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Abstract

South Africa has a housing shortage estimated in excess of 2 million units. This backlog is being
addressed predominantly with the construction of 40m2 low-cost, single storey, detached state
subsidised houses built with conventional masonry units (CMU’s), namely concrete and burnt
clay. The use of these materials has a significant negative impact on the environment and the
thermal performance of conventional masonry walls is generally poor. These factors, and others,
have led to the development of alternative masonry units (AMU’s) in South Africa, and
internationally, with a lesser environmental impact and improved thermal performance.
However, lack of standards presents a significant barrier to the uptake of AMU’s

The regulatory framework governing the use of masonry in South Africa, and possible avenues
through which AMU’s could gain access to the market, are explored. It is found that AMU’s could
provide a reasonable and socially acceptable alternative to CMU’s in low-income housing (LIH)
but the current regulatory framework does not accommodate AMU’s in a sufficiently practical
manner to enable their widespread, off-the-shelf uptake. The ongoing process of the adoption of
Eurocode 6 and the accompanying materials and testing standards by the South African masonry
industry, facilitates the transition from prescriptive to performance-based (PB) regulation of
masonry design. It is proposed that material non-specific, PB requirements for masonry units for
structural application in LIH can be developed to assist the inclusion of AMU’s in the open market.

To quantify PB criteria, two critical configurations of single-storey bonded masonry walls are
generated, based on the deemed-to-satisfy provisions of the National Building Regulations (NBR).
Subsequently, a simplified micro-scale finite element (FE) model is used to analyse these
configurations under serviceability and ultimate limit state loading conditions, to serve as a
performance prediction model from which PB criteria can be derived.

Four masonry materials are selected for the study; conventional concrete (CON), alkali-activated
material or geopolymer (GEO), compressed-stabilised earth (CSE) and adobe (ADB), representing
a wide spectrum in terms of strength and stiffness. Characterisation tests of the four materials
are used, together with numerical fitting to test data and data taken from literature, to generate
the necessary parametric input for the FE model. The results of medium to large-scale in-plane
and out-of-plane tests are used for validation of the FE model.

The FE analyses revealed that for most of the load cases, the resistances of the walls failed to
achieve the design load, even for the conventional CON blocks. A significant shortfall was found
for the out-of-plane resistance against the wind load for all four materials, as well as structural
vulnerability under seismic loading due to the geometric layout permitted by the deemed-to-
satisfy rules in the NBR. These results preclude the immediate derivation of PB criteria for AMU’s
but contribute significantly to the body of knowledge surrounding FE modelling of AMU’s. They
also indicate that the NBR provisions for wall panel geometry require reconsideration, given the
recent revision of the South African loading code. However, material non-specific PB regulation
is still the recommended avenue for the standardised inclusion of AMU'’s.
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Opsomming

Suid-Afrika het ‘n behuisingstekort van meer as 2 miljoen eenhede. Hierdie agterstand word
hoofsaaklik aangespreek deur die konstruksie van 40mz?, enkel-verdieping, losstaande, staats-
gesubsidieerde behuisingseenhede, wat meestal met konvensionele messelwerkeenhede gebou
word, naamlik beton en gebakte klei blokke. Die gebruik van hierdie materiaal het ‘n beduidende
negatiewe impak op die omgewing en die termiese gedrag van konvensionele messelwerkmure
is ook swak. Hierdie faktore, onder andere, het gelei tot die ontwikkeling van alternatiewe
messelwerkeenhede (AME’s) in Suid-Afrika en internasionaal, met verminderde
omgewingsimpak en beter termiese gedrag. ‘n Gebrek aan standaarde verhoed egter die
aanvaarding en gebruik van AME’s.

Die raamwerk van regulasies wat die gebruik van messelwerk in Suid-Afrika beheer, sowel as
moontlike maniere om die toelating van AME’s te bewerkstellig, word ondersoek. Dit word
bevind dat AME’s ‘n redelike alternatief bied tot konvensionele messelwerk in lae-inkomste
behuising, wat ook sosiaal aanvaarbaar is, maar die huidige regulatoriese raamwerk
akkommodeer nie AME’s op ‘n prakties uitvoerbare manier nie. Tans is die aanneming van
Eurocode 6 in Suid-Afrika, met gepaardgaande materiaal- en toets standaarde, ‘n deurlopende
proses en dit fasiliteer die oorgang van voorskriftelike standaarde na ‘n stelsel wat op prestasie
gebaseer is vir die ontwerp van messelwerk. Dit word voorgestel dat materiaal-onafhanklike,
prestasie gebaseerde (PB) vereistes ontwikkel kan word vir messelwerkeenhede vir strukturele
toepassings in lae-inkomste behuising, om die gebruik van AME'’s te vergemaklik.

Om PB kriteria te kwantifiseer word twee kritiese konfigurasies van enkel-verdieping, gebonde
messelwerkmure gegenereer, op grond van voorskrifte in die Nasionale Bouregulasies (NBR) wat
as bevredigend geag word. Daarna word ‘n vereenvoudigde mikro-skaal eindige element (EE)
model gebruik om die muur konfigurasies te analiseer onder diensbaarheid en uiterste
limietstaat lasaanwending, om as voorspellingsmodel van die gedrag te dien, waarvan PB kriteria
afgelei kan word.

Vier messelwerkmateriale is gekies, konvensionele beton (CON), alkali-geaktiveerde materiaal of
geopolymer (GEO), saamgeperste, gestabiliseerde grond (CSE) en adobe (ADB), wat ‘n wye
spektrum aan sterkte en stytheid verteenwoordig. Die nodige parametriese data vir die EE model
word verkry vanaf karaktariseringstoetse op die vier blok tipes, so wel as numeriese pas van
toetsdata en data van relevante literatuur. Die EE model word gevalideer deur middel van
medium- tot grootskaalse in-vlak en uit-vlak toetse.

Die EE analises wys dat die mure se weerstand in die meeste lasgevalle nie die ontwerpslas haal
nie, selfs vir die konvensionele CON blokke. ‘n Beduidende tekortkoming is gevind vir die uit-vlak
weerstand teen die wind lasgeval vir al vier materiale. Die seimiese lasgeval dui ook op
strukturele swakhede wat onstaan vanuit die geometriese uitleg wat deur die NBR voorskrifte
toegelaat word. Hierdie resultate verhoed die onmiddelik afleiding van PB kriteria vir AME’s,
maar dit maak ‘n beduidende bydrae tot die kennis rakende EE modellering van AME’s en dui
daarop dat die NBR se voorskrifte vir muurpaneel geometrieé heroorweeg moet word, gegewe
die onlangse hersienning van die Suid-Afrikaanse laskode. Materiaal-onafthanklike PB regulasie
word egter steeds aanbeveel vir gestandardiseerde insluiting van AME’s.

iv



Stellenbosch University https://scholar.sun.ac.za

Acknowledgements

My warmest gratitude to

- my family

- my supervisors, Profs Billy Boshoff and Gideon van Zijl

- my postgraduate students, Johannes Fourie, Prince Shiso, JP Jooste and Michal Schmidt
- my colleagues and the administrative and laboratory staff of the Structural Division

- the National Research Foundation, Thuthuka Grant No’s 87961 & 106965



Stellenbosch University https://scholar.sun.ac.za

Contents
D= o] =0 o U (o) o O PP TSP ii
ADSEIACE .eveeeeeeeeeet ettt cs e es s e st s R SR RS R R RS AR R Rs iii
L0 010004140 F D o ¥ iv
ACKNOWIEAGEIMENES ...covveeecereeseeseeseeseessessesssessseesseesssesssesssesssesssesssesssss s sssassseessessssssssssssesssesssessssesssesssssssessssesssessseses \4
W2\ 0] o) =T - U U0 4 PP OO PP P SPPPP viii
Symbols and NOMENCIATUTE ..t sssssss st sssssssssssssssssssssssssssssssss s sssssssssssasesas X
LASE Of FIUIES cooveuueererrersreesseeseesecseessessessseesseessesssss e e ss e s s s s e e xii
LIST Of TaADI@S .. cuieueeereereee ettt sttt es bbbt R R R bbb xvi
I 00 7o L (o o ) o PO PP 1
1.1 0 0] (55 T =T ) 1<) o LSO 1
7 74 01 4 U1 £ PP 2
1.3 MethodOlOZY & OULINE ..ottt ees e ssess s s s bbb s s 2
1.4 SCOPE & LIMILAtIONS. coueierierereresreseressses e sessess s e snenes 3
P - Uod <=4 /010 0 o Lo 0P STTPP 4
2.1 LOW-INCOME HOUSING .. eueureeeerereereresresresscssessesse s sss s sss s s sss s sssssssse e ssessessessessessessesnens 4
2.2 Alternative MaSONTY UNILS.....orencrreneeseesesssessessssssssssssessessssssssssesssesss s sssssssasssssssssssssssssssssssssssees 7
2.3 SUITIINIAT Y c1eeteaeeeesesessese e es e s s s s s bRt 9
3 Legislative FrameWOTIK . st seesssssse s sssesssesssessssssssssssssssessssssssssssssssessssessessanes 10
3.1  Performance-Based REGUIAtIONS.....c.ouueuriinreurieneiseeseiseiseesessses s esssssssssessssss s ssssssss s ssssas 10
3.2 South African Building REGUIATIONS ... veueeeeereeereseeseesseessessessseesssesseesssssesssssssesssesssssssssassssnens 13
3.3 South African Masonry StaNAards.....c.eeeeeeeeeseessesssesseesssesseessessssessssssessssessesssssssesssess 18
34 CONCIUSION ottt ettt e bbb R s bR s a e 26
4 Masonry Finite Element MOdEelliNg ... seesessessesssesssssesssessssssesssssssssssssessssssssssssesans 28
4.1 MaSONTY FEM OVEIVIEW ... ssssss st s st 28
4.2  Constitutive Masonry Material MOdEel ... 35
4.3  Alternative MasONIY FEM .....eeeeessensessessssessesssesssssssssssssesssssssessssssssssssssesssesssessans 39
44 SUINIITIATY cueurerrescessessessessessessessessessessessessessessessessessesses sessessessssssssesssssesssssesssssssssssssssssssssssssssessessessessessessessensenas 41
5 INPUL PATQIMELETS e sesss s s s s st st s s s 42
5.1 MaAterial SEIECTION. ..ttt bt 42
5.2 UNIt PATQIMELEIS couieieereeeeereteeesetseesse e ssseisessessesse st s s ba s bbbt st 44
5.3 Unit Crack INterface Parameters... . creeneereesesseessesseessessssssessesssssssssssssssssssssssssssssssssesssssees 45
5.4 JOINt INtErface PATAIMELET'S ..ottt sssssssss s sss s sesssssssssssssssesssssesssssesssssessssessans 47
5.5  Parameter RelationShiPs . reeeeersesessessseesseesssssessssssesssesssesssssssssssesssesssesssssssssssssssens 55
5.6  Strength Prediction MOGELS ... isseseessssessesssssssssssssssssssssssssssssssssssssssssaees 57
5.7 SUIMIITIAT Y cuvvueuruessessessessessessesssssesssssessss s bbbt s s s s R R R 63

vi



Stellenbosch University https://scholar.sun.ac.za

LT\ (oY U= BNV 1 Ua U o) o 0TRSO 64
6.1 In-Plane Model Validation ... sssssssssssssssssssssssssssssssssssans 64
6.2 Out-of-Plane Model Validation .......ceeereeneenseeeeseeseeseiseisssssesssssssesssssssssssssssessssssssssssssssessesasesns 73
6.3 SENSILIVILY ANALYSES it sss st st snens 81
6.4 SUIMIMATY ..ot 86

7 NUMETICAl ANALYSES ..oerrreeeemeeseeseesseesseesseesseessssseessessesssessssssssssseesssssssssessseessessssessse e sssesssesssessssssssssmsesssens 87
7.1 Wall CONFIGUIATIONS ... iuuieuieeeereeeesreeeeteesses st esses s s ssse s es s s s s s b bbb bbb 87
7.2 INPUL PATAIMELETS ..ucvecereeeerreseser s sessess s s s s st st s st st sessessssessessssesssssssessssssneass 89
70 T D 1= ¥ s B Y - U (3PP 91
T4 RESUIES ottt ettt R £ a s AR Rt 96
7.5 0003 ol 10 ) (0 ) o 00T OO TRO 105

LT D T=1 Lo r= 1t [ ) o VDTSR 106
8.1 Performance IMProVEMENT ... e ssesssessseessessss e sssesssesssessssssssssssesseses 106
8.2 ) 140040 oy T 112
8.3  Recommended AMU ReGUIALION .....ccueueereererreemereesseeseessereessessessesssessesssessssssessesssessssssesssssssssesnes 114

9  Conclusions and FUture RESEAICH ... senssssenns 116
9.1 CONCIUSIONS ...overeetteeeeeeeeseeset et essee e s s s sneREaeeE seEaeeEaebaEane b sebae nnnn s 116
9.2 FULUIE RESEATCH ..ottt es s s s n s 117

S5 2] =3 Lol =1 PP 119

Appendix A: Wind DesSign LOAAS ....ceceeeereeeesseesseessesseessesssesssesssessssesssessssssssssssssssssssssssssssssssesssesssssssssssesns 131

Appendix B: Seismic DeSign LOads. ..o eereeneerreneesessesseisesssesssessessssssssssssssssssssssssssssssssessssssssssssssssssssssans 142

vii



Abbreviations

AAC autoclaved aerated concrete

ADB adobe

AMU alternative masonry unit

ASA Agrément South Africa

BS British Standard

CCSC combined cracking-shearing-crushing material model
CMA Concrete Manufacturers Association

CMU conventional masonry unit

CON concrete

CS calcium silicate

CSE compressed-stabilised earth

CSIR Council for Scientific and Industrial Research
DHS Department of Human Settlements

DPC damp-proof course

EC Eurocode

EN European Norm

EXP experimental results

FE finite element

FEA finite element analysis

FEM finite element model/modelling

GEO geopolymer (alkali-activated)

GPM general purpose mortar

HD high density

IP in-plane

ISO International Organization for Standardization
JSD Joint Structural Division

LD low density

LIH low-income housing

Stellenbosch University https://scholar.sun.ac.za

viil



MIP
MOD
NA
NBR
NDP
NHBRC
NPC
NUM
op

PB

SABS
SAICE
SANS
SDOF
SEM
SLS
SMM
UBC
UK
ULS
ULS-S
ULS-W
WBCSD
WTO

Stellenbosch University https://scholar.sun.ac.za

mercury intrusion porosimetry

model

National Annex

National Building Regulations

nationally determined parameters
National Home Builders Registration Council
National Planning Commission

numerical results

out-of-plane

performance-based

Rand - South African currency

South African Bureau of Standards

South African Institution of Civil Engineers
South African National Standard

single degree of freedom

scanning electron microscopy
serviceability limit state

simplified micro-modelling

Uniform Building Code

United Kingdom

ultimate limit state

ultimate limit state — seismic

ultimate limit state — wind

World Business Council for Sustainable Development

World Trade Organisation

ix



Stellenbosch University https://scholar.sun.ac.za

Symbols and Nomenclature

A

b

C Cc ¢

Css Css,c Css,j

E E, E,, E, E,
fo

fe fec foj

fr

fm

ft fee fej fer
fo fok foko
frre1 Frrz

F

9a

G G, Gn,

Ge Gee G
G Gic Gf;

11 11 11
Gf Gre Gy

h hg hy hp
K
K Ks Ky

kn kn,c kn,j kn,r
ks ks,c ks,j ks,r
Ll 1,

tts ty

Ay A Ay

Kp Kpc Kp,j

area
specimen height or width, perpendicular to span direction

cohesion, of unit crack interface, joint interface

shear traction contribution, of unit crack interface, joint interface
elasticity modulus, of unit, mortar, masonry wallet, reinforcement
normalised mean compressive strength of masonry unit
compressive strength, of unit crack interface, joint interface
characteristic masonry compressive strength

mortar compressive strength

tensile strength, of unit crack interface, joint interface, reinforcement
masonry shear strength, characteristic, initial

characteristic flexural strength parallel, perpendicular to bed joints
force

design compressive stress

shear modulus, of unit, mortar

compressive fracture energy, of unit crack interface, joint interface
mode [ fracture energy, of unit crack interface, joint interface

mode II fracture energy, of unit crack interface, joint interface

height, of specimen, unit, mortar

constant used in calculation of masonry compressive strength

total stiffness, of testing system, masonry wallet

normal stiffness, of unit crack interface, joint interface, reinforced joint
shear stiffness, of unit crack interface, joint interface, reinforced joint
length, of specimen, unit

thickness, of specimen, unit

total displacement, of testing system, masonry wallet

plastic strain, of unit crack interface, joint interface



K1 Kz K3
P Pu

0, 0y O3
Og
Oy Uu,j
Ty Tu,j

U Uy Uy

¢ b b,
Y Pe P;

Stellenbosch University https://scholar.sun.ac.za

plastic strain in tension, shear (Coulumb friction), compression
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perpendicular compressive stress

confining stress at which dilatancy is zero, of joint interface
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1 Introduction

The main objective of this study is to bring alternative masonry units, that are already in existence
or yet to be developed, closer to acceptance and implementation on the open market, in so doing
providing improved walling solutions to South Africa’s housing crisis.

1.1 Problem Statement

South Africa has a housing shortage estimated in excess of 2 million units, affecting over 8 million
South Africans. This backlog is being addressed predominantly with the construction of 40 m?
low-cost, single storey, detached government subsidised housing units (Figure 1.1) built with
conventional masonry units (CMU’s), namely concrete and burnt clay.

Figure 1.1: Boystown social housing, Cape Town (HDA, 2015)

Building with masonry units is the oldest construction form still in popular use today. However,
the use of concrete and burnt clay in these large volumes has a significant negative impact on the
environment in the form of carbon dioxide emissions and the use of non-renewable natural
resources. The South African government’s parliamentary ratification of the Paris Agreement has
led to the introduction of a carbon tax, which will penalise cement manufacturers. In addition, the
thermal performance of conventional masonry walls is generally poor, contributing to occupant
discomfort. These factors, and others, have led to the development of alternative masonry units
(AMU’s) in South Africa, and internationally, with a lesser environmental impact and improved
thermal performance.

In developing AMU's, it is necessary to assure the performance and durability of these over the
design life of the housing structure. South African standards for CMU’s are well established and
in common use in South Africa. However, directly applying these established requirements to
AMU’s would be inappropriate for several reasons:
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Outdated Mechanical Limits: Current mechanical limits set in the South African
prescriptive standards of CMU’s are largely based on yield line theory analysis (JSD,
1995), taken from the withdrawn British Standard BS 5628-1 (1978).

Adoption of Eurocode 6: The South African masonry industry is in the process of
updating its suite of masonry standards to the EN approach, Eurocode 6 Design of Masonry
Structures, marking a transition from prescriptive to performance-based standards.
Category 1 Buildings: The Application of the National Building Regulations (NBR) (SANS
10400-A, 2010) has been revised with significant changes, including the introduction of
Category 1 buildings, specifically aimed at drawing more low-cost structures into a
regulatory framework. Certain serviceability aspects of these structures are more relaxed
compared to non-Category 1 buildings.

Loading: The South African loading code (SANS 10160, 2011) was also recently revised,
in the form of an adaption of EN 1990 (2002) and EN 1991 (2002+), with notable changes
and additions. The design of single storey masonry structures must take seismic loading
into account in certain areas of the country and significant improvements have been made
to the South African wind data map. These changes could have implications for the
response and performance requirements of masonry structures and of masonry units.
Advances in Numerical Analyses: A significant amount of research has been done to
better understand the discontinuous behaviour of masonry structures using finite
element modelling and these advances need to be accounted for in the specifications for
masonry units. Most research has focused on burnt clay and concrete masonry units
which exhibit a specific brittle behaviour. AMU’s could consist of various materials,
exhibiting a range of strengths and stiffnesses and therefore also a range of structural
responses.

1.2 Hypothesis

The current South African specifications for conventional masonry units are not appropriate for
direct application to alternative masonry units. Material non-specific, performance-based
requirements of masonry units for structural application in Category 1 residential
buildings can be developed, based on the EN specifications for masonry units and methods of
test, to facilitate the inclusion of alternative masonry units in the open market.

1.3 Methodology & Outline

The work undertaken to achieve this, is reported in the following chapters:

Chapter 2 - Background: Context and motivation for the study are provided by
considering principal facets, namely the South African housing crisis and the current
status of development and use of AMU’s.

Chapter 3 - Legislative Framework: The regulatory framework governing the use of
masonry in South Africa and possible avenues through which AMU’s could gain access to
the market are explored, followed by a refinement of the hypothesis provided in Section
1.2.

Chapter 4 - Masonry Finite Element Modelling: The main tool employed in assessing
the performance of AMU’s in this study is the finite element (FE) method, using DIANA
FEA software. It is therefore necessary to give an overview of FE modelling as applied to
masonry in general, and AMU’s specifically, as well as a description of the constitutive
material model chosen for this study.
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— Chapter 5 - Input Parameters: Four masonry materials are selected for the study:
conventional concrete (CON) as benchmark and three alternatives, geopolymer (GEO),
compressed-stabilised earth (CSE) and adobe (ADB), representing a wide spectrum in
terms of strength and stiffness. The results of characterisation tests of the four masonry
materials on a unit and wallet scale are used, together with numerical fitting to test data
and data taken from literature, to generate the necessary parametric input for the FE
model.

— Chapter 6 - Model Validation: The results of medium to large-scale in-plane and out-of-
plane tests, conducted on single-leaf masonry walls, constructed of the four selected
masonry materials, are used for validation of the FE model.

— Chapter 7 - Numerical Analyses: Two critical configurations of single-storey bonded
masonry walls are generated, based on the provisions of the National Building
Regulations. Subsequently, the simplified micro-scale FE model is used to analyse these
configurations under serviceability and ultimate limit state loading conditions, to serve
as a performance prediction model.

— Chapter 8 - Deliberation: Mitigation strategies to improve the performance of the walls
are applied to the FE model and recommendations are made to standardise the regulation
of AMU’s.

— Chapter 9 - Conclusions and Future Research: The main conclusions are distilled and,

based on the findings of this study, three avenues of research that can be pursued are
highlighted.

1.4 Scope & Limitations
The masonry units, walls and their applications under consideration are limited to:

— solid blocks, 290mm long x 140mm wide x 116mm high

— single leaf, single storey, external, unreinforced walls

— Category 1 buildings (SANS 10400-A, 2010)

— H3 & H4 (residential) occupancy classes (SANS 10400-A, 2010)
— structural performance

Other matters, such as durability and environmental impact, although essential in the assessment
and promotion of AMU'’s, are beyond the scope of this study.
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2 Background

Background information on aspects salient to the study are provided, including the low-income
housing situation in South Africa and the current status of the development and use of AMU’s.

2.1 Low-Income Housing

The ‘right to have access to adequate housing’ is enshrined in Section 26 of the Bill of Rights of
the South African Constitution (Constitutional Assembly, 1996). However, the South African built
environment remains distinctly segregated into formal and informal sectors, with the informal
sector consisting largely of residential dwellings, concentrated on the poor urban periphery
(Muringathuparambil, et al., 2017).

Sea Point, Cape Town (Hilton, 2011) Khayelitsha, Cape Town (Harrison, 2018)

Figure 2.1: Formal and informal sectors of South Africa’s segregated built environment

The South African government has provided nearly 3 million subsidised housing units since 1994
(Department of Human Settlements, 2017), and the households residing in subsidised housing
has increased from 5.6 % in 2002 to 13.6 % in 2018 (Statistics South Africa, 2018). However,
according to the government, a backlog of over 2 million units persists (Sisulu, 2016). Arguably,
the number of informal dwellings should rather be used as an indicator of the actual housing crisis
in South Africa, putting the housing need at over 25 million units (Laubscher, 2014).

Government subsidised housing units are typically a stand-alone dwelling of 40m?2 (Laubscher,
2014), containing a kitchen, living area, two bedrooms and a bathroom (Figure 2.2), conforming
to the definition of ‘adequate housing’ in the National Housing Code (NHC, 2009). Only
households with a combined income of less than R 3500 (€ 200) per month qualify for
government subsidised housing (Department of Human Settlements, 2015), and ownership is
transferred to the beneficiary.
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Figure 2.2: Typical 40m2 government subsidised concrete masonry house (a) plan (CMA, 2011)
and (b) under construction

2.1.1 Category 1 Buildings

In an effort to make buildings that meet regulatory requirements more affordable to low-income
communities and to reduce the immense health and safety risk that unregulated informal
structures present (Watermeyer, 2004), the Joint Structural Division (JSD) of the South African
Institution of Civil Engineers (SAICE) developed a new category of buildings in 2000
(Watermeyer & Milford, 2003). This Category 1 building type was introduced in The Application
of the National Building Regulations: SANS 10400 in 2004.

These buildings are restricted in size and occupancy class. The floor area is limited to 80m?2, wall
lengths to less than 6m between lateral supports and the structure to a single storey with no
basement. The wall thickness can be as little as 90mm, compared to 140mm in non-Category 1
buildings (SANS 10400-K, 2011). Occupancy classes are restricted to places of instruction or
worship, small shops, offices, dormitories, domestic residences and dwelling houses.

Category 1 buildings also make allowance for lower performance levels with regard to
construction accuracy, expected damage, deflections, maintenance, rain penetration and hail
resistance, natural lighting and ventilation, in comparison to non-Category 1 buildings (SANS
10400-A, 2010). The differences in performance levels are concentrated around size and
serviceability limits and no distinction is made between the categories regarding seismic and
wind loading.

[t must be noted that, whilst Category 1 buildings were introduced in the NBR to draw a greater
proportion of the South African built environment into a regulatory framework, the government,
one of the dominant land and building owners in the country (Laubscher, 2014) and the largest
role player in housing, is not bound to compliance with the NBR, according to Sections 2(3) and
2(4) of the amended National Building Regulations and Building Standards Act No 103 of 1977
(2008). However, this does not negate the need for quality low-income housing (LIH).
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2.1.2 Construction Quality

The LIH sector in South Africa is notorious for its substandard construction quality, despite an
abundance of regulation and technical information (Mahachi, et al., 2004). Statistics South Africa
found 16% of the government subsidised housing stock to be perceived as defective in their 2013
General Household Survey (Statistics South Africa, 2013). A National Housing Rectification
Programme was launched by the Department of Human Settlements (DHS) in 2012, and has spent
over R 2 billion (€ 120 million) rectifying substandard constructions. This programme has since
been suspended but the then Director General of the DHS, Thabane Zulu, estimated the
outstanding rectification bill at R 58 billion (€ 3.5 billion), (Steyn, 2011).

The root causes are wide ranging but can be broadly classified into the following four categories
(Sibiya, 2018), (Zuguzane, et al,, 2012), (CIDB, 2011):

Lack of Capacity at Government Level Non-Compliance by Contractors
insufficient grants - lack of expertise and experience
technical staff - unskilled labour
monitoring - resource constraints

Inadequate Quality Control Corruption
management systems - irregular tender procedures
supervision - theft
inspections - fraud

The majority of structural failures are classified as of the superstructure (42%), followed by
foundation settlement (24%), although the former is largely dependent on the latter. In 2002,
73% of the cost of remedial works was spent on the superstructure (Mahachi, et al,, 2004). The
underlying causes are inadequate soil classification, foundation design and structural detailing.
Typical defects in walls (see Figure 2.3) include inadequate connections between internal and
external walls, insufficient lintels over large openings and large sections of walls without lateral
support (Mahachi, et al., 2004).

Given the economic and social challenges in South Africa, a number of national strategies and
policies require that a significant proportion of LIH is constructed by emerging contractors, who
often lack the resources and time to develop or attain the requisite skill level (Mahachi, et al,,
2004). Perceived or actual reasons for structural defects range from lack of understanding of the
NBR, poor workmanship, the use of unsuitable materials and insufficient or inadequate
supervision (Zuguzane, et al., 2012).

Since 2002, all state subsidised (and new mortgaged) houses are legally required by the Housing
Consumers Protection Measures Act of 1998 (Act No. 95, 1998) to enrol with the National Home
Builders Registration Council (NHBRC), which provides a warranty scheme, insuring the home
owner against deficient construction practices. This has resulted in a notable decrease in the
frequency of structural deficiencies (Sibiya, 2018). The subsidised housing stock perceived as
defective has also reduced from 16% in 2013 to 9% in 2018 (Statistics South Africa, 2018).

However, non-enrolment or late enrolment of subsidised housing projects in the NHBRC
warranty scheme, together with a considerable historical backlog of structural defects, ensure
that a significant defective housing stock persists (Sibiya, 2018). Apart from the tangible
detriment experienced by the housing beneficiaries and tremendous cost of rectification to the
government, such deeply entrenched poor construction quality has far reaching, less transparent,
effects. For instance, it necessitates the choice of higher material partial factors, compounding the
cost of construction across the industry.
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Lekwa Municipality, Mpumalanga Lekwa Municipality, Mpumalanga Victor Kanye Municipality,
(Mkhonto, 2014) (Mkhonto, 2014) Mpumalanga (Mkhonto, 2014)

/AN

Victor Kanye Municipality, Nkomazi Municipality, Mpumalanga Phoenix, Kwazulu Natal

Mpumalanga (Mkhonto, 2014) (Mkhonto, 2014) (Khubisa, 2017)

KwaZulu Natal (KZNDHS, 2010) KwaZulu Natal (KZNDHS, 2010) KwaZulu Natal (KZNDHS, 2010)

Figure 2.3: Typical structural defects in LIH due to inadequate construction quality

2.2 Alternative Masonry Units

For the purpose of this study, alternative masonry units (AMU’s) are defined as any masonry unit
other than what is currently used conventionally in South Africa, in a standardised or regulated
manner. The conventionally used masonry units are:

— Autoclaved Aerated Concrete Masonry Units SANS 50771-4 (2007)

— Burnt Clay Masonry Units SANS 227 (2007)
— Calcium Silicate Masonry Units SANS 285 (2010)
— Concrete Masonry Units SANS 1215 (2008), SANS 50771-3 (2015)
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2.2.1 Rationale for AMU’s

Concrete, and to a lesser degree burnt clay, are the dominant block materials used in the
construction of LIH. The use of concrete and clay in these large volumes has a significant negative
impact on the environment. Manufacturing concrete and burnt-clay masonry units consumes vast
volumes of limestone, clay and top-soil, all non-renewable resources, the extraction of which
alters the natural environment irrevocably (NPC, 2011). Furthermore, the production of both
cement and burnt clay bricks are energy intensive processes (Venkatarama Reddy & Jagadish,
2003) and release large amounts of carbon dioxide (CO;) into the atmosphere (WBCSD, 2009).
The production of cement alone accounts for roughly 5-8% of the world’s CO, emissions
(Benhelal, et al., 2013), (Olivier, et al., 2012), in large part due to the decomposition of the
limestone in the calcination process (WBCSD, 2009).

In an effort to honour the commitments made in being a signatory to the Paris Agreement, the
South African government is in the process of introducing a carbon tax (Department of National
Treasury, 2018), which will penalise cement manufacturers for their CO; emissions, increasing
the cost of concrete masonry units. In addition, the thermal performance of conventional masonry
walls is generally poor (Al-]Jabri, et al.,, 2005), contributing to occupant discomfort. These factors,
and others, have led to the development of AMU’s in South Africa, and internationally, with a
lesser environmental impact and improved thermal performance.

Masonry construction is not the only solution to providing affordable, durable, comfortable
housing, but the perception that brick-and-mortar represents the pinnacle of quality housing is
deeply entrenched in South African society. Most alternative housing or walling systems available
in South Africa have not experienced significant uptake and only 0.6% of government subsidised
LIH built between 1994 and 2010 made use of a walling system other than masonry (Department
of Human Settlements, 2010).

The primary barriers to the implementation of alternative walling systems in South Africa are the
perceived inferiority of these systems compared to masonry, a general lack of advanced
construction skills to erect these systems and the inability of these systems to accommodate
future additions as easily as masonry does (Boshoff, et al., 2013). Since government LIH is
intended as a starter house, this inability to accommodate additions economically is a
considerable limitation and disadvantage for the beneficiary (Van Wyk, 2010). For these reasons
this research is concentrated on advancing the use of AMU'’s specifically, as opposed to alternative
walling systems in general.

2.2.2 Types of AMU’s

Research into and development of more sustainable AMU’s can be divided into three broad
categories:

- unfired soil-based blocks;

- clay bricks or concrete blocks incorporating recycled industrial or post-consumer waste
or by-products;

- blocks created predominantly or wholly from recycled industrial or post-consumer waste
or by-products.

The soil-based blocks are typically adobe or earth blocks which incorporate mechanical, physical
and/or chemical stabilisation of the soil. Mechanical stabilisation is done in the form of
compaction, physical stabilisation by correct proportioning of soil types and chemical soil
stabilisation ranges from the ancient use of animal dung, plant juices or naturally occurring oils
to the relatively modern addition of hydraulic lime or cement (Hossain & Mol, 2011).
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The waste materials used in the latter two AMU categories include fly ash, granulated blast
furnace slag, welding flux slag, mine tailings, construction and demolition waste, cementkiln dust,
volcanic ash, harbour sediments, foundry sand, granite and marble waste and sawdust, limestone
dust, wood sawdust, sugarcane bagasse ash, rice husk ash, cotton waste, straw fibres, processed
waste tea, glass, perlite, polystyrene foam and fabric, plastic fibre, rubber, sewage treatment
residue and sludge, paper processing residues and waste paper pulp, textile effluent treatment
sludge, cigarette butts and many others. See Raut et al. (2011), Shakir and Mohammed (2013)
and Zhang (2013) for comprehensive reviews.

2.2.3 Barriers to AMU’s

In the development of AMU’s, the two main considerations by most researchers are the
compressive strength and water absorption (Zhang, 2013), since the largest obstacles to the
uptake of soil-based AMU’s in particular are poor strength and durability in the wet state (Bahar,
et al,, 2004), (Burroughs, 2006), (Millogo & Morel, 2012), (Maskell, et al., 2014). Despite many
AMU’s meeting the specifications set for conventional blocks, the production of AMU’s on a
commercial scale is still limited. Reasons for this include difficulties with new production
methods, contamination risks associated with the use of waste materials, slow acceptance of
nonconventional products by the public, resistance by established producers in protecting their
vested interest and lack of standards in the form of performance criteria and production and
construction guidelines, (Walker, 1995), (Zhang, 2013). Pursuing alternative material solutions
therefore typically results in major approval delays (Greenwood, 2012), and hence impeded
construction and project delivery.

The general assumption regarding the structural behaviour of alternative masonry is that it is
comparable to conventional masonry behaviour (Tennant, et al.,, 2013). Especially soil-based
blocks with a high cement or binder content can be considered to behave similarly to commerecial
concrete blocks and can be structurally designed as such (Heath, et al, 2012). However,
understanding and knowledge of the structural behaviour of alternative masonry is sparse,
especially regarding the out-of-plane response (Tennant, et al., 2013).

Over time, certain structural behavioural aspects have solidified themselves as fact. For example,
the seismic response of soil-based masonry structures is considered particularly poor due to the
low tensile strengths of the material (Silva, et al.,, 2012), but these observations do not constitute
a thorough understanding of the structural behaviour of alternative masonry. Symptomatic of
this lack of understanding is the exclusion of AMU’s from the scope definition of internationally
accepted masonry design standards, such as Eurocode 6 (Illampas, et al, 2011). In-depth
investigation into the structural behaviour of AMU’s is necessary for their advancement.

2.3 Summary

Despite extensive provision of government-subsidised LIH over more than two decades, South
Africa’s residential built environment remains starkly segregated and the quality of construction
in the LIH sector is particularly poor, due to a confluence of factors. Category 1 buildings, with
lesser serviceability limits, were introduced in the South African NBR to allow a greater
proportion of the housing stock to meet regulatory requirements.

Within this context, alternative walling solutions to CMU’s are sought to reduce the
environmental impact of LIH and improve the thermal comfort of their occupants. Specifically
AMU'’s are considered the most realistic and viable option, given the deep entrenchment of block-
and-mortar housing in South African society. Much research has been conducted internationally
in the pursuit of AMU development but common obstacles to their uptake are a lack of standards
and understanding of their structural behaviour. Further research into these aspects is needed to
advance the use of AMU’s.
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3 Legislative Framework

Background to performance-based regulations and the regulatory context, within which AMU’s need
to gain entry into the South African market, are outlined in this chapter, together with possible
avenues for the inclusion of AMU’s within these regulations. This is followed by a review of the
current masonry standards applicable in South Africa. Sections 3.1 and 3.2 of this chapter are based
on a previous publication by the author (De Villiers, 2012).

3.1 Performance-Based Regulations

Many building material related regulations in South Africa are prescriptive. These regulations
enforce consistency and reliability by means of applying a set of rules (May, 2003). They are
restrictive and bureaucratic by nature, allowing little scope for innovation, but are straight
forward in interpretation and application, thereby also allowing less room for error. By
comparison, performance-based regulations, such as the South African National Building
Regulations and Building Standards Act (Act No. 103, 1977), are focused on what the required
level of performance of a building or material is, rather than stipulating how this level is to be
achieved. A long history of applying performance-based regulations to housing exists.

3.1.1 Background

The first building code on record, known as the Hammurabi Code, accredited to Babylonian King
Hammurabi (1955 - 1913 BC) stipulates the structural safety performance of a house: “Article
229: The builder has built a house for a man and his work is not strong and if the house he has
built falls in and Kkills a householder, that builder shall be slain,” (Foliente, 2000). It is clear how
the constructed house is expected to perform, but no specifications are given as to how or with
what materials this house is to be constructed.

The United States National Bureau of Standards, already recognized the value of performance-
based regulations in 1925, in their report ‘Recommended Practice for Arrangement of Building
Codes’, warning that prescriptive requirements hinder progress in the construction industry by
excluding new materials or new uses of conventional materials (Foliente, 2000). This was
followed up in the 1960’s when the US Department of Housing and Urban Development produced
a Performance Criteria Resource Document for Innovative Construction (NBS, 1977), to
encourage the use of innovative housing systems (Foliente, 2000).

Over the last three decades, a number of countries have or are in the process of transitioning their
building regulations, especially with regard to housing, from a prescriptive to a performance
basis, generally in response to frustrations with the bureaucracy of a prescriptive system:
Australia, Austria, Canada, China, Japan, Netherlands, New Zealand, Norway, Singapore, Spain,
Sweden and the United Kingdom (Meacham, 2010).

In more recent years, Technical Sub-Committee TC 59/SC 15 of the International Organization for
Standardization (ISO) developed a set of methods to describe the performance of houses,
covering structural safety (ISO 15928-1, 2015), serviceability (ISO 15928-2, 2015) and durability
(ISO 15928-3, 2015). These standards set out how to qualitatively describe the expected
performance of a house, but they do not specify quantified performance levels or criteria.

10
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3.1.2 Developing Performance-Based Standards

The development of performance-based regulations worldwide is generally modelled on the
Nordic 5 level system (Foliente, 2000). It was first developed by the Nordic Committee on
Regulations in 1963, to harmonize the building regulations of the Nordic countries (Oleszkiewicz,
1994). The Nordic system has gained much recognition and was adopted by the United Nations
Economic Commission for Europe as a basis to harmonize building regulation systems. The EU is
investing considerably in this process, to facilitate free trade (Burkowski, 2003).

The Nordic model, shown in Table 3.1, describes a 5-tier hierarchy, according to which qualitative
performance objectives (Level 1) and functional statements (Level 2) are translated into
quantitative performance requirements (Level 3), compliance methods (Level 4) and deemed-to-
satisfy-rules or acceptable solutions (Level 5). This table also illustrates how the Nordic model is
applied in the South African building regulation context, since the NBR are performance-based in
nature (Watermeyer & Milford, 2003) and were also modelled on the Nordic 5 tier system
(Reynolds, 2007). Indeed, one of the stated aims of SANS 10400 is to “assist rather than impede
the use of innovative building systems and designs”.

Table 3.1: Nordic 5-level hierarchy applied to the South African context

Level Description South African Building Regulation Context
1 Objective National Building Regulations and Building Standards Act 103 of 1977
2 Functional Statement National Building Regulations 1999
3 Performance Requirement SANS 10400: The Application of the National Building Regulations
4 Performance-Based South African Bureau of Standgrds; Cguncil for. Scientific and Industrial
Compliance Methods Research; Agrément South Africa; rational design

Deemed-to-Satisfy or

Acceptable Solutions SANS 10400: The Application of the National Building Regulations

As an example, the Level 2 functional statement for structural strength and stability for walls (K1)
in the NBR (SANS 10400-K, 2011) reads as follows:

“Any wall shall be designed and constructed to safely sustain any actions which can
reasonably be expected to occur and in such a manner that any local damage (including
cracking) or deformation do not compromise the opening and closing of doors and
windows or the weather tightness of the wall and in the case of any structural wall, be
capable of safely transferring such actions to the foundations supporting such wall.”

The Level 3 performance requirements were considered understated or generally lacking for the
South African building regulation context (Watermeyer & Milford, 2003). Since the revision of
SANS 10400, in particular Part B (2012), the functional statements concerning structural strength
and stability of buildings have been translated to quantified performance parameters to some
extent. These are discussed further in Section 3.2.3.

The development of appropriate performance standards creates the essential link between the
qualitative performance objectives and quantitative performance criteria. 1SO 6240 Performance
Standards in Buildings (1ISO 6240, 1980) requires that each performance requirement be defined
in terms of specific properties, typically provided in a performance specification standard
(Burkowski, 2003), and have methods specified in which these properties can be assessed, in a
so-called performance statement standard (Burkowski, 2003). Identifying commonalities and
opportunities for integration in standards and developing product evaluation protocols is
essential in removing barriers to implementing innovation (Sanjuan, et al,, 2011).

11
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In most countries that are transitioning to performance-based building regulations, allowance
has been made for a mixed approach, providing performance objectives, together with deemed-
to-satisfy solutions, in the interest of reducing disruption and allowing an evolutionary transition
process. Alternative solutions are required to deliver a performance level equal or superior to
that of a deemed-to-satisfy solution, as is the case in South Africa.

The deemed-to-satisfy solutions entrenched in most countries’ transitioned building regulations
implicitly represent society’s expectation of a building’s performance level. The first step in
attaining quantifiable and verifiable performance criteria is to translate this implicit building
performance level into quantitative metrics (Meacham, 2010). Furthermore, verification methods
and predictive models capable of developing quantitative performance criteria and designing or
evaluating the performance of buildings, components or products are essential to the
advancement and implementation of performance standards (Foliente, 2000). Currently, these
predictive models are largely lacking (Burkowski, 2003).

3.1.3 Strengths and Weaknesses

Performance-based regulations define the functional and performance expectations, as opposed
to prescribing specific solutions, making flexibility and responsiveness their greatest strengths.
This in turn encourages the diffusion of innovative materials and technologies and allows for
faster adaptation to a society’s changing needs, such as improved resilience, response to climate
change, sustainability and demographic shifts (Meacham, 2010). Buildings can be designed to
better satisfy the specific client’s operative requirements whilst still satisfying society’s
expectations in terms of safety. The building regulations of a country also directly impact its
industries’ ability to operate on an international stage. Adopting a performance-based approach
significantly reduces trade barriers and improves transparency in this sphere. The World Trade
Organisation’s Technical Barriers to Trade Agreement, signed in 1997, of which South Africa is a
signatory, commits all Members to “specify technical regulations based on product requirements
in terms of performance rather than design or descriptive characteristics” (WTO, 1997).

The Achilles heel of performance-based regulations is the transformation of vague performance
objectives into quantifiable performance criteria (May, 2010). Too often professional judgement
of the designer is heavily relied upon, to accurately predict the performance of a material or
technology, particularly in aspects such as forecasting durability (May, 2010). Additional
shortcomings are often the lack of accountability (May, 2010) and insufficient support from
regulators and local authorities (Meacham et al, 2005). A general lack of critical assessment of
performance-based regulations (May, 2010) compounds the problem.

Not all instances of countries transitioning to performance-based regulations have been entirely
successful. The most notable example is the case of the “leaky building crisis” in New Zealand,
where a significant number of timber-framed buildings with fixed claddings were not weather-
tight, leading to rotting structures. As to be expected, this was due to the confluence of a number
of factors, including cost-cutting, substandard workmanship and ineffective supervision.
Furthermore, the factors related to the recently introduced performance-based regulations
included: qualitative, as opposed to quantitative requirements statements in the code, substantial
dependence on expert interpretation and insufficient scrutiny by authorities (Meacham, 2010).
Significantly, New Zealand was one of the first countries to adopt a performance-based building
code, and suffered the consequences of inexperience. However, their performance-based building
code was subsequently revised and there was no call to revert to a prescriptive regulatory system.

Despite the shortcomings, it is still argued that a performance-based regulatory framework will
ultimately produce a preferable solution, due to the greater freedom of choice in materials and
systems, provided that the regulations are applied correctly (Sexton & Barrett, 2005). This
freedom of choice and flexibility has led to the use of performance-based regulations gaining
support internationally.

12
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3.2 South African Building Regulations

Upon occupation of the Cape of Good Hope as a refreshment station in 1652, the United East India
Company instructed Cape Governor Jan van Riebeeck to construct 3.75m high earth ramparts to
mount canons (Laubscher, 2011). This could be considered the first documented prescriptive
building specification in South Africa. Since the earth on site was ill-suited and the Company
instruction ‘did not specify alternative solutions’, the structures ultimately collapsed due to heavy
rain; the first failure of a prescriptive building specification in South Africa (Laubscher, 2011).

Over three centuries later, a number of acts have been promulgated in support of South Africans’
constitutional right to access to adequate housing, that impact on the design and construction of
housing:

- National Building Regulations and Building Standards Act of 1977 (Act No. 103, 1977)
- Housing Consumers Protection Measures Act of 1998 (Act No. 95, 1998)

- Occupational Health and Safety Act of 1993 (Act No. 85, 1993)

- Construction Industry Development Board Act of 2000 (Act No. 38, 2000)

- Consumer Protection Act of 2008 (Act No. 68, 2008)

- National Regulator for Compulsory Specifications Act of 2008 (Act No. 5, 2008)

- Agrément South Africa Act of 2015 (Act No. 11, 2015)

The structural design of housing in South Africa is regulated by the NBR, first published in 1985
by the South African Bureau of Standards (SABS), but since updated a number of times to the
current edition SANS 10400 (2010). The NBR are based on the National Building Regulations and
Standards Act of 1977 (Act No. 103, 1977), and are performance-based in nature. However, the
NBR contain extensive deemed-to-satisfy solutions, the typical mixed approach taken in
transitioning from prescriptive to performance-based regulation.

On a practical level, all housing construction in South Africa, low-income or otherwise, is
regulated by the National Home Builders Registration Council (NHBRC), the establishment of
which is enshrined in The Housing Consumers Protection Measures Act (Act No. 95, 1998),
(NHBRC, 2015). The NHBRC is mandated by this act to protect the interests of housing consumers,
in particular those in the subsidy housing sector (Act No. 95, 1998, 3j) and stipulates general
home building technical requirements and guidelines in the form of the Home Building Manual
and Guide (Home Building Manual for short). This manual is based on Act No. 103 (1977) as well.

The first Home Building Manual (1999) was revised in 2015 due to changes in relevant standards
(such as the introduction of Category 1 buildings in the NBR) and in response to building
technology innovations. It is noteworthy that the Home Building Manual Committee, responsible
for the revision, contained representatives from every relevant sphere, except masonry. Notable
aspects that have been addressed to some extent in the revision are performance descriptions
and performance parameters for structural strength and stability. These are largely adopted from
the NBR, leading to significant duplication between these documents.

Both the NBR and the Home Building Manual rely on normative reference standards for the
material-specific design aspects, which are typically prescriptive in nature. In broad terms, the
structural building materials and systems provided for are concrete foundations, masonry
walling and timber roof constructions. If a non-standardised material or system is to be used in
the building of a house, the NBR (SANS 10400-B, 2012) prescribe that the material or system be
evaluated against performance-based criteria or a competent (professionally registered) person
must submit a rational design or assessment of the system. Use of a non-standardised material or
system is permitted, provided that the local authority is satisfied that it is at least as suitable for
the intended purpose as a standardised material or system (SANS 10400-A, 2010).

13
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3.2.1 Certification

The primary body performing assessments of non-standardised building materials or systems in
South Africa is Agrément South Africa (ASA), established in 1969 under the delegated authority
of the Minister of Public Works. However, only in 2008 was Agrément certification introduced in
the NBR as a means of demonstrating compliance. ASA became a separate legal entity in 2018
under the Agrément South Africa Act (Act No. 11, 2015), is funded by the Department of Public
Works (R29 million or €1.8 million in financial year 2017/2018) and is a member of the World
Federation of Technical Assessment Organisations (WFTAO), (Agrément, 2018). ASA is mandated
to promote innovative building products, protect consumers against unacceptable ones and
establish fitness-for-purpose by testing of non-standardised products against performance-based
criteria (Agrément, 2019).

The aspects that may be taken into consideration during an Agrément certification process are
structural strength and stability, behaviour in fire, water penetration, thermal performance,
durability and the maintenance required, the likelihood of condensation forming on the inside of
the building, acoustic performance and the applicant’s quality system (Agrément, 2019). To have
a building product certified by Agrément can cost up to R 300 000 and the assessment process
generally takes 6 months (Ndamashe, 2019).

Practically, ASA operates in conjunction with the Council for Scientific and Industrial Research
(CSIR), located in Pretoria. A clear distinction is made between the roles of the CSIR and ASA; the
CSIR focuses on research and development of new technologies and developing the performance
criteria and test methods used during an Agrément certification. Agrément administers the
certification process and maintains an up to date register of active certificates. Currently there
are 98 active and 48 inactive walling and building systems registered (Agrément, 2019).

In terms of walling products, Agrément certification is currently only available for whole
structural or walling systems, and no performance-based criteria have been developed for
masonry units. Block-based walling systems that have been certified include BESA, Dri-Block
(dry-stack concrete block walls), Hydraform (dry-stacked and mortar bedded soil-cement
blocks), Compressed Earth Blocks Building System, Benex Masonry and Everite Hebel AAC.
Naturally, the use and application of a certified system is bound to the scope, limitations and
conditions as set out in the certificate (SANS 10400-B, 2012). This places stringent limitations on
the application scope when an AMU-based system is certified by ASA.

A point of discrepancy between the NBR and the Home Building Manual is the matter of
certification by bodies other than ASA. In the recent revision, the Home Building Manual deems
certification by Agrément or by a registered certification body as demonstrating compliance
(NHBRC, 2015). The NBR allows local authorities to call for additional test reports by the SABS or
CSIR or an Agrément certification (SANS 10400-A, 2010), which are automatically deemed to
satisfy the NBR requirements. Test reports from other institutions, such as universities or private
laboratories, may also be considered but are not automatically deemed to satisfy or demonstrate
compliance.

3.2.2 Competent Person Assessment

The alternative to having a non-standardised building system certified, is for a competent person
to carry out a rational design, rational assessment or both. A competent person (SANS 10400-B,
2012), with respect to structures, is a person who

“a) is registered in terms of the Engineering Profession Act, 2000 (Act No. 46 of 2000), as
either a Professional Engineer or a Professional Engineering Technologist, and

b) is generally recognized as having the necessary experience and training to undertake
rational assessments or rational designs in the field of structural systems.”

14
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A rational design (SANS 10400-B, 2012) is a design carried out by a competent person involving
one or a combination of reasoning and calculation grounded in engineering first principles and
research, based on relevant standards or authoritative literature, experience, tests and analyses.
The same principles are applied to a rational assessment (SANS 10400-B, 2012) to determine
whether the performance of a solution is adequate. In both instances, a similar finding or solution
should be arrived at by a peer review of the structural system. The design or assessment process
must demonstrate compliance with the NBR, be appropriately documented, kept on record, and
made available on demand of the owner or local authority for a period of 10 years.

3.2.3 Current Performance Criteria

One of the main criticisms of performance-based regulations is the lack of or inadequate
quantification of performance criteria. The average compressive strengths of masonry units are
prescribed, detailed in Table 3.2, but beyond those, no performance criteria exist for masonry
units, conventional or alternative. Stellenbosch University has been approached in the past by
ASA and the CSIR for consultation on the assessment of alternative masonry units (Van Der
Klashorst, 2015), reinforcing that the need exists for performance-based criteria for AMU’s.

Table 3.2 Masonry unit compressive strengths (SANS 10400-K, 2011)

Average Compressive Strength [MPa] Solid Units Hollow Units
Single storey or upper storey of double-storey buildings 4.0 3.0
Lower storey in double-storey building 10.0 7.0

However, performance parameters have been defined to some extent for housing structures or
walling systems in the NBR and been taken up in the Home Building Manual and Agrément
certification process. The pertinent NBR and Home Building Manual structural performance
criteria are summarised according to Category 1 and non-Category 1 Buildings in Table 3.3.

Table 3.3 NBR and Home Building Manual structural performance criteria (SANS 10400-A,
2010), (SANS 10400-B, 2012), (SANS 10400-K, 2011), (NHBRC, 2015)

Technical Aspect Non-Category 1 Building  Category 1 Building SANS 10400 NHBRC
SANS 10400

Structural System = 30 years* not specified B-4.21.1 2.1.2.13a)
Design Life

Replaceable > 15 years* > 10 years B-4.21.1 2.1.2.1Db)
Components

Design Life

Maintenance > 5 years more frequent B-4.21.7 -
Cycle

Structure Tilt 1:200 1:100 (1:120 in NHBRC) B - Table 2 Table 4
Structure 10mm 20mm B - Table 2 Table 4
Settlement (20mm in NHBRC) (30mm in NHBRC)

Roof Deflection 1:250 1:175 B - Table 2 Table 4
Wall Deflection 1:250 1:175 B - Table 2 -
Floor Deflection 1:250 1:175 B - Table 2 Table 4
Sharp Body 4.2] 5.3-7.9] B - Table 3 Table 3
Impacts

Soft Body Impacts 130-410] 130-410] B - Table 3 Table 3

* The Building Structural System Design Life and Replaceable Components Design Life for Non-Category 1 Buildings do
not correspond to the those specified in Table 1 of SANS 10160-1 (2018) of 50 years and 25 years respectively.
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Masonry walling performance criteria are quantified in the NBR and Home Building Manual in
Table 3.4 in terms of crack widths, ease and level of repair required and functional and visible
impairment. These criteria were originally developed by Watermeyer and Tromp (1992), based
on the Australian Standard AS 2870 (1986) and the work of Giles (1985), Burland et al. (1978),
and Jennings and Kerrich (1963).

The intention behind formulating these criteria was to provide quantified guidance on
serviceability limits for masonry walls and concrete floors (Watermeyer & Tromp, 1992), which
were lacking at the time. The authors’ focus is on serviceability limits, arguing that excessive
deflections, which cause typical serviceability issues such as sticking doors and rupturing pipes,
only transpire after cracking has occurred and that it is improbable that they will arise from
lateral load applications such as wind. Watermeyer and Tromp recommended that significant
damage should not be permitted, hence the exclusion of damage categories 3 and higher from the
NBR. Notably, the Home Building Manual, perhaps from a practical perspective, includes the
significant damage categories.

Table 3.4 NBR and Home Building Manual masonry walling performance criteria (SANS 10400-
B, 2012), (NHBRC, 2015)

AP bapeced
Damage Description Width in Wall Damage SANS 10400-B NHBRC
Category
[mm]
Categories 0 to 2: Minor Damage
Hairline cracks <0.25 0 - Negligible
Fine internal cracks
<1 1 - Very Slight
External cracks rarely visible
Internal cracks easily filled
Table 4 Table 5
Redecoration probably required
Recurrent cracks masked <5 2 - Slight
External cracks not necessarily visible
Doors and windows stick slightly
Categories 3 to 5: Significant Damage
Cracks can be repaired
Small amount of masonry replaced
5-15 3 - Moderate
Doors and windows sticking
Weather tightness impaired
Extensive repair work
Replacing wall sections - Table 5
15-25 4 - Severe
Window and door frames distorted
Walls leaning and bulging
Major repair work, partial rebuilding
Walls tilt badly > 25 5 - Very Severe

Danger of instability
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For the Agrément certification of walling systems, full-scale walls are constructed and tested for
structural strength and stability according to the following loading procedure (Agrément, 2002):

- Service and ultimate loads are determined based on SABS 0160:1989 (withdrawn loading code)
- Preload: 25% of service load applied, all loads released

- Load Cycle 1: full service load applied, deflections measured, all loads released

- Load Cycle 2: full service load applied, deflections measured, all loads released

- Load Cycle 3: full ultimate load applied, deflections measured, all loads released

The performance criteria for structural strength and stability for this Agrément test are as
follows (Agrément, 2002):

- Load Cycle 2 deflection shall not exceed Load Cycle 1 deflection by more than 10%

- Load Cycle 2 deflection shall not be greater than the finished wall thickness

- Structure shall not collapse under Load Cycle 3, i.e. if a piece > 500g breaks away or becomes
permanently detached from the structure

Additionally, the Agrément performance criteria include soft body impact on masonry of 176 -
530] and sharp body impact of 5.3-7.9]. In both instances these values are similar, but not
identical, to the ones specified in the NBR and the Home Building Manual (see Table 3.3)

3.2.4 Summary

Performance-based criteria for structural walling systems have been developed to some extent
for the functional statements contained in the National Building Regulations, which provide a
basis against which to assess a non-standardised walling system. However, whether by Agrément
certification or rational design/assessment, both regulatory options available for alternative
building systems are expensive and laborious, especially in the context of low-income housing
construction and are seldom realised (Department of Human Settlements, 2010).

Additionally, this regulatory framework forces AMU’s to be assessed on a structural scale, for
specific contexts, including the destructive testing of large scale walls, leading to significant
limitations on their scope of application.
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3.3 South African Masonry Standards

Following the adaption of the Eurocode into the South African Loading Code SANS 10160 in 2010,
the South African structural materials standards are following suite in the interest of
harmonization (Dunaiski, et al,, 2010). Development of these standards is undertaken by the
engineering profession on a voluntary basis. Thus, the South African masonry industry is in the
process of adopting the European suite of masonry standards, overseen by SABS Technical
Committee 098/SC 05. At present, two masonry unit standards and the masonry structural design
set have been adopted and published in the form of SANS 50771-3 (2015) - Aggregate concrete
masonry units, SANS 50771-4 (2007) - Autoclaved aerated concrete masonry units and SANS 51996
(2018) - Eurocode 6: Design of masonry structures. The adoption of the supporting materials, unit,
testing and construction standards is probable but undecided (Byron, 2019), resulting in a
regulatory environment which is currently in flux, which presents both challenges and
opportunities. The following subsections are structured along four facets: units, testing,
application and material partial factors, to clarify the status of South African masonry standards.

3.3.1 Unit Regulations

The current South African National Standards (SANS) for masonry units cover burnt clay, calcium
silicate, concrete masonry and autoclaved aerated concrete (AAC). The EN suite of specifications
for masonry units makes additional provision for manufactured and natural stone materials, as
detailed in Table 3.5. Following the adoption of EN 771-3 (2011), the withdrawal of SANS 1215
(2008) was requested in 2015 by the Concrete Manufacturers Association and the Joint Structural
Division of the South African Institution of Civil Engineers, (CMA, 2016(a)) (CMA, 2016(b)), but
both SANS 1215 and SANS 50771-3 are currently in operation, the former used predominantly.

Table 3.5: Proposed EN and current SANS standards for masonry units

Proposed EN for South Africa Current SANS Standard

Standard  Specification for masonry units Standard -

EN 771-1 Clay masonry units SANS 227:2007 Burnt clay masonry units

EN 771-2 Calcium silicate masonry units SANS 285:2010 Calcium silicate units
SANS 1215:2008 Concrete masonry units

Aggregate concrete masonry units

EN771-3  (dense and lightweight Aggregate concrete masonry units

aggregates) SANS 50771-3:2015 (dense and lightweight aggregates)
EN 771-4 Autoclaved qerated concrete SANS 50771-4:2007 Autoclaved qerated concrete
masonry units masonry units

EN 771-5 quufactured stone masonry i
units

EN 771-6  Natural stone masonry units -

The most important distinction between the SANS and EN material standards is the prescriptive
nature of the former and the performance-based nature of the latter. Pertinent differences
between the two material standards sets are summarised in Table 3.6 and the shift from
prescriptive to performance-based is clear. The current SANS standards prescribe the
compressive strength and the degree of efflorescence, a simple but limiting system for both the
manufacturer and designer. In contrast, the EN standards set no specific limits (except salt
content for clay, minimum compressive strengths for calcium silicate and AAC and maximum
dimensions for AAC), thereby requiring more onerous testing by the manufacturer and decision-
making by the designer but simultaneously creating a distinctly more flexible regulatory
framework. It should be noted there is a significant amount of repetition between the subsections
of EN 771 for the different masonry unit types, which could be streamlined.
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Table 3.6: Differences between SANS and EN standards for masonry units

EN 771

SANS 227,285,1215

Declared by manufacturer to EN 772-16 as work
size (length x width x height), max dimensions
for AACI< 1500mm, w < 600mm, h < 1000mm

Stated by manufacturer as work
size (length x width x height),
nominal dimensions recommended

. . manufactured stone [ & h < 650mm [: 190-390mm
Dimensions
natural stone w > 80mm w: 90-190mm (clay & concrete)
w: 90-100mm (CS)
h: 90-190mm
. Declared by manufacturer to EN 772-13, EN 1936
Density ; -
when applicable
Declared by manufacturer to EN 772-1: mean or
characteristic & normalized compressive Nominal (& individual)
strength when applicable, Category I / 1I, min compressive strength specified:
Compressive values specified for: clay > 3.5 - 17.0 N/mm?
strength >50N 2
¢5250N/mm €S2 7.0 - 35.0 N/mm?
AAC=15N 2
¢ 5 N/mm concrete = 3.5 - 21.0 N/mm?2
manufactured stone > 13.0 - 20.0 N/mm?
Flexural Declared by manufacturer to EN 772-6, EN 12372 i
strength when applicable (concrete & natural stone only)
Shear bond Declared by manufacturer to EN 1052-3 or fixed i
strength values

Flexural bond

Declared by manufacturer to EN 1052-2
(concrete, manufactured stone & natural stone

strength only)
Thermal Declared by manufacturer to EN 1745 when i
properties applicable or declare density & configuration
Declared by manufacturer when applicable (no
f;:iesztzfl tcl:!aw EN available except for CS to EN 772-18, natural -
stone to EN 12371)
Declared by manufacturer to material specific EN
Water 772-7,-11, -21 Limits agreed between supplier &
absorption purchaser

manufactured stone < 9.0g/m2s

Active soluble
salts

Declared by manufacturer to EN 772-5, salt
content limits specified (clay only)

Limits agreed between supplier &
purchaser

Moisture Declared by manufacturer to material specific EN Limits agreed between supplier &
movement 772-14,-19, EN 680 when applicable purchaser
Water vapour Declared by manufacturer to EN 1745 or EN ISO i
permeability 10456, EN ISO 12572 when applicable
Open porosity Declared by manufacturer to EN 1936 (natural i
penp stone only)
Efflorescence i Degree of efflorescence limits set

according to visual inspection

Reaction to fire

Declared by manufacturer to EN 13501-1 when
applicable

Test methods

Separate suite (see Table 3.7)

Various (see Table 3.7)

Note: AAC
CS

autoclaved aerated concrete

calcium silicate
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3.3.2 Testing Regulations

There is no coherent suite of test method standards in the current SANS configuration. Test
methods are provided in a fragmented manner (Crofts, 2014) in the various materials and
structural design standards, as illustrated in Table 3.7 for masonry units and in Table 3.8 for

masonry.

Table 3.7: Proposed EN and current SANS standards for test methods for masonry units

Proposed EN for South Africa

Current SANS Standard Section

Standard Methods of test for masonry units -
SANS 227 (6.6); SANS 285 (6.5);
EN 772-1 Determination of compressive strength
SANS 1215 (5.5)
EN 772-2 Determination of percentage area of voids in masonry units -
Determination of net volume and percentage voids of clay
EN 772-3 . . . -
masonry units by hydrostatic weighing
EN 772-4 Determination of real and bulk density and of total and open i
porosity for natural stone masonry units
EN 772-5 Determmatzpn of the active soluble salts content of clay SANS 227 (6.10)
masonry units
EN 772-6 Determination of bending tensile strength of aggregate i
concrete masonry units
SANS 227 (6.9) (only of non-damp
EN772.7  Determination of water absorption of clay masonry damp proof course units)
proof course units by boiling water SANS 10164-1 (6.5) (Determination
of water absorption of clay bricks)
Determination of volume and percentage of voids and net
EN 772-9 volume of clay and calcium silicate masonry units by sand -
filling
Determination of moisture content of calcium silicate and
EN 772-10 . -
autoclaved aerated concrete units
Determination of water absorption of aggregate concrete,
EN 772-11 manufactured stone and natural stone masonry units due to SANS 10164-1 (6.6) (Determination
capillary action and the initial rate of water absorption of of initial rate of absorption)
clay masonry units
Determination of net and gross dry density of masonry units
EN 772-13 -
(except for natural stone)
Determination of moisture movement of aggregate concrete
EN 772-14 . -
and manufactured stone masonry units
Determination of water vapour permeability of autoclaved
EN 772-15 . -
aerated concrete masonry units
SANS 227 (6.4); SANS 285 (6.4);
EN 772-16  Determination of dimensions
SANS 1215 (5.3)
EN 772-18 Determmatzpn of freeze-thaw resistance of calcium silicate i
masonry units
EN 772-19 Determination of moisture expansion of large horizontally SANS 227 (6.11)
perforated clay masonry units
EN 772-20 Determination of flatness of faces of masonry units SANS 227 (6.5)
EN 772-21 Determination of water absorption of clay and calcium SANS 227 (6.9) (burnt clay only)

silicate masonry units by cold water absorption
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Table 3.8: Proposed EN and current SANS standards for test methods for masonry

Proposed EN for South Africa Current SANS Standard
Standard Methods of test for masonry Standard Structural use of masonry -
unreinforced masonry walling
EN 1052-1  Determination of compressive strength SANS 6.3 Determination of characteristic
10164-1 compressive strength of masonry
EN 1052-2  Determination of flexural strength SANS 6.4 Determination of characteristic flexural
10164-1 strength of masonry
EN 1052-3 Determination of initial shear strength -
EN 1052-4  Determination of shear strength SANS 6.9 Determination of short term shear
including damp proof course 10164-1 strength at damp-proof courses
EN 1052-5  Determination of bond strength by the SANS 6.7 Determination of bond strength of
bond wrench method 10164-1 brickwork
i SANS 6.8 Determination of flexural bond strength
10164-1 of damp-proof courses

A detailed comparison of the various test methods is not presented, only the differences
highlighted between those where comparison is possible and relevant for masonry units in Table
3.9 and for masonry in Table 3.10. The EN standards are considerably more coherent and
comprehensive than the SANS standards. In addition to the aspects that require reporting for the
EN standards listed in these tables, the following aspects also need to be reported typically: EN
standard used, testing organisation, testing date, type, origin and designation of masonry, number
of specimens and date of receipt, conditioning method, surface preparation and specimen

dimensions.

Table 3.9: Differences between SANS and EN standards for test methods for masonry units

Aspect Tested EN SANS
Unit No of units 6 32 (clay), 12(CS, concrete)
dimensions . o . .
Procedure calliper, 3 position options steel rule, centreline
Report mean values to 0.1 - 1.0mm average dimensions to Imm
Unit No of units 6 12
compressive p . indi . | 1 . .
strength reparation grinding or capping, plane to 0.1mm in capping

100mm

Conditioning clay - air dry

CS - oven dry

immersed 24hrs

concrete - air dry or immersed
AAC - 6% moisture

manufactured stone - air dry or
immersed

natural stone - air dry

Procedure

0.05-1.0 N/mm? > 1min

5kN preload, 1I5MPa/min

Report

individual failure load in N, individual,
average & normalised (shape factor)
compressive strengths to 0.1N/mm?,
coefficient of variation to 0.1%

individual max failure load
in N, individual & average
compressive strengths to
0.1MPa

21



Stellenbosch University https://scholar.sun.ac.za

Table 3.10: Differences between SANS and EN standards for test methods for masonry

Aspect Tested EN SANS
Masonry Specimen No 3 2
compressive
StI'EIl:l)gth Specimen hs=3-5x hyand 2 3x tsand < 15x tsand 2 Is  hs= 6x tyor 1m, < 20X tu
Is>1.5-2xX lu; ts2 tu [s<0.75hs; A 2 0.2m?
Preparation units conditioned, on horizontal surface, -
faces flat, parallel
Curing polyethylene sheet 3 days, then polyethylene sheet 3 days, then
uncovered uncovered
Procedure failure after 15-30min 28 days, uniform load top &
bottom, initial 1IMP in,
0.15-1.25N/(mm?.min) bottom, initial 1MPa/min
increased
Report unit & mortar compressive strength, unit & mortar compressive
mortar flow value, max load to 1kN, strength, mean max load
visible cracks load, individual, mean &
characteristic compressive strengths to
0.1N/mm?, coefficients of variation
Masonry Specimen No 5 each format 8 each format
flexural ' b d3xh bricks [ = 4-5 units, h =
strength Specimen L 2 240mm and 3x hy or 2 1000mm ricks I = 4-5 units, h = 4 courses
blocks I = 2.5 units, h = 4 courses
Specimen = b 2 400mm and 1.5x I bricks I = 2 units, h = 10-14
courses
blocks I = 1.5 units, h = 5 courses
Preparation units conditioned, specimen pre- immerse units 5-6min, compress
compressed 2.5x10-3 - 5.0x10-3N/mm? wallet with 3 brick courses
Curing polyethylene sheet polyethylene sheet
Procedure 28 days, four-point loading, base free 28 days, four-point loading, base
from frictional restraint, configuration free from frictional restraint,
limits, flexural stress increase 0.03 - configuration limits, load
0.3N/mm2/min increase 3-4kN/min
Report mean unit & mortar compressive strength  flexural strength
to 0.01N/mm?2, mortar flow value, inner &
outer bearing spacing, time until & max
load to 10N, crack patterns, individual,
mean & characteristic flexural strengths
to 0.01N/mm?, coefficients of variation
Masonry Specimen No 9 10
shear ; I bricks [ = 2 units, h =
strength Specimen >400mm, < 700mm ricks [ = 2 units, h = 10 courses
(DPC) h/w >2, min 1 vertical joint per course blocks I = 1.5 units, h = 4 courses
Preparation units conditioned, specimen pre- parallel, plane & plumb
compressed 2.0x10-3 - 5.0x10-3N/mm?
Curing polyethylene sheet polyethylene sheet
Procedure 28 days, 0.2, 0.6 & 1.0MPa compression, 28 days, 1MPa compression,
double shear under 3-point loading, horizontal load to middle course,
increase 0.1-0.4MPa/min increase 0.3-0.4MPa/min
Report unit & mortar compressive strength, failure load to 0.1N, shear

mortar flow value, compressive load, max
shear load, mean & characteristic initial
shear strength to 0.01 N/mm?, angle of
internal friction

strength
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Masonry No of 10 bed joints upon agreement
bond specimens
strength . .
Specimen [ =1 unit, h =9 courses
Preparation units conditioned, square & level, 3 piers constructed
specimen pre-compressed 2.0x10-3 - simultaneously on firm flat
5.0x10-3N/mm? surface
Curing polyethylene sheet polyethylene sheet
Procedure 28 days, stack bonded prism, lever & 7 days, 3-point bending by brick
clamp over top unit, failure in 2-5min weights
Report mean unit & mortar compressive strength  pier mass & load mass to 0.1kg,
to 1.0 & 0.01N/mm?2, mortar flow value, clear span, pier height, bending
weight of top unit, lever and clamp, time stress
until and max force in N, individual, mean
& characteristic bond strengths to
0.01N/mm?2
NOTE AAC autoclaved aerated concrete;
CS calcium silicate
4 flexural failure perpendicular to bed joints;
= flexural failure parallel to bed joints
3.3.3 Application Regulations

At present, the South African masonry structural design standards are in a harmonisation phase,
and both the older SANS 10164 - The Structural Use of Masonry and the new SANS 51996 -
Eurocode 6: Design of Masonry Structures (adopted in March 2018, identical implementation of
Eurocode 6) are in force (Table 3.11). SANS 10164 was originally published in 1980, based on the
withdrawn BS 5628 and is due to be withdrawn in 2020 (Byron, 2019). It is important to note
that presently no National Annex (NA) for South Africa exists for Eurocode 6.

Table 3.11: Proposed EN and current SANS standards for masonry structural design

Proposed EN for South Africa

Current SANS Standard

Eurocode 6 - Design of masonry

Standard Design of masonry structures Standard Structures

EN 1996-1-1 Rules.for reinforced and SANS 51996-1-1 Gene‘ral rules for reinforced and
unreinforced masonry unreinforced masonry structures

EN 1996-1-2 Structural fire design SANS 51996-1-2  General rules - Structural fire design

EN 1996-2 Selection of materials and execution SANS 51996-2 Deszgn. conszderatzon; selection of
of masonry materials and execution of masonry

EN 1996-3 Simplified calculation methods for SANS 51996-3 Simplified calculation methods for

unreinforced masonry structures

unreinforced masonry structures

Standard

The structural use of masonry

SANS 10164-1

Unreinforced masonry walling

SANS 10164-2

Structural design and requirements for
reinforced and prestressed masonry
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Since SANS 51996 is an identical implementation of Eurocode 6 and the scope of work of this
research is limited to unreinforced masonry, the comparison, given in Table 3.12, is made solely
between SANS 51996-1-1 (2018), -3 (2018) and SANS 10164-1 (1989).

Table 3.12: Differences between old and new SANS standards for design of unreinforced

masonry

SANS 51996 SANS 10164-1

Basis Based on limit state concept, in conjunction Based on limit state concept, in conjunction
with partial factor method with partial factor method
1.4 Combination of principles (statements for 4.1 Combination of adherence to empirical
which there are no alternatives) & application  rules of National Building Regulations &
rules (comply with principles and satisfy their =~ deemed-to-satisfy solutions
requirements)

Scope 1.1.1(2)P Resistance, serviceability & 1.1 Recommendations & requirements for
durability of structures design of unreinforced loadbearing masonry

1li

1.1.2(1)P unreinforced (and reinforced) wating
masonry structures

Characteristic Unfactored 2.1 5% exceedance probability

value

Design load Factored Factored

New materials

1.1.2(2) Principles & application rules may be
applicable, but may need to be supplemented

3.2 Responsibility rests on designer to provide
a level of safety & performance equivalent to
that implied by the requirements of the
relevant standards & that local authority
approval is obtained

Material partial

2.4.1 Design value is characteristic value /

4.3 Values given based on manufacturing &

safety factors material partial factor (recommended values construction control (Table 5), halved for
in NOTE Table) accidental loads
Loading Not covered, Eurocode 1 to be used 4.2.1 SABS 0160 to be used (withdrawn),

partial safety factors provided

Seismic design

Not covered, Eurocode 8 to be used

Not covered

Masonry 3.6.1 Values determined from tests (carried 4.2.2 Values given based on unit nominal
compressive out or database), or based on unit compressive compressive strength & mortar class (Table 3)
strength strength, mortar strength & constant K, or by testing (6.3)
dependent on masonry unit type & mortar
type
Masonry flexural 3.6.3 Values determined from tests (carried 4.2.3 Values given based on unit material,
strength out or database), or based on masonry unit compressive strength (concrete) & water
and mortar type (NOTE Tables) absorption (clay) & mortar class (Table 4) or
by testing (6.4)
Masonry shear 3.6.2 Values determined from tests (carried 4.2.4 Values given based on mortar class &
strength out or database), or based on initial shear design vertical load, coefficient of friction < 0.6
strength, design & unit compressive strength.
Initial shear strength values given based on
masonry unit & mortar type
Mortar 3.2.2 Classified & prescribed by compressive 6.1.1 Mortar strength tested 6 weeks prior to
strength M construction
Slenderness 5.5.1.4 ratio < 27 5.1.1 ratio < 27
Wall effective 5.5.1.2 2 or 3 or 4 x clear storey height, 5.1.2.2a) 1) 0.75x or 1.0x clear distance
height depending on edge restraint or stiffening between lateral supports, depending on
resistance to lateral movement
Wall effective 5.5.1.3 (1) actual thickness for single leaf walls ~ 5.1.2.3 a) 1) actual thickness for single leaf
thickness walls
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The comparison made in Table 3.12 is by no means comprehensive and only serves to illustrate
that, whilst there are a number of similarities, there are significant differences between the two
standards for the design of unreinforced masonry. Both standards provide application or
empirical rules which, if adhered to, satisfy the requirements of the standard. However, the main
difference is the basis of the standards. SANS 51996-1-1 is structured on governing principles
which, if interpreted and adhered to, create scope for solutions beyond rote rule application.
SANS 10164-1 lacks this flexibility.

3.3.4 Material Partial Factors

In limit states design, partial factors for materials contribute significantly to the design process.
The main considerations in both SANS 51996-1-1 (2018) and SANS 10164-1 (1989) in
determining partial factors for materials are manufacturing and construction or execution
control, and no distinction is made on the basis of material type. Beyond these commonalities,
SANS 51996-1-1 also takes into consideration the type of mortar used. The UK National Annex
(NA) to Eurocode 6 (2005) makes additional distinctions on whether the masonry is reinforced
or not, as well as the loading condition. The greater the certainty regarding the unit and mortar
strength and the manner in which they are combined on site, the greater the reward is in terms
of the load magnitude that the masonry is allowed to bear.

Table 3.13 summarises the pertinent material partial safety factors for the ultimate limit state in
the relevant standards for unreinforced masonry. For the EC-based standards, ‘Category’ refers
to the manufacturing control of the unit, where Category I signifies a 95% probability of achieving
the declared compressive strength, whereas Category Il implies failure to meet this confidence
level. ‘Class’ refers to the five levels of execution control of the structure. In SANS 10164-1,
Category A refers to the manufacturing control, with a 97.5% probability of achieving the
declared compressive strength, and Category B implies failure to meet this confidence level. In
this case, Category I and Il refer to the execution control exercised.

Given the inadequate guidance for the execution control classification in EC6 (Sykora & Holicky,
2010), and the disparity in classifications, a direct comparison of the material partial safety
factors is not reasonable, but in broad terms, the SANS 51996-1-1 (least conservative) ranges
from 1.5 to 3.0, UK NA to EC6 from 2.3 to 3.0, and SANS 10164-1 (most conservative) from 2.9 to
3.5. Additionally, SANS 10160-4 (2017) recommends using a value two-thirds of the specified
material partial safety factor for seismic design verification (B.4.3). Further, to the serviceability
limit state, SANS 51996-1-1 (2.4.4) recommends a partial factor of 1.0 for the serviceability limit
state, whereas SANS 10164-1 makes no such distinction.

Table 3.13 Material partial factors according to SANS 51996-1-1, UK NA to EC6, SANS 10164-1

Manufacturing Control

Categoryl CategoryIl CategoryA Category B

SANS 51996-1-1  1.5-1.7 2.0
Class 1
UK NA to EC6 23-25 23-26
E SANS 51996-1-1 1.7 -2.0 2.2
€ Class2
S UK NA to EC6 2.5-27 25-3.0
§ Class3 SANS 51996-1-1  2.0-2.2 2.5
L
§ Class 4 SANS 51996-1-1  2.2-25 2.7
»
M (Class5 SANS 51996-1-1 2.5-2.7 3.0
Categoryl  SANS 10164-1 - - 2.9 3.2
Category Il  SANS 10164-1 - - 3.2 3.5

25



Stellenbosch University https://scholar.sun.ac.za

Notably, the factors recommended by EC6 and those implemented in the UK NA differ
considerably. In developing these nationally determined parameters (NDP) for the UK,
comparative studies were done on unreinforced compression loaded walls using the previous BS
5628-1 (2005) and new EN 1996-1-1 calculation processes (Morton, 2012). The partial safety
factors were chosen for the UK NA on the basis of achieving the same level of safety in both
calculation sets.

Similarly, the material partial factors prescribed in SANS 10164-1 are based on the British
Standard (BS 5628-1, 1978), with some adjustments made to take local conditions into account
(Mahachi, et al,, 2007). Given the relatively high prevalence of masonry wall structural failures in
South Africa (Crofts, 2018) and the increase in untrained construction workers, Mahachi et al.
(2007) argue that these design parameters, as well as construction quality control, require
review. The development of a stochastic database of material resistance in South Africa is in
progress, with the intention of recalibrating the material partial safety factors, presumably
leaning even more conservative. Conversely, Sykora and Holicky (2010) contend that the partial
factors recommended in EN 1996-1-1 (and by extension in SANS 51996-1-1), the least
conservative range of the three standards, are an overestimation.

Needless to say, the determination of partial safety factors is complex, and requires significant
data. When considering construction quality control, the uncertainty stems from the builder, and
not the material type. When considering manufacturing uncertainty, some variation between
materials would be reasonable and the manufacturing processes of future AMU’s are unknown.
However, none of the standards make a distinction based on material type, and yet these range
from concrete to natural stone, representing a wide spectrum of manufacturing methods. In
essence, the partial factor corresponds directly to the coefficient of variation and sample size
(Holicky, et al., 1998). Arguably, provided that a sufficient database exists for conventional
masonry materials, penalising AMU’s with additional or increased partial safety factors is difficult
to justify.

3.4 Conclusion

The South African National Building Regulations are performance-based in nature, and current
prescriptive masonry standards are in the process of being replaced by the performance-based
Eurocode 6. This follows the global trend of transitioning building regulations from a prescriptive
to a performance basis. Similar to most countries, the performance criteria for housing walls and
their components, are still under development in South Africa. SANS 10400 sets out what the
functional requirements of a wall are but the “technical performance criteria need to be
established” (SANS 10400-A, 2010, p. 63).

Deemed-to-satisfy solutions for masonry walls are deeply entrenched and typically considered to
be the only viable solution. Practically it is difficult, expensive and time consuming to have
alternative masonry units approved in South Africa, and the uptake of these in the LIH market has
been slow. There is value in being able to assess the performance of an AMU on a unit or small
prism scale, together with the ability to predict its performance in the larger structural context.
Ultimately, such an assessment ability would enable off-the-shelf use of AMU’s.

Hence, this research proposes to address three shortcomings in the performance-based
regulation of housing, specifically with respect to AMU’s:

1. Develop a predictive model for the behaviour of AMU’s in a Category 1 housing context, by means
of FE modelling.

2. Develop performance criteria for AMU’s, based on the NBR framework of deemed-to-satisfy
solutions, since these represent society’s implicit expectation of a building’s performance.

3. Propose methods by which the performance levels of AMU’s can be verified.
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Additionally, given the significant overlap within subsections of EN 771 and within subsections
of EN 772, it is proposed that, in the adoption of these standards to the South African context,
that:

1. One material non-specific standard ‘Specifications for masonry units’ is developed, based on EN
771, with annexes where necessary for specific materials.

2. One material non-specific standard ‘Methods of test for masonry units’ is developed, based on EN
772, with annexes where necessary for specific materials.

3. A Product Evaluation Protocol is developed for AMU’s, to support the integration of new AMU’s
into the standards

Going forward, this approach would make the inclusion of future masonry materials simpler from
a standards development perspective. Only material specific aspects would need to be addressed
in an annex, as opposed to a new standard developed, thereby reducing the barriers to the uptake
of innovative masonry materials. The convenience of aligning the regulation of AMU’s with CMU’s
is essential to their success.

The work up to this point (Chapters 1 through 3) lies in identifying the avenue along which AMU’s
should ideally be regulated in South Africa. The work from this point forwards (Chapters 4
through 8) addresses the shortcomings listed above as a contribution towards implementing such
aregulatory approach.
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4 Masonry Finite Element Modelling

A brief overview of finite element modelling as it applies to masonry is provided, followed by what
approach was used in this study. The extent to which alternative masonry has been modelled using
the finite element method is investigated, and the constitutive material model applied in this study
is explained.

4.1 Masonry FEM Overview

4.1.1 Masonry Failure Mechanisms

Masonry can be viewed as a composite material, consisting of units and mortar, arranged in a
regular pattern forming joints, with the interface between the unit and mortar joint acting as a
plane of weakness (Page, 1981), but the failure mechanism activated in masonry is largely
dependent on the load application and is generally classified as in-plane or out-of-plane.

For typical in-plane shear loading (Figure 4.1), three types of failure mechanisms are found:
sliding, shear and flexural (Salmanpour, 2017). Sliding can take place in a single course (a) or
along staircase-shaped cracks through head and bed joints (b) and is marked by large
displacement capacity and energy dissipation. This relatively stable failure mode is caused in
squat walls by seismic loading but is seldom the dominant failure mode in unreinforced masonry.
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Figure 4.1: Typical in-plane vertical compression loading combined with shear resulting in
(a) sliding along a single course, (b) sliding along staircase-shaped cracks, (c) diagonal cracking
and (d) rotation, flexural cracking and crushing (Salmanpour, 2017)

Shear failure, marked by diagonal cracking through the units (c), is generally the dominant in-
plane failure mode for unreinforced masonry under shear loading and is governed by the tensile
capacity of the units (Salmanpour, 2017). Typically, this failure mode exhibits abrupt stiffness
and strength reduction, coupled with low displacement capacity and average energy dissipation.
In the case of slender walls under shear loading, flexural failure (d) often dominates, identified
by cracking of the bed joints and rotation or rocking of the wall about the compressed zone
(Salmanpour, 2017). Crushing of the units in the compression zone or overturning of the wall
marks the ultimate failure. This failure mode is associated with average energy dissipation and
potentially significantly high displacement capacity.
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Under vertical compression (Figure 4.2), combined with horizontal tension (a), vertical cracking
of the units and joints dominates (Massart, et al., 2005). Vertical mid-plane cracking of the units
is typically dominant in vertical compression combined with horizontal compression loading (b),
especially if the principal stresses are similar in magnitude (Massart, et al., 2005). In the latter
case, in-plane loading causes out-of-plane failure. In the overall biaxial compressive state,
experiments have shown that the higher unit stiffness leads to a triaxial compressive state in the
mortar whereas the units are subject to compression in-plane and tension out-of-plane (c). The
inherently weak tensile properties of the units therefore generally cause out-of-plane splitting of
the masonry.
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Figure 4.2: Typical in-plane vertical compression loading combined with (a) horizontal tension
and (b) horizontal compression and (c) unit and mortar stress states under biaxial compression

For out-of-plane loading, either due to wind or seismic loading, the failure mechanism is largely
dependent on the support conditions, one-way or two-way spanning walls, and thus uniaxial or
biaxial bending. Uniaxial bending, (Figure 4.3) is classified as either vertical or horizontal
bending, the traditional definition of which is based on the direction of the induced internal
flexural stresses (Vaculik, 2012). Vertical bending, in (a) and (b), results in flexural stresses
perpendicular to the bed joints and, contrary to its name, horizontal cracks. Horizontal bending
(c) results in flexural stresses perpendicular to the head joints and vertical cracks.

= supported edge _,_r'J—= cracking

(a) (b) (c)

Figure 4.3: Typical out-of-plane flexural cracking patterns for one-way spanning walls with
(a) double supported vertical span, (b) single supported vertical span and (c) double supported
horizontal span (Vaculik, 2012)

Biaxial bending of two-way spanning walls (Figure 4.4) results in complex structural behaviour
due to the anisotropic nature of the material (Vaculik, 2012). A combination of cracking patterns
is found, as a result of a combination of stresses, both normal/flexural and shear/torsional, see
Figure 4.5.
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Figure 4.4: Typical out-of-plane flexural cracking patterns for two-way spanning slabs with (a)
0-shaped, (b) U-shaped, (c) C-shaped and (d) L-shaped supports (Vaculik, 2012)
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Figure 4.5: Internal joint stress distribution for (a) vertical bending, (b) horizontal bending and
(c) diagonal bending (Vaculik, 2012)

Translating this global in- and out-of-plane behaviour to unit, joint and unit/joint behaviour, the
failure modes that thus need to be captured by any numerical modelling approach (see Figure
4.6) are joint failure in (a) tension cracking and (b) sliding at low confining stress; unit failure in
(c) direct tension cracking; combined failure mechanisms of the unit and joint in (d) diagonal
tensile cracking at confining stresses sufficiently high to develop friction in the joint and (e)
crushing, (Lourengo, 1996).
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Figure 4.6: Masonry failure mechanisms that require capturing (Lourengo, 1996)

4.1.2 Modelling Approach

Significant advances in numerical methods and computational capabilities in recent decades have
altered the way in which masonry is analysed. For masonry finite element modelling, two main
approaches have been established, namely macro- and micro-modelling (see Figure 4.7) with the
level of abstraction directly related to the complexity and size of the problem to be analysed,
Giambanco et al. (2001), Reyes et al. (2008), Roca et al. (2010) and Abdulla et al. (2017).
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Figure 4.7: Masonry FEM approaches a) micro-modelling, b) macro-modelling (Lourencgo, 1996)

Macro-modelling assumes a smeared continuum approach, where the unit, mortar and unit-
mortar interface behaviours are combined in a representative continuous material. The
computational benefits are clear, and this approach is ideal for the global analysis of masonry
structures, however, detailed failure mechanisms are generally not well reproduced. Model input
parameters are either determined through expensive large-scale masonry tests or predicted
based on the micro-properties of the constituent materials, requiring homogenisation techniques
to be applied, such as by Anthoine (1995), Zucchini and Lourengo (2002) or Milani et al. (2006).
Both avenues have their challenges. Since the walls analysed in this study are relatively large (up
to 6.0m x 3.3m) a macro-modelling approach would be justified but is considered inappropriate
for this application due to the omission of individual unit and joint behaviour description.

On the other hand, micro-modelling represents a high degree of detail where the unit, mortar and
unit-mortar interface are modelled distinctly. This approach is limited to relatively small scale
structural elements and requires significant computational capacity and some material
parameters are challenging to measure, but the results are typically accurate in quantity (load
magnitude) and quality (failure mechanism type), as shown by Ali and Page (1988) and Lofti and
Shing (1994), to name a few. Despite the detailed results obtainable, this approach is considered
computationally too expensive for this study, given the size of the walls.

Simplified micro-modelling (SMM), also referred to as meso-modelling, is a subset of micro-
modelling as its name implies, wherein the units are modelled as expanded elements, with solely
elastic material properties, to encompass the volume of the unit and the mortar in order to
maintain the overall geometry. The relatively weak mortar joint and unit-mortar interface are
combined into a single zero-thickness interface element in which the nonlinear material
behaviour is concentrated. Some accuracy is lost in using zero-thickness elements since the
Poisson’s effect of the mortar is neglected (Lourenco, 1996). However, this approach reduces the
computational effort required compared to micro-modelling but avoids the need for the
homogenisation techniques of macro-modelling. This SMM scale is chosen for this study.
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Figure 4.8: Meso-modelling strategy (a) in 2D with expanded unit elements (Lourenco & Rots,
1997) and (b) in 3D solid brick elements and 2D interface elements (Macorini & Izzuddin, 2011)
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Early efforts by Page (1978) and Rots (1991) in simplified micro-modelling have been followed
up by Lourengo (1996) in 2D and Van Zijl (2000) in 3D, and adapted and applied by many,
including Giambanco et al. (2001), Macorini and Izzuddin (2011) and Chisari et al. (2018). In
many cases the unit’s tensile and shear nonlinear behaviour is concentrated in a single potential
vertical zero-thickness crack element in the centre of the unit, as illustrated in Figure 4.8.
Lourenco (1996) found principal stresses up to four times the unit’s tensile strength if the
potential cracks in the units are not included in the model. Some misalignment of cracks is
possible, but the effect on the results is considered negligible.

Of the failure mechanisms depicted in Figure 4.6, (a), (b), (d) and (e) are included in the joint
interface elements, whereas mechanism (c) is included in the potential crack element in the unit.
It is commonly accepted that the mortar joints and their interaction with the units represent the
weakest link in a masonry structure and cracks typically run along this joint interface but also can
continue through the unit to follow a continuous path (Macorini & Izzuddin, 2011). Since masonry
is constructed in an ordered manner, it is possible to know the potential damage location
beforehand. It is thus appropriate, generally, to concentrate the post-peak behaviour in the joint
interfaces and mid-unit crack.

One exception to this is the crushing of masonry. In reality, compressive failure is a combination
of the unit, mortar and their interaction, with the microstructure of the unit playing a significant
role. In the model, this failure mechanism is represented by one unit imploding on the other, to
maintain the global stress-displacement behaviour (Lourenco & Rots, 1997).

Most SMM of unreinforced masonry focuses on the in-plane nonlinear behaviour for
computational efficiency, assuming a plane-stress state, motivated by the relative geometric
ratios of a masonry wall (Massart, et al., 2005), wherefore 2D analysis is sufficient. However,
under in-plane biaxial compressive loading, out-of-plane splitting of the masonry occurs, as
discussed in Section 4.1.1, and 3D analysis is required to capture this failure mode. Moreover,
during complex loading conditions, such as seismic loading, simultaneous in-plane and out-of-
plane loading takes place and can only be assessed using 3D analysis (Macorini & Izzuddin, 2011).
2D analysis also neglects the governing contribution geometric nonlinearity can make to out-of-
plane failure. This study thus employs a 3D analysis strategy and geometric nonlinearity is taken
into account using Updated Lagrange description.

4.1.3 Elements

The masonry half-units are each modelled using a single 20-noded 3D solid brick elastic
continuum element, named CHX60 in DIANA (Figure 4.9). Quadratic interpolation and 3x3x3
Gauss integration are used.

Figure 4.9: Continuum element CHX60 (DIANA, 2017)
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The mortar joint and unit-mortar interaction, as well as the unit tensile crack, are modelled using
a single 16-noded 2D nonlinear plane quadrilateral isoparametric interface element, named
CQ48I in DIANA, which allows for discontinuities (Figure 4.10). Quadratic interpolation and
3x3x3 Newton-Cotes integration are set as the default, whereas Lourenco (1996) recommends a
Lobatto integration scheme. In both the Newton-Cotes and Lobatto integration schemes, the
integration points correspond to the end points of the interface, whereas with Gauss integration
the points lie within the element (Giambanco, et al., 2001). This is an important distinction when
discrete cracking is expected, and the element is likely to open at these end points (DIANA, 2017).
Giambanco et al. (2001) observed that fictitious oscillating stress responses, reached under
Gaussian integration, were eliminated when Lobatto quadrature was used. Given that the
integration points in the Newton-Cotes scheme also correspond to the end points of the interface,
this default integration scheme setting is used.

(a) (b)

Figure 4.10: Interface element CQ48I a) topology and b) displacements (DIANA, 2017)

Each node has three translational degrees of freedom, and nodes 1 to 8 are on the bottom face of
the interface element, corresponding to the face of a solid continuum element below it, and nodes
9 to 16 are on the top face of the interface element, corresponding to the face of a solid continuum
element above it. Both faces of the interface element are coincident in the undeformed state.

Lourenco (1996) tested mesh sensitivity executing analyses with each linear continuum unit
modelled using 4x2 and 8x4 quadratic plane stress elements (a four-fold increase in the number
of elements) and together with the required number of interface elements. The model was found
to be mesh insensitive and a 20-noded brick element thus provides sufficient accuracy. The post-
peak softening of the interface elements is also not mesh-dependent (Macorini & Izzuddin, 2011)
since the model is automatically regularised by using constitutive relations that are defined in
terms of relative displacement instead of strains, whereby the fracture energy is dissipated over
the crack area as opposed to the crack volume. Aspects regarding mesh dependency are therefore
not pursued further.

4.1.4 Solution Method

No attempt is made to compare different solution techniques, the only objective being a stable
solution procedure. The incremental procedures used is in this study are displacement controlled
in Chapter 6 and force controlled in Chapter 7, with manual adjustment of the increments, as this
allows for closer observation of the structural behaviour. A purely incremental procedure is
seldom accurate, and several incremental-iterative procedures are available to significantly
reduce the error and enable larger increment sizes. The total displacement or force increment is
continuously adjusted by iterative increments, until equilibrium is established, according to a
predefined tolerance. How these iterative increments are established, is the difference between
the iterative procedures.
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The Newton-Raphson iterative procedure has two subsets, namely the Regular Newton-Raphson
and the Modified Newton Raphson, with the difference between the two being when the stiffness
matrix is recalculated (Anand & Shaw, 1980). With the former method the stiffness matrix is
evaluated at every iteration within the increment, based on the last known or last predicted state,
even if it was not in equilibrium. This method typically only requires a few iterations, but each
iteration is time-consuming as the stiffness matrix has to be set up for every iteration, and as the
previous state was not necessarily in equilibrium, this easily leads to divergence (Cook, et al,,
2001). In the Modified Newton-Raphson method, the stiffness matrix is only evaluated at the start
of the increment, which is always based on the previous converged state of equilibrium. This
method typically requires more iterations, but each iteration is faster as the stiffness matrix does
not need to be computed every time. Since the previous state is in equilibrium, this method may
lead to convergence when the Regular Newton-Raphson cannot converge (Cook, et al., 2001).

The Constant Stiffness iterative procedure, a variation of the Linear Stiffness method, makes use
of the stiffness matrix used in the previous increment (Cook, et al., 2001). This method is typically
more robust, but, at points of bifurcation, can follow unstable equilibrium paths. This method is
most time efficient per iteration but is likely the slowest to converge.

For this study, the Regular Newton-Raphson method is employed in most instances, with a line
search algorithm improving the method’s robustness. This iterative algorithm obtains an
increment displacement and scales it in order to minimise the energy potential, which can
increase the convergence rate. The maximum number of line searches per increment is set to 5
with an energy convergence tolerance of 0.8. The internal change in strain energy is generally
selected as the increment convergence criterion and is set to <10 times the energy variation at
the start of the load increment (Lourenco, 1996). On occasion, the Modified Newton-Raphson or
Constant Stiffness methods are employed for improved stability, as well as a force convergence
criterion, set to 0.01.

When cracks develop in the modelled structure, elastic energy that is stored in the bulk of the
material must be redistributed from the units connected to the damaged interface to the rest of
the structure. This can lead to sharp snap backs and jumps in the global solution (Macorini &
[zzuddin, 2011). Employing an arc length method can assist in overcoming these numerical
difficulties. The Updated Normal Plane arc length method, with regular indirect displacement
control, is used, constraining the norm of the displacement increment to a predefined value by
adjusting the increment size at the same time. This choice is appropriate for brittle materials in
which local failure is typical (Palacio, 2013). The choice between loading and unloading
(increments or decrements) is set to the appearance of negative pivots, which can only be used
in conjunction with the Regular Newton-Raphson method.

34



Stellenbosch University https://scholar.sun.ac.za

4.2 Constitutive Masonry Material Model

A predefined material model is selected in DIANA, namely combined cracking-shearing-crushing
(CCSQ). It is plasticity based with the elastic region confined by a composite yield surface
(Lourengo & Rots, 1997) defined by three yield functions, tension cut-off f; (o, k;), Coulomb
friction f, (o, k,), and an elliptical compression cap f;(o, k3), as described in Figure 4.11 for 2D
and 3D.
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Figure 4.11: Combined cracking-shearing-crushing yield criterion (a) in 2D (Louren¢o, 1996)
and (b) in 3D (Van Zijl, 2000)

Softening, the moderate reduction in load carrying capacity under an increased enforced
deformation of a material, is a principal characteristic of quasi-brittle materials. It is well
observed in both tensile and compressive failure and in the loss of cohesion in shear failure
(Lourengo, 1996). Softening is thus implemented in all three modes and in compression it is
preceded by hardening. It is also assumed in all three modes that the inelastic behaviour can be
described by their respective fracture energies, which are taken to be material properties. The
three modes are discussed in more detail in subsequent sections.

4.2.1 Tension
The tension cut-off yield function of the CCSC model is described as follows:

filo, K1) = 0 — 01(ky) Equation 4.1

where g, is the unit/joint yield strength (exponential softening is assumed), as in:

o1 = fr exp (— % Kl) Equation 4.2
f
where f; is the bond strength of the unit/joint interface, G} the mode I or tensile fracture energy

and k; the normal plastic strain, which controls the softening behaviour (Lourenco, 1996). The
mode I fracture energy (Figure 4.12), describing the inelastic behaviour, is defined as the energy
required to form a crack of unit surface area (Lourengo, 1996), and is obtained by integrating the
post-peak tensile stress-displacement diagram.

(o3

fr

Figure 4.12: Typical uniaxial tensile behaviour of quasi-brittle material (Lourenco, 1998)
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4.2.2 Shear

The shear slipping of the Coulomb friction crack initiation criterion in the CCSC model is described
by:
fo(o, k) = |t| + 0 tang (k,) — 0, (k) Equation 4.3

where tang is the friction coefficient, and the exponential cohesion softening is expressed as in:
02 = Cp €Xp (—%’Q) Equation 4.4
f

where c, is the initial cohesion (or adhesion in the case of the unit-joint interface), G;’ is the
mode II (shear) fracture energy and k, the plastic strain, which controls the softening behaviour
(Lourenco, 1996). As in the tensile case, the mode Il fracture energy describes the inelastic shear
behaviour in this model and is obtained by integrating the post-peak shear stress-displacement
diagram, with no normal confining pressure (Lourenco, 1996). Typical masonry shear behaviour
is illustrated in Figure 4.13.
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Figure 4.13: Shear behaviour of masonry (Lourenco, 1998)

The friction angle is assumed to be correlated to the exponential cohesion softening, as in:

tang = tang, + (tang, — tand)o)coc_—az Equation 4.5
o

where ¢, and ¢, are the initial and residual friction angle respectively. This relation implies that
the mode Il fracture energy increases with an increase in normal stress (Lourencgo, 1996), and is
expressed as:

G”_{a0+b if o <0

b if o >0 Equation 4.6

where a and b are constants which can be derived from experimental data (Van Zijl, 2000).

Masonry in shear experiences displacement normal to the shear displacement induced, which
occurs both at and post-peak (Van Der Pluijm, et al., 2000). This dilatant behaviour is generally
defined as a dilatancy angle ¥, with the tangent being the ratio of the normal displacement u,, to
the shear displacement v,,. Experimental evidence, such as in Figure 4.14 (a), shows that the
dilatancy is dependent on the confining stress ¢ and the amount of shear slip and can be
expressed as follows,

0 if o <oy
tamp = < tany, (1 - Uiu) e % ifo,<0<0 Equation 4.7
tanp,e v ifo=>0

where tani, is the dilatancy angle at no shear slip and confining stress, g, is the confining stress
at which the dilatancy angle becomes zero and § is the dilatancy degradation coefficient, which
can be derived from experimental data (Van Zijl, 2000).
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Figure 4.14: (a) dilatancy under pre-compression, normal displacement as a function of shear
displacement and (b) reactions to unsuitable dilatancy modelling (Van Zijl, 2004)

The importance of appropriate dilatancy modelling is illustrated in Figure 4.14 (b), since an
unsuitable dilatancy coefficient choice can lead to significant errors. A choice of zero dilatancy
coefficient (W = 0) can be unnecessarily conservative in certain cases (Van Zijl, 2004). Both a
small or large constant dilatancy coefficient, such as 0.1 or 0.74, lead to unlimited shear strength.
If warranted by the confining pressure (g,, < o < 0), a variable dilatancy coefficient definition is
required, as described Equation 4.7.

4.2.3 Compression

The elliptical compression cap criterion of the CCSC is as follows:
f5(0,K3) = Cppo? + Cs57% + Cro — (03 (K3))2 Equation 4.8

where o3 is the compressive yield value, k3 the plastic strain and C,,, C,, and C;; are material
parameters that control the centre of the cap, the intersection with the tensile (positive) normal
stress axis and shear traction contribution to the compression failure, respectively (Lourenco,
1996). Since a tension cut-off is contained in the multi-surface interface model, a centred
compression cap is employed with C,,,, = 1 and C,, = 0.

As for the previous two modes, the compressive fracture energy is assumed to describe the
inelastic compressive behaviour and is obtained from the integral of the post-peak compressive
stress-displacement diagram (Lourenco, 1996), with a typical compressive material description
shown in Figure 4.15 (a).
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Figure 4.15: (a) typical uniaxial compression behaviour of quasi-brittle material (Lourenco,
1998) and (b) hardening/softening description for compression cap mode (Lourengo, 1996)
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The hardening/softening law for the compression cap mode is described in Figure 4.15 (b), with
the peak stress g, corresponding to the masonry compressive strength. The initial stress g;
corresponds to 0, /3, the medium stress o, to 0,,/2 and the residual stress o, to g, /7 (Lourengo,
1996). The different stress and strain values are adjusted to fit experimental data and the three
stress regions are described using the following equations (Lourenco, 1996):

2

0,(k3) = 0; + (ap - ai) % - :—2 Equation 4.9
14 p
K3—Kp 2 .
op(k3) = 0p + (am - ap) P— Equation 4.10
Om—0: K3—Km .
o.(r3) = 0, + (0, — 0, )exp (2 (ﬁ) (ﬁ)) Equation 4.11

The post-peak area under the stress/strain curve in Figure 4.15 (b) does not truly represent the
finite fracture energy as defined in Figure 4.15 (a) as the stress should reduce to zero, instead of
to a residual stress value in an energy-based approach (Lourenco, 1996). However, reducing the
stress to zero introduces significant modelling complications, including the need to introduce an
additional compression cap/tension cut-off intersection to the multi-surface plasticity limit
functions, and the effect of the residual stress value is considered negligible in terms of the results.

4.2.4 Composite

Coupled softening is assumed for tension and shear softening, i.e. the softening is due, by equal
amounts, to the tensile strength and cohesion softening (Lourenco, 1996). There is no
experimental data to support this due to the highly unstable test conditions required to illustrate
this, but physical reasoning resolves that both mechanisms are due to the same linkages being
disturbed on a micro-level at the unit-joint interface. Van Zijl (2000) underscores that the tensile
cut-off of the Coulomb friction criterion, which implies a distinct separation between the tensile
and shear failure, is an estimation of the actual behaviour and the implemented failure envelope
can predict an incorrect failure mode in some instances.

In contrast, the compression cap/shear intersection of the composite yield surface is assumed to
be unrelated (Lourenco, 1996). Again, by physical reasoning, the compression cap is crushing of
the masonry whereas the shear failure is a unit-joint interface mechanism.
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4.3 Alternative Masonry FEM

It must be underscored that the content of the previous sections is predominantly based on the
experience and knowledge built around clay bricks and concrete blocks. Assumptions and
conclusions, typical material behaviour and structural responses are not, by extension,
necessarily valid for AMU’s. Individual examples of comprehensive finite element modelling
(FEM) of AMU'’s, with validation using experimental data, can be cited, but they are sparse. This
section considers the status of FEM as applied to the three AMU’s selected for this study, namely
geopolymer (GEO), compressed-stabilised earth (CSE) and adobe (ADB).

4.3.1 GEO Masonry Modelling

As amaterial, GEO (or alkali-activated materials in general) has been extensively modelled based
on the FE method in a range of applications. From conventional beam (Nguyen, et al., 2016) or
composite beam applications (Bradford & Pi, 2012) to serving as a tunnel lining (Sejnoha, et al,,
2013), railway sleepers (Ferdous, et al., 2015) or as a steel fibre reinforced material (Sanjayan, et
al,, 2015) and investigating the cathodic protection of its reinforcement (Montoya, et al., 2009),
are just a few ways in which FEM has been applied to GEO. However, as far as can be reasonably
established, there are no examples of the FE method used for GEO in the form of masonry.

Much of what can be gleaned from the FE modelling of GEO in literature could be suitably applied
to a homogenized/continuum approach in masonry modelling. However, since a simplified
micro-modelling approach is employed in this study, this knowledge is less relevant and therefore
not contextualised here.

4.3.2 CSE Masonry Modelling

On a unit-scale, some FE modelling of CSE masonry blocks has been undertaken. In a wider project
of investigating the effect of mix design on the strength of CSE blocks, Sitton et al. (2018)
modelled single CSE blocks in a 3-point bending test setup to determine the sensitivity of results
to the test setup configuration by considering stress concentrations around the block
perforations. Geometrically nonlinear analyses were performed, using 8-node brick elements, but
no constitutive material model information is provided. The authors were satisfied in their goal
to assess the sensitivity to the test configurations, but masonry behaviour as such was not
investigated. Similarly, Ayed et al. (2016) tested single, double and triplet dry-stack interlocking
CSE prisms in compression, to verify their stress distribution, given the unusual geometry and
reduced contact area between the blocks. Linear elastic blocks were used, joined by a friction
contact interface, with the E-modulus, compressive and tensile strengths and friction coefficient
determined experimentally. Good agreement was found between the experimental crack patterns
and numerical stress concentrations; however, no validation was undertaken.

The most notable example of CSE masonry FE modelling is by Tennant (2016). Masonry wallets
were tested and modelled in four-point bending with joints both normal and parallel to bending.
The FE model employs bulk elements, capable of inelastic behaviour and damage, which are
embedded with interface elements, representing the weaker joints. The multi-surface plasticity-
based Sandia Geomodel was used, which includes compressive and tensile caps and a shear
surface. Parametrization of the material was based on experiments, five-block prisms for
compressive and flexural bond strength, as well as stiffness, and fitting of numerical results to the
wallet experimental data. Tennant (2016) found the original E-modulus (measured from five-
block compression tests) to be an overestimation resulting in a too stiff load-displacement
response and subsequently reduced it by 40% to bring it in line with the experimental results.
The justification for this reduction was the mortar joints acting as weak planes, as well as the
orthotropic behaviour of masonry. Subsequently, overall reasonable agreement between the
experimental and numerical results was found.
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A multi-year study of the reconstructive work in Nepal, following the destruction of CSE masonry
housing by the Gorkha Earthquake in 2015, resulted in the FE modelling of CSE block houses by
Mellegard and Steinert (2016), as well as Thudén and Toivonen (2018). Both performed whole
building analyses of Nepalese CSE block single-storey houses, including reinforced concrete
elements and steel roofs. Mellegard and Steinert (2016) used a homogenous approach for the CSE
masonry elements, with the initial input parameters based on E-modulus, compressive and
tensile strengths and density tests on individual CSE blocks. The numerical results were
calibrated to non-destructive dynamic tests on the actual structure, where after the most credible
E-modulus and density were chosen. No separate validation process was applied. Thudén and
Toivonen (2018) conducted a linear-elastic analysis of a Nepalese CSE block house, employing a
micro-macro approach. Compressive and tensile strengths and Young’s modulus, assumed from
literature for the unit-scale, were adjusted according to EN 1996-1-1 to the masonry scale, leading
to a homogenous model, with the CSE blocks modelled as thin shells. The model also included
wall reinforcement and steel roof sections. Verification was done by comparing the deflections of
modelled simply supported beams to analytical calculations, giving satisfactory comparative
results for the elastic range.

Another, less comprehensive, example of CSE masonry FE modelling is the work of Srisanthi et al.
(2014), in which shake table tests on a reduced-scale single-room building built of CSE blocks
(and bricks) are analysed elastically. Good comparative results were obtained but little
information is provided on the FE approach and constitutive model. Beyond the examples cited,
scant data is available on the FE modelling of CSE block masonry.

4.3.3 ADB Masonry Modelling

Of the three alternative materials under consideration, the FE modelling of ADB masonry is,
relatively, the most prolific. Several ADB masonry structures have been modelled using the FE
method, mainly in the light of assessing historical buildings. In the more comprehensive studies,
the most common approach is calibrating numerical results to data from medium- or large-scale
experiments, due to the distinct lack of an experimental database for ADB masonry constituent
properties. Such calibration analyses are detailed in Table 4.1, together with which modelling
approach was used (continuum or discrete), the constitutive material model, as well as the origin
of the experimental data used for calibration.

Table 4.1 ADB calibration analyses using FEM

Reference Model Material Calibration
lllampas et al. (2014) continuum damaged plasticity  1:2 ADB structure
Miccoli et al. (2014) continuum damaged plasticity  uniaxial & diagonal ADB compression wallets

Tarque etal. (2010), (2012) continuum damaged plasticity  I-shaped ADB walls

Mahini (2015) continuum smeared crack ADB prisms

Tarque etal. (2010), (2012) continuum total strain crack I-shaped ADB walls

Sarchi et al. (2018) continuum total strain crack I-shaped ADB walls

Ramirez et al. (2015) continuum total strain crack uniaxial ADB compression wallets

Giamundo et al. (2015) discrete total strain crack diagonal ADB compression wallets

Miccoli et al. (2014) discrete composite interface  uniaxial & diagonal ADB compression wallets

Tarque et al. (2010), (2012) discrete composite interface  I-shaped ADB walls
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In most instances, the characterisation tests done were basic to none, assumed parameters were
generally used and subsequently calibrated to experimental data. Most analyses were performed
following a continuum/homogenized/macro-scale approach. In two instances the authors
employed both continuum and discrete modelling approaches. Miccoli et al. (2015) came to the
typical conclusion that macro-modelling is adequate for larger structural responses, but micro-
modelling is more suited for closer failure mechanism and crack pattern estimation, whereas
Tarque et al. (2010) found both models reproduced the general response and crack pattern
relatively well. These two discrete/micro-modelling studies employed the composite interface
model as described by Lourengo (1996).

Due to the calibrating nature of these approaches, satisfactory general agreement was found
between the numerical and experimental results in all the cited ADB FEM cases. Only in one
instance did the authors extend their study to a separate validation process. Tarque et al. (2014)
went on to analyse a full-scale adobe building that had been previously dynamically tested on a
shake table by Blondet et al. (2006), using their previously developed continuum, damage
plasticity model. The FE results reproduced the displacements, crack patterns and failure
mechanisms satisfactorily. The authors also noted that their use of an explicit solution procedure
resolved the divergence issues previously experienced with implicit solution processes.

In the case of all three alternative materials discussed, the most commonly referenced obstacle
to FE modelling, apart from the complex behaviour of masonry in general, is the lack of parametric
input data for the materials. With the exception of Tarque et al. (2014), none of the cited examples
of the three materials followed an independent validation process of the FEM findings.

4.4 Summary

In order to capture the different possible failure mechanisms of masonry, the SMM approach is
selected, using linear block elements for the masonry units and concentrating the nonlinear
behaviour in zero-thickness interface elements for the joints and central cracks in the units. This
approach is appropriate for the scale of walls to be modelled and reasonable in terms of
computing requirements. The plasticity-based CCSC model is chosen as the constitutive material
model.

In the realm of FE modelling of alternative masonry, scant data is available for both material input
parameters and FE results validated experimentally. These aspects are addressed in the following
two chapters.
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5 Input Parameters

Comprehensive parameterisation is required for the full description of the constitutive material
model. The four blocks selected for study are discussed, together with their constituent materials,
mix designs and manufacturing processes, followed by the material input parameters. Subsequently,
how the input parameters were determined is discussed, structured according to the parameters
required for the unit, the potential crack interface in the unit centre and the joint interface. The
chapter concludes with a comparison between the values determined experimentally and those
based on standardised strength prediction models for certain parameters. This chapter is based on
a previous publication by the author (De Villiers, et al.,, 2018).

5.1 Material Selection

In South Africa the two most commonly used masonry blocks for LIH are the so-called maxi block,
a solid 290mm long x 140mm wide x 90mm high concrete block, and a hollow concrete block,
390mm long x 140mm wide x 190mm high (Laing, 2011), depicted in Figure 5.1. Beyond these,
the other standardised masonry materials in South Africa are burnt clay, calcium silicate and AAC.
For this study AMU'’s are therefore defined as any masonry unit consisting of materials other than
concrete, burnt clay, calcium silicate and AAC.

(b)

Figure 5.1: Commonly used LIH (a) maxi solid and (b) hollow concrete blocks

The selection criteria for the AMU materials for this study were diversity in mechanical
properties, reliable and ready access to raw materials and manufacturing equipment and
availability of literature regarding mix designs. The need for ready and reliable access to raw
materials over several years eliminated most of the waste materials as viable options. The criteria
of ready access to the required manufacturing equipment eliminated the possibility of fired
blocks. In the interest of simplification, any form of fibre reinforcement, natural or synthetic, was
not considered. Additional considerations were that all materials included in the study needed to
be formable in the same size mould, to eliminate size effect of the blocks as an additional variable.
Secondary considerations were cost effectiveness and materials with an improved environmental
or thermal performance.

As the actual AMU’s are not the core focus of the study, but rather the regulation of AMU’s, just
the required effort was spent on optimising the mix designs. Achieving workable mixes with
varying strengths and stiffnesses between the four materials was the aim, in order to elicit a wide
spectrum of structural responses in the subsequent analyses. The four materials selected for the
study are conventional concrete (CON) as benchmark and geopolymer (GEO), compressed-
stabilised earth (CSE) and adobe (ADB) as alternatives. The mix designs used for the various
experiments are detailed in Table 5.1. For an in-depth discussion on the mix designs see Fourie
(2017), Shiso (2019) and Jooste (unpublished).
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Table 5.1: Mix designs for the four masonry unit types

Material [kg/m?3] CON GEO CSE ADB
F,S,] F S ] F S J1 ]2 F, S J1 ]2

Malmesbury Sand 607 - 700 750 - - - 809 1078

Philippi Sand - 570 - - 1198 1198 1198 809 540

Crusher Dust 1316 - - - -

Clay Soil - - - - 798 798 798 534 534

13mm stone - 858 1000 1000

CEM 11425 144 - - - -

CEMII52.5 - - - - 200 200 200

Fly Ash 48 150 350 400

Slag - 500 100 100

Sodium Silicate - 90 70 70

Sodium Hydroxide - 50 90 90

Water 212 102 120 76 231 264 224 275 145

Total 2328 2320 2428 2486 2427 2460 2420 2428 2297

NOTE F: Fourie (2017), S: Shiso (2019),],]1, ]2: Jooste (unpublished)

All blocks manufactured have a length of 290mm, width of 140mm and height of 116mm. These
dimensions were chosen to have blocks of similar size to the commonly used maxi block but were
subject to the block press moulds available. The CON and CSE blocks were moulded in a
Hydraform manual earth block press with an estimated compaction effort of 2.9N/mm?, while the
GEO blocks were cast into moulds and the ADB blocks were either placed and tamped in a baseless
mould or also pressed in the block press. The four block types are depicted in Figure 5.2.

Figure 5.2: Four block types used in study: (a) CON, (b) GEO, (c) CSE and (d) ADB (Fourie, 2017)

The selected DIANA material model, CCSC, requires a comprehensive material description. The
input parameters required for the four materials, the method by which they were determined,
and their values are detailed in Table 5.2. A combination of literary sources (LIT), experimental
data (EXP) and numerical fitting by finite element analysis of the experimental data (FEA) was
used. Each parameter is discussed in more detail in the subsequent sections.
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Parameter DIANA Method CON GEO CSE ADB

Unit

Density Pu EXP 2090 2080 1822 2007 kg/m3
E-modulus E, YOUNG EXP 17 700 11020 7630 2480 N/mm?
Poisson’s Ratio v,  POISON LIT 0.16 0.17 0.20 0.45 -
Unit Crack Interface

Tensile Strength fte TENSTR FEA 0.66 1.56 1.20 0.15 N/mm?
Mode I Fracture Energy G}, GF EXP 0.047 0.056 0.016 0.006 N/mm
Cohesion ¢,  COHESI LIT 1.0 2.3 1.8 0.2 N/mm?
Friction Angle ¢, PHI LIT 37 37 37 37 °
Dilatancy Coefficient Y. PSI LIT 0 0 0 0 °
Mode II Fracture Energy Gfl.  MO2VAL LIT 0.47 0.56 0.16 0.06 N/mm
Compressive Strength fee COMSTR EXP 12.1 17.9 6.6 0.8 N/mm?
Shear Traction Contribution Cssc CS LIT 1.0x103 1.0x103 1.0x103 1.0x10-3 -
Compressive Fracture Energy G.. GC LIT 10.0 14.8 5.5 0.7 N/mm
Eq. Plastic Relative Displ. Kpc DUPEAK LIT 0.030 0.005 0.010 0.250 mm/mm
Tangential Stiffness ks DSSX/Y LIT 763 000 471000 318 000 86 000 N/mm3
Normal Stiffness kn. DSNZ LIT 1770000 1102 000 763 000 248 000 N/mm3
Joint Interface

Tensile Strength ft; TENSTR LIT 0.12 0.08 0.06 0.04 N/mm?
Mode I Fracture Energy GfIJ- GF LIT 0.005 0.006 0.002 0.001 N/mm
Cohesion ¢j  COHESI EXP 0.17 0.11 0.09 0.05 N/mm?
Friction Angle ¢; PHI EXP 49.5 30.0 43.0 45.6 °
Dilatancy Coefficient Y;  PSI LIT 0 0 0 0 °
Mode II Fracture Energy G}fj MO2VAL LIT 0.05-0.080  0.05-0.080  0.05-0.080 0.05-0.080 N/mm
Compressive Strength fej COMSTR EXP 5.5 6.1 31 0.6 N/mm?
Shear Traction Contribution Css,j CS LIT 0.7 2.9 1.1 0.7 -
Compressive Fracture Energy G.; GC FEA 18 19 8 1.2 N/mm
Eq. Plastic Relative Displ. Kpj DUPEAK FEA 0.030 0.005 0.010 0.250 mm/mm
Tangential Stiffness ks; DSSX/Y LIT 214 373 131 3.4 N/mms3
Normal Stiffness ky; DSNZ LIT 520 913 314 8.9 N/mm3

5.2 Unit Parameters
5.2.1 Density & E-modulus

The densities p,, and E-moduli E,, of the four block types were determined according to standard
test methods, EN 772-13 (2000) and EN 12390-13 (2013), respectively. See Fourie (2017) for

descriptions of the experimental configurations.

5.2.2 Poisson’s Ratio

The Poisson’s ratios v,, could not be determined successfully experimentally, and values are taken
from literature for the four materials: CON (Williams, et al., 2007), GEO (Joseph & Mathew, 2012),
(Pan, etal., 2011), (Hardjito, et al,, 2005), CSE (Venkatarama Reddy, et al., 2007) and ADB (Miccoli,
et al,, 2014). Due to limited experimental data available (ADB) or large variations in the results
(CSE), sensitivity analyses to this parameter are performed for these two materials (see Section

6.3).
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5.3 Unit Crack Interface Parameters
5.3.1 Unit Crack Tension Parameters

Tensile failure of masonry units is an important failure mechanism (Chisari, et al., 2018), and
emphasis was placed on obtaining these parameters. The mode I fracture energy values G},C for
the unit crack interface are taken from the results of wedge splitting tests done by Fourie (2017),
based on the experimental setup of Brithwiler and Wittmann (1990).

The tensile strengths f; . are determined through inverse FEA, using the same wedge splitting
test results for calibration. Figure 5.3 depicts the experimental test setup and a graphic of the
numerical model used, with the support conditions indicated in red and the load application in
green. The blue solid elements are the brick elements with linear material parameters, whereas
the nonlinear behaviour is concentrated in the magenta interface elements, located in the position
of the anticipated failure plane. In the model, the notch is extended to the de