamboo.

The comparison ob,, anddlgo between SR and BSR CSRE columns are shown i

Figs. 6.12a and b respectively. It can be sednthlavalues o0b,, anddlg, for SR are

found to be higher than those of BSR by ~8% and%l&spectively, for greater tie
spacing i.e. 100 mm and 200 mm. However, a relgtstearp improvement ié,, and

dlgo can be seen for SR when the tie spacing is rediveeards 50 mm from 100 mm,
in comparison to BSR wherein a gradual trend isnta@ied for all the tie spacing
considered (i.e. 200 mm to 50 mm). The enhancearahettion improvement trend in
SR as compared to BSR, may be related to the iregreenfinement core strength
achieved as a result of the higher strength initadmal steel (i.e. confinement effect
has relatively increasing effect in mobilising thteength/stiffness of higher strength

steel as compared to bamboo).

6.4 Summary and conclusions

This chapter presents an experimental study onbeteaviour of bamboo-steel
reinforced CSRE column under concentric axial logdtffects of key variables such
as total reinforcement ratig), lateral reinforcement ratig,j etc., on load-capacity
(Puss), failure patterns etc., was studied. Based orsthey the following conclusions

have been drawn:

1. Similar failure patterns as those of steel reirddrcCSRE columns are
observed for bamboo-steel reinforced CSRE columxsept for post-ultimate
snapping or breaking of buckled bamboo longitudreaiforcement.

2. Puys (ultimate load for bamboo-steel reinforced colurahbamboo-reinforced
CSRE columns are about 3.7% to 15% higher thanothanreinforced CSRE
column when total (bamboo and steel) reinforcenmativ is increased from
1.52% to 3.41%.

3. The increase oPs is about 6% to 12% when the transverse reinforoéme
ratio was increased from 0.63% to 1.26% and 0.68%.%1% respectively.
Pus Of SR50 column is about 17% higher than that oRB& (BSR =
Bamboo-Steel Reinforced), however only minor ddfeses are seen for larger

tie spacing, i.e. 200 mm.
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Linear increase in percelys is observed ag; was increased from 0% to
3.41%. There is a gradual increase on perBgrtasp; was increased from
0% to 1.52%, 2.15% and 3.41% with the values of 4%% and 16%
respectively. ThePys also increases by about 6% to 12% whgnwas
increased from 0.63% to 1.26% and 2.51% respeygtitblus showing an
improvement in ductility.

Bamboo possess reasonably high tensile property hadf the strength of
steel, hence it can be used as a potential reinfproaterial and a substitute
to steel to some extent for construction of rammadh structures in order to

achieve higher strength and better seismic perfocea
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Table 6.1.Details of bamboo-steel reinforcement.

a(mm) d(mm) h(mm) s(mm) pi(%) pw(%) pi+pu (%)

Column

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 testlies

Moisture content of specimen (%)

Locations Average moisture Standard deviation Avgrr)? ge
Comp. Top Middle Bottom content at test (%) (%) density of  Standard
Ultimate  strength CSRE deviation
Column load (kN) (MPa) CSRE Bamboo CSRE Bamboo CSRE Bamboo CSRE @®amb CSRE Bamboo (kg/nt) (%)
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 35.1 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 tiesin mm.
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Fig. 6.1 Testing of bamboo splint.
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Fig. 6.2. Reinforcement details of column with tie spacifey. 50 mm; (b) 100 mm,;
and (c) 200 mm.
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Fig. 6.4.Failure ofcolumn with200 mm tie spacing: (a) fare patter; and (b) load-
lateral deformatiorurve.
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Fig. 6.10. (a) Load-capacity of BSR and SR columns with resp® total
reinforcement ratio; and (b) load-capacity of BSRI &R columns with respect to
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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-

stedl reinforced CSRE columns under axial compression.

7.1 Introduction

In the preceding chapters, studies on the charsittegproperties of soil and structural
behaviour of unreinforced and reinforced CSRE colsirhave been presented. The
properties of unstabilised and cement stabilisednmrad earth blocks in terms of
density, strength, compaction energy, and durgbilit both cured and uncured
condition were studied. An attempt was made tocseled validate the block-making
equipment and technique, which can be used fortemi®n of rammed earth
structures. Detailed study on load-capacity of umioeced CSRE columns of circular,
square and rectangular cross-sections under a&dirig were carried out. The effects
of concentric axial loading on failure pattern,mslerness and aspect ratio; moisture
variation and stress reduction factors were asdegseomparative study was made
on ultimate compressive strength)(of columns obtained from experimentation and
Engesser's tangent modulus theory. Validity of gisimasonry design rules for the
design of CSRE column was evaluated. Factor otys&de columns were determined
to assess the possibility of constructing a singflerey load bearing houses. In
addition, a study was carried out on the behaviolirsteel and bamboo-steel
reinforced CSRE columns under axial loading. THeot$ of structural parameters
such as transverse reinforcement ratio, total oeteiment ratio, tie spacing, etc., on

the failure pattern; load-lateral deformation andd-axial deformation of columns
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were studied. Based on the study summary of thelgsions are enumerated in the

following sections.

7.1.1 Characteristics properties of CSRE blocks

1.

The compressive strength of both cured and uncG®BE blocks increases
with increasing cement content and the averageactaistic strength of cured
samples is about two times higher than uncured Esmp

At optimum moisture content, it is not possibleatthieve the maximum dry
density and compressive strength of CSRE blocksoatth the compaction
energy is increased beyond the standard Proctont eff

Strength and density of CSRE blocks is quite seestb the variations in

compaction energy up to a specified limit and onirammease in compaction
energy from 7.26 to 16.94 kg-cm/cc tends to ina@aasstrength and density
up to 1.2 times and 16% higher than that obtainedara energy level

equivalent to the standard Proctor test.

The locally available soil (Agartala, India) usear fproduction of CSRE

blocks using the proposed block-making equipmenit tachnique satisfy the

design criteria outlined in various standards.

7.1.2 Structural Behaviour of CSRE columns of circular, square and rectangular

sections

1.

TH-1414 11610428

Failure of column can be divided into three zones shear failure zones at
top and bottom, and tension failure zone at thedhaidShear dominates near
the platen ends and shearing cracks typically oeduat nearly 65° - 75°
angle and at 60 - 70% of ultimate load, and thasfiog a shear wedge. At the
same time, tension dominates in the middle of thernan and due to this force
acting outward perpendicular to the axis of coluled to splitting of the
column into two halves. Similar pattern of failunes observed in case of
circular columns except the formation of equallglimed (~ 120°) splitting
vertical cracks due to ‘axe action’ of the sheadge

Predictions made by Engesser's tangent modulusytlzee sensitive (for the

ranges ofl considered) to the stress level at which the taisgere considered
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i.e. it can lead to under predictions when the axpental ultimate stress is
high and closure to the peak stress of the refetratacteristic stress strain
curve and vice-versa, however the decreasing patier, with increasing
values ofl is well captured. The values &fat A equal to 8 and 10 were
determined to be 0.92 and 0.84 for rectangularmasokiand 0.90 and 0.82 for
circular columns respectively.

The load-capacity increases with the increase pe@gatio. It was found that
when the aspect ratio was increased from 1.0 t@ &ard 1.53, the load-
capacity of column increased by approximately 20% 40.5% respectively,
for A = 6, 8 and 10 of all the column sets. It may beeddhat the increase in
load-capacity for increasing aspect ratio agree wie increase in Cross-
sectional area.

The reduction factors outlined in earthen standatatt as NZS 4297 (1998)
and AS HB 195 (2002), and masonry standard IS 12082) are in a close
range to the experimental values by about ~4.0%beaiderness ratio equal to
8 - 10. However, in case of circular columns, tbdat values are higher by
about ~7%, thus showing relatively un-conservative.

Factor of safety obtained for CSRE column is gbigsh, which ranges from
21 to 36. This indicates that CSRE columns can ds=l dor construction of

single storey load bearing houses or even two ytose more when designed

properly.

7.1.3 Structural behaviour of stedl reinforced CSRE columns

TH-1414 11610428

The load-capacity of SR200, SR100 and SR50 colusnabbut 4.6%, 16%
and 33% higher than UCSRE column, respectively.dteapacity increases
due to reduction in tie spacing and toughness gianonfined CSRE.

There is a gradual increase on percent load-cgpagithe total reinforcement
ratio is increased from 0% to 1.52%, 2.15% and %.44ith the values of
4.5%, 16% and 36% respectively. The load-capad#y mcreases by about
11% to 30% when the percent transverse reinforcenaéio is increased from
0.63% to 1.26% and 2.51% respectively.

As compared to UCSRE columns, steel reinforced C®BEMNs shows

significant load carrying capacity and an improvemén ductility, and
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capacity could be obtained with closer tie spacidgnce, steel can be a
potential reinforcing material in CSRE columns witloser tie spacing in

order to achieve higher strength and better seipiformance.
7.1.4 Structural behaviour of bamboo-stedl reinforced CSRE column

1. Similar failure patterns as those of steel reirddrcCSRE columns are
observed for bamboo-steel reinforced CSRE columxsept for post-ultimate
snapping or breaking of buckled bamboo longitudreaiforcement.

2. Load capacities (ultimate load for bamboo-steehfoeced column) of
bamboo-reinforced CSRE columns are about 3.7% % Afgher than that of
unreinforced CSRE column when total (bamboo anel)steinforcement ratio
is increased from 1.52% to 3.41%.

3. The increase of load capacity is about 6% to 12%snwkhe transverse
reinforcement ratio was increased from 0.63% t®&% 2nd 0.63% to 2.51%
respectively. Load-capacity of SR50 column is alioi% higher than that of
BSR50 (BSR = Bamboo-Steel Reinforced), however anigor differences
are seen for larger tie spacing, i.e. 200 mm.

4. Linear increase in percent load-capacity is obskagetotal reinforcement was
increased from 0% to 3.41%. There is a gradualeas® on percent load-
capacity at total reinforcement was increased f@¥mto 1.52%, 2.15% and
3.41% with the values of 4%, 10% and 16% respédgtivine load-capacity
also increases by about 6% to 12% when lateralarei@ment was increased
from 0.63% to 1.26% and 2.51% respectively, thusaghg an improvement
in ductility.

5. Bamboo possess reasonably high tensile propertyhadf the strength of
steel, hence it can be used as a potential reinfproaterial and a substitute
to steel to some extent for construction of rammadh structures in order to

achieve higher strength and better seismic perfocaa

7.2 Futur e scope of work

Although an attempt has been made to experimergallyy the structural behaviour

of both unreinforced and reinforced (steel and bawrdteel reinforced) cement

TH-1414 11610428 125



Chapter 7 Conclusions and Future Scope of Work

stabilised rammed earth (CSRE) columns, consides@vgral important variables like
cross-sectional shape, cross-sectional aspect , ratlenderness ratio, steel
reinforcement, bamboo reinforcements, etc., sevanehs can be identified which
can lead to further understanding of CSRE struttelements. Some of the areas

where research can be focused in the future amraemated below:

1. As the present study deals only with single sopety further study is
recommended to determine the suitability of progoddock making
equipment and technique using different soil types.

2. A further investigation needs to be carried outGBRE columns in order to
derive stress reduction factors useful for desigltudations. Some of the
works are as follows: (a) determination of stressuction factors for higher
slenderness ratio and eccentricities, (b) behavwduramboo-steel and steel
reinforced CSRE columns under biaxial loading, #&od however, further
studies may be required to reconfirm the validitthese codes.

3. Investigations on biaxial loaded reinforced CSRHumms considering the
effects of structural parameters such as longialdieinforcement ratio,
transverse reinforcement ratio, tie configurati@gRE compressive strength
and spalling of covers.

4. Test on durability in terms of corrosion of steabalteration of bamboo to
humidity.

5. Development of finite element models based on thdetstanding gained
from experimental studies to explore further vaoias in parametric space of
columns.

6. Development of design guidelines/charts based qer@xental and finite

element simulations.

TH-1414 11610428 126



References

References

Agarwal, A., Nanda, B., and Maity, D. (2014). “Exjmeental investigation on
chemically treated bamboo reinforced concrete beanus columns.”Construction
and Building Materials71, 610-617.

Alhambra.http://www.planetware.com/granada/alhantiltee-and-ah.htm. Accessed
on March 2015.

AS 3700. (2001). “Masonry structures.” Standardtials, Sydney, Australia.

AS HB 195. (2002). “Australian earth building haodk” Standards Australia,
Sydney, Australia.

ASTM E2392/E2392M-10. (2010). “Standard guide fogsign of earthen wall
building systems.” West Conshohocken, PA.

ASTM D698-12. (2012). “Standard test methods fobolatory compaction
characteristics of soil using standard effort.” W&enshohocken, PA.

Bahar, R., Benazzoung, M., and Kenai, S. (2004rf®mance of compacted cement
stabilised soil."Cement and Concrete Composite§(7), 811-820.

Beckett, C., and Ciancio, D. (2014). “Effect of quewtion water content on the
strength of cement stabilised rammed earth masériganadian Geotechnical
Journal 51, 583-590.

Berge, B. (2009). “The ecology of building matesial2nd Edn. Architectural Press,
Oxford.

Bleich, F. (1952)Buckling strength of metal structurddcGraw-Hill, New York.

BS 5628 (Part 1). (1992). “Structural use of uni@iced masonry.” British Standard
Institute, United Kingdom.

Bui Q.B., Hans S., and Morel J.C., “The compresstrength and pseudo elastic
modulus of rammed earth.Proceeding of International symposium on earthen
structures Bangalore, India, Interline Publishers.

Bui, Q.B., Hans, S., Morel, J.C., and Do, A.P. (B01“First exploratory study on
dynamic characteristics of rammed earth buildingstgineering Structures33,
3690-3695.

TH-1414_11610428 127



References

Bui, Q.B., Morel, J.C., Hans, S., and Walker, RR1@®). “Effect of moisture content
on the mechanical characteristics of rammed ear@ohstruction and Building
Materials, 54, 163-169.

Bui, Q.B., Morel, J.C., Reddy, B.V. V., and Ghayatl. (2009). “Durability of
rammed earth walls exposed for 20 years to natwedthering.” Building and
Environment44, 912-9109.

Burroughs, S. (2008). “Soil property criteria fammed earth stabilisationJburnal
of Materials in Civil Engineeringl0.1061/(ASCE)0899-1561(2008)20: 3(264), 264—
273.

Chayet, A., Jest, C., and Sanday, J. (1990). “Eastd for building in the Himalaya,
the Karakoram and central Asia — Recent researath faure trends.” 6th
International conference on the conservation oftleam architecture (Adobe 90)as
Cruces, New Mexico, U.S.A.

Ciancio, D., and Augarde, C. (2013). “Capacity ofainforced rammed earth walls
subject to lateral wind force: elastic analysis suer ultimate strength analysis.”
Materials and Structurest6, 1569-1585.

Ciancio, D., and Beckett, C. (2013). “Rammed eaath:overview of a sustainable
construction material.”3rd International conference on sustainable consion
materials and technologieKyoto Research Park, Kyoto, Japan.

Ciancio, D., and Gibbings, J. (2012). “Experimemt&estigation on the compressive
strength of cored and molded cement stabilised rednearth samplesConstruction
and Building Materials28, 294-304.

Ciancio, D., and Jaquin, P., and Walker, P. (201&)vances on the assessment of
soil suitability for rammed earthConstruction and Building Materialgl2, 40-47.

Clark, D., and Walker, P. (2003). “The influencesofl properties on the behaviour of
rammed earth’Proceeding 9th International conference on studg eonservation of
earthen architecture Terta¥azd, Iran, 93 - 101.

Cusson D., and Paultre, P. (1994). “High-strengbhceete columns confined by
rectangular ties.Journal of Structural Engineerind,20 (3), 783-804.

Easton, D. (1982). “The rammed earth experiencet’Ed., Blue Mountain Press,
Wilseyville, CA.

EBAA. (2004). “Building with earth bricks and ramchearth in Australia.’Earth
Building Association of Australia (EBA/ASydney, Australia.

TH-1414_11610428 128



References

Favhomedecors.FavoritesHomeDecorationsldeas. ttpy/favhome decors.com/wp
-content/uploads/2014/earth_home_designs_rammetl_bause plansave_designs.
jpg. Accessed on January 2015.

Gaind, K.J., and Char, A.N.R. (1983). “Reinforcedil sbheams.” Journal of
Geotechnical Engineerind,09 (7), 977 - 982.

Gao, Z., X. Yang, Z. Tao, Z. Chen, and C. Jiao.0@0 “Experimental study of
rammed earth wall with bamboo cane under monotbarzontal load.”Journal of
Kunming University of Science and Techno|&4y/ (2), 1-4.

Gardner, H.J., and Jacobson, E.R. (1967). “Stractoehaviour of concrete filled
steel tube.’Journal of American Concrete Institut}(7), 404-413.

Ghavami, K. (2005). “Bamboo as reinforcement irucural concrete elements.”
Cement and Concrete Composit28,(6), 637—649.

Gomes, M.l., Lopes, M., and Brito, J. (2011). “Sais resistance of earth
construction in Portugal Engineering Structureg3, 932-941.

Greenleafdoors. http://www.greenleafdoors.com. Ased on 27 March 2015.

Guettala, A., Abibsi, A., and Houari, H. (2006). uiability study of stabilised earth
concrete under both laboratory and climatic condgiexposure.Construction and
Building Materials,20(3), 119-127.

Gupta, R. (2014). “Characterizing material promstof cement stabilised rammed
earth to construct sustainable insulated wall§durnal of Case Studies in
Construction Materialsl, 60-68.

Hall, M. (2002). “Rammed earth: Traditional methpdsiodern techniques,
sustainable future Building Engineer/7(11), 22—-24.

Hall, M., and Dijerbib, Y. (2004). “Rammed earth $den production: Context,
recommendations and consistencgdnstruction and Building Materials18(4),
281-286.

Han, L.H. (2000). “Test on concrete filled steddular columns with high slenderness
ratios.” Advances in Structural Engineering-An Internatiodaurnal,3(4), 337-344.

Heathcote, K. A. (1995). “Durability of earth waltluildings.” Construction and
Building Materials,9 (3), 185-189.

Helfritz, H. (1937). “Land without shade.” Centrsgian Society, 24, 201-216.

TH-1414 11610428 129



References

Houben, H., and Guillaud, H. (1994). “Earth constian-A comprehensive guide.”
Intermediate Technology Publications, London.

IS 1786. (1985). “Specification for high strengéfatmed steel bars and wires  for
concrete reinforcement.” Indian standard, New Ddifdia.

IS 1905. (2002). “Code of practice for structuraeuof unreinforced masonry.”
Indian standard, New Delhi, India.

IS 2110. (2002). “Code of practice for in-situ ctvastion of walls in buildings with
soil-cement.” Indian standard, New Delhi, India.

IS 2720 (Part 4). (1995). “Specification for methodf test for soils-grain size
analysis.” Indian standard, New Delhi, India.

IS 2720 (Part 5). (1995). “Determination of liquadd plastic limit.” Indian standard,
New Delhi, India.

IS 2720 (Part 7). (2002). “Determination of watentent-dry density relation using
light compaction.” Indian standard, New Delhi, ladi

IS 401. (2001). “Preservation of timber - code ohqtice.” Indian standard, New
Delhi, India.

IS 4332 (Part 2). (2006a). “Determination of maisticontent of stabilised soil
mixture.” Indian standard, New Delhi, India.

IS 4332 (Part 5). (2006b). “Specification for deteration of unconfined compressive
strength of stabilised soils.” Indian standard, N2&lhi, India.

IS 6874. (2008). “Method of tests for bamboo.” brdstandard, New Delhi, India.

IS 8112. (2005). “Specification for 43 grade ordindortland cement.” Indian
standard, New Delhi, India.

IS 9096. (2006). “Preservation of bamboo for suitedt purposes - code of practice.
Indian standard, New Delhi, India.

Jaquin, P. A., Augarde, C. E., and Gerrard, C. BD06). “Analysis of historic
rammed earth constructionStructural Analysis of Historical ConstructignBlew
Delhi 2006.

Jaquin, P.A. (2008). “Analysis of historic rammaeatth construction.” Ph.D. thesis,
School of Engineering, Durham University, UK.

TH-1414_11610428 130



References

Jaquin, P.A., Augarde, C.E., and Gerrard, C.M. 0@hronological description of
the spatial development of rammed earth technitjuedernational Journal of
Architectural Heritage2(4), 377-400.

Jayasinghe, C. (1999). “Alternative building makmnd methods for Sri Lanka.”
Ph.D. thesis, Department of Civil Engineering, Wmsity of Moratuwa, Sri Lanka.

Jayasinghe, C., and Kamaladasa, N. (2007). “Corspeestrength characteristics of
cement stabilised rammed earth wallSdnstruction and Building Material21(11),
1971-1976.

Jiyao, H., and Weitung, J. (1990). “The protectama development of rammed earth
and adobe architecture in Chinéth International conference on the conservation of
earthen architecture (Adobe 9@as Cruces, New Mexico, U.S.A.

Kandamby, T., and Jayasinghe C. (2011). “Cemenmilstad rammed earth for wall
junctions of two storey housesCivil Engineering Research for Industry — 2011,
Department of Civil Engineering — University of Mdowa, Sri Lanka, 119-124.

Keable, J. (1996). “Rammed earth structures - Aecoflpractice.” IT publication,
UK.

King, B. (1996). "Buildings of earth and straw: (®&tiural design for rammed earth
and straw bale architecture.” Ecological Desigrs®r8ausalito, CA.

Kleespies, T. (2000). “The history of rammed eabthldings in Switzerland.”
Proceeding of 8th International conference on staalyl conservation of earthen
architecture Terra-2000Devon UK, 137 - 138.

Kotak, T. (2007). “Constructing cement stabilisesnmed earth houses in Gujarat
after 2001 Bhuj earthquakeProceedings of International symposium on earthen
structures/nterline Publishers, Bangalore, India, 62—71.

Kumar, P. P. (2009). “Stabilised rammed earth fallsyv Materials, compressive
strength and elastic properties.” PhD thesis, Degpt.Civil Engineering, Indian
Institute of Science, Bangalore, India.

Lehmbau Regeln. (2009). Dachverbandlehm, e.V., dhirsBegriffe-Baustoffe-
Bauteile, and Auflage., PRAXIS, Germany.

Liang, R., Stanislawski, D., and Hota, G. (20113trlctural responses of Hakka
rammed earth buildings under earthquake loddseinational workshop on rammed
Earth materials and sustainable structures & HakkKalou Forum 2011,Civil
Engineering Xiamen University, China.

TH-1414 11610428 131



References

Lilley, D. M., and Robinson, J. (1995). “Ultimatdréngth of rammed earth walls
with openings.”Proceeding Institution Civil Engineers, Structurasd Buildings,
110, 278 -—287.

Lindsay, R. (2012). “Structural steel elements imittstabilised rammed earth
walling.”"Modern earth building-materials, engine®yj construction and applications,

Woodhead Publishing Series in Enertyymber 33, 461-480.

Maiti, S.K., and Mandal, J.N. (1985). “Rammed kdrbuse constructionJournal
of Geotechnical Engineerind,11(11), 1323 - 1328.

Maniatidis, V., and Walker, P. (20037 review of rammed earth construction
(project report),Natural Building Technology Group, Dept. of Arctutere and Civil
Engineering, Univ. of Bath, U.K.

Maniatidis, V., and Walker, P. (2008). “Structuredpacity of rammed earth in
compression.Journal of Materials in Civil Engineerin@0(3), 230-238.

Maniatidis, V., Walker, P., Heath, A., and Haywa#l, (2007). “Mechanical and
thermal characteristics of rammed earthiternational symposium on earthen
structures Bangalore, India.

Miccoli, L., Muller, U., and Fontana, P. (2014aMé&chanical behaviour of earthen
materials: A comparison between earth block masoragpnmed earth and cob.”
Construction and Building Materiaél, 327-339.

Miccoli, L., Oliveira, D.V., Silva, R.A., Miller, U and Schueremans, L. (2014b).
“Static behaviour of rammed earth: experimentaltiigs and finite element
modeling.”Materials and structuredDOl 10.1617/s11527-014-0411-7.

Middleton, G. F. (1992). Bulletin 5. Earth wall constructign4dth Ed., CSIRO
Division of Building, Construction and Engineering, North Ryde, Australia

Milani, A.P.S., and Labaki, L.C. (2012) “Physicamechanical and thermal
performance of cement stabilised rammed eaidd husk ash walls.Journal of
Materials in Civil Engineering24(6) 775-782.

Minke, G. (2000).Earth construction handbook. The building materesdrth in
modern architectureWIT Press, Southampton, U.K.

Ngowi, A.B. (1997). "Improving the traditional elartonstruction: a case study of
Botswana.'Construction and Building Material4,1(1), 1-7.

TH-1414 11610428 132



References

Nowamooz, H., and Chazallon, C. (2011). “Finitenedé@t modelling of a rammed
earth wall.”Construction and Building Material25, 2112-2121.

NZS 4297. (1998). “Engineering design of earth diniys.” New Zealand Standard,
Wellington, New Zealand.

NZS 4298. (1998). “Materials and workmanship fortleduildings.” New Zealand
Standard, Wellington, New Zealand.

Patriciagrayinc.http://patriciagrayinc.blogspot2@09/07/rammed-earth-walls.html.
Accessed on February 2015.

Patton, M.L., and Singh, K.D. (2014). “Finite elemenodelling of concrete-filled
lean duplex stainless steel tubular stub columihstérnational Journal of Steel
Structures 14, 619-632.

Patty, R. L. (1936). “Clay soil unfavourable fammmed earth walls.” Bulletin 298,
South Dakota State College Agricultural Experim&tation, South Dakota State
College, Brookings, South Dakota, USA.

Patty, R.L., and Minium, L. W. (1945). “Rammed &awtalls for farm buildings.”
Bulletin 277, (revised), Agricultural Engineering epartment, Agricultural
Experiment Station, South Dakota State CollegepBrys, South Dakota, USA.

Pollock, S. (1999). “Ancient Mesopotamia.” Cambeddniversity Press, Cambridge.

Rauch, M., and Kapfinger, O. (2001). “Rammed EarBitkhaeuser, Publisher for
Architecture, Switzerland.

Reddy, B. V.V., and Kumar, P. P. (2009a). “Compressstrength and elastic
properties of stabilised rammed earth and masdviasbnry International,22(2),
39-46.

Reddy, B.V.V. (2004). “Sustainable building techogiks.” Current Science87 (7),
899-907.

Reddy, B.V.V., and K.S. Jagadish. (2003). “Embodmtkrgy of common and
alternative building materials and technologigsergy and Buildings35, 129-137.

Reddy, B.V.V., and Kumar, P. P. (2011). “Structusahaviour of story-high cement
stabilised rammed earth wall under compressiadmirnal of Materials in Civil
Engineering23 (3), 240 —247.

Reddy, B.V.V., and Kumar, P.P. (2010). “Embodieckrgy in cement stabilised
rammed earth wallsEnergy and Buildings42, 380-385.

TH-1414_11610428 133



References

Reddy, B.V.V., Leuzinger, G., and Sreeram, V.S.1@0 “Low embodied energy
cement stabilised rammed earth building—A caseystl€hergy and Buildings,68,
541-546.

Sahlin, S. (1971)Structural masonryPrentice Hall, Upper Saddle River, NJ.

Schick, W. (1987). “Der Pise—Bau Zu Weilburg an deahn.” Publisher:
Burgerintiative, Alt Weilburg, Germany.

Sharma, P., Dhanwantri, K., and Mehta, S. (2018arhboo as a building material.”
International journal of Civil Engineering Researéh(5), 249-254.

Taylor, P., and Fuller, R.J., and Luther, M.B. (8D0“Energy use and thermal
comfort in a rammed earth office buildindg=hergy and Building40, 793—-800.

Taylor, P., and Luther, M.B. (2004). “Evaluatirgmmed earth walls: a case study.”
Solar Energy 76, 79-84.

Tripura, D., and Sharma, R. (2014). “Bond behaviotibamboo splints in cement
stabilised rammed earth blockdriternational Journal of Sustainable Engineering,
7(1), 24-33.

Verma, P. L., and Mehra, S. R. (1950). “Use of-seiinent in house construction in
the Punjab.'Indian Concrete Journak4(4), 91-96.

Walker, P. (1995). “Strength, durability and shagk characteristics of cement
stabilised soil blocks.Cement and Concrete Compositeg(4), 301-310.

Walker, P. J., and Dobson, S. (2001). “Pullout testdeformed and plain rebars in
cement stabilised rammed eartidurnal of Materials in Civil Engineerind3 (4),
291-297.

Walker, P., Keable, R., Martin, J., and Maniatidrs,(2005). Rammed earth design
and construction guidelineBRE Press, Bracknell, UK.

Wikipedia.http://en.wikipedia.org/wiki/Church_of éhHoly Cross_ %28Stateburg, S
outh_Carolina%?29#mediaviewer/File:Stateburg_holgssr 1419.JPG. Accessed on
February 2015.

Yamin, L.E., Phillips, C.A., Reyes, J.C., and RizM. (2004). “Seismic behaviour
and rehabilitation alternatives for adobe and rachrearth buildings.”13th World
Conference on Earthquake EngineeriNgncouver, B.C., Canada.

TH-1414 11610428 134



Appendix A

Appendix A

A.1 Compaction energy calculation for standard Proctor test

_nNWH

=TV

(A.1)

where

E. = compaction energy, kg.cm/ &m

V = volume of Proctor mould = 1000 ém
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,

g = NNWH _3x25%249%30_ gg0-60 Kkg.cmi cn?
v 100

Total number of blowd\r = 3 x 25 = 75 for compaction of 10 cm (apprx.) thiaiker

compaction.

A.2 Compaction energy calculation for wooden cubic mould

Size of mould =10 cm x 10 cm x 10 cm

Volume of mouldV = 1000 cr

Weight of rammenW = 5.6 kg

Rammer height of falld = 30 cm

Total number of blows per layer of 10 cm thidk, =7

Number of compacted layar= 1

Compaction energ¥. = 6.0 kg.cm/ crh

Note: Here onelayer of 10 cmthick is considered, which is equivalent to three layers
of standard Proctor test.

_ E.V _ 6x1000
T nWH 1x56x30

=35.7~36, for compaction of 10 cm thick layer.
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From this experiment, the average mass of compaciét determined to be 2.1 kg.

A.3 Estimation of E; in terms of N and mass of soil required for
column of size15cm x 15 cm x 90 cm

Total volume of mouldyr = 15 x 15 x 90 = 20250 ci

Volume of mould for 10 cm thick layey, = 15 x 15 x 10 = 2250 cin
Weight of rammenWW = 5.6 kg

Rammer height of falld = 30 cm

Total number of blows per laye¥; =?

Number of compacted layar= 1

Compaction energ¥. = 6.0 kg.cm/cm

_ EV _ 6x2250 _
" nWH 1x56x30

804 (A.3)

Therefore, number of blows required for 90 cm heghumn or 9 such layers = 80.4 x
9 =723 blows.

Mass of soil required for Volume of mouM,= 15 x 15 x 10 = 2250 chis

determined as follows:

Mass of soil = (2250/1000) x 2.1 =4.73 kg
Therefore, total mass of soil required for 90 cghhtolumn or 9 such layer = 9 x
4.73 =42.57 kg
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Ramme

Mould

30cn
N

Rammed Soil— 10 cm

»ld
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10 cm

»ld
Ll

10 cm

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

6,= 4.29 MPa

o (MPQ)
w

0 T T T T

D

E; (Tangent modulus) = 155 MPa

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

&

Fig. B.1. Stress-strain curve of prism

It is known that greater the slenderness ratio (1) the lesser is the load-capacity of

CSRE column. Therefore, CSRE prism of slenderness ratio equals to 2 possess the

maximum |oad-capacity when compared to columns of greater slenderness ratios

(4>>2). Fig. B.1 shows the stress-strain curve of prism.

The tangent modulus for the corresponding values of ultimate stress (oy) of columnsis

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
¢) Ultimate stress (o) = 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 (E;) of S-0.9 column is

341
0.022

determined by finding the slope of the tangent, i.e., E, = =155 MPa

B.2 Deter mination 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

¢) Compressive strength of S-1.5 column = 81.0 kN (SR = 10)
The RF is calculated as:

a) RFfor S-1.2 column=88.4+96.5=91.6~92

b) RFfor S-1.5 column=381.0+96.5=83.9~ 84

B.3 Determination of factor of safety

Characteristic strength of column (fi) = 3.58 MPa (Table 4.6)
Allowable stress (6,) = 0.1 MPa (BS 5628 part 1, 1992)

Therefore, factor of safety = / 04 = 3.58/0.1 = 35.8
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Estimation of reinfor cement details

C.1 Longitudinal reinforcement

Longitudinal reinforcement ratio is calculated using the following formula:

|:ﬁ

27,

(C.2)

where

p1 = longitudinal reinforcement ratio in percent
Ag = total longitudinal reinforcement area= Ay = 4><§>< D?
Number longitudinal bars=4

Ay = gross area of section

Example:

Diameter of steel bar, D = 8 mm
Cross-sectional area of stedl bar, A= %x D2 =50.27 mm?

Gross area of section, Ay= 150 x 150 = 22500 mm?
Total longitudinal reinforcement area, Ag = 4 x 50.27 = 201.08 mm?®
Longitudinal reinforcement ratio in percent, pi = (Ag¢/ Ag) X 100 = 0.89 %

C.2 Lateral reinforcement

Lateral reinforcement ratio is calculated using the following formula:

:m x100

Pe AXS

(C.2)

where,

P = lateral reinforcement ratio in percent

A4 = cross-sectional areaof steel tie= A, = 4xgx D?

A = cross-sectional area of CSRE core bounded by centerline of outer tie

S = center to center spacing between ties

¢ = side dimension of CSRE core
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Example

Diameter of stedl bar, D = 6 mm
Cross-sectional area of stedl bar, Aq= %x D?=28.27 mm?

Side dimension of CSRE core, ¢ = 90 mm
Center to center spacing between ties, s= 200 mm

Appendix C

Cross-sectional area of CSRE core bounded by centerline of outer tie, A=90x 90 =

8100 mm?

Therefore,

Lateral reinforcement ratio in percent,

4 x2827%x90

g x 100 = 0.628~ 0.63%
Pz = 8100 x 200 F

4 Nos. 8 mm ¢ bamboo strip/
steel bar

60 mm leg 30 mm cover =
E
N ;
©
= I
8
N
v
150 | §
—
6 mm ¢ stedl ties

(@) Cross-section

(All dimensionsin mm)

v

(b) Longitudinal-section

Fig. C.1. Reinforcement details of column
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Load/Rammer
Bamboo/Stedl

Wetted mix Steel plate

AN
Sted| tie

CSRE

Fig. C.2. Schematic diagram of compaction technique
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